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DEVELOPMENT OF A FOUR-DIMENSIONAL IMAGE-GUIDED
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Purpose: To develop and evaluate a new four-dimensional image-guided radiotherapy system, which enables
precise setup, real-time tumor tracking, and pursuit irradiation.

Methods and Materials: The system has an innovative gimbaled X-ray head that enables small-angle (£2.4%)
roiations (pan and ) along the two orthogonal gimbals. This design provides for both accurate beam
positioning at the isocenter by actively compensating for mechanical distortion and quick pursuit of the target.
The X-ray head is composed of an ultralight C-band linear accelerator and a multileaf collimator. The gimbaled
X-ray head is mounted on a rigid O-ring structure with an on-board imaging subsystem composed of two sets of
kitovoltage X-ray tubes and flat panel detectors, which provides a pair of radiographs, cone beam computed
tomography images useful for image guided setup, and real-time fluoroscopic monitoring for pursuit irradiation.
Results: The root mean square accuracy of the static beam positioning was 0.1 mm for 360° of O-ring rotation.

for a 2.0 Hz, 8-mm stroke. The quality of the images was encouraging for using the tomography-based setup.
Fluoroescopic images were sufficient for monitoring and tracking lung tumors.

Conclusions: Key functions and capabilities of our new system are very promising for precise image-guided setup
and for fracking and pursuit irradiation of a moving target. © 2006 Elsevier Inc.

IGRT, 4D-IGRT, Organ motion compensation, Pursuit irradiation, CBCT.

INTRODUCTION (LINAC). More recently, Jalfray et al. (4) mounted a set of
kV X-ray tubes and an image detector on the gantry of a
LINAC. It is also useful to have a computed tomography
(CT) scanner in the treatment room because of the advan-
tage of volumetric imaging, which enables soft-tissue veri-
fication as well as conventional verification using boney or
fiducial markers (5). An on-board cone beam computed
tomography (CBCT) 1s highly desirable because three-di-

Image-guided radiotherapy (IGRT) is a key method for
precise targeting for radiotherapy. There are two major
functions of IGRT: one is for initial setup in each fraction
(interfraction), and the other is for motion compensation
during fraction (intrafraction).

For precise initial setup, electronic portal imaging de-
vices (EPID) were developed in the 1990s (1), which en-

abled verification by means of bony structures or fiducial
markers. Off-board or on-board kilovoltage (kV) radiograph
and fluoroscopy devices were then introduced that provided
better image quality than EPID. CyberKnife (2) and Exac-
Trac (3) have an off-board stercoscopic kV-radiography
system combined electronically with a linear accelerator

mensional (3D) imaging data can be acquired at one time
for verification. Jaffray et al. (6) developed a CBCT func-
tion using an on-board KV imaging subsystem. Similar
systems have been developed and evaluated clinically (7, 8).
Megavoltage (MV) CBCT systems (9, 10) and an MV CT
system (11) have also been developed.
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Compensation for intrafraction respiratory organ motion
is clinically a most challenging problem. There have been
two categories of study on organ motion compensation. One
is real-time monitoring or estimation of the position and
shape of the target, and the other is the method of dose
delivery to the target that changes in position and shape.

As un approach to real-time monitoring, Shimizu ¢t al.
(12) introduced off-board stereo {luoroscopes 1o observe
internal fiducial markers in real time. Berbeco er al (7)
proposed an integrated radiotherapy imaging system (IRIS)
with an on-board integrated imaging subsystem. Their sys-
tem had two sets of kV X-ray tubes and flat panel detectors
(FPDs) on the gantry of the LINAC to provide stereoscopic
fluorography for real-time observation of the target or fidu-
cial marker; it also had stereoscopic radiography and a
CBCT for setup. Keall (13) proposed the use of four-
dimensional CT (4D-CT) images in the preparation phase to
estimate the real tumor position during beam delivery. Ne-
icu er al. (14) proposed use of the average tumor trajectory
determined before beam delivery with real-time verification
monitoring with IRIS. Schweikard er al. (15, 16) proposed
a combination of real-time monitoring of an internal fiducial
marker and an external infrared marker. Keall ef al. (17)
proposed real-time monitoring of internal fiducial markers
with EPID during irradiation,

A popular approach to dose delivery is gated irradiation
(18-21) in which the treatment beam is fixed in space and
gated to turn on only when the target, fiducial marker, or
other surrogate signal comes into the preplanned area, Al-
ternatively, a small LINAC head follows the target motion
on a robotic arm (13, 16, 22) to provide pursuit irradiation.
Dynamic control of the collimation aperture has also been
studied as an advanced derivative of the dynamic mululeal
collimator for pursuit irradiation (14, 23-26).

We are developing an innovative 4D-IGRT system with a
unique gimbaled X-ray head, which provides both image-
guided precise setup capability and pursuit irradiation. In
this article the concept and design of the system and the
results of preliminary system evaluation are presented.

METHODS AND MATERIALS

Concept

The system has two modes of operation. One is the static
treatment mode, which is not accompanied by dynamic pursuit
beam motion. In the static treatment mode, the heam will be
deflected from the machine isocenter 1o compensate for a small
displacement of the farget from the machine isocenter, if neces-
sary. In this mode, the treatment beam can be gated to compensate
for organ motion. The other mode is the dynamic treatment mode.
In this mode. the treatment beam is deflected dynamically and
pursues the target in real time for the organ motion compensation.

The system concept is shown in Fig. 1. The system has an
isocenter at the mechanical center of the O-ring. The X-ray head is
supported on the gimbals and can be driven to rotate in pan and tilt
directions. The gimbaled X-ray head is supported on the O-ring.
The gimbaled X-ray head can be rotated 360° on the O-ring, and
this ring rotation enables a planar port selection. The O-ring can be
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Fig. 1. (a) The gimbaled X-ray head is mounted on the O-ring with
two kV X-ray tubes, two flat panel detectors (FPDs), and an
electronic portal imaging device (EPID). The O-ring can be rotated
360" around the isocenter and can be skewed *60° around its
vertical axis. The couch has motion in X, Y, and Z. The wave-
guide provides microwave energy to the X-ray head. The X-ray
head has a multileaf collimator to control dose distribution. (b) The
pan and tlt rotations provide a precise and quick beam motion
around the isocenter.

skewed around its vertical axis, and this skew provides both a
noncoplanar beam angle selection and a yaw angle correction in
the setup.

In the static treatment mode, the pan and tilt motions of the
X-ray head compensate for mechanical distortion caused mainly
by the weight of the X-ray héad, and the beam is positioned onto
the isocenter accurately regardless of the position and attitude of
the X-ray head. The pan and (lt rotation also provide a small
beam’s-eye view (BEV) positional deflection around the isocenter
without any significant change in the dose distribution. This fea-
ture provides an accurate, guick, and easy setup error correclion
without any couch movement.

