to have perfect images in each patient.
There are several physical obstacles that
are difficult to overcome, such as the
very poor transmission of sound through
air that intervenes between the sound
transducer on the body surface and areas
of interest within the body. However,
other problems appear to be more trac-
table. These include the appearance of
‘‘speckle,”” problems with inhomo-
geneous media, and problems with mul-
tiple reverberations. Speckle is a grainy
pattern, most visible in uniform interior
regions of organs such as the liver. Be-
cause of the coherent nature of ul-
trasound, reflections from adjacent
scatterers within a small region can inter-
fere constructively or destructively to
produce the resulting pattern. This ran-
dom addition and subtraction of scat-
tered wave fronts creates a mottled ap-
pearance that is often interpreted as a
property of the tissue involved. Unfortu-
nately, this pattern may obscure a true
lesion that is immersed within this noisy
environment. There are relatively few
studies of this phenomenon although it is
now attracting interest. Since the
speckle patterns are random, one ap-
proach to reducing this effect is to sum
a number of images taken from different
positions or to use different frequencies
to image the same tissue. The resultant
speckle will be reduced by the square
root of the number of independent im-
ages in such a system.

For echo imaging systems, the propa-
gation velocity and attenuation of sound
are assumed to be constant. However,
variations in velocity and attenuation
can seriously distort the sound beam and
degrade the image. One possible ap-
proach to this problem is the use of vari-
able time-delay devices within phased
array systems; the delays could be ma-
nipulated to partially compensate for ve-
locity variation and hencé to minimize
the resultant distortion. Also, images
taken from different angles could be
combined to minimize distortion.

Echo imaging systems are based on
the assumption that the first echo origi-
nating from an organ or scatterer is the
only echo received with significant in-
tensity. It is assumed that other echoes
in this area result from multiple rever-
berations or reflections of the wave front
bouncing back and forth between nearby
interfaces. Because the primary reflec-
tion is a very small percentage of the
transmitted energy, multiple reflections
become vanishingly small. However, in
a few select cases involving bone or re-
gions containing gas, the reflections are
high enough to become visible and must
be considered. Clinical operators have
learned to recognize and deal with such
reverberations by creating images from
different transducer positions. Never-
theless, these considerably distort the
primary image and may obscure an area
of interest.

Three-Dimensional Imaging of
Heart, Lungs, and Circulation

E. L. Ritman, J. H. Kinsey, R. A. Robb,
B. K. Gilbert, L. D. Harris, E. H. Wood

The viability of humans and animals is
critically dependent on virtually continu-
ous motions of blood and gases. These
motions are generated by movements of
all the individual structural components
of the circulatory and respiratory sys-
tems. Accurate understanding of the in-
terrelationships of these coordinated
movements requires synchronous mea-
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surements of the changes in shape, di-
mensions, and position of an entire ana-
tomic structural system simultaneously
with its physiologic functions. An ex-
ample of such an interrelationship is the
change in shape and dimensions of the
thorax and lungs and the simultaneous
spatial distribution of pulmonary ventila-
tion.
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Inability to simultaneously measure
these parameters and their interrela-
tionships has limited the insights that can
be obtained regarding their integrated
physiologic functions in the intact orga-
nism. This inability has also limited un-
derstanding of the multifaceted mecha-
nisms by which various abnormalities,
such as coronary artery disease, affect
these functions.

The dynamic spatial reconstructor
(DSR) was designed to increase insights
into physiologic and pathophysiologic in-
terrelationships between anatomic struc-
tural dynamics and the corresponding
physiologic functions. It is an Xx-ray
imaging device that operates on the prin-
ciple of computed tomography (CT) and
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provides repetitive synchronous mea-
surements of structural and functional
parameters throughout individual car-
diac or respiratory cycles. The DSR dif-
fers from commercially available CT

scanner, the largest component of the
DSR system, was installed in our labora-
tory in August 1979, and the first scans,
which were made with a living dog, were
performed in January 1980. The follow-

Summary. A new imaging device, the dynamic spatial reconstructor (DSR), is de-
scribed. It differs from commercially available computed tomography scanners in sev-
eral ways. Itimages a volume rather than a slice; it images the volume in stop-action
to minimize blurring due to motion; and it repeats the scan 60 times per second so that
the functional movements of heart muscle and lung tissue and the distribution of
roentgen contrast medium in blood can be quantitated in any portion of the body,
especially in the heart, great vessels, and lungs. The system is under evaluation as a
research tool for physiologic and, ultimately, clinical investigations.

scanners in that it images a volume
rather than a slice, images the volume in
stop-action, which minimizes blurring
due to motion, and repeats the scan 60
times a second.

