Digital Subtraction Angiography:
A Review of Cardiac Applications
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MAGING OF the chambers of the heart,
pulmonary circulation, and great vessels by
intravenous (I1V) contrast injection was clinically
implemented as early as 1939.' It was not until
the achievement of relatively recent advances in
digital electronics, image intensification, and
television technology that a major resurgence of
interest in this technique occurred. These techno-
logical advances in conjunction with the pioneer-
ing work from the Universities of Kiel, Federal
Republic of Germany; Arizona at Tucson; Wis-
consin at Madison; as well as the Mayo Clinic in
Rochester, Minn, provided the groundwork for
exciting applications of digital subtraction angi-
ography in the assessment of cardiovascular
dynamics.” " These results initiated widespread
clinical evaluation of the use of this imaging
modality in cardiac diagnosis that was facilitated
by commercially available digital angiography
systems which provided rudimentary image
manipulation capabilities. The purpose of this
report is to summarize the recent applications of
digital subtraction angiography in the quanti-
tative assessment of global and regional left
ventricular function, coronary anatomy, and cor-
onary flow dynamics. Earlier work with video-
densitometry or off-line digital analysis is also
included when relevant to current applications of
digital angiography. Practical issues regarding
technical prerequisites, clinical techniques, con-
trast material, and image manipulation are also
discussed as they relate to cardiac investiga-
tions.

TECHNICAL CONSIDERATIONS

A discussion of the physics of roentgen digital
imaging and the different digital systems has
been provided by several recent publications.' '
It is important to appreciate that developmental
advances in hardware and software continue to
occur in this field and that requirements of the
digital systems used for evaluating cardiac func-
tion and coronary arteries are different from
those considered optimal for evaluating vascular
morphology in other beds.'”'* Compared to coro-
nary or peripheral vessels, for example, the ven-
tricles are large and relatively contrast-laden

after peripheral or direct contrast injection, so
that a matrix size of 256 x 256 or 512 x 512, in
conjunction with a nine-inch image intensifier,
generally provide adequate spatial resolution for
analysis of ventricular function, although the
spatial resolution is decidedly less than afforded
by standard cineangiography. The framing rate,
however, must be sufficiently rapid to accurately
depict regional ventricular function. In contrast,
temporal resolution is of less importance in vas-
cular imaging, but the demands on spatial resolu-
tion are much greater and generally mandate
matrix sizes of 512 x 512 or more. Temporal
resolution in this application may also be impor-
tant in selected investigations (eg, blood flow
assessment). The option to provide ECG-gated
image acquisitions is also of benefit in certain
applications to be described.

Several recent articles from the University of
Arizona highlight and amplify these different
aspects of digital systems designed for general
purpose angiography compared to cardiac appli-
cations.'™'® These authors also stress the need for
systems that can be easily improved to take
advantage of innovations in archival, television,
and video technology.

CONTRAST MATERIAL

Although conventional contrast agents are
relatively safe, a substantial proportion of
patients subjected to them may suffer from sys-
temic, vascular, renal, and cardiac side ef-
fects.”®' These agents contribute significantly to
the morbidity and mortality involved in angi-
ography, including coronary angiography and
left ventriculography.>** Contrast effects can-
not be ignored in the implementation of IV
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digital subtraction angiography because each
image run typically requires the administration
of between 20 and 60 mL of contrast materi-
31.34‘35