In the dynamic treatment mode, the pan and Gl rotations pro-
vide a quick pursuit beam motion around the isocenter for the
organ motion compensation. Respiratory motion causes the largest
motion of a target in the body. The maximum excursion of the
target could be as large as =20 mm in the BEV with a [requency
of about 0.3 Hz (19. 23) in and near the long. A small-angle

—DPR—



A new 40 IGRT system with a gimbaled X-ray head @ Y. Kaaung er al. 273

rotation (#1.19”) can provide the corresponding motion of the
treatment beam around the isocenter with a distance of 96 cm
hetween the isocenter and the gimbals axes. If the X-ray head and
gimbals are designed in a mass-halanced manner, and if the inertia
around the pan and tili axes is designed to be small, the X-ray head
can be driven to follow the respiratory motion of the target, and it
is feasible to compensate [or respiratory motion.

Design—overall structure

The overall structure of the system iy presented in Fig. 2. The
O-ring is structurally rigid. There is no cantilever structure as in a
conventional LINAC. The X-ray head is supported by & rigid
Rohmen structure, and mechanical distortion is small. A small
residual mechanical distortion is compensated for actively by the
pan and Gl rotations to an accuracy of less than £0.1 mm both at
the isocenter and at any point within the =40 mm X x40 mm
BEV area around the isocenter. The skew angle is Jimited to
roughly £60° hy mechanical imerference between the couch and
the O-ring.

Design— gimbaled X-ray head
The detailed design of the gimbaled X-ray head is shown in Fig. 3.
The total height of the X-ray head is 100 em and the weight is

Fig. 2. () The basic structure is the O-ring with diameter of about
330 em. (b) The structure around the X-ray head is shown. The
X-ray head is hidden behind the support structure and only the
multileal collimator (MLC) can be seen. The kV X-ray tubes arc
installed on the both sides of the MLC.

Fig. 3. (a) The gimbaled X-ray head is mainly composed of a
C-band accelerator guide, multileaf collimator, and gimbals mech-
anism. The center of gravity is designed to be at the gimbals axcs
and the inertia around the gimbals axes is minimized. (b} The
upper part of the gimbaled X-ray head is shown. The C-hand
accelerator guide is sitvated on the gimbals mechanism.

about 600 kg. The X-ray head is driven to rotate around the pan
and tilt axes of the gimbals with a pan serve and tilt servo,
respectively. The pan and Ult axes are situated at the center of
gravity of the X-ray head. The weight, inertia, and rigidity of the
gimbaled X-ray head and the rigidity of the O-ring are designed 10
have a mechanical natural frequency as high as 22 Hz. The pan
servo and tilt servo are designed to have the dynamic response of
the bearm motion of ahout 2 Hz, for a double amplitude of 8 mm
to the command position at the isocenter, with an optimized
feed-back and feed-forward controller,

A small and light (35 cm in length and about 10 kg in weight)
C-band accelerator guide was newly developed to produce a 6 MV
500 ¢Gy/min (max) photon beam flattened over the 14 em X 14
cm maximum treatment field. The source axis distance is 100 em.
The multileaf collimator (MLC) design is of the single focus type
and has 30 pairs of leaves of 5 mm thickness at the isocenter with
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a field size of 15 em X 15 e¢m. The MLC is designed to allow full
interdigitation for intensity modulation radiotherapy.

Design— on-board imaging subsystem

Two sets of kV X-ray tubes and FPDs are mounted on the
O-ring as the on-board imaging subsystem. (Sec Figs. 1 and 2.)
The stereoscopic imaging subsystem is preferable over a mono-
scopic imaging subsystem for robust target tracking as pointed out
by Berbeco et al. (7). The X-ray tube has an operational voltage
from 70 kVp to 120 kVp and its heat capacity is 1.5 mega heat
units. The FPD has an aperture of 40 cm X 30 cm. The spatial
resolution is 1,024 X 768 pixels and the density resolution is 14
bits. The lines of sight are orthogonal to each other. The distance
between the kV X-ray source and the isocenter is 100 cm and
the distance between the source and the FPD is 188 cm. These
values are selected 1o attain as large a skew angle as possible given
the practical limits to the O-ring diameter and the need (o use the
system for brain applications. The resultant field of view af the
isacenter is 21 c¢m (in the O-ring plane) X 16 cm (perpendicular o
the O-ring plane).

For the initial setup and the setup correction, the on-board
imaging subsystem is designed to provide 3D information around
the target. The operator can determine the X (left-right), Y (cranio-
caudal), and Z (anteroposterior) setup corrections from two radio-
graphs with proper landmarks. These two radiographs can be
compared with prior digitally reconstructed radiographs so that a
sixfold (X, Y, Z, roll, pitch, and yaw) sctup correction can be made
using an image-matching technique.

For the organ motion compensation, the on-board imaging sub-
system is designed to provide fuoroscopic views of the target itself
or internal fiducial markers on a pair of lines of site to acquire
real-time 3D position information about the target. In addition to
these radiographic and fuoroscopic imaging capabilities, the on-
board imaging subsystem can gather CBCT data with O-ring
rotation. Because the O-ring rotation speed is limited to 7°/s by the
regulation, it takes 29 s for a single set of an X-ray tube and FPD
to gather the CBCT data by rotating 200°. 11 the two orthogonally
mounted X-ray tubes and FPDs are used to gather the CBCT data,
it takes 16 s to acquire the data. and the breath-hold method may
be acceptable. The reconstruction algorithm is the Feldkamp
method and the filtering is with an original function. An antiscatter
grid is not provided.

Mechanization—image-guided setup

The couch provides 3D positional correction and the couch
motion is expected to be used for a coarse alignment of the planned
patient’s isocenter with the machine isocenter. After the coarse
setup. there is no couch motion for the setup error correction
throughout the fraction, which exchudes any inaccuracy caused by
couch motion. The on-board imaging subsystem is activated to
estimate the setup error {or the correction. A pair of radiographs is
acguired and compared with prior digitally reconstructed radio-
graphs. Landmark comparison or image malching is applied o
evaluate the X, Y. and Z positional setup error and the roll. pitch,
and yaw rotational setup error (in the case of image matching). The
positional setup error is corrected in the BEV plane with the pan
and tilt rotation of the X-ray head. Roll and yaw corrections are
provided by O-ring rotation and by O-ring skew, respectively. The
pitch rotational correction is not availuble. because neither the
couch nor O-ring has a pitch motion capability. The intrafractional
patient motion can be compensated for in the same manner without
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any couch motion. The on-board imaging subsystem is used (o
monitor the patient motion in the fraction. If the CBCT is available
for the setup error evaluation, the Jesion could be directly observed
and the setup error evaluation would be more reliable.

Mechanization—organ motion compensation

The systemn uses a puir of views from the on-board imaging
subsystem to locate the target. The system operates in two phases.
One is the phase for the image acquisition and the other is for the
irradiation. In the beginning of the image acquisition phase, the kV
X-ray tubes are turned on one at a time and the FPDs accumulate
and transfer the charge. The treatment beam is off in the image
acquisition phase to avoid the masking effect of the strong scat-
tered radiation of the treatment beam. Because the image acquisi-
tion phase lasts for 33 ms, the frequency of the image acquisition
phase determines the time allocated for the irradiation phase.
During the irradiation phase, the treatment beam is tumed on and
the FPDs are masked.

The acquired fluoroscopic images are binary-quantized with an
optimized threshold to delineate the target, and the center of
gravity of the delineated area is tracked as the target centroid. The
system calculates the 3D position of the target with a pair of
fluoroscopic images.