The DSR system is made up of four
major subsystems: (i) the x-ray scanner
(usually called the DSR), (ii) the video
image storage system, (iii) the recon-
structor computer, and (iv) the display
and analysis system. Operationally,
there are three phases to the use of the
DSR system: (i) scanning, (ii) recon-
struction, and (iii) display and analysis.
Each of the four subsystems will be dis-
cussed in the following sections and re-
lated to the three phases of operation.

The assembly for the multiple x-ray

Camera electronics

Stationary

patient interface/

ing discussion describes the system as of
May 1980, and its preliminary applica-
tions.

Dynamic Spatial Reconstructor Scanner

The distinctive feature of the DSR is
that it is a multiple x-ray tube, cone
beam CT scanning system. Each x-ray
cone beam transilluminates a volume
(such as the thorax and its contents) and
produces a two-dimensional projection
image on a hemicylindrical fluorescent
screen. The fluorescent image projected
from each x-ray focal spot is acquired by
a rapidly gated, intensified video camera
located diametrically opposite the x-ray

"] ,video camera

Slip ring assembly

Patient table A

T
_—,[: — g
+HV bus /

enclosure
X-ray tube

1

~leGantry
support
o Rotati’on motor
—_— i
im
Modulator

A
-HV bus enclosure

Longitudinal section of DSR
gantry-slip ring configuration

Rotatable
Video cameras v

Fluorescent screen -/*
Stationary

patient
interface

Cross section

Fig. 1. Section drawings of the DSR, showing the patient, x-ray tubes, fluorescent screen, and
video cameras. Patient interface is a stationary tube cantilevered from the building structure
and containing the table support (not shown). High voltage for x-ray, a-c power, control, and
video signals are all transmitted by means of the rotating slip-ring assembly. Modulators are grid
switches for pulsing x-ray tubes. [Modified from Kinsey et al. (24)]
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source, and is stored for subsequent pro-
cessing. Rapid sequential actuation of
the multiple x-ray sources and cameras,
which may be considered as virtual two-
dimensional detector arrays, allows
short aperture times and acquisition at
high repetition rates of the x-ray projec-
tion data, from which images of multiple
transverse cross sections may be recon-
structed.

The DSR depends on several modern
technologies, including low-light-level,
high-contrast video cameras; low-lag,
rare-earth fluorescent screens; low-
noise, wide-bandpass amplifiers; wide-
band, low-noise video disk recorders;
high-speed digital computation equip-
ment; and sophisticated mathematical
reconstruction algorithms. Indeed, the
implementation of the DSR is the result
of a closely coordinated multidisci-
plinary effort (7, 2).

The scanner consists of a rotating
structure (gantry) on which are mounted
the x-ray tubes, hemicylindrical fluores-
cent screen, video cameras, and related
electronics (Fig. 1). It is supported by a
single X bearing, shown at the right of
the patient’s feet in Fig. 1, and is at-
tached to the vertical face of the station-
ary support mounted on the floor.

The rotating structure turns on a hori-
zontal axis of the recumbent experimen-
tal animal or patient at 15 revolutions per
minute, that is, 1 revolution every 4 sec-
onds. Rotation permits generation of
more angles of view than can be obtained
with the stationary configuration. Maxi-
mum obtainable resolution of the recon-
struction image varies approximately as
1.5 times the number of views used (3).

An animal or patient subject to be
scanned is separated from the rotating
structure by a stationary tunnel, which is
cantilevered from a supporting wall and
which in turn supports a subject support
system. This consists of a radiolucent
table top that is bridged between two
electrically controlled pedestals and
spans the target region in the patient-in-
terface tunnel. The section of the tunnel
through which the x-rays must pass is
fabricated of 2-millimeter-thick carbon
filament material that is both radiolucent
and mechanically strong.

The entire cantilevered gantry weighs
approximately 13 tons. All high-voltage
and low-voltage a-c power, control sig-
nals, and video signals are transmitted
between the rotating structure and the
off-gantry components by means of slip
rings. The high-voltage slip rings are oil-
immersed and bipolar in order to mini-
mize high-voltage breakdown problems
(the maximum tube potential is 120 kilo-
volts). Very low electronic noise and
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cross talk between video channels are
provided at reasonable bandwidth with
low-resistance triaxial-signal slip rings
(signal-to-noise ratio = 80 decibels at §
megahertz).

The 28 rotating-anode heavy-duty x-
ray tubes (14 of which are installed at the
time of writing) are positioned around
162° of arc on the rotating structure.
Each of these tubes is capable of being
pulsed at a peak input power of 100 kilo-
watts for approximately 350 micro-
seconds every 1/60 of a second for a
maximum duration of 20 seconds, at
which time a cooling-off period is re-
quired. To minimize video storage re-
quirements, the images from groups of
four cameras are multiplexed 4to 1 into a
composite image containing only 60 of
the 240 video lines from each of the four
cameras.

