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Digital Subtraction Angiography*

Jonathan M. Tobis, M.D.; Orhan Nalcioglu, Ph.D.;
and Walter L. Henry, M.D.

One of the main thrusts of current cardiovascular
research is the development of new technologies
that will allow improved diagnostic accuracy with less
invasive approaches. Echocardiography, radionuclide
angiography, and pulsed Doppler techniques are ex-
amples of noninvasive methods that are successful in
revealing important anatomic and physiologic informa-
tion about the heart and great vessels. Nevertheless,
invasive hemodynamic assessment and contrast an-
giography are still essential for high diagnostic accu-
racy when evaluating atherosclerotic cardiovascular
disease. Because coronary artery disease is the most
common cause of morbidity and mortality in this
country, there are approximately 225,000 invasive
cardiac catheterizations performed each year.! There
are an additional 300,000 peripheral arteriographic
studies performed each year in the United States.
Recent developments in high speed digital com-
puters provide a new means for making contrast
angiography less invasive. Special image processing
computers have been developed which can enhance
radiographic images so that much lower concentrations
of iodinated contrast material can be visualized. This
permits direct intraventricular injections of dye to be
performed with 10 to 15 ml (or one-fourth the standard
amount) of contrast, thus decreasing the risk of the
procedure and permitting multiple assessments to be
made of left ventricular function without increasing the
total amount of contrast material or radiation exposure
to the patient. Alternatively, the heart chambers and
large arterial systems can be visualized after an in-
travenous injection of 30 to 40 ml of contrast material.
This new technology is known as digital fluoroscopy if
the study is performed in a continuous fluoroscopic
mode, or digital radiography if the study is performed
in a pulsed radiographic mode. The most common
means of processing the image is by a method called
mask mode subtraction, hence the usual term for this
technique is digital subtraction angiography (DSA).
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This review will describe the principles involved in
digital subtraction angiography and explore some of
the clinical applications for this technology in periph-
eral vascular and cardiac diagnosis.

The use of computers to enhance radiographic
images was pioneered by Mistretta at the University of
Wisconsin, Nudelman at the University of Arizona,
and Heintzen and Brennecke in Kiel, West Germany.
Mistretta et al*” developed the capability for real time
processing of video fluoroscopic x-ray images. They
built a dedicated computer to perform various video
processing techniques such as mask subtraction and
time interval difference (TID) imaging. Nudelman et
al*® explored the use of high resolution digital video
angiography by digitizing video images from high
resolution television cameras. Initially, they stored all
their data on digital tape in sequential mode. They also
used mask subtraction as a postprocessing scheme.
Brennecke, Heintzen et al" pioneered the use of
digital fluoroscopic images for quantitative applications
in cardiology. Nalcioglu et al” developed correction
schemes to improve the accuracy of digital fluoroscopic
calculations.

Digital angiography is now clinically feasible be-
cause digital computers have been developed that are
small and can process data at a very high speed. The
development of small, high speed digital computers
has occurred at a rapid pace. For example, in the mid to
late 1960s, computer systems were available for auto-
mating analysis of hemodynamic data.'* These com-
puter systems used room-sized computers and per-
formed analog to digital conversion of data at a rate of
200 conversions per second. Current digital image
processing computers are the size of a large tape
recorder and may perform up to 20 million analog to
digital conversions per second. The major components
of these newly developed image processing computers
are schematically represented in Figure 1. The incom-
ing fluoroscopic television signal is amplified by a
logarithmic amplifier and then converted from an
analog to a digital format. The digitized signal of the
incoming picture can either be stored in the memory
section of the computer or processed through an
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FicURe 1. Essential components of a digital image processing
computer. The incoming composite video represents the signal from
the image intensifier television chain as well as a synchronization
pulse. The signal is logarithmically amplified and then converted
from an analog to digital format (ADC, analog-digital converter). The
digitized signal is then sent into an arithmitic logic unit (ALU) where
manipulation of the image, such as during the subtraction process,
can occur. The computer has a memory component (MEM) which
can store several frames of digitized information. The image in the
memory can be transferred back into the arithmetic logic unit for
image processing, as during mask mode subtraction. The resultant
image after arithmetic processing is reconverted by a digital to
analog converter (DAC) into a composite video signal for storage on
videotape.