As presented in Shirato’s work (27, 28) on the organ motion in
the chest area, the power fréquency spectrum analysis of the organ
motion shows two major components at 0.3 Hz (low-frequency
component) and 1.05 Hz (high-frequency component). The low-
frequency component is a respiratory cyecle with a maximum
amplitude of 25 mm. The high-frequency component is a cardiac
cycle observed in the heart abutting area with an amplitude of -4
mm. If the system has a mechanical frequency response of more
than 0.6 Hz for large amplitudes (=13 mm) and more than 1.5 Hz
for small amplitudes (=2 mm), the reatment beam can follow the
respiratory motion and even the cardiac motion with a favorable
margin.

Preliminary system evaluation

In addition to the basic performance of the treatment X-ray
beam, the key performances evaluated were the static beam posi-
tioning accuracy. the dynamic response and positioning accuracy
for pursuit irradiation. and the capability of the on-board imaging
subsystem.

Static beam positioning accuracy

The static positioning accuracy of the treatment X-ray beam,
including both the mechanical aiming accuracy and the MLC
accuracy, was measured with the on-board EPID. An iron ball of
3/8 inch (9.56 mm) diameter was positioned at the machine iso-
center with the center of the iron ball aligned to the machine
isocenter, The MLC was set to 3 cm X 3 cm with the center of the
field at the isocenter, and 6-MV photons were delivered. The
distance between the center of the photon field and the center of
the iron ball was defined as the X-ray beam position error from the
isocenter, Because the spatial resolution of EPID was 0.2 mm at
the isocenter and the measurement included a rather indivect proc-
ess of determining the center of the X-ray field, the mechanical
alignment accuracy was also measured with a charge-coupled
device (CCD) camera. The CCD camera was installed at the exit
of the MLC and the same iron ball was observed. With this
measurement, | pixel of the CCD camera corresponded to 0.037
mm @t the isocenter.

— 2220 —



A new 4D IGRT system with a gimbaled X-ray heud @ Y. Kanine er al. 275

Dynanmiic beam response and positioning accuracy

The dynamic beam response and accuracy were measured with
the rotary encoder putput of the pan servo. The rotary encoder is
mechanically coupled to the pan axis and the output of the rotary
encoder shows the pan angle position directly. The output of the
rotary encoder was compared with the command input of the pan
angle. The dif
mechanical error and the mechanical delay, and this difference is
the dynamic beam positioning accuracy when the obscrvation of
the targel position is perfect without any delay or error. The tilt
axis has a better dynamic beam response by design and the pan
characteristics determine the total dynamic characteristics of the
gimbaled X-ray head. The dynamic response was measured with a
.75 Hz, 20-mm sinusoidal command input as the low-frequency
component and a 2.0 Hz, 4-mm sinusoidal command input as the

ference between these values includes both the

high-frequency component. For the low-frequency component, the
maximum beam velocity was 94 mm/s and the maximum beam
acceleration was 444 mm/s®. For the high-freguency component,
the maximum beam velocity was 50 mm/s and the maximum beam
aceeleration was 632 mm/s”,

Capability of the on-board imaging subsystem

Preliminary studies on the imaging capability were conducted
for the CBCT mode and the fluoroscopic mode with real patients.
Before the evaluation with real patients, the additional dose from
the imaging subsystem was evaluated as shown in Fig. 4 with a
PTW CTDI phantom (PTW: Freiburg GMBH, Freiburg, Ger-
many). All patients provided informed consent, and all images of
these patients were obtained with the approval of the ethics com-
mittee at the Institute of Biomedical Rescarch and [nnovation.

kV X-ray

Fig. 4. The phantom configuration used for evaluation of the mon-
itoring dose. (a) CTDI phantom with 320-mm diameter. The
ionization chamber of PTW type 30009 was placed for the cone
beam computed tomography case (b) and for the fluoroscopy case
(cy at the buildup point under the surface where the highest
monitoring dose was observed when a pair of shots is provided.

S

Fig. 5. Exterior view of the system. The O-ring is skewed in the
counterclockwise direction.

RESULTS

System exterior view

An exterior view of the system 1s shown in Fig. 5. The
whole system can be housed in the space of a conventional
LINAC bunker with appropriate engineering modifications
to the floor,

Static beam positioning accuracy

The static positioning accuracy measured for the treat-
ment X-ray beam is shown in Fig. 6. The rms accuracy over
the 360° O-ring rotation was 0.08 mm for the pan axis and
0.10 mm for the tult axis.

The measurement with CCD camera showed a maximum
error of 2 pixels, and this corresponded to 0.074 mm as the
maximum mechanical error at the 1socenter.

Dynamic beam response and positioning accuracy

The dynamic beam response and positioning accuracy are
shown in Fig. 7. The mechanical system {ollowed the 0.75
Hz, 20-mm sinusoidal position command with an error and

X-Ray Position Error from the Isocenter (mm)

0.5
0.4+ £ Pan axis (RIMS 0.08mm)
0.3+ BT axis (NS 01 0mm)
0.2+ B A A
0.1+
0¢—b—pp—F—b—F—F—— b4

-0.1% 30 60 90 120 150 180 210 240 270 390 330 3p0

0.2+ B u
0.3+ O-ring Rotation Angle (degree)

-0.4+

-0.5

Fig. 6. Static beam positioning aceuracy for O-ring rotation was
measured with the electronic portal imaging device.
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delay of less than 0.6 mm. The mechanical system also
followed the 2.0 Hz, 4-mm sinusoidal position command

with an error and delay of less than 0.4 mm. The system met
our design criteria for positioning the treatment beam on the
target both for respiratory organ motion and for cardiac
organ motion.

On-board imaging subsvstem

A sample of a CBCT image of the pelvis is shown for a
prostate case in Fig. 8. The X-ray parameters for the image
acquisition were 120 kVp, 200 mA, 10 ms, and 800 mAs.
The additional dose from the imaging subsystem was 19.4
mGy. The soft tissues, including the prostate, were identi-
fiable in the CBCT image as clearly as in the conventional

{a} 0.75Hz +20mmBearn Drive Result

Pan Beam Position
Deflection {mm)
25

% f’an Beam Posltion

Beam Position
Error {(mm)

25
2

15
1
0.5

o
-

{b) 2.0Hz *4.0mm Beam Drive Result

Pan Beam Position Beam Position

Deflection (mm} Error (mm}]
" [Pan Beam Position

4 ' , 08
3 3! g F& { { 0.6
inp
o

-3

y U U

-5 \

Fig. 7. () Low-Trequency dynamic response and accuracy were
measured with the pan servo commanded by a sinusoidal input of
0.75 Hz, 20 mm. The blue line shows the pan beam position
measured with the rotary encoder output and the red line is the
dilference between the command value and the rotary encoder
output. (b) High-frequency dynamic response and accuracy were
measured with the pan servo commanded with a sinusoidal input
of 2.0 Hz, 4.0 mm. The blue line shows the pan beam position
measured with the rotary encoder output and the red line is the
difference between the command value and the rotary encoder
output.
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Fig. 8. (a) Cone beam computed tomography image of the pelvis
for a prostate case. The X-ray parameters were 120 kVp, 200 mA,
10 ms, and 800 mAs. The total monitoring dose was 19.4 mGy. (b}
The conventional X-ray computed tomography image of the same
area of the same patient.