The resulting seven multiplexed video
images are recorded on the video disk
recording system, which has a total of
eight record/playback channels. Signal-
to-noise ratio in the playback signal is
about 50 dB at a 5-MHz bandwidth,
which is adequate for reconstruction of
the images of interest.

Control of the DSR is by means of an
8-bit microprocessor system, which can
be operated directly through its own ter-
minal or by high-level control (for in-
stance, by on-line analysis of hemo-
dynamic parameters of the subject being
scanned) from a larger computer.

Computational Considerations

X-ray CT images are computed from
measurements of the attenuation of x-
rays transmitted through the body from
many different angles of view. The math-
ematical algorithm applied to these mea-
surements results in an approximate re-
construction of the spatial distribution of
x-ray-attenuation densities within the
section (or slice) scanned. The mathe-
matical principles on which the trans-
axial reconstruction technique is based
have been described in detail @, 5).

Procedures for DSR scans differ from
those for conventional CT scans in sev-
eral ways, and special considerations are
necessary in the application of the avail-
able reconstruction methods.

First, a cone beam (rather than a fan
beam) of x-rays is used to allow synchro-
nous imaging of a volume. The DSR
geometry permits the divergent cone
beam to be reasonably approximated by
assuming that it consists of multiple par-
allel fan beams stacked in the axial direc-
tion. The 240 adjacent horizontal video
lines, which constitute the projection im-
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age produced by the DSR at any angle of
view, represent x-ray projections of
near-parallel sets of fan beams. Useful
reconstructions over the entire anatomic
extent of organs such as the heart are
then achieved by using conventional fan
beam reconstruction formulas applied
separately to the data obtained from
each video line in the projection image
©).

A second important difference be-
tween DSR and conventional CT scans is
that, in its highest temporal resolution
mode of scanning (60 volumes imaged
per second), the DSR will produce only
28 views over a limited 162° range. Fur-
thermore, it images a cylindrical volume
only 21.4 centimeters in diameter and
21.4 cm high, so that objects larger than
this size (most adult chests) will exceed
the field of view. Despite the limited num-
ber of views, limited field of view, and
limited range of views in the highest tem-
poral resolution mode of operation, use-

ful reconstructions can be obtained from
such data sets 6).

The problem of the limited field of
view can be partially alleviated by per-
forming target or ‘‘zoom’’ reconstruc-
tions; that is, only the region of the body
containing the object of interest (such as
the heart) is reconstructed. We have also
implemented a technique developed by
Lewitt (7) to correct mathematically the
projection data recorded from a limited
field of view before they are recon-
structed.

When lower temporal resolution is ac-
ceptable, these problems of limited data
sets can be minimized. Appropriate com-
bination of the projection data obtained
during rotation of the DSR provides
more views for improved spatial resolu-
tion (for instance 112 views in 1/15 sec-
ond) or wider views for reconstruction of
subjects with transverse diameters up to
38 cm (2). This illustrates another pow-
erful feature of the DSR, in that this rear-

Fig. 2. (A) X-ray projection image of dog thorax during injection of contrast material into heart
recorded at one angle of view during rotation of DSR. (B) Twelve 2-mm-thick cross sections of
full thorax, 6 mm apart, extending over base to apex of heart. Curved line is the convex alumi-
num ‘‘table’’ on which the animal was supported during the scan. Bifurcation of the airway
posterior to the heart, the descending aorta, and the left ventricular chamber in the heart can be
readily identified. In the lower row of cross sections, the contrast medium (8) highlighted the
apical portion of the left ventricular chamber, and the inferior vena cava and many pulmonary
vessels are identifiable. (C) Twelve 2-mm-thick sagittal sections, 15 mm apart, computed from
128 1-mm-thick transverse sections. Upper row shows some of the blood vessels in the right
lung. Middle row shows several sections through the heart in which the left ventricular chamber
can be seen, along with the superior vena cava (first two images) and the aorta (fourth image).
Bottom row shows vascular detail in the left lung. (D) Twenty 2-mm-thick sagittal zoom recon-
structions of the heart region, 1 mm apart. The borders of the left ventricular chamber and
ascending aorta are clearly discernible in this higher resolution reconstruction.
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Fig. 3. Effects of various implementations of reconstruction algorithm on gray scale and spatial
resolution of final image. (A and B) Images reconstructed by serial processing implementation
on a commercial computer. (C) Image reconstructed by simulating a parallel processing com-
puter. Images B and C are nearly identical; this verifies that the parallel processing computer
will produce images without additional degradation, but with much less computation time. [Re-
produced with permission from Swartzlander et al. (25)]

rangement of the data can be accom-
plished retrospectively (after the scan) in
accord with the spatial, contrast, and
temporal resolution requirements for the
structures or functions of primary inter-
est.

