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A Perspective on the New Millennium1
The future of diagnostic imaging will rely,

in large part, on the digital revolution

that is currently affecting all technology-

driven disciplines. Superimposed on the

digital substrate, however, are a variety of

wide-ranging developments that are mo-

dality-specific advancements in image re-

ceptor technology and modality-specific

image data reduction. Diagnostic imag-

ing is classically divided into the general

areas of radiography and fluoroscopy,

computed tomography (CT), magnetic

resonance (MR) imaging, nuclear medi-

cine, and ultrasonography (US). The fol-

lowing comments are divided along the

same lines and were specifically contrib-

uted by individuals specializing in each
of those imaging disciplines.
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Radiography

Screen-film technology has been gradu-

ally improving in certain respects, but the

well-known problems associated with the
limited dynamic range and contrast capa-

bilities of the screen-film combination

still persist. Stimulable phosphor technol-

ogy, which was introduced in the early

1980s, provided a convenient alternative

for direct digital image acquisition. The
present stimulable phosphor technology

provides a practical solution, but, as with

other technologies including film, it can

be further optimized with respect to spa-

tial resolution and dose efficiency (1).

The new technologies that are generat-

ing considerable enthusiasm, and are

likely to revolutionize x-ray imaging, use

either amorphous silicon detectors with a

scintillator or amorphous selenium with

an amorphous silicon electronic panel

readout. The former technology uses a

scintillator as the primary detector, which

converts x rays to light and then to

electrons (indirect detection), while the

latter uses a direct conversion approach

from x rays to electrons in the selenium

detector (direct detection). It is currently

premature to draw conclusions about

which technology offers the most advan-
tages, and this may depend on the particu-

lar imaging application. Research on the

indirect detection approach with flat-

panel amorphous silicon is currently in

progress by Antonuk et al (2,3) and

Siewerdsen et al (4,5) in collaboration

with the Xerox Corporation. In a separate

effort, GE Medical Systems has also manu-

factured experimental feasibility proto-

types of flat panels by using an indirect

conversion amorphous silicon design with

a high x-ray absorption cesium iodine

(thallium) scintillator. These panels have

been made from a single piece of 50 x

50-cm glass substrate with an active area

of 41 x 41 cm and a pixel size of 200 pm.

The image matrix consists of about

2,000 x 2,000 pixels. Smaller prototypes

based on the same technology and with

100-pm pixel size are currently under

clinical evaluation for mammography. A

wealth of information in the direct-

detection approach with amorphous sele-
nium can be found in recent literature

(6-8). In a separate effort, Sterling Diag-

nostic Imaging has adopted the direct-

detection approach by using a layer of

amorphous selenium detector in conjunc-
tion with an amorphous silicon flat panel.

A detection area of about 35 x 43 cm
(14 x 1 7 inches) is achieved by joining

two panels, thus forming a matrix of

2,560 x 3,072 pixels with a pixel size of

139 pm. Other types of flat-panel detec-

tor technologies such as cadmium zinc

telluride are currently under consider-

ation, and we are also likely to see im-

proved versions of stimulable phosphor

technology that will compete with flat-

panel approaches in certain imaging tasks.

Fluoroscopy

The introduction of image-intensifier

tube technology in the early 1950s was an

important milestone in x-ray imaging.

This technology has been further im-

proved with substantially better tube tech-
nology in conjunction with low-noise,

tube-based video cameras and, more re-
cently, with solid-state charge-coupled de-

vices. However, the well-known limita-

tions in subtle contrast discrimination,
spatial resolution, and geometric distor-
tions still persist and there is a need for

improved consistency of image quality

and dose efficiency in fluoroscopy. The

proliferation of new interventional tech-

niques that require prolonged fluoro-

scopic time have prompted the reexami-

nation of equipment and techniques to

minimize the radiation dose to the pa-
tient (9,10). To this end, flat-panel tech-

nology will eliminate geometric distor-

tions and has the potential to improve

contrast at a reduced dose. The flat-panel
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detector technology that is intended to
replace image intensifiers is based on the
same direct- or indirect-detection ap-
proaches mentioned previously. Although
the spatial-resolution requirements of
fluoroscopy are modest, the transition
from image Intensifiers to flat-panel detec-
tors will require a considerable invest-
ment in resources to resolve many techni-
cal issues such as electronic noise, image
lag, variable resolution, and dose effi-
ciency.