X-ray CT. This result was encouraging for the feasibility of
the CBCT-based setup.

An image of the lung in the fluorescopic mode is shown
in Fig. 9. The X-ray parameters were 110 kVp, 80 mA, and
5 ms per shot. The additional dose from the imaging sub-
system was 0.117 mGy per pair of stereo shots. The image
quality was good enough to discern the tumor itselfl from the
background for automatic detection and tracking with hi-
nary quantization.

Fig. 9. Fluoroscopic lung image. The X-ray purameters were 110
kVp, B0 mA, and 5 ms per shot. The monjtoring dose was (117
mGy per pair of stereo shots.
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DISCUSSION

We have introduced the coneept of a 4D-IGRT system
with gimbaled X-ray head. The innovative gimbals mecha-
nism enables both a precise setup and a quick beam motion
suitable for compensation of respivatory and cardiac organ
motion. The static positional error and the dynamic re-
sponse of the treatment X-ray beam met our design criteria.
In the CBCT mode, the prostate was clearly identifiable. The
CBCT performance was encouraging for the practical feasi-
bility ot CBCT-based setup. The fluoroscope performance
for the lung showed the feasibility of tracking the tumor
itself without the use of surrogate internal fiducial markers.

CBCT-based setup

The CBCT has a far better space and density resolution
than the radiograph and is thought {o provide better infor-
mation for setup error correction. In many cases, CBCT will
give direct images of the tumor itself. Radiographs mostly
give only anatomic information around the tumor except in
the lung area. The tumor position should be estimated from
visible landmarks or markers, or it should be determined by
image matching using prior digitally reconstructed radio-
graphs. We think that the future trend of IGRT will be
toward on-board CBCT imaging. The setup error measure-
ment will be carried out with direct tumor images from the
on-board CBCT and preacquired multimodality fused im-
ages with the patient in the treatment position on the couch.

Target tracking

In the organ motion compensation mode, target tracking
is critical. Although the mechanical system can follow the
organ motion, any real-time imaging system inevitably has
some amount of delay for image acquisition and image
processing. For example, the low-frequency component of
the respiratory motion has a 24.5 mm/s maximum velocity

for a 13-mm amplitude, 0.3 Hz sinusoidal motion. The delay |

of the on-board imaging subsystem is 66 ms (33 ms for
image acquisition and another 33 ms for image processing
and position calculation) with our system. This delay causes
a maximum positional error of 1.6 mm. This delay is the
reason why the mechanical system should not be directed to
the observed position but o the estimated position, which
takes account at least of the delay of the imaging subsystem,
to get a favorable target tracking accuracy. An accurate
mathematical model of the target motion is important for
accurate estimation. The present target motion model is a

rather simple one determined {rom the averaging of several
respiratory cycles. A finite state model like that proposed by
Wu et al (29) would be one promising option for the
improvement of our system.

The stability and reliability of the target tracking are also
important. Target tracking hy the on-board imaging sub-
systems should continue stably during the irradiation pe-
riod. Our present scheme of target tracking is to track the
real image of the tumor in the lung area with fluoroscopy.
However, the stability and the reliability of this tracking
mode are not sufficient and are affected by blockage duc 10
the surrounding high-density bones or organs. High X-ray
contrast internal fiducial markers may improve stabitity and
reliability at the cost of rather invasive marker installation
performed percutancously or with bronchofibroscopy. In
areas other than the lung, internal fiducial markers will be
mandatory for the {fluoroscopy mode. The merits and demerits
of internal fiducial markers require rigorous clinical study.

Future work

The system is still in an early phase of evaluation. We are
evaluating the basic functions and performance. After rig-
orous evaluation with static and moving phantoms, we are
planning a series of clinical evaluations starting with the
static treatment mode. For the dynamic treatinent mode, the
ircatment planning solution will be the key issue, in addition
to stable and reliable target tracking with an acceptable
amount of additional dose from the imaging subsystem. The
appropriate imaging dose is another important issue. Our
rescarch s sull in 2 preliminary stage and this issue should
be investigated rigorously, including the methods for the
measurement of the imaging dose. We are starting rigorous
research on these clinical and technical areas.

The deformation of the PTV can be compensated with the
feal motion of the MLC combined with the organ motion
compensation with the pan and tilt dynamic beam motion.
But it seems better to include the deformation in the margin
presently, because real-time tracking of the deformation
will be clinically difficult and further study is nceded to
improve this technique.

CONCLUSIONS
Key functions and capabilities of our new system are very
promising for precise image-guided setup and for racking
and pursuit irradiation of a moving target.
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Small Cell Lung Carcinoma: Eight Types of Extension
and Spread on Computed Tomography

Nobukata Kazawa, MD,* Masanori Kitaichi, MD, PhD,} Masahiro Hiraoka, MD, PhD,*
Kaori Togashi, MD, PhD,* Naoshi Mio, MD, PhD,} Michiaki Mishima, MD, PhD,} and Hiromi Wada, MDS§

Objective: The aim of this study was to classify the types of tumor
extension and spread of small cell lung carcinoma (SCLC) and to
recognize the unusual types of spread pattern of SCLC on computed
tomography (CT) including multidetector row CT (MDCT) using
contrast-enhanced material.

Materials and Methods: Sixty-eight cases (53 men and 15 women
aged 54-83 years old) of pathologically proven SCLC were
examined mainly by contrast-enhanced CT scan. In surgically
treated 7 cases, CT-pathologic correlations were performed.
Results: Eight types of extension and spread were recognized by the
examinations of chest CT. The type of central mass + mediastinal
extension (n = 20 [29.4%]) was the most common manifestation.
The types of central perihilar mass (n = 12 [17.6%]), peripheral
mass + mediastinal extension (n = 14 [20.6%]), and peripheral mass
(n=7110.3%]) were frequently observed. The primary site of SCLC
was in peripheral Jung tissue in 21 of 68 cases (30.9%) in this study.
Unusual CT manifestations, such as the types of lymphangitic
spread (n = 6 [8.8%]), pleural dissemination (n = 4 [5.9%]), lobar
replacement (n = 3 [4.4%]), pneumonialike air-space infiltrative
spread (n = 2 [2.9%]) were recognized in our study. Stenosis of
trachea and main bronchus caused by peribronchial extension were
commonly noted. In the advanced cases with mediastinal extension,
we observed the extension of SCLC to superior vena cava (n = 22),
main pulmonary artery (n = 18), pulmonary vein (n = 11), and
thoracic aortic wall (n = 7). Peri-and intracardial invasions were also
observed in 9 cases.

Conclusions: Computed tomography including MDCT analysis
revealed 8 types of extension and spread of SCLC including unusual
forms in 68 SCLC cases. Peribronchial extension and great vessel
wall involvement, such as superior vena cava, main pulmonary
artery, and peri-/intra-cardial extension, were commonly observed in
advanced stage.