Figure 2 shows preliminary results ob-
tained from the DSR by use of some of
these techniques. The scan was per-
formed on a live, intact dog approxi-
mately 4 seconds after x-ray contrast
medium (8) was injected into the inferior
vena cava. With only seven x-ray source
and video camera systems, the full cone
beam x-ray images from 112 successive
angles of view over 166.5° were recorded
in a total of 0.26 second and used to re-
construct multioriented sections over the
entire anatomic extent of the thorax.

Although the cross-sectional images in
Fig. 2 are 2 mm thick and 6 mm apart,
other cross sections can be retro-
spectively varied in thickness and sepa-
ration. This is achieved by averaging to-
gether any selected number of adjacent
1-mm-thick cross sections reconstructed
from successive horizontal video lines
over the entire anatomic extent of the
thorax.

High-Speed Reconstruction

The data acquisition and processing
requirements of this project are such that
special-purpose, high-speed data pro-
cessing devices are needed to permit
users of the DSR to evaluate the image
data within a reasonably short period af-
ter the scan is completed. For instance,
the DSR gantry mechanism, operating at
full capacity, is capable of collecting x-
ray projection data sufficient to recon-
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struct images of up to 240 adjacent 1-
mm-thick cross sections of the body
every 1/60 second for up to 20 seconds.
These data acquisition rates are nearly
10,000 times greater than those of com-
mercial CT scanners, equivalent in digi-
tal terminology to 5.2 million 8-bit sam-
ples each 1/60 second, or 310 million
samples per second. By comparison, the
Landsat III earth resources satellite
transmits images to its receiving stations
at a rate roughly equivalent to 2.5 million
samples per second—less than 1 percent
of the rate of DSR data transmission.

Processing such large quantities of in-
formation creates a tremendous compu-
tational problem. In addition, the cur-
rently employed computer-based image
reconstruction algorithms must perform
several hundred arithmetic steps (pri-
marily multiplications and additions) to
calculate the brightness value of each of
the 16,000 to 64,000 reconstructed image
points or pixels that represent the array
of volume elements (voxels) contained in
a single cross-sectional image. Conven-
tional computers reconstructing each
cross section within several minutes
would require up to 50 days to compute
the images that can be reconstructed
from a 1-second DSR scan. However,
the time between the collection of the
raw data and the presentation of the final
results should be only a few minutes to
maintain useful ‘‘feedback’’ between the
observer and the patient or experimental
animal under study.

To achieve this goal, we have designed
and are fabricating special-purpose com-
puters, exploiting advanced digital de-
vice technology, in which the arithmetic
processes are tailored to extract maxi-
mum performance from the algorithms.

A few minutes of processing for data col-
lected within a few seconds will require
at least 3 x 10° arithmetic operations per
second, even assuming a computation-
ally efficient reconstruction algorithm
(9). A considerable increase in processor
throughput can be attained by replacing
conventional serial-computation image
reconstruction algorithms by as much
parallel arithmetic as possible. A parallel
processing version of the reconstruction
algorithm was developed in which
groups of the 28 x-ray image projections
produced simultaneously are each sub-
jected to a “‘linear filtration’’ process;
they are then ‘‘back-projected’’ (added
together) simultaneously to generate
each pixel of the image being recon-
structed (9).

To verify the validity of this approach,
the parallel processing algorithm was
simulated on a general-purpose comput-
er to a very high level of detail, including
several specific implementations of its
arithmetic developed to improve the
overall computational efficiency (9) and
the precision employed in all arithmetic
calculations. These simulations (Fig. 3)
demonstrated that the parallel processor
would generate images equal in quality
to those obtained with the conventional
serial-computation approaches, assum-
ing identical sets of input data. For even
greater throughput, the parallel process-
or is being fabricated with high-speed
subnanosecond emitter-coupled logic, a
family of digital logic whose individua
devices achieve speeds four to five times
greater than that of conventional com-
ponents (/0).

The parallel nature of the reconstruc-
tion processor and the flexibility of its
control unit (/1) allow use of several al-
ternative versions of the algorithm.
These will, for example, permit (i) direct
computation, from multiple transverse-
section data, of additional sections ori-
ented at any desired angle relative to the
orthogonal body axis, or (ii) higher spa-
tial resolution (zoom) images of any de-
sired smaller volume within the original
volumetric reconstruction.

Display and Analysis of Image Data

Display and quantitative analysis of
the time-varying three-dimensional im-
age and associated parametric data gen-
erated during a single, several-second
scanning period of the DSR presents dif-
ficult problems technologically and with
respect to human sensory input and com-
prehension. These problems arise pri-
marily because of (i) the significant num-
ber of cross-sectional images generated
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during a scanning procedure and (ii) the
fact that the transverse cross-sectional
images, which are the output of the scan-
ning and reconstruction process, are of-
ten not well suited to quantitative analy-
sis of the shape and dimensions of the
structures being studied.