Figure 1 demonstrates the changes in right
heart hemodynamics determined in ten patients
who were each injected with 45 mL of ionic
contrast material (diatrizoate sodium, diatri-
zoate meglumine, Renografin 76 [ER Squibb,
Princeton, NJ]) into the inferior vena cava or the
left ventricle. Although intraventricular injection
caused a significantly greater elevation in mean
right atrial pressure and mean pulmonary artery
pressure, it is apparent that these differences
were actually quite small and not more than | to
3 mm Hg. Moreover, pulmonary wedge pressure
was elevated to a similar degree after both injec-
tions. Figure 2 shows similar findings in the left
heart hemodynamics, ie, despite minor, transient
differences in heart rate and cardiac output,
there were identical degrees of systemic hypoten-
sion and elevation of the left ventricular end-
diastolic pressure. This study underscores the
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Fig 1. A comparison of changes in right heart hemody-
namics after IV or intraventricular injection of 45 mL of
ionic contrast material. Although statistically significant
differences are noted in the response of the mean pulmo-
nary artery pressure and the mean right atrial pressure, the
differences are actually of small magnitude. (Reprinted with
permission.*®)
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Fig 2. A comparison of changes in left heart hemo-
dynamics. As in Fig 1, the few statistically significant dif-
ferences between IV and intraventricular ionic contrast
injection are of very small magnitude. {Reprinted with
permission.’®} @, Intraventricular; O, IV; X P < .05.

fact that although IV angiography obviates the
risks of arterial cannulation, the hemodynamic
risks attendent to the use of contrast material are
not significantly reduced. This drawback can be
minimized by using the smallest amount of con-
trast material compatible with adequate imag-
ing, or by the use of newer agents with fewer side
effects.***!

Compared to standard ionic contrast, 1V
administration of a new nonionic contrast agent
{(iohexol) has been shown to cause fewer changes
in left ventricular pressure, function, and coro-
nary blood flow.*” Patient studies have also
shown that this newer, nonionic agent has
decreased toxicity.®* Figures 3 and 4 demon-
strate the less severe alterations of systemic
pressure and the absence of ECG changes
induced by iohexol. Favorable comparative
effects on myocardial contractility and relax-
ation have also been demonstrated with this
agent.** This diminished toxicity is related to
several physical properties of newer nonionic
agents, including a substantial lowering of osmo-
lality, negligible amounts of sodium, and a lack
of induction of hypocalcemia and hypokale-

mia.*
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Fig 3. Hemodynamic changes induced by Renografin 76 (Squibb, Princeton, NJ) and iohexol. The nonionic agent iohexol
caused fewer changes in systemic blood pressure after coronary arteriography and left ventriculography. {(Reprinted with

permission.*®)

Thus, innovations in the development of con-
trast materials can lessen the drawbacks of 1V
digital subtraction angiography related to the use
of conventional contrast agents. The use of these
newer agents may also have the added advantage
of reducing patient discomfort during injection
and this might, in turn, minimize patient motion
and misregistration artifacts.’® This added bene-
fit, however, has not been reported by some
investigators.”’

The intra-arterial applications of digital sub-
traction angiography virtually obviate hemody-
namic toxicities, because very small doses of

contrast material can be used selectively to
acquire diagnostic images.**™*

CLINICAL TECHNIQUES

Although there was initial enthusiasm for the
peripheral IV injection of contrast material to
procure images of the systemic circulation, prac-
tical experience revealed a small but unaccept-
able incidence of complications. These include
contrast extravasation into the arm and an in-
ability to consistently inject adequate volumes of
contrast material.* > Consequently, contrast
material is now more frequently administered by
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Fig 4. ECG changes induced by
contrast agents. Compared to Reno-
grafin 76 (Squibb, Princeton. NJ},
iohexol produced no changes in the
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means of a central I'V injection into the vena cava
or the right atrium. The catheters generally have
multiple side holes, are of 5 F or 6 F in size, and
are in a “pigtail” configuration to avoid recoil or
intramural injection.

Little direct evaluation of the optimal tech-
nique of contrast injection for IV cardiac studies
is currently available. Theoretically, an 1V con-
trast injection that gives a high peak iodine
concentration in a narrow or compact bolus
would be considered ideal for purposes of sub-
traction. Such a situation allows selection of
mask and contrast phases that are close together
in time, resulting in maximal contrast enhance-
ment while minimizing the possibility of mis-
registration artifacts.