arithmetic logic unit where the image data are manipu-
lated. After the image is processed, the signal is
reconverted from digital to analog format in order to
store the study on analog videotape. Alternatively, the
digital data can be stored directly onto a disk or digital
tape. Although digital storage of the complete study
would be perferable in terms of decreased noise,
analog storage of data presently is used in many cardiac
applications because 30 frames per second data storage
often is required, and digital memory still is relatively
slow and expensive.

A schematic diagram of the connections of the digital
angiography computer into a standard catheterization
laboratory is depicted in Figure 2. For digital fluoros-
copy, the x-ray control panel usually is altered to yield
higher currents in the x-ray tube than is used during
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standard fluoroscopy. The x-ray image from the output
of the image intensifier is transformed into an electrical
(analog video) signal by a television camera. The analog
video signal output from the television camera is sent
to the image processing computer. The computer
converts the analog video signal from each television
frame into digits (ie, numbers) using a matrix of small
picture elements or pixels (Fig 3). For vascular imag-
ing, a 512X 512 matrix is preferable. For cardiac
imaging, it is also necessary that this process occur in
real time, preferably at a rate of 30 frames per second.
To preserve information about density differences in
the image, it is also necessary that each pixel has the
capacity to differentiate numerous shades of gray in the
image. In many systems, each pixel is encoded into
one of eight computer binary numbers or bits which
allows the encoding of the x-ray density in each pixel of
the image into 256 shades of gray. Thus, for cardiac
imaging, it is preferable that the computer process the
image so that the black and white x-ray image is
digitized into at least 262,144 pixels, each one repre-
senting one of 256 gray shades. Such a system permits
image resolution that is sufficient to visualize coronary
arteries and allows satisfactory quantitation of the
contrast densities in the image. Once an image is
digitized, the picture is less subject to noise inter-
ference, and mathematical image processing computa-
tions can be made with the gray scale densities. Mask
mode subtraction is one such image processing strat-
egy which has been found useful for enhancing radio-
graphic images.

During mask mode subtraction, an initial fluo-
roscopic or pulsed x-ray exposure is obtained, digi-
tized, and stored as a mask. After the mask is obtained,
contrast media is injected intravenously. A continuous
fluoroscopic image is obtained and digitized by the
computer into a 512 by 512 by 8 bit deep matrix at

FiGure 2. The central portion of this diagram of
a catheterization laboratory represents the stan-
dard catheterization table, x-ray tube and image
intensifier unit. In order to process digital angio-
grams, the x-ray control panel, as depicted in the
left-hand side of the diagram, must be adjusted
to deliver a higher exposure during fluoroscopy.
The video signal from the television camera
above the patient can be displayed on a televi-
sion monitor or can be directed into the portable
digital processing computer as shown on the
right side of this diagram.
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standard television rates of 30 frames per second. Each
frame is subtracted pixel by pixel digitally in real time
from the stored mask, converted back to analog format,
and the resultant image displayed on the television
monitor in the catheterization laboratory and stored on
a video tape recorder. If no dye was injected and if
there was no motion of soft tissues between the mask
and the subsequent images, the subtracted picture will
be blank with cancellation of all bone and soft tissue
signals. However, if contrast media were injected after
the mask was obtained, the subtracted image will yield
an image of the iodinated vascular structures which is
not obscured by overlying soft tissues and bones (Fig
4). Because mask mode subtraction helps to eliminate
soft tissue or bone densities in the image, visualization
of the arterial system is enhanced. The major disad-
vantage of this method is misregistration artifact which
develops if motion occurs, such as respiration, be-

FiGURE 3. The analog to digital converter proc-
esses a television image of a fluoroscopic pic-
ture into a digital matrix. Each picture element
has an 8-bit depth which provides 256 shades
of gray differentiation. The total number of
pixels = 262,144. Contrast (gray shades)/
pixel = 256.

tween the time the mask was obtained and the new
images are processed. If such motion occurs, the mask
will not totally cancel out all soft tissues, and mis-
registration artifacts will appear in the image.