For example, measurements that can
be made in a plane, such as cardiac wall
thickness or aortic valve area, must be
made in the appropriate plane, which
may be oblique to the original transverse
sections scanned. The correct location
and orientation of such an oblique plane
relative to the organ under study can
best be determined by viewing it within
the volume image. Ideally, the investiga-
tor should be able to select the correct
plane by using operator-interactive mul-
tidimensional display capabilities. How
well this problem can be handled will be
a major determinant of the practicality of
the DSR for diagnostic or investigative
use.

Some preliminary attempts to solve
this problem involve new display tech-
niques that allow the observer to view di-
rectly the unedited (/2) volume image.
Of particular interest is a display method
termed projection (/3), which enables
the observer to view the volume recon-
struction image data from any desired
angle. This method involves mathemati-
cal projection (summation along a set of
ray paths) of the volume image onto a
plane. The resulting two-dimensional
projection images can be displayed on a
television monitor, as shown in Fig. 4B.
Before projection, the reconstructed vol-
ume can also be mathematically rotated
to permit viewing of the reconstruction
from any desired angle (Fig. 4D). Projec-
tion images formed at angles of view cor-
responding to binocular disparity (ap-
proximately 6° apart) can be viewed as a
stereo pair to permit visualization of the
volume image in three dimensions, as il-
lustrated in Fig. S.

Display of the stack of parallel cross-
sectional images as a volume image pre-
sents a dilemma: the volume image may
defeat (undo) the primary advantage of
the single cross-sectional CT image,
which is that it overcomes the obscuring
effect of superposition of bodily organs.
However, by selective reduction of the
brightness value of selected image vox-
els before projection and display, it is
possible to effectively overcome the ob-
scuring effect of superposition and still
allow the three-dimensional anatomy of
the structure of interest to be visualized,
as illustrated in Fig. 4C. These methods,
referred to as numerical dissection or se-
lective tissue dissolution, involve total
removal or dimming of selected picture
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elements to enhance the visibility of re-
maining image data.

Preliminary applications of these tech-
niques indicate that they greatly facili-

Fig. 4. Projection
images for convey-
ing three-dimensional
anatomy of coronary
arterial tree. Base of
heart is at the top,
apex at the bottom in
each panel. (A) Digi-
tal display of radio-
graph of isolated ca-
nine heart with x-ray
contrast medium in
coronary arteries. (B)
Computer - generated
projection of volume
reconstruction of the
same canine heart.
This two-dimensional
image, generated from
the three-dimensional
image data obtained
by the transaxial re-
construction process,
is slightly blurred but

tate determining the orientation and lo-
cation of ‘‘invisible’’ anatomic struc-
tures in a three-dimensional reconstruc-
tion, although they are rather incon-

otherwise identical to the radiograph. (C) Before projection, the intensity of the heart wall
was selectively reduced, leaving the coronary arteries relatively brighter and more visible. This
technique cannot be applied to the radiograph. (D) Same partially dissolved image data as in (C),
but projected from a different angle of view. This image clearly shows the septal (central)
coronary artery, which was obscured by the circumflex (left) coronary artery in (C). In (C) and
(D) the dissolution was 83.5 percent; the angle of rotation was 0° and 45°, respectively.

Fig. 5. (A and B) Stereo pair (6° apart)
projection images of aortic root and cor-
onary arterial tree of anesthetized dog
scanned with DSR. A slightly curved,
vertically oriented injection catheter tip is
seen in the middle of each image. The
imaged arteries are perceived in three di-
mensions by cross-fusion with the eyes.
In conjunction with partial dissolution
(Fig. 4), this type of display greatly fa-
cilitates identification of the correct loca-
tion and obliquity of the operator-selected
brightened plane through the aortic valve
for measurement of valve-orifice dimen-
sions. (C) Computer-generated image of
the oblique section, which is oriented at
right angles to the axis of the aorta. This
oblique section is highlighted in the
stereo pair. The central bright area is the
trilobed aortic root region.
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venient because of the very slow
operator interaction possible at present.
For operator interaction to be useful, a
system used to display these data in
three or even four dimensions must al-
low the observer to interact—that is,
cut,”” ‘‘peel,”” or remove obscuring
structure—and subsequently measure
distance, area, or ‘‘density’’ in a manner
and time scale similar to those in which
the surgeon or pathologist interacts with
the real body. There is reason to believe
that this can be achieved with display
systems such as those based on a vari-
able focal length (varifocal) optical ele-
ment (/4, 15), which not only provide a
true three-dimensional image but can be
made operator-interactive.