The peak iodine concentration is directly pro-
portional to the amount of iodine injected, and
the minimum amount of iodine required depends
on the purpose of the study. Between [2and 15 g
of iodine per injection is usually needed for
adequate visualization, especially of small
arteries,’™* although other investigators have
used smaller amounts.”® Kruger et al® present
mathematical arguments showing that higher
rates of injection result in less dilution of contrast
material as it enters the left-sided circulation. In
agreement with this are the clinical findings of
Saddekni et al*® who confirmed that high peak
arterial opacification can be achieved with
higher contrast injection rates. Eskridge et al,”'
however, failed to note any subjective improve-
ment in image quality when higher rates of
injection were used. In addition, within a range
of injection of 0.16 mL /s/kg to 0.49 mL/s/kg in
dogs, Burbank™ showed that peak opacification
and bolus width was unaffected by the injection
rate. This latter study did demonstrate that the
peak iodine concentration achievable with a
right-sided injection was directly proportional to
the amount of iodine injection (not the concen-
tration) and inversely proportional to central
blood volume, whereas the width of the contrast
bolus was directly proportional to the central
blood volume and inversely proportional to car-
diac output. Thus, patients with high central
blood volume and low cardiac output would be
expected to demonstrate nonideal, low peak and
wide width iodine bolus curves. It follows from
these relationships that lower toxicity contrast
materials at relatively high volumes will produce
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maximal opacification without an increase in
bolus width, because these agents cause less
pulmonary vasodilatation and only small
increases in central blood volume. Finally, Bren-
necke et al*® have shown that the characteristics
of contrast bolus curves are continually altered as
the bolus moves through the circulation. Optimi-
zation of signal extraction and subtraction tech-
niques for a particular phase of bolus transfer
may be suboptimal for a later phase. Thus, all of
these factors must be considered in attempting to
maximize the diagnostic yield from digital
images obtained by IV contrast injection.

Hetzel et al® have shown that peak arterial
indicator concentration is best with central
venous injections compared to more distal
superior vena cava or peripheral venous injec-
tions. More recently, Rubin et al’’ confirmed this
in a study of 1V injection of contrast material.
This is also in agreement with the findings of
Eskridge et al.”' but this latter group did not note
any significant improvements in image quality
between right atrial and superior vena cavae
injections.

No direct evaluation of the optimal method of
low-dose direct intraventricular digital subtrac-
tion angiography is currently available. Studies
have proposed using injections of composition
ranging from 5 to 10 mL of undiluted contrast
injected within 1 to 2 seconds***** to 7 mL of
contrast, diluted in 43 mL of saline and injected
at 15 mL/min.*" As with standard cineventricu-
lography, it is anticipated that with this method
of ventriculography the injection rates, volumes,
and dilutions will be predicated by patient char-
acteristics such as the chamber size, stroke vol-
ume, heart rate, and the presence or absence of
wall motion abnormalities.

SUBTRACTION TECHNIQUES

Riederer and Kruger™ have recently summa-
rized the technical characteristics of several
alternate subtraction methods and provide a con-
venient framework for reference (Table 1). Sub-
traction can be performed with respect to one of
several physical variables including time, energy,
and depth parameters. “First-order” techniques
are those in which only one physical variable is
exploited to produce a final difference image. For
example, mask-mode imaging used in conven-
tional digital subtraction angiography is a form
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Table 1. Categories of Subtraction Techniques Applied to Digital Subtraction Angiography (DSA)

Physical Variable

Time (t)

Energy (E) Depth (Z)

Conventional DSA
Integrated remasking
Matched filtering
Recursive filtering

First-order subtraction

Second-order subtraction
Z: Tomographic DSA
E: Hybrid subtraction

Dual beam energy subtraction
{K-edge and non-K-edge)}

Tomography

Three-beam K-edge energy —
subtraction

Adapted with permission.®®

of temporal subtraction of frames pre- and post-
contrast injection. “Second-order” techniques
sequentially utilize two physical variables to
effect the resultant image. For example, hybrid
subtraction® utilizes the physical variables of
both time and energy. Clinical cardiac applica-
tions of digital subtraction angiography have
been almost exclusively involved with temporal
subtraction methods. Of the various forms of
temporal subtraction, mask-mode and time-
interval-difference (TID) are most commonly
reported.