Key Words: small cell carcinoma, lymphangitic spread, pleural
dissemination, lobar replaced extension, air-space consolidation,
peri-bronchial extension, great vessel wall involvement,
peri/intracardial extension
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mong lung malignant neoplasm including bronchogenic

lung carcinoma, small cell lung carcinoma (SCLC) is
prognostically the worst one which usually grows very
rapidly, and disseminates even at the first visit to a hospital.
Its doubling time was estimated to be about 30-60 days.'™
However, therapeutic results of radiotherapy and chemo-
therapy using new agents, such as irinotecan (CPT-11) or
pacritaxel combined with cisplatin, have been improving.*™®
Therefore, early detection and the correct diagnosis of SCLC
are very important. However, there is scant information of the
CT and contrast-enhanced CT imaging features of SCLC in
the literature."®” The classification of limited or extensive
disease of SCLC is routinely used when choosing the
therapeutic options.'®™'? For systematic analysis of the
tumor extension and spread, we retrospectively reviewed
the CT images and clinical data of 68 SCLC cases with
special interest of invasion to airway and great vessels wall.
In some cases, life-threatening tumor invasion to the peri-/
intracardium or aortic artery was observed. Unusual types,
such as lymphangitic spread, pleural dissemination, lobar
replacement, and air-space consolidation, were recognized in
our study. To the best of our knowledge, this is the first study
describing clearly these 4 atypical types of extension and
spread of SCLC.

MATERIALS AND METHODS

The extension and spreading patterns were evaluated
with chest CT mainly by contrast-enhancement method (CE-
CT). Brain, abdominal, and neck-chest screening CT scan,
and/or brain MRI were also performed routinely to detect
distant metastasis. The CT images and clinical and laboratory
data of consecutive 68 patients with SCLC (53 men, 15
women; 5483 years old; mean age, 65.4 years old) were
examined from July 1998 to June 2004 in Kyoto University
Hospital. Among them, 23 cases had limited disease (LD) in
whom carcinoma was confined to one hemithorax, mediasti-
num, and ipsilateral supraclavicular lymph nodes."'!" The
other 45 cases had extended disease (ED) in whom carcinoma
had spread beyond LD. We used 2 helical CT (Hi-Speed
Advantage GE medical system Milwaukee, Wis and X-Vigor
Toshiba Tokyo) and multidetector row CT (MDCT) scanner
(Aquillion Toshiba Tokyo) with 3—7-mm slice thickness. In
the 21 cases of SCLC, chronic interstitial pneumonitis was
also recognized. High-resolution CT (2-mm collimation
section using high-spatial-frequency algorithm) scans were
also used for the evaluation of severity and the follow-up
observation of the chronic interstitial pneumonia. In 63 of 68
patients, CE-CT images were obtained with intravenous
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TABLE 1. CT findings in 68 Patients of Small Cell Lung Carcinoma

Peri-or
. Invasion of Great lntraca.rdial Distant Metastasis

Type of Extension and Spread Airway Stenosis Vessel Wall Invasion Pleural Pericardial at Presentation
(n =) number of patients SS LS T SVC mainPA main PV Aorta  Peri- Intra-  Effusion Effusion (Number of Organs)
Central peri-hilar type (n = 12) 7 6 7 2 3 -) -) -) ) 8 2
Central + mediastinal extension 4 7 14 12 9 4 4 2 2 5 6 N =9; Br2 Li4 Adl Bo2 LN2

type (n = 20) contL3 Pan2 Sc |
Peripheral type (n =7) G I G I ) - -) -) -) -) -
Peripheral + mediastinal 2 2 5 4 3 3 2 3 0 6 4 N =5; Br2 Li3 Ad3 Bo3 LN2 Prl Orpl

extension type (n = 14)
Lymphangitic spread type (n = 6) 3 4 5 2 2 3 1 3 0 6 2 N =4; Br2 Li2 Adl Bol LN3 Spc 1
Pleural dissemination type (n = 4) - -) =) =) -) 4 -)
Lobar replacement type (n = 3) 3 3 3 2 1 1 (=) ) ) 1 ) N = 2; Brl Li2 Adl Bol LN1
Air-space onsolidation type (n = 2) 1 =) =) (=) =) =) ()] () ) 1 (- N =1; Lil
Total (n = 68) 20 23 34 22 18 11 7 8 2 31 14 N = 21; Br7 Lil2 Ad6 Bo7 LN8

contL3 Pan2 Prl Sc 1 Orpl Spe 1

S8 indicates subsegmental bronchus level; LS, lobar-segmental bronchus level; TM, trachea-main bronchus; SVC, superior vena cava; PA, pulmonary artery; PV, pulmonary vein; Br, brain; Li, liver; Ad, adrenal gland; Bo, bone;

LN, abdominal or neck lymph node; cont L, contralateral Lung; Pan, pancreas; Sc, subcutaneous; Pr, prostate; Orp, oropharynx; Spe, spinal cord.
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Small Cell Lung Carcinoma

administration of 100—150 mL of iodinated, nonionic contrast
material. Computed tomography scans were reviewed retro-
spectively by at least 2 experienced radiologists. Images were
viewed at both lung (level-600, width 1500) and mediastinal
(level 60, width 400) settings. The pathologic diagnosis of
SCLC was obtained by cytology (sputum n = 8, pleural
effusionn =9, and transbronchial brushing n = 5), or histology
(transbronchial lung biopsy [TBLB]) (n = 22), lymph node
biopsy (n = 10), percutaneous mediastinal biopsy (n = 5),
percutaneous lung biopsy (n = 2), and/or surgical open lung
biopsy (n = 7). Lymph node (LN) metastasis was radiolog-
ically estimated to be present when the short-axis diameter of
LN was 10 mm or greater.®'? Lesions, such as airway stenosis,
invasion of great blood vessel wall, intra-or pericardial
invasion, pleural effusion, pericardial effusion, and distant
metastasis, were evaluated. The anatomic location and

e N
/ ’ ;& \
SRR

Central type

/I
e )

Peripheral type

Air-space consolidation type

Lobar replacement type

FIGURE 1. The schema of 8 types of the tumor extension and
spread pattern of SCLC; central perihilar type, central +
mediastinal extension type, peripheral type, peripheral +
mediastinal extension type, lymphangitic spread type, pleural
dissemination type, lobar replacement type, and air-space
consolidation type.

© 2006 Lippincott Williams & Wilkins

FIGURE 2. Central + mediastinal extension type of SCLC with
peribronchial extension. A, A 54-year-old man with diffuse
infiltration of heterogeneously enhanced tumor from right hilar
area to mediastinum. Severe extrinsic compression (grade 3
stenosis) of SVC (arrows) and azygos vein occlusion (arrowheads)
was demonstrated (cT4N3MO clinical stage lIIB ED). B, The
tumor narrowed the lumen of main bronchus moderately
(arrows) and the right main PA was severely encased (grade 2
stenosis) (arrowheads). Abnormal dilatation of superficial

vein was clearly observed in the ventro-lateral chest wall and
around right scapular bone, indicating that they functioned as
collateral blood vessels. C, On coronal reconstruction view, its
peribronchial submucosal extension was clearly shown with
preservation of calcified bronchial wall (open arrowheads).