‘e

Fig. 6. Schematic
showing capabilities
of the DSR for non-
invasive measure-
ments of spatial distri-
bution dynamics of
pulmonary blood
flow. (A) Photograph-
ic representation of
the information
stored in the comput-
er from multiple re-
constructed trans-
verse section images
after a single vol-
umetric scan of the
thorax. The chest
wall and mediastinal
structures have been

Cross sections (Z)

Three-Dimensional Indicator-Dilution

Curves

Over the last four decades, indicator-
dilution curves, recorded as concentra-
tion versus time from various sites in the
cardiovascular system, have provided
one of the most powerful tools for study
of cardiac, circulatory, and capillary ex-
change dynamics in organs and struc-
tures of the body.

The capability of the DSR to obtain, in
1 second, 60 noninvasive measurements
of both the total amount and the concen-
tration of contrast medium in a known
volume at any anatomic site in the body
adds new dimensions to circulatory in-
dicator-dilution techniques. By comput-

AX-ray density

removed by numerical tissue dissolution (/3). Sixty volumetric scans can be made in 1 second,
and each scan provides additional sets of image information during transit of x-ray contrast
medium through the pulmonary circulation after injection into a peripheral vein. (B) The change
in x-ray density of every three-dimensional picture element throughout the lungs can be plotted
against time, as illustrated in the lower right traces for two of these voxels, identified by their X,
Y, and Z spatial coordinates. Similarly, x-ray-density dilution curves can be plotted for the
cross sections, which are identified by their respective Z coordinates, as illustrated in the top

two traces in (B) for cross sections Z,; and Z .

Fig. 7. Data derived from a 30-per-second se-
quence of computer-generated images of one
transverse section of an anesthetized dog’s
left ventricle. The images were generated with
a prototype scanner having a single x-ray
source (/); the arrangement required use of a
gated scanning procedure (6) during continu-
ous infusion of roentgen contrast medium into
the left atrium. (A) Signals from sampling win-
dows. The increase of roentgen opacity over
the value of approximately 0.2 cm™~! for heart
wall before injection of contrast medium is
proportional to the amount of blood in the re-
gion of heart wall sampled. Preferential de-
crease of opacity in subendocardial region is
consistent with well-documented preferential
compression of subendocardial wall during
systole. (B) Initial constant cross-sectional
area of left ventricular chamber during isovo-
lumic phase of systolic contraction followed
sequentially by decreasing area during ejec-
tion phase and increasing area during filling
phase of one average heart cycle. (Inset) Size
and location in heart wall of image brightness
(sampling) windows. [Adapted from illustra-
tion in (23)]
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er manipulation of the image data, the
position, shape, and dimensions of the
sampling volumes can be varied retro-
spectively from a few cubic millimeters
up to the full synchronous scanning vol-
ume of the DSR, within the geometric
limits of this scanned volume. Further-
more, sampling regions can be made to
vary with time to conform continuously
with the shape, dimensions, and position
of moving structures such as the lungs,
myocardium, and cardiac chambers.

Synchronous volumetric reconstruc-
tions will allow measurement of the total
volume of the lumens between multiple
sampling sites in branching vascular seg-
ments. The average flow in a segment
can then be calculated by dividing the
volume of its vascular lumens by the av-
erage mean transit time of a mixture of
contrast medium and blood between the
sampling site in the input vessel to the
segment and the sampling site in its
branches (/6). Another, more powerful,
method for estimating blood flow in a
vessel relative to each of its downstream
branches is based on measurement of the
fraction of indicator transported by each
vessel (/7). For this application, the ra-
tios of the blood flows in the branches
are proportional to the ratios of the areas
of the dilution curves recorded for each
sampling site.

Even more exciting is the potential of
the DSR for studies of the spatial distri-
bution dynamics of blood flow and con-
tent in any region of the body. These
possibilities relative to the lungs are il-
lustrated in Fig. 6, for which a highly in-
vasive stratagem was used to provide a
pictorial representation of what can be
done with the DSR noninvasively, as in-
dicated in Fig. 2. Following an intra-
venous injection of contrast medium, the
changes in x-ray density (dilution
curves) for every reconstructed volume
element throughout the anatomic extent
of, for example, the thorax, can be com-
puted and plotted against time during
transit of this circulatory indicator
through the reconstructed volume.

The same principle forms the basis for
noninvasive measurements of the spatial
distribution dynamics of pulmonary ven-
tilation throughout individual respiratory
cycles. For this application, no injection
of contrast medium is required since es-
sentially zero x-ray density of the res-
piratory gases serves as the x-ray in-
dicator.

The sampling assumptions that are in-
herent (but violated) in estimates of car-
diac output by conventional applications
of the direct Fick and indicator-dilution
methods also pertain to three-dimension-
al dilution curves derived from DSR

SCIENCE, VOL. 210



scanning data (I8, 19). However, it is im-
portant to remember that the accuracy of
conventional applications of the direct
Fick and indicator-dilution methods is
generally considered the ‘‘gold stan-
dard”’ in clinical medicine today. It is
hoped that by adding new dimensions
(sampling volumes with selectable shape,
dimensions, position, and time) to in-
dicator-dilution methodologies, the DSR
will prove to be comparable to or of even
greater value than the current Fick and
Stewart-Hamilton techniques.