Future Directions in Digital
Radiography and Fluoroscopy

All these direct digital acquisition tech-
nologies will be able to circumvent many
of the well-known problems associated
with screen-film cassettes and image in-
tensifiers. These detectors have greater
dynamic range than film and offer the

potential for higher x-ray detection effi-
ciency and improved overall detective

quantum efficiency. The ability to ac-

quire a digital image directly, without
digitizing film, will not only preserve
image quality but also will make imple-
mentation of the totally digital radiology
department closer to reality. The new
generation of flat-panel direct digital de-
tectors will enable further evaluation of
powerful image acquisition techniques
such as digital tomosynthesis and dual-
energy imaging, which were impractical
with screen-film techniques.

Currently, the pixel size of these detec-
tors is on the order of 100 pm, and while
this may be adequate for several radio-
graphic applications, it is not yet clear
whether it will suffice for applications
requiring high spatial resolution such as
mammography and skeletal imaging. Re-
suits in preliminary experience suggest

that these detectors exhibit excellent spa-
tial-resolution characteristics at low to
middle spatial frequencies and appear to
produce excellent images, even in applica-
tions where one would expect that a pixel
smaller than 100 pm would be required.
The transition from the current state of
the art to a smaller pixel size would
require a major investment in time and
resources. It is therefore extremely impor-
tant that research in the near future be
aimed at evaluating the minimum pixel
size that will be required for different
radiographic applications to avoid costly
development of flat-panel detectors with
very high resolution, which may not be
essential.

Despite recent encouraging develop-
ments, the technology of flat-panel detec-
tors for digital radiography and fluoros-

copy is still in its infancy. At the beginning
of the new millennium, we will see many
new developments in detector technolo-
gies and acquisition techniques. Digital
detector technologies are likely to be avail-

able in the form of fixed sensors for
fluoroscopy and for a dedicated chest
imaging room or in the form of a plug-in

removable cassette for radiographic or
even mammographic applications (1 1).
We have already witnessed proof of prin-
ciple for some of these approaches, but
further research and development will be
required to harvest the full potential of
digital detectors for radiographic and fluo-

roscopic applications. The National Can-
cer Institute has been one of the major
funding agencies that have recognized

the potential of these technologies in the
diagnosis and treatment of disease. Con-
tinued commitment from the various

funding agencies, universities, and corpo-

rations will be necessary to bring this
technology into widespread use.

CT Scanning

The development of CT is widely con-
sidered the most important advance in
x-ray imaging since the discovery of x
rays. In the 1970s and 1980s, CT enabled
radiologists to visualize internal anatomy

within seconds of beginning the examina-
tion, often reducing the need for explor-
atory surgery. Recent developments in
hardware and software have enabled sub-
second spiral section acquisition for dy-
namic imaging with increased contrast
detectability and spatial resolution
(1 2, 13). Three-dimensional reconstruc-
tion of internal anatomy for diagnostic
purposes and for surgical or radiation
therapy treatment planning is now practi-
cal and has become routine at many
institutions. Dynamic CT and CT angiog-

raphy are common clinical procedures.
CT angiography is emerging as a powerful

diagnostic tool that can be substituted for
more invasive and time-consuming anglo-
graphic studies in certain situations.
Three-dimensional CT angiography has
become routine for head, chest, and abdo-
men with spiral CT technology. Electron-
beam CT is a unique scanning technique
that eliminates mechanical motion (14)
and has very short exposure times that
allow noninvasive imaging of coronary
arteries (15).

Future research in CT technology should

continue on the evolution of solid-state
detectors, signal acquisition electronics,
reconstruction-software artifact suppres-
sion, and three-dimensional reconstruction

workstations. Isotropic spatial resolution

may not be essential for all studies, but it

would be very desirable for certain appli-
cations that require high spatial resolu-
ton. More efficient volumetric detection
schemes involving simultaneous mul-
tiple-section acquisition, or faster spiral
scanning, are also worthy of further explo-

ration, especially in pediatric applica-
tions where motion is a problem (16).

The efficient utilization of the technol-
ogy and the formulation of effective scan-
ning protocols for CT scanning must be

carefully planned by the user. As in the

past, the efficacy of the new capabilities
of CT should be validated in well-de-
signed experimental studies. Particular

attention should be given to the refining

of pediatric imaging protocols for optimi-

zation of image quality at low radiation

dose.