A tiny spherical mass protruding into the lumen of bronchus
was also presented. Moderate amount of pleural effusion

and small amount of pericardial effusion were also observed.
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FIGURE 3. Central + mediastinal extension type invading to
SVC: A 66-year-old man presented heterogeneously low-dense
huge mass lesion conglomerated with lymph node metastases
involving bilateral mediastinum. The mass lesion was
compressively projecting to the SVC (arrows). The right main
PA was compressed and displaced caudally. In the anterior
chest wall, skin metastasis which was proved by subcutaneous
biopsy was demonstrated as a low-dense nodule (arrowhead)
(cT4AN3MT1 c-stage ED).

distribution of the primary lung tumor and calcification were
also assessed. The degree and pattern of tumor and lymph
node enhancement were also evaluated. The final assessment
of the CT findings was obtained by consensus in each case
between the 2 radiologists always including 1 (N.K.). In 7
surgically treated cases of SCLC (6 peripheral type and 1
central perihilar type), we compared the CT features with
histologic findings in the resected lung specimens.

Definition of types of local extension and spread of
SCLC was as follows: When a central perihilar mass was
recognized, we called central perihilar type. Contrast with
central type in which carcinoma is confined within ipsilateral
mediastinum, we defined central + mediastinal extension type
as that extending to contralateral mediastinal tissue. When
primary carcinoma was located only in peripheral lung field,
we defined it as peripheral type. When combinations of a
peripheral tumor and a hilar/ipsilatreal mediastinal lympha-
denpathy were recognized, we defined as peripheral +
mediastinal extension type. We discriminated between
peripheral type and peripheral + mediastinal extension type
by the assessment of mediastinal nodal metastasis (N2). The
lymphangitic spread type in the lung field was recognized
when the irregular thickening of broncho-vascular bundles
and prominent interlobular septal lines in the lung fields with
pleural effusion were noted.

For the cases with multiple subpleural small nodular
shadows associated with malignant pleural effusion, we called
pleural dissemination type. In the lobar replacement type, huge
mass lesion replacing one lobe entirely was observed on CT.
We called air-space consolidation type when poorly margin-
ated consolidation with tubular or cystic air-bronchiologram
was recognized in the lung mass lesion on CT imaging.
Informed consent was obtained from each patient. This study
was approved by our institutional ethics committee.
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RESULTS

The Extension and Spread Patterns of SCLC
Elucidated by CT Analysis

By the CT imaging, we could classify the tumor
spreading patterns (Table 1) of the consecutive 68 SCLC
into 8 different types (Fig. 1): namely, central perihilar type
(n = 12 [17.6%]), central+ mediastinal extension type
(n=20[29.4%]) (Figs. 2, 3), peripheral type (n =7 [10.3%]),
peripheral + mediastinal extension type (n = 14 [20.6%])
(Fig. 4), lymphangitic spread type (n = 6 [8.8%]) (Fig. 5),
pleural dissemination type (n =4 [5.9%]), lobar replacement
type (n = 3 [4.4%]) (Fig. 6), air-space consolidation type
(n =2 [2.9%)]) (Fig. 7).

Among the 8 types, unusual spreading patterns of SCLC
were lymphangitic spread type, pleural dissemination type,
lobar replacement type, and air-space consolidation type.

The type of lymphangitic tumor spread was assessed to
be present in 6 cases when we observed the abnormal
thickening of the lung interstitial tissue such as the broncho-
vascular bundle and the interlobular septum with pleural
effusion (Fig. 5)."

In the lobar replacement type as Figure 6, the
heterogeneously enhanced mass replacing normal lung
parenchyma in entire right upper lobe was observed. It was
well demarcated by interlobar and parietal pleural membrane.
In another 2 cases of this type, well-demarcated wedge-
shaped expanding tumor was demonstrated. In any cases, no
apparent chest wall invasion was observed.

In the air-space consolidation type (Fig. 7A—C), we saw
indistinct infiltrative opacity with faint air-alveolar or air-
bronchiologram was observed. Opacified slightly narrowed
pulmonary vessels were well demonstrated at the segmental
branch level on contrast-enhanced CT. Although, it is dif-
ficult to differentiate from primary lung tumor with obstruc-
tive pneumonia at the time of presentation, we regarded this
infiltrative shadow reflects the spread of SCLC because the
improvement after the intensive chemotherapy was observed.

The Airway Stenosis

The stenosis of trachea and main bronchus (Table 2)
caused by peribronchial extension was frequently observed
on CT (Fig. 2A-C) (trachea-major bronchial stenosis; n = 34
[50%], stenosis of lobar-segmental branches; n = 23 [33.8%],
and stenosis of subsegmental branches; n = 20 [29.4%]). By
using coronal reconstructive images derived from MDCT
scan such as Figure 2C, its peribronchial submucosal
extension was clearly shown with almost preservation of
bronchial inner wall. Postobstructive pneumonia and/or
bronchiolitis in the peripheral lung field were rarely observed
among the study group of SCLC (n = 5 [7.3%]).

The Invasion of Great Vessel Walls

It was observed in many (n = 30 [44.1%]) cases that the
vessel walls, such as superior vena cava (SVC) or pulmonary
artery (PA), were involved by the tumor and mediastinal
adenopathy (SVC: n =22 [32.3%]), main PA: n =18 [26.4%],
main pulmonary vein (PV): n = 11 [16.1%], thoracic aorta:
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FIGURE 4. Peripheral + mediastinal extension type. A, Posteroanterior chest radiograph of a 75-year-old man showed mass
shadow (long arrows) in the right lower lobe. The huge right paratracheal and hilar lymphadenopathy (arrows) were also
observed (cTT1N2MO c-stage IlIA LD). B, The preoperative CT scan showed well-demarcated subpleural tumor in the right lower lobe
(segment $9-510 area) (arrows) with daughter small nodules (arrowheads) distributing along the peribronchovascular lung field.
Right upper mediastinal and hilar lymphadenopathy were observed. In the lung bases, mild fibrotic interstitial pneumonitis

was also observed (not shown). C, The cut surface of resected lung specimen revealed the clearly defined mainly white to tan
subpleural mass (arrows) and some peribronchovascular nodules (arrowheads). At the proximal perihilar area, massive
lymphadenopathy was also observed. D, Pathologic study of a surgical lung biopsy showed the tumor cell growth with nest
formation filling alveolar air spaces with sharp margin (Hematoxylin and Eosin stain x20).

n =7 [10.3%]). The grades of tumor invasion to the adjacent
great vessel were summarized in Table 2 (grade | = mild
luminal stenosis with wall irregurality, grade 2 = moderate
compressive stenosis caused by tumor encasement, grade 3 =
severe constrictive stenosis or luminal invasion). (Tables 1, 2)

These findings were mainly observed in the mediastinal
extension type. The involvement of great blood vessel wall
was observed in 22 of 34 cases (64.7%) of mediastinal exten-
sion type (15 of 20 cases of central + mediastinal extension
type, and 7 of 14 cases of peripheral + mediastinal extension
type). Among them, apparent invasion of SVC was assessed
to be present when it was almost completely obstructed (n =4)
or polypoid luminal-enhanced mass was observed on CE-CT
(n=3) (grade 3 stenosis). We suspected tumor penetration into
the adventitia of SVC in cases of grade 2 stenosis (n = 8). In
some cases, intravenous thrombosis which was not enhanced
by CE-CT was also observed in SVC or brachiocephalic vein.