Cardiac Structure and Function

One of the major objectives of the
DSR design is to permit accurate mea-
surement of the structure and function of
the diseased and normal heart, at rest
and during stress. Other investigators,
using casts of heart chambers (20) and

arrested dog-heart preparations (27), .

have demonstrated the potentially great
accuracy of x-ray CT imaging for estima-
tion of heart chamber volume and size of
regions of dead heart muscle, respective-
ly. These studies were carried out with
‘‘single-slice’” slow CT scanners and
postmortem preparations by procedures
not suitable for clinical diagnosis. The
DSR will permit accurate use of cardiac
and circulatory x-ray CT imaging tech-
niques in awake, unanesthetized humans.

For evaluation of the heart as a pump,
the total mass of the heart muscle and
the volume of the heart chambers can be
calculated from multiple, parallel images
such as those illustrated in Fig. 2. These
data can be obtained each 1/60 second
throughout one heartbeat. Preliminary
results indicate that this technique pro-
vides accurate estimates of the volume
of blood pumped by the heart. Regional
function of the heart wall during the
phase of forceful emptying of the heart
chambers has been shown to be a good
index of the blood supply to the heart
wall (22). The repetitive, synchronous
volumetric imaging capability of the
DSR makes possible measurement and
evaluation of heart wall thickening over
all regions of the heart.

One important clinical problem in
need of new insights is ischemic heart
disease, the major cause of heart attacks.
This disease often involves localized nar-
rowing of one or more major coronary
arteries, each of which supplies blood to
large portions of heart muscle. The se-
verity of impairment of the heart’s pump
function depends on how much of the to-
tal heart wall has been damaged as a re-
sult of reduced blood flow through the
narrowing.
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A DSR scan performed during the in-
jection of contrast medium into the blood
passing through the heart’s chambers
and coronary arteries makes possible
simultaneous evaluations of the location
and severity of narrowing in all of the
coronary arteries; the location and se-
verity of reduction of blood supply to,
and amount of movement in, all regions
of the heart wall; and the total amount of
blood pumped by each beat of the heart
during the scanning procedure.

Localized narrowing—less than 0.5
mm in diameter—in coronary arteries
that are 1 to 3 mm in diameter represents
a major threat to the viability of heart
muscle and hence to heart function.
Such small diameters cannot be mea-
sured with adequate accuracy because of
the blurring effect of the imaging and re-
construction process. However, some of
these blurring effects can be largely ‘‘un-
done’’ by image-processing techniques,
so that fairly accurate estimates of the
percentage of narrowing of a major coro-
nary artery can be made (23). In addition
to the detection and evaluation of coro-
nary artery narrowing, the same injec-
tion of contrast medium can be used to
show the location and extent of regions
of heart wall to which the supply of
blood has been interrupted or diminished
by an occlusion or narrowing of the coro-
nary arteries. Preliminary studies in-
dicate that cyclic changes of regional
myocardial blood content can be imaged
with the DSR (Fig. 7).

DSR-based evaluation of other ac-
quired and complex congenital abnor-
malities of the heart and great vessels
should also be possible with greater ac-
curacy and less invasion than are obtain-
able with current clinical techniques. Re-
search planned for the next few years is
aimed at evaluating whether such dis-
eases can be detected earlier and mea-
sured more accurately than is currently
possible. If they can, it is reasonable to
expect that the natural progression of
these diseases will be better understood
and that appropriate therapy can be insti-
tuted at earlier stages of the disease pro-
cess, thereby reducing risk of irrevers-
ible damage to the heart.

Conclusion

Over the next 2 to 3 years the capabili-
ties of the DSR will be evaluated. We
hope to determine how accurately the
DSR can be used to estimate the spatial
distribution of myocardial and pulmo-
nary perfusion and pulmonary ventila-
tion, and the three-dimensional anatomy
and hemodynamics of complex congeni-

tal cardiac and great vessel defects.
Once these capabilities have been de-
fined, physiologic questions of a higher
order and more difficult pathophysiolog-
ic problems can be addressed. For in-
stance, in patients with aortic valve ste-
nosis, is the accurate measurement of
the magnitude or rate (or both) of in-
crease in left ventricular hypertrophy
sufficient information to determine that
the defective valve should be replaced
and when the operation should optimally
be performed? We expect some of
these studies to indicate that current
conventional single-modality diagnostic
techniques (such as coronary angiogra-
phy), which measure limited aspects of
structure or function, provide informa-
tion that is inadequate for accurate diag-
nostic and therapeutic decisions con-
cerning the complex problems presented
by ischemic heart disease.