In mask-mode subtraction the digitized image
frames during peak opacification are subtracted
on a pixel by pixel basis from single or averaged
frames of the same area before the arrival of the
contrast media (Figs 5 and 6). Alternatively, the
mask may be ECG-gated so that each frame of
the pre- and post-contrast phases is aligned with
respect to the phase of the cardiac cycle (Fig 7).
Provided that there is no patient motion, overly-
ing structures devoid of contrast material are
subtracted from the image, improving the visibil-
ity of faintly opacified, contrast-laden structures.
Contrast enhancement (Fig 8) allows density
windowing within an operator-defined range
containing the most important image informa-
tion. This small range of grey levels can then be
expanded to take advantage of the full grey scale

Fig 6. A schematic representation of
mask-mode cardiac imaging. Single or aver-

aged frames prior to contrast injection are
used as the mask from which frames during
maximal cardiac opacification after con-
trast injection are subtracted. In the resul-
tant image, non-opacified structures are
removed leaving behind the contrast con-
taining heart chambers and vessels.

MASK FRAMES

{ single or averaged }

range, thereby enhancing the contrast of the
specific area of interest.

TID differs from mast-mode subtraction in
that the sets of frames subtracted from each
other all contain contrast media, but each set is
separated by only a brief period of time (Fig 9).
The result of this type of first-order subtraction is
a display of the difference in contrast transit or
wall motion that occurred between the frames of
each set (Fig 10). As a consequence, all station-
ary portions of the field of view are eliminated,
and the final image provides an indication of the
instantaneous changes in motion of opacified
structures or movement of a contrast bolus
throughout the period of image acquisition. An
advantage of this method is that noncyclical
patient motion is seen only briefly and the short-
lived motion artifact does not necessarily
degrade the entire image sequence. In contrast,
the time-separation between image and mask
frames in mask-mode subtraction is relatively
long and, therefore, this technique is more prone
to degradation due to motion. Misregistration of
frames under these circumstances can sometimes
be overcome by remasking or by pixel shifting
and rotating programs that are becoming avail-
able with image processing computers. Other
techniques, such as “rubber sheeting” and respi-
ratory-gating, may also be of use.'®®

00

CONTRAST
FRAMES

MASK-MODE
IMAGES

CONTRAST
INJECTION
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MASK MODE

Fig6. Selected frames from a digital IV ventriculogram
showing progression of contraction from end-diastole (ED)
to snd-systole {ES). {Reprinted with permission.*’}

Other types of temporal subtraction tech-
niques include integrated remasking,’*®
matched filtering,**¢ and recursive filtering
(Fig 11). Integrated remasking involves the
retrospective analysis of an image run to ascer-
tain which phases are best suited for the mask

67-72
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and the contrast frame sets. Each frame in the
mask and contrast phase is equally weighted
(average) but of opposite sign. Except for pro-
ducing the mask, this method is not suited to the
contrast phase of cardiac studies because of
cyclical motion.

Matched filtering®*® is the process whereby
mask and image phases are weighted in propor-
tion to the actual time concentration characteris-
tics of the contrast bolus curve. This temporal
integration can be used to either decrease patient
exposure or contrast dose while still producing
images that are comparable to conventional digi-
tal images. Alternatively, at equal roentgen
exposure, this technique can be used to increase
signal-to-noise relative to conventional temporal
subtraction. The extensive temporal integration.
however, causes blurring of mobile structures.
This will mandate potential modification of the
technique, such as ECG-gating, for cardiac
applications.