One important benefit of digital angiography is the
ability to reprocess the image after the study is
performed. During postprocessing, the image is re-
converted from videotape storage into a digital format.
The contrast and brightness of the image can be
manipulated or a new mask can be chosen to help
improve the quality of the image. An example of the
postprocessed image of a low dose (10 ml) left
ventriculogram is shown in Figure 5.

PERIPHERAL ANGIOGRAPHIC APPLICATIONS

One of the major advantages of digital angiography
is that it allows angiograms to be performed without
directly entering the arterial system. Intravenous

SUBTRACTION
(WITH DYE)

FLUORO STORED SUBTRACTED

IMAGE

IMAGE

FIGURE 4. When dye is injected intravenously, a first pass image of the cardiovascular structures is
obtained. The subtracted image highlights the iodine within the cardiovascular silhouette and the
background soft tissues and bone densities are eliminated.
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Ficurr 5. This composite photograpli fiou 1 television momtor Jemonstrates the <nd-diastolic and end-
systolic images of the left ventricle obtained by iecting 10 0] of _ontrast material in the left ventricle and
processing the video signal in real tiine by digital subtiaction A, end-diastolic: and B. end-systolic images
prior to postprocessing: C and D, the same images after contrast enhancement.

administration of contrast medium enhanced by digital
processing can yield high quality angiograms of the
aortic. carotid, renal, and femoral arterial systems.
The resolution capability of digital subtraction an-
giography is approximately two line pairs per millime-
ter, which is adequate to visualize stenoses in large
arteries.

Although 30 frames per second image processing
capacity is desirable for cardiac imaging, most in-
vestigators have used higher energy pulsed exposures
(400 to 1300 mA) at rates of one to four per second for
peripheral angiography. Since peripheral arterial
systems do not move significantly, a slow exposure rate
is feasible to increase image contrast visibility and
improve signal-to-noise ratio. The major problem to be
overcome is patient movement which causes motion
artifact or misregistration between the mask and sub-
sequent images. Despite this problem, adequate an-
giograms can be obtained in approximately 80 percent
of studies. In large centers where thousands of periph-
eral and standard angiographic studies have been
performed, vascular surgeons are beginning to rely on
digital angiograms in making decisions as to when and
where to operate.

Another area in which digital angiography is begin-
ning to have significant clinical impact is angiographic
screening of large populations. This screening is made
feasible by the intravenous technique. For example by
altering the way standard radiographic information is
processed. a patient undergoing an intravenous pyelo-
gram can have his or her renal arteries imaged as well.
Aortic arch angiograms can also be obtained following
an intravenous injection of contrast medium. Congeni-
tal malformations, such as coarctation, can be vi-
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sualized and other abnormalities. such as subclavian
steal or dissection. have been observed (Fig 6).
Intravenous digital angiography also may have a
significant impact as a screening modality in the
evaluation of suspected pulmonary emboli. Ventila-
tion-perfusion radionuclide lung scans are most help-
ful when they are negative or grossly positive. How-
ever, the results in a large proportion of V/Q studies fall
in between these extremes. The clinician is then faced
with the decision to prescribe anticoagulants to a
patient who may have a false positive V/Q scan or

Ficure 6. This digital subtraction angiogram of the aortic arch and
carotid arteries was obtained by the intravenous injection of 30 ml of
Vascoray. The vertebral and internal mammary arteries are vi-
sualized as well as bilateral stenoses of the carotid arteries at the
superior border of the picture.
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Ficure 7. This digital subtraction pulmonary angiogram was ob-
tained after the intravenous administration of 30 ml of contrast
material.