MR Imaging

A current trend in clinical MR imaging

has been a move to more “open” magnet

designs. Open systems have the advan-

tage of cost, ease of use, and niche applica-
tions. Among these applications are trauma,
orthopedics, and interventional (17). Open

systems are also more accommodating to

daustrophobic and obese patients. Since

truly open systems will probably continue
to be relatively low-field-strength systems,
an image quality issue may persist. The

situation at the high-field-strength seg-

ment of the MR imaging market, which

seems likely to continue, is the steady
introduction of new enhancements. Cur-
rent examples are high-performance gra-

dient systems, phased-array radio-fre-

quency coils, segmented acquisitions, and

short bore magnets. The more expensive

systems are also being offered with a

continued stream of new application

packages such as functional MR imaging,
diffusion-perfusion imaging (18), and
contrast material-enhanced MR angiogra-
phy. Echo-planar techniques offer prom-
ise for imaging flow in the coronary arter-
ies. Interventional and intraoperative
MR imaging will likely be pursued aggres-
sively by several leading equipment yen-
dors. Considerable progress has been made
in imaging-guided biopsies, MR imaging-

guided interventions, and intraoperative

MR imaging (19). The optimistic outlook
for this method is rooted in the belief that
the exquisite contrast of MR images, when

coupled with recent advances in bioengi-
neering methods that allow minimally
invasive therapies, has a potential to revo-
lutionize treatment of a variety of patho-
logic conditions. Functional imaging may
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also become aleading application (20,21).
Functional MR imaging will likely offer
Images of the entire brain in real time,
noninvasively, and at modest cost. The
method, even in its present early stage,

evokes great interest among neurologists,
psychologists, and psychiatrists. Cardiac

MR Imaging holds promise as the “one-
stop shopping” modality for evaluation
of cardiac function (22). DiffusIon Imag-
ing has already evolved into an Impor-
tant tool with promising applications In
stroke assessment and management. MR
anglography In the brain has made spec-

tacular progress in the past. Contrast-
enhanced MR angiography is likely to

rival conventional x-ray angiography in

peripheral vascular applications (23).

Many new applications rely on faster and
stronger gradient systems and increased
computer power. However, this technol-
ogy faces problems of patient safety and
patient acceptance. If the gradient perfor-
mance characteristics are boosted further,
patients undergoing MR imaging studies
may experience peripheral nerve stimula-
tion and potentially may have a painful
experience. The issue may once again be
the assessment of risk versus benefits
associated with the procedures.

MR contrast agent technology contin-
ues steady advancement. New and very
promising agents are emerging almost
daily, offering many new applications.
Examples include high-dose bolus track-

ing in MR angiography and improved
image contrast with organ-targeted agents.

These are all in addition to a potentially
new generation of agents that are tumor

specific. MR spectroscopy is, after much
early enthusiasm, becoming routine for
several clinical assessments.

Nuclear Medicine

Camera design has been steadily im-

proving through the incorporation of ad-
vances in mechanical design, computer
science, and materials science. Current
designs bear only a superficial resem-
blance to what was available a few years
ago. In addition, advances in materials
science are already making inroads Into
the monopoly that sodium iodide crys-

tals have had over nuclear medicine since
Its inception. Future advances In materl-
als science are expected to greatly acceler-
ate this trend in the 5- to 10-year time
frame. While multiple-head, single pho-
ton emission computed tomography
(SPECT) gamma cameras have been with

us for 10 years or more, the introduction
of gantries, stands, and packing arrange-

ments that permit the detectors to be
placed at 900 orientation (variable angle

configuration and L-shaped detectors)

with respect to each other has had an
effect on the quality of cardiac scanning.
In many cases, these arrangements do not
compromise whole-body, torso, or brain

applications. Perhaps the most exciting
advances have been made possible with
fast digital electronics and pulse process-
ing techniques that permit sodium Iodide
detectors to be used in coincidence mode
for the imaging of positron emission to-

mography (PET) Isotopes, most notably
2-[fluorlne-181-fluoro-2-deoxy-D-glucose,

or FDG. This is done without compromis-
Ing performance at lower energies. Before
the introduction of this new technology,
these PET Isotopes had to be Imaged by

using expensive dedicated PET scanners.

These all-digital camera designs have also
improved SPEd performance by provid-
ing exquisite energy and linearity correc-
tions to reach the theoretic limits of
spatial resolution with sodium Iodide de-
tectors (24).