Recursive filtering provides a contrast
image which is a combination of the most current
image, as well as prior images that are weighted
in inverse proportion to the time lag between
acquired frames. The mask image is similarly
obtained so that the final image is conceptually
analogous to a TID image except for the integra-
tion and differential weighting of frames.
Because the contrast and mask images are con-
stantly updated, this technique has some inher-
ent resistance to image degradation due to peri-
odic motion. Breathing, swallowing, and even
panning, do not degrade the entire image
sequence.” Cardiac applications of this tech-
nique have not been extensive.”' but are prom-
ising (Fig 12).

Hybrid subtraction, recently proposed by Bro-
dy.” is a second-order subtraction method in

67-72

ECG-GATED
MASK CONTRAST
FRAMES FRAMES

ECG GATED

CONTRAST
INJECTION

ECG GATED
MASK-MODE

IMAGES contrast injection frames are acquired along with

Fig 7. A schematic representation of ECG-
gated mask mode subtraction. Pre- and post-

an ECG reference signal. The subtractions are
performed on image pairs obtained at the same
phase of the cardiac cycle.
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Fig 8. A schematic representation of the
concept of contrast enhancement. Of the total
range of grey levels in the original subtracted
image. only a narrow range spans the levels seen
in the region of interest of, for example, the left
ventricle. This window is selected by the opera-
tor and then expanded to fill the entire grey
scale, enhancing the contrast.

which pairs of high and low energy exposure
images are obtained with each alternate frame,

“Window" encompassing e
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the use of hybrid subtraction compared to con-
ventional temporal subtraction (Fig 14).

separated by a few milliseconds of each other

(Fig 13). The image pairs are weighted and
combined so that soft tissue is cancelled from the
image. This is useful in removing soft tissue

ASSESSMENT OF LEFT VENTRICULAR
FUNCTION

Experimental Studies

misregistration artifacts. Provided that the

patient remains stationary so that skeletal struc-
tures are properly registered, the images can also
be processed by a temporal mask mode subtrac-
tion method to effectively cancel overlying bone
images. Unfortunately, this method entails
greater radiation exposure compared to conven-
tional digital techniques, and subtraction of high
and low energy frames post-contrast injection
mandates that some of the iodine signal is lost.
Furthermore, the second-order subtraction in-
creases image noise.”’*”” Various temporal fil-
tration and integration schemes have been pro-
posed to compensate for these problems.®*”” Car-
diac applications of hybrid subtraction have been
report that five out of eight
IV examinations for assessment of coronary
artery bypass graft patency were improved by

few. Guthaner et al™

CONTRAST
FRAMES

CONTRAST
INJECTION

Fig9. A schematic representation of TID imaging. The
image set consists of frames acquired post-contrast injec-
tion. Serial pairwise subtractions of consecutive frames are
illustrated here. Stationary areas of the images are effec-
tively subtracted leaving behind an indication of the amount
of movement that has occurred between the consecutive
image pairs. TID processing can be performed on sets of

mask-mode subtracted images.

T.1.D. IMAGES

Several descriptive studies showed the feasibil-
ity of assessing left ventricular dynamics in
experimental animals.>'>75-%

Bursch et al®' used videodensitometry to mea-
sure cardiac output in pigs from direct left ven-
triculograms. Cardiac output correlated well
with simultaneously performed indocyanine
green dye-dilution methods over a range of 1.5 to
5.0 L/min. Carey et al*? measured heart rate and
stroke volumes from digital IV ventriculograms
in dogs to calculate cardiac output. These mea-
surements were compared to thermodilution car-
diac outputs and found to be highly correlated
(r = .89, slope = 1.05, intercept = 0.04}.