obtain an invasive pulmonary angiogram for a defini-
tive diagnosis. Many clinicians are reluctant to order a
pulmonary angiogram because of its potential adverse
effects. Preliminary results suggest that digital sub-
traction techniques now permit pulmonary angio-
grams of good quality to be obtained with intravenous
injection of contrast medium (Fig 7). These early
studies suggest good correlation between intravenous
digital pulmonary angiograms and standard cut film
pulmonary angiography. Third and fourth order pul-
monary artery branches are visualized during the
intravenous study. As with other clinical applications of
digital subtraction angiography, the major drawback of
this technique is misregistration artifact caused by a
dyspneic patient’s breathing. Moreover, oblique views
are difficult because of inadequate x-ray penetration
and artery overlapping. Studies are currently under-
way to correlate the sensitivity and specificity of digital
subtraction angiography versus V/Q scans as compared
to standard pulmonary angiography.

In addition to intravenous administration of contrast
material, digital subtraction angiography also permits
intraarterial injection of less contrast material com-
pared to a standard angiogram. For example, a 5 to
15 ml dose of contrast medium may be sufficient for an
aortic arch study or a femoral arteriogram. Although
this still entails an arterial puncture, the amount of
contrast material is one fourth the standard dose and is
much better tolerated. An example of an aortic and
renal arteriogram obtained with 5 ml of contrast
medium injected into the descending aorta is demon-
strated in Figure 8. The ability to use lesser amounts of
contrast material may be beneficial in patients with
impaired renal or cardiac function who may not toler-
ate large doses of the hyperosmolar contrast agents.
Moreover, many patients with coronary artery disease
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Ficure 8. This digital subtraction angiogram of the abdominal
aorta and renal arteries was obtained with an intraaortic injection of 5
ml of contrast material. An early aneurysmal formation of the distal
aorta can be visualized just above the common iliac bifurcation.

are older, and therefore, are likely to have significant
carotid artery disease. The ability to perform an aortic
arch study in these patients at the end of a cardiac
catheterization study with small amounts of dye often
eliminates the need to perform a second invasive aortic
arch study.

CARDIAC APPLICATIONS

One might suspect that it would be more difficult to
image the heart during mask mode subtraction be-
cause the cardiac chambers move vigorously during
each cardiac cycle. However, experience has shown
that this problem of cardiac motion artifact can be
minimized by using a 16 frame or one-half second
fluoroscopic exposure of the thorax and summing these
16 separate images into one mask. The one-half second
summed mask gives an average representation of the
background fluoroscopic signals from the heart and
great vessels before the injection of contrast media,
and thus, by producing a 16 frame blurred mask, the
problem of cardiac motion is greatly reduced.

Because of the ability to enhance images by digital
subtraction techniques, it is possible to image dye in
the heart at much lower concentrations. This leads to
several clinical applications. One series of applications
relates to the ability to use digital subtraction angiogra-
phy to perform first pass right and left ventriculograms
following the intravenous administration of 20 to 30 ml
of contrast medium (Fig 9). Correlative studies have
shown that intravenous digital angiograms yield similar
values for left ventricular volumes and ejection fraction
compared with standard intraventricular cineangiogra-
phy.” In one series of 30 patients, the end-diastolic
volumes calculated from the standard cineangiograms
were related to volumes calculated from the digital
intravenous angiograms by the equation DIGITAL

Digital Subtraction Angiography (Tobis, Nalcioglu, Henry)



FiGURE 9. This first pass digital subtraction left ventriculogram was
obtained in the 30° RAO position after injecting 30 ml of Vascoray
into the femoral vein. In the first pass technique, the boundaries of
the mitral and aortic valves may be difficult to delineate but can be
more readily appreciated by observing the study in real time.