The goal of these research activities is
primarily to provide insights into normal
and pathophysiologic processes. Conse-
quently, the DSR could be seen as a na-
tional resource whose object is to facili-
tate studies of dynamic interrelation-
ships of biologic structures and their
function in intact experimental animals
and probably eventually in humans with
disabilities related to the heart, lungs, or
the circulation in any region of the body.
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Endoscopy: Developments in
Optical Instrumentation

The endoscope, whose name was de-
rived from two Greek words—endon,
within, and skopein, to view—has be-
come an important and versatile tool in
medicine. It allows for remote viewing,
photography, biopsy, and even surgery

Max Epstein

have ancillary channels for passage of
air, water, and implements such as
biopsy forceps, cytology brushes, or var-
ious surgical tools that can be remotely
controlled. The manner in which the im-
age is conveyed determines whether the

Summary. Optical fibers transmit high-intensity illumination for viewing internal or-
gans and tissue. Remote viewing is obtained by relays of lenses or graded-index-of-
refraction rods in rigid endoscopes and by precisely aligned fiber-optic bundles in
flexible fiberscopes. Endoscopy is considered for routine examinations, such as in
colonoscopy. Lasers are used as surgical tools through endoscopes for cutting and
coagulation. They may also be used to provide illumination for the efficient transmis-

sion of light through thin optical fibers.

on organs and tissue, since it can be
passed through natural openings and
cavities in the human body or through
the skin, that is, percutaneously. Con-
sequently, new medical procedures such
as bronchoscopy, gastroscopy, procto-
sigmoidoscopy, and so forth, have
evolved. While most of these procedures
are part of particular medical specialties,
the principles of operation and basic fea-
tures of the various instruments used are
similar.

The background, physical principles,
and applications of the endoscope have
been described (I). Briefly, an endo-
scope embodies the means for trans-
mitting light to illuminate the internal
space being viewed and for conveying
the image of the distal object back to the
viewer. In addition, most endoscopes

The author is professor in the Department of Elec-
trical Engineering and Computer Science, North-
western University, Evanston, Illinois 60201.

instrument is rigid or flexible; for ex-
ample, the transmission of images by a
relay of lenses requires that the endo-
scope remain rigid, while the use of a
bundle of precisely aligned optical fibers
makes a flexible endoscope, often re-
ferred to as a fiberscope. For the trans-
mission of light for illumination of the
distal objects, nearly all current endo-
scopes use optical fibers.

Optical Fibers for Illumination

Figure 1A shows the trajectories of
rays entering a glass rod of refractive in-
dex n,. Ray I, upon refraction at the en-
try face, is totally reflected at the wall of
the glass rod and propagates along the
rod by repeatedly bouncing off the wall
until it refracts and emerges at the exit
face. On the other hand, most of ray I,
does not reflect at the wall of the rod but,
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instead, refracts and escapes through it.
All rays entering at an angle smaller than
o, such that they impinge on the wall at
an angle greater than the critical angle
o, will be trapped in the rod and contin-
ue to its exit face. This feature of light
guiding holds even if the glass rod is bent
at a radius substantially larger than the
diameter of the glass rod, and the angle
o, determines the aperture or the cone of
light accepted and transmitted through
such an optical fiber. Since any contact
with the outside wall of the rod or fiber
will affect and impair the total reflection
and, thus, the trapping of light rays, it is
customary to enclose the glass rod or fi-
ber in a tube of glass of lower refractive
index n, < n, (Fig. 1B). The interface
between the two glasses causes the re-
flections to be nearly lossless; however,
the critical angle is greater, and the nu-
merical aperture (NA) of the clad or step-
index optical fiber is smaller than in the
case of an unclad rod and is given by

NA = nosinao = (n12 - ngz)llz

where n, is the refractive index of the
surrounding medium and is equal to 1.0
for air and 1.33 for water.

When drawn in a furnace to a diameter
of 25 or 50 micrometers, the clad optical
fiber is quite flexible and can be bent to
radii of less than 1 centimeter. In order
to transmit adequate light, the thin opti-
cal fibers are gathered in a bundle with
the ends bound and polished. Since rela-
tively short lengths of a few meters are
involved, the resultant attenuation of
light is far below that available in the cur-
rent low-loss fibers that are used in com-
munication systems. Low-loss fibers
have been developed that can efficiently
transmit wide-band communication sig-
nals over large distances without amplifi-
cation and with immunity to electromag-
netic interference. An important feature
that distinguishes the applications in illu-
mination from those in communications
is the need for a high-aperture fiber.
Glass fibers with a core made of flint
glass (7, = 1.62) and soda lime for the
cladding (n, = 1.52) have an aperture of
0.56 which, in air, renders a cone of light
of 68°. Since most imaging systems em-
ploy distal lenses and thus provide wide-
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