Left ventricular volume measurements from
IV ventriculograms in dogs were analyzed by
Slutsky et al® and compared to thermodilution
and sonomicrometer measurements. Because the
same beat was analyzed before and after mask-
mode subtraction, the effects of this image pro-
cessing on quantitation of chamber dynamics
could be ascertained. The results showed that
although measurements from both images corre-
lated quite well, volumes from the mask-mode
images consistently underestimated volumes
from nonprocessed images by approximately
12%. This study also demonstrated a high corre-
lation (r = .91) between left ventricular end-
diastolic volumes determined by area-length
analyses and volumes calculated from long axis
and minor axis measurements provided by the
implanted sonomicrometer crystals.

Radtke et al**® used direct contrast ventricu-
lography in pigs to assess not only the endocar-
dial contour of the ventricle but also the epicar-
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Fig 10. Selected frames from a digital IV ventriculo-
gram processed by the TID method. White rims represent
net inward motion, whereas black rims represent net
outward motion. The end-systolic frame (ES) shows a
crescent of black in the anterolateral region of the ventricle
which signifies early relaxation of this segment. (Reprinted
with permission.®)

dial edge that was visible when contrast perfused
the myocardium (Fig 15). By subtracting the
volume of the endocardial outline from the vol-
ume of the epicardial outline, an estimate of the
volume of muscle could be obtained. End-
diastolic and end-systolic images were analyzed
by videodensitometric techniques, and left ven-
tricular muscle volume was compared to post-
mortem measurements. The end-systolic an-
giocardiographic estimate of muscle volume
correlated best with the postmortem results
(r = .938, standard error of the estimate = 5.9
mL). An extension of this method allowed exper-
imental quantitation of myocardial perfusion
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Fig 11. A schematic representation of aiternate meth-
ods of temporal subtraction. (A} An idealized time v inten-
sity curve produced by an injection of contrast material as it
traverses a specific region of interest. (B through E)
Weights assigned to images acquired before and after
contrast injection comparing this weighting for different
temporal subtraction methods. The resultant image in each
case is obtained by multiplying each original image by its
respective weight and combining all weighted images
together to effect the subtraction. CDSA, Conventional
DSA {see figs 5, 6, and 7). (Reprinted with permission.*)

deficits caused by coronary occlusion. In addi-
tion, measurement of free wall thickening from
digital fluoroscopic images under control and
ischemic conditions as well as during inotropic
stimulation has been shown to accurately reflect
regional thickening as validated with pairs of
sonomicrometer crystals implanted across the
myocardial wall in dogs.*

Gerber et al*’ proposed an alternate method of
quantitating regional function in a canine model
of acute ischemia. Calculation of regional area
displacement and the average amplitude of
excursion of the anterior and posteroinferior
walls were made from functional ejection shell
and paradox images of digital 1V ventriculo-
grams. These images were produced by subtract-
ing end-diastolic and end-systolic frames so that
net inward motion or dyskinetic motion could be
highlighted (Fig 16).

Digital 1V ventriculography has been used in
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Fig 12. A normal selective right coronary angiogram as
it appears using a temporal high-pass fiiter {A} and on the
standard cine-view (B). {Reprinted with permission.”)
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TEMPORAL SUBTRACTION Fig 14. (A} An IV digital aortogram performed for the

—~(— detection of coronary artery bypass graft patency. This was
processed by mask-mode subtraction. {B) improvement in
Fig 13. A schematic representation of the process of the visualization of the bypass graft (arrow) is seen after

hybrid subtraction. (Reprinted with permission.’) hybrid subtraction. {Reprinted with permission.’*)



animals to demonstrate the effects of acute incre-
mental volume overload induced by surgically
made arteriovenous shunts on cardiac chamber
size and pulmonary transit time.®® During vol-
ume overload increases in both left and right
ventricular end-diastolic volume, stroke volume
and ejection fraction were demonstrated. These
occurred in conjunction with an increase in car-
diac output and a shortening of pulmonary tran-
sit times.

Clinical Studies

Digital IV ventriculography. Several studies
have compared IV digital subtraction angiogra-
phy and direct contrast left ventriculography to
determine the accuracy and limitations of this
technique and to determine its potential clinical
utility.