END-DIASTOLIC VOLUME =(0.99) (CINE END-
DIASTOLIC VOLUME)+0.6 ml."* These volumes
were closely correlated with r=0.82. End systolic
volumes were closely correlated (r =0.93) and related
by the equation DIGITAL END-SYSTOLIC VOL-
UME =(1.0) (CINE END-SYSTOLIC VOL-
UME) —1.7 ml. Ejection fractions calculated from the
two techniques showed the closest correlation
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Ficure 10. Comparison of left ventricular ejection fraction ob-
tained by intravenous digital angiography (vertical axis) and intra-
ventricular cineangiography (horizontal axis). The line of identity is
shown as the heavy dashed line and the regression equation is
represented by the dotted line.
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(r=0.96) and were related by the regression equation
DIGITAL EJECTION FRACTION =(0.92) (CINE
EJECTION FRACTION) + 4.9 (Fig 10).

During these studies, it was found that six (20
percent) patients developed ventricular tachycardia
during the intracardiac power injection of contrast
medium, whereas no patient developed premature
ventricular contractions during the intravenous stud-
ies. Thus, one advantage of the intravenous method is
the elimination of premature ventricular contractions
as a cause of technically poor ventriculographic stud-
ies. Another finding of this study was that while seven
of the intravenous digital studies were initially difficult
to evaluate because of poor image quality, all seven
were improved sufficiently by postprocessing the im-
age to permit adequate visualization and quantitation.
During postprocessing, the ventricular image which is
stored on videotape, is played back through the image
processing computer and selected frames are re-
digitized. The white scale contrast and background
gray levels can then be manipulated to improve visual-
ization of the ventricular boundaries. It also was noted
that first pass digital left ventriculograms are difficult to
obtain in patients with low cardiac output because the
bolus of contrast medium becomes diluted during the
slow transit time. In addition, patients with tricuspid
insufficiency are also difficult to study because the
contrast medium is diluted as it washes back and forth
between the right ventricle and right atrium. On the
other hand, an occasional patient will have a better left
ventriculogram performed by the intravenous digital
technique than with standard cineangiography be-
cause of better mixing of contrast with the intravenous
approach. An example of a patient whose intracardiac
injection during standard cineangiography did not
adequately fill the left ventricle is demonstrated in
Figure 11.

In addition to intravenous first pass ventriculogra-
phy, digital subtraction angiography can also be used
effectively during conventional cardiac catheteriza-
tion. Left ventriculograms can be obtained with 5 to
10 ml of contrast material injected directly into the left
ventricle.”” These low dose ventriculograms correlate
closely with standard 40 ml cineangiograms in regard
to ventricular volumes and ejection fraction. In one
study, low dose ventriculograms had no significant
effect on cardiac hemodynamics whereas the 40 ml
injection raised the mean left ventricular end-diastolic
pressure by an average of 6 mm Hg (Fig 5)."

Because digital subtraction makes low dose
ventriculograms feasible, it is possible to obtain multi-
ple left ventriculograms during cardiac catheterization
without increasing the total dose of contrast medium or
radiation exposure compared to standard angiography.
This capability permits interventional studies to be
performed in the catheterization laboratory to assess
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Ficure 11. Intravenous digital angiograms (upper) and intra-
ventricular cineangiograms (lower) from the same patient. Both
studies were performed with 40 ml of contrast material. The
intravenous technique provided better mixing of contrast and
allowed the apical aneurysm to be better visualized. The left
ventricular boundaries that were appreciated on the standard
intraventricular cineangiograms have been superimposed on the
digital angiogram and outlined with small dots while the boundaries
appreciated on the digital angiogram have been outlined by the
heavy dashed lines.

ventricular function. In one study, left ventriculograms
were performed in a series of 21 patients at rest and
during atrial pacing. Patients were paced until they
either developed chest pain or attained 85 percent of
their maximum predicted heart rate.” Fourteen of the
15 patients with coronary artery diseasc had a decrease
or no change in the ejection fraction, whereas five of six
patients with normal coronary arteries had at least a 5
percent increase in ejection fraction. Left ventriculo-
grams were performed in the 30° RAO position so wall
motion abnormalities in the anterior or inferior walls
could be correlated with coronary lesions in the left
anterior descending or right coronary artery. Since
digital ventriculograms have ten times the resolution
capability compared to radionuclide angiography, wall
motion abnormalities are very well visualized with
digital angiography. Thus, pacing studies may prove
very useful clinically because they allow the functional
hemodynamic significance of a specific coronary lesion
to be evaluated. This information may assist decisions
concerning the necessity for coronary bypass surgery.