© 2006 Lippincott Williams & Wilkins

Severe constrictive stenosis to occulusive change of main PA
and PV was observed in 11 (Fig. 2B) and 6 cases, respectively.
The involvement of the thoracic aortic wall was assessed to be
present in 7 cases when the mass lesion abutting on more than
50% of the circumference of aorta or severe irregular
deformity of outer wall was observed. Also the azygos vein
occlusion and several collateral superficial veins in the chest
wall, as in Figure 2A, were observed.

The Distant and Lymph Node Metastasis

The distant metastasis which was confirmed by biopsy
or follow-up CT were recognized in: liver (n = 12), brain (n=7),
bone (n = 7), adrenal gland (n = 6), neck lymph-node (n = 4),
abdominal lymph node (n = 4), contralateral lung (n = 3), pan-
creas (n=2), prostate (n= 1), spinal cord (n= 1), and oropharynx
(n = 1). In 8 cases of peripheral -+ mediastinal extension type,
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FIGURE 5. The lymphangitic tumor spread type. The right main
bronchus was moderately narrowed by the tumor. The irregular
nodular thickening of the bronchovascular bundles
(arrowheads) extending from the hila peripherally and
prominent interlobular septa (arrows) was observed. Small
amount of pleural effusion were accompanied. Subpleural mass
surrounded by ground glass opacities was also observed in lung
parenchyma (a 68-year-old man c-T4N2M1 c-stage IV ED).

multiple lung nodules which we thought intrapulmonary
metastasis were also observed (5 within the same lobe with the
primary SCLC, 3 in bilateral lungs). Lymph node metastases
were observed in 65 (95.6%) of the 68 cases (Table 1).

Other Findings and
Radiologic-Pathologic Correlation

In many subjects, cardiac compressive deformities
were observed on CT. The tumor extension into the intra-(n = 2)
and pericardium (n = 8) by the CT findings was diagnosed
when the tumor extension to the left atrium of the heart or

irregular thickening of the pericardium'® was observed
(Table 1).

FIGURE 6. The lobar replacement type. Slightly enhanced
soft tissue density huge tumor replacing entire right upper
lobe was noted. However, the tumor did not invade the major
fissure (arrows) nor chest wall. SVC was severely compressed
by tumor tissue with central line catheter (arrowheads).
Metastatic lymphadenopathy was also noted (asterisks) in
contra-lateral left mediastinum (an 81-year-old man
c-T2N2M1 c-stage ED).
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FIGURE 7. The air-space consolidation type. A, Posteroanterior
chest radiograph shows pneumonialike infiltrative shadow
(arrow) in the left upper lobe. The outer contour of the

aortic arch was silhouetted out by the abnormal infiltrative
shadow (a 69-year-old man c-T2N2M1c-stage ED).

B, Contrast enhanced slightly narrowed pulmonary vessels
(arrows) within the area of consolidation were noted on
mediastinal window setting. C, 2 mm collimation HRCT
image showed poorly marginated air space consolidation
with cystic change like air-bronchiologram (arrowheads) on
lung window setting. Severe emphysematous change and mild
reticulo-nodular shadows representing interstitial pneumonitis
were also observed.
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TABLE 2. Relationship of Extension and Spread Types of SCLC With Invasion of Great Vessel

SVC Main PA Main PV Aorta
N = number of patients Grade1 Grade2 Grade3 Gradel Grade2 Grade3 Gradel Grade2 Grade3 Gradel Grade2 Grade3
Cental peri-hilar type (n = 12) 1 1 0 1 1 1 (- -)
Central+ mediastinal 2 5 5 0 2 7 i 1 2 2 2 0
extension type (n = 20)
Peripheral type (n = 7) -) - © =)
Peripheral + mediastinal 1 2 1 1 0 2 0 1 2 2 0 0
extension type (n = 14)
Lymphangitic spread type 1 0 1 0 1 1 1 0 2 1 0 0
(n=16)
Pleural dissemination type (=) ) -) (-)
=4
Lobar replacement type 2 0 0 0 1 0 0 i 0 -)
(n=3)
Air-space consolidation type =) =) -) )
n=2)
Total (n = 68) 7 8 7 2 5 11 2 3 6 5 2 0

Grade 1 = mild luminal stenosis with wall irregurality; grade 2 = moderately compressive stenosis; grade 3 = severe constrictive stenosis or luminal invasion.

The pleural effusion and pericardial effusion were
observed in 31 (45.6%) and 14 (20.6%) cases, respectively.
Intratumoral calcification was observed only in 2 cases. The
margin of the primary tumor in the lung field was almost
clear and well demarcated in the peripheral, peripheral +
mediastinal extension, and pleural dissemination types.
They appeared as spherical or slightly lobulated nodular
shadows with no air-bronchogram (Fig. 4A, B). They were
heterogeneously enhanced with intravenous contrast mate-
rial. Nonenhanced necrotic or cystic changes constitute a
small part. The convergence of surrounding pulmonary
blood vessels or pleural indentation was not conspicuous
(Fig. 4B). The surgically resected specimens showed clearly
defined white to tan mass as demonstrated in Figure 4C. The
histologic examination revealed nests and sheetlike cohesive
aggregate of carcinoma cells with hyperchromatic nuclei
and nuclear molding (Fig. 4D). In some areas, massive
necrotic change and invasion of blood vessel walls in the
mass lesions were observed.

The neuron-specific enolase (NSE) and gastrin releas-
ing peptide precursor (ProGRP), which are relatively
specific serum tumor markers for SCLC'>"'® were elevated
in many cases.

DISCUSSION

In our study subjects, the most common type of the
spreading patterns was the central+ mediastinal extension
type (n = 20 [29.4%]). So, we can estimate that it is not
difficult for SCLC to extend to the contralateral mediastinal
tissue. The central perihilar type corresponding to the
classical form of early SCLC which confined in ipsilateral
hilar/mediastinum tissue was observed in 12 cases (17.6%).
The peripheral type and the peripheral + mediastinal extension
type were relatively frequently observed in 10.3% (7/68) and
22% (15/68), respectively. The frequency (32.4% [22/68]) of
SCLC occurring in the peripheral lung is higher than previously
reported.*>'” We estimated this form of SCLC is not rare as
previously supposed. One reason is that we could clearly
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observe the peripheral lung field without any slice gap due to
the improvements in resolution and CT techniques.