Faster computers and faster algorithms
are allowing the use of Iterative recon-
struction algorithms to process not only

PET data but also the data from more
conventional acquisitions. This has made
possible the introduction of hardware
and software to permit the collection of
transmission data that are used to pro-

vide attenuation-corrected SPECT Im-
ages, a technique applied mainly to car-
diac scans. Whereas clinical results have
been mixed so far, the Introduction of
further corrections for scatter and resolu-
ton Is expected to improve quantitative
accuracy If not clinical accuracy (25).

Finally, this discussion would not be
complete without mentioning the recent
introduction of a commercial semicon-
ductor camera based on cadmium zinc
telluride. This small camera should have

applications In cardiac and general
nuclear medicine. Within the next 5-10
years, new scintillators will appear that
will strongly challenge the performance
of sodium iodide (thallium) in the area of
combined SPECT and PET cameras. These
new scintillators, lutetium orthosilicate
and ytterbium orthosilicate, may permit

a hybrid camera to far surpass the limited
(but Improving) count rate properties for
sodium Iodide that limit its ultimate util-
Ity as a PET detector.

US Scanning

US Is In the early stages of a new series

of advances. Findings in recent research

will further improve and extend the util-
Ity of US in medical imaging. A few of the
many areas of progress in imaging appli-

cations are reviewed in this section. One
area under rapid development provides
advances in transducer array technology.
Specifically, new piezoelectric materials

are resulting In higher operating frequen-
cies, improved sensitivity, and broader
bandwidth (26,27). In addition, multidi-
mensional arrays are becoming commer-
cially available. Standard linear- and
phased-array probes have a large number
of transducer elements arranged in a one-
dimensional array. This configuration al-
lows the acoustic beam to be focused and
steered in the image plane. The focal

properties in the elevation direction (sec-
tion thickness, perpendicular to the im-
age plane) are fixed geometrically. A new

linear-array design (28) incorporates the
same large number of transducer ele-
ments in the Image-plane direction with
a small number (approximately five) of
elements in the elevation direction. This
configuration, a so-called 1.5-dimen-

sional array, allows the acoustic beam to
be focused and steered in the image plane,
as with a one-dimensional array, and also
allows focusing in the elevation direc-
tion. The advantage is a more uniform
section thickness, reduced partial volume
effects, and better small object detectabil-
ity. Phantoms that demonstrate this im-
proved detectability have been developed
(29). An extension of transducer design
that incorporates a large number of trans-
ducer elements in both directions (two-

dimensional arrays) has also been devel-
o_. A two-dimensional array allows the
beam to be focused and steered in both
the image plane and in elevation. Applica-
tons of two-dimensional arrays include
imaging in arbitrary planes (relative to

the transducer face) and in real-time volu-
metric imaging (30). In the future, we
expect to see further increases in the
number of US system channels needed to
address the increased number of array

elements, and the system bandwidth of

each of these channels will Increase to
support the high frequency and broader
bandwidth of the new transducer materi-

als.
One exciting application of the latest

broadband array systems is the use of
harmonic imaging (31). With this tech-
nology, a relatively low-frequency pulse

is transmitted (3.5 mHz, for example) and
the echo signals for a higher harmonic
(the second harmonic, 7.0 mHz, in this
example) are received and processed for

image formation. The advantages are im-
proved spatial resolution and lower side-
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lobe amplitudes (higher image contrast)

compared with standard B-mode images

at the fundamental frequency (3.5 mHz

in this example). This technique is being

applied to imaging with contrast agents

(32-34) and imaging without contrast

agents (see the websites of most major US

equipment manufacturers for sample im-

ages).

Finally, a relatively new area of research

involving US is actually the development

of a fundamentally new imaging modal-

ity called elastography. Elastography can
be thought of as a “high-tech” form of

palpation. In elastography, sonograms ac-

quired before and after a small amount

(about 1%) of axial displacement are com-

pared, by means of techniques such as

cross correlation, to detect displacement

of the tissue. Soft tissues are deformed
more than stiff tissues, and these differ-

ences are quantified in images of tissue

strain (fractional displacement). No other

imaging modality is sensitive to tissue

stiffness. Independent laboratory mea-

surements of tissue stiffness suggest that

the physical elastographic contrast of
many cancers is 10 times greater than

that for any other imaging modality. Elas-

tography research is progressing rapidly

in laboratories worldwide. Findings in

the limited clinical work performed to
date (35) have been very encouraging.

The new generation of US systems is
designed to be highly adaptable. As a

result, manufacturers can quickly imple-
ment new technologies as they become

available. The utility of US is likely to
improve at a rate even faster than we have
already seen.
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