VIDEODENSITOMETRY

A significant advantage of digital angiography com-
pared to traditional film-based angiography is the
ability to quantitate the relative amount of iodine
present in a volume of blood. This ability to determine
the density of contrast medium in electronic images is
termed videodensitometry. In order to perform vid-
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eodensitometry, the fluoroscopic image of the con-
trast-filled heart must be logarithmically amplified to
correct for nonlinear x-ray absorption and thereby
produce a linear proportionality between iodine den-
sity and the depth of the iodine signal that the x-ray
beam traverscd. Because the x-ray density in each
portion of the image is converted into a number, these
quantitative data can be used to determine the iodine
densities in each pixel. In order to evaluate a large
structure, such as the left ventricle, these individual
densities are summed over the area of the ventricle to
yield a number which is proportional to the ventricular
volume.? This analysis can be computerized using
software similar to that used in radionuclide imaging.
In one series of 25 patients, ejection fraction obtained
by videodensitometry correlated well with the stan-
dard area-length method using visual border detection
(r=0.88).2 As with radionuclide techniques, vid-
codensitometry during iodine contrast injections is not
dependent upon geometric assumptions of the shape
of the left ventricle.

The combination of digital subtraction angiography
and videodensitometry may also prove to be very
useful as a method for assessing myocardial perfusion.
Coronary angiograms obtained during standard in-
tracoronary injection of contrast material can be pro-
cessed by digital subtraction (Fig 12). By imaging the
capillary blush phase during intracoronary angiogra-
phy and by analyzing the digital image with videoden-
sitometry, one can derive a relative volume of blood in
specific regions of the myocardium. This may prove
particularly useful in patients with coronary artery
discase. The ability to perform myocardial perfusion

FicUkE 12. Digital subtraction angiogram of a right coronary artery
in the 30° RAO position following direct intracoronary injection of
4 ml of Renografin 76. The stop frame image from the television
monitor reveals a 75 percent stenosis of the mid-right coronary
artery.
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studies without the use of radioactive tracers may well
prove to be of significant benefit in assessing patients
with coronary artery disease.

Since the digital image processing computer and
recorder are relatively small, they can be set into a
portable frame for easy transport of the equipment.
Portable x-ray C-arms are being developed to perform
digital angiography. These adaptations will permit
intravenous digital angiograms to be obtained in the
intensive care unit setting. We have begun to study the
applications of bedside angiography for assessing left
ventricular function and for determining the presence
of pulmonary emboli. In collaboration with Edwards
Laboratories, we are developing a new catheter to
permit continuous hemodynamic monitoring which is
also adapted for pulmonary artery administration of
contrast material. Thus, left ventricular wall motion
can be assessed in critically-ill patients in the intensive
care unit using a first pass digital angiographic tech-
nique.

Digital subtraction angiography is an exciting new
modality that promises to have multiple applications
for diagnosis of cardiovascular disorders. Although still
in a very early stage of development, this technology
already is proving to be a less invasive means of
imaging the cardiovascular system. Alternatively, dur-
ing standard invasive cardiac or peripheral angiogra-
phy, digital subtraction is being used to decrease the
total amount of contrast medium which, in turn,
permits interventional studies to be performed to
assess cardiac function. In addition, the computer
technology allows special processing, such as vid-
eodensitometry, to be used to assess myocardial perfu-
sion and ventricular volumes. This new technology is a
dramatic example of the capacity of computers to alter
medical diagnostic technique and is a direct result of
the impressive advances in computer design over the
past 15 years. As computer technology continues its
rapid development, digital angiography likely will
have an even greater impact on the way cardiovascular
diagnosis is performed.
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