Atypical extension forms, such as lymphangitic spread
type, pleural dissemination type, lobar replacement type,
air-space consolidation type, were presented in 15 of the 68
SCLC cases (22%) (Table 1). To our knowledge, pneumo-
nialike air-space infiltrative spread type of SCLC has not
been described before (Fig. 7A-C). But in some kinds of
neoplastic lung diseases, such as bronchiolo-alveolar cell
carcinoma, mucosa associated lymphoid tissue lymphoma,
the consolidation type has been reported before.!®:!* When
its margin was indistinct and peripheral ground glass opacity
was associated, we considered that this consolidation shadow
reflected the infiltration of tumor cells growing with nest
formation filling alveolar air spaces with or without alveolar
hemorrhage. In this infiltrative shadow, cystic air lucent area
was observed (Fig. 7C). These air containing spaces were
thought to be representing with the necrotic portion or under-
lying the emphysematous lung. In contrast with bronchiolo-
alveolar cell carcinoma or mucosa associated lymphoid tissue
lymphoma, relatively stenotic change of pulmonary vessels
was demonstrated in our SCLC cases. We thought this
phenomenon was caused by angio-invasive nature of SCLC.
The centrilobular nodular or branching shadows which usually
represent bronchogenic spread of inflammation were not
observed. In the study subjects, multiple liver metastases
were already presented when the diagnosis of SCLC was
made by sputum cytology or histology. We also observed
the elevation of relatively specific tumor marker NSE and the
diminishment of infiltrative shadows were seen after the
chemotherapy. In this case, histologic correlation was not
obtained. However, we thought this infiltrative shadow could
be distinguished from a postobstructive pneumonia because
the laboratory data did not show the elevation of the C-ractive
protein nor leukocytosis.

We consider the tumor of SCLC could easily spread via
the lymphatic system in the bronchovascular bundle (Fig. 4),
interstitial space and pleura. In the lobar replacement type
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(Fig. 6), the tumor delineated by interlobar fissure grew to the
almost entire 1 lobe. This was different from lobar atelectasis
at 2 points: (1) affected lobe did not show the volume loss, (2)
neither air bronchogram nor mucoid impaction reflecting
residual bronchial tree was observed. Probably due to the
severe invasion to the pulmonary vessel, opacified pulmonary
vessels in the mass lesion were not apparent on CE-CT. The
degree of enhancement was not marked probably due to
relatively ischemic blood supply and tumor necrosis. Massive
bilateral peribronchial lymphadenopathy enclosed SVC in
which central venous line catheter was placed. These findings
revealed that tumor growth was aggressive and widely but
could be blocked with pleural membrane to some extent. No
apparent gross chest wall invasion exceeding parietal pleura
was observed in this study. )

SCLC is strongly associated with smoking history.' In
most of the cases, they arise in the main stem or lobar
bronchus. The tumor tends to grow in the bronchial submucosa
and subsequently invades the peribronchial connective
tissues.” The stenosis of trachea to subsegmental bronchial
branch caused by peribronchial extension was frequently seen
in our study subjects as shown in Table 1. By using coronal
reconstructive images scanned by MDCT such as Figure 2C,
its peribronchial submucosal extension was clearly shown with
almost preservation of bronchial inner wall. Postobstructive
pneumonia or atelectasis was rarely observed because of its
less obstructive change compared with other central tumor
such as squamous cell carcinoma.

We also encountered many (30/68 [44.1%]) cases in
which the great vessel walls, such as SVC or PA, were
involved by the tumor and mediastinal adenopathy or invaded
by the tumor itself (SVC, 22 cases [32.3%]; main PA, 18 cases
[26.4%]; main PV, 11 cases [16.1%]) (Tables 1, 2). Severe
constrictive stenosis or direct invasion into the lumen of the
blood vessel such as SVC (Figs. 2A, 3), main PA (Fig. 2B),
and main PV were assessed to be present in 7 (10.3%), 11
(16.1%), 6 (8.8%) cases, respectively (grade 3 stenosis).
Mild luminal stenosis with wall irregurality and moderately
compressive stenosis of SVC in whom we suspected tumor
penetration into the adventitia were seen in 7 (grade 1) and
8 cases (grade 2), respectively.

Tumor involvement of the thoracic aortic wall was also
observed in 7cases. In some cases, intravenous thromboses
were also observed in SVC or brachiocephalic vein. We
thought these angio-invasive natures were relatively specific
features of SCLC.

We observed many cases with compressive deformity
of the heart. Among them, we diagnosed the tumor extension
into the intra-(n = 2) and pericardium (n = 8) by the CT
findings of the tumor extension to the left atrium of the heart
or irregular thickening of the pericardium. As reported
before," lung cancer could extend to the intrapericardium
space and/or heart such as left atrium via PV. Therefore, we
thought cardiac involvement of SCLC was not unusual
phenomenon. But there is no definite evidence in this regard
because no intracardiac biopsy was performed in our study.
So, further studies were necessary.

The tumor was ill-defined in the central and mediastinal
extension type because of conglomeration with lymph node
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metastasis or mediastinal connective tissue. On the other hand,
the margin of the primary tumor in the lung field was almost
clear and well demarcated in the peripheral, peripheral +
mediastinal extension, and pleural dissemination types. They
appeared as spherical or slightly lobulated nodular shadows
with no air-bronchogram (Fig. 4A, B). They were heteroge-
neously enhanced with intravenous contrast material. Non-
enhanced necrotic or cystic changes constitute a small part.
The convergence of surrounding pulmonary vessels or pleural
indentation was not conspicuous (Fig. 4B).The surgically
resected specimens showed clearly defined white to tan mass
and histologic examination revealed tumor cells tended to
grow forming clusters or nests in the peripheral alveoli. The
adjacent tissue reaction, such as inflammation or desmoplastic
reaction, was not marked (Fig. 4D). Probably due to the scarce
inner fibrotic change, pulmonary vessel-convergence or
pleural-indentation was not obvious on CT.

Small cell lung carcinoma is a rapidly progressive
tumor characterized by lymph node and distant organ
metastases even at the time of first consultation. In 65 of 68
cases, lymph node metastases were observed in this study. As
previously described, distant metastases to extrapulmonary
organs were frequently observed (Table 1).'7% So, it is better
to consider SCLC as a systemic disease rather than regional
malignancy. Fortunately, the results of many new therapy
regimens have improved.”**'

Our study has several limitations. First, complete
radiologic and pathologic correlation was performed only in
7 cases. So, all nodular shadows or mass lesion and bulky
lymphadenopathy were not confirmed to represent tumor foci
or metastatic invasion even if in clinically suspected multiple
metastases. Second, CT studies have limitations in regard to
the staging of lymph node disease.”*?* Third, CT imaging
which can evaluate gross invasion to the mediastinal and chest
wall has limited accuracy when invasion is subtle.***
Therefore, further study should be performed on more patients
including autopsied patients with histologically proven SCLC.
PET or fused PET/CT correlative study was also necessary.

In conclusion, we observed 8 types of the tumor
extension pattern of SCLC. They could be grouped into
common and relatively rare types: namely, common types
(central perihilar type, central + mediastinal extension type,
peripheral type, and peripheral + mediastinal extension type)
and relatively rare types (lymphangitic spread type, pleural
dissemination type, lobar replacement type, and air-space
consolidation type) (Table 1 and Fig. 1). We also found
characteristic CT findings of SCLC; namely, peribronchial
mainly submucosal extension and highly invasive nature to
the cardiovascular system such as SVC, PA, PV, pericardium,
and heart. The contour of the primary tumor in the lung field
was well demarcated round to slightly lobulated without
surrounding vascular convergence.
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