Vas et al® examined volumes at end-diastole
and end-systole and ejection fractions in four
patients and noted similar results from the [V
studies compared to conventional ventriculogra-
phy except for a 2% to 7% systematic underesti-
mation of volumes, probably related mainly to
the subtraction and contrast enhancement pro-
cess. In an extension of this work,” ecjection
fraction determined by both techniques in 13
patients correlated with r values between .752
and .854, depending on the observer.

In a larger study, Tobis et al’' studied patients
by both techniques separated by 24 hours. End-
diastolic volumes and ejection fractions corre-
lated well (r = .82 and r = .96, respectively) and
without systematic errors. End-systolic volumes

MANCINI AND HIGGINS

Fig 15. End-diastolic (upper left} and end-
systolic (lower left} digital ventriculograms
obtained in a dog in the left posterior oblique
projection. Differential enhancement of the early
(ventricular) and later {myocardial) phases of
contrast injection allows excellent edge-defini-
tion of both end dial and epicardial edg
allowing quantitative measurements of relative
wall thickness (upper right) and estimates of wall
thickening {lower right).

demonstrated a small systematic underestima-
tion as well as an excellent correlation with
conventional contrast measurements (» = .93).

The comparative study of Kronenberg et a
demonstrated high correlations with standard
ventriculography (r = .91 and r = .89 for volume
and ejection fraction data, respectively). System-
atic underestimation of volumes was noted in the
processed 1V images but not in similarly pro-
cessed images produced by low-dose intraven-

146

TOTAL OCCLUSION CIRCUMFLEX CORONARY ARTERY

Fig 16. An IV digital left ventriculogram from a dog
taken in the left posterior oblique projection and during
total occlusion of the circumflex coronary artery. ED,
End-diastolic frame; ES, end-systolic frame. ES minus ED
results in an ejection shell image (lower left) which demon-
strates enhanced function of the anterolateral wall and
absence of inward inferior wall motion. ED minus ES results
in a paradox image (lower right} that highlights the infero-
posterior area of dyskinesis. (Reprinted with permission.*)
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tricular injection of contrast. The authors sug-
gest that these differences may have been due to
the fainter edge definition of the IV studies, and
errors in estimating the location of the aortic and
mitral valve planes which are obscured in IV
ventriculograms.

Goldberg et al* were uniformly successful in
obtaining diagnostic images of the left ventricle,
even in patients with ejection fractions of less than
30%. End-diastolic and end-systolic volumes cor-
related extremely well (r = .96 and .97, respec-
tively) as did ejection fraction determinations
(r = .98). It should be noted that other authors®'
had difficulties in obtaining adequate left ventric-
ular visualization in patients with very low ejec-
tion fractions, whereas some of this difficulty may
have been overcome in the Goldberg study by use
of a very rapid, central injection of contrast.

Norris et al** demonstrated comparable corre-
lative results, but volumes were systematically
underestimated compared to direct left ventricu-
lography (Fig 17). Again, these authors specu-
lated that this finding represented a loss of
sensitivity of edge detection caused by the
smaller density differential between the diluted
contrast nearest the endocardium compared to
the soft tissue density of myocardial muscle.

A study by Felix et al** included 46 patients, a
large proportion of whom had poor left ventricu-
lar function. Although the direct ventriculo-
grams and the IV ventriculograms were sepa-
rated in time by a mean of three months, these
investigators showed extremely high correlations
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Fig 17. The correlation of end-diastolic volumes (EDV)
and end-systolic volumes (ESV) obtained form standard
cineventriculograms (LV) and digital intravenous ventricu-
lograms (DIV). (Reprinted with permission.™)
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for ejection fraction (r = .938), end-diastolic vol-
umes (r = .979), and end-systolic volumes
(r = .925). They reported a systematic overesti-
mation of end-systolic volumes when ejection
fraction was below 36%. This led to consistently
lower ejection fraction results from the digital
studies compared to the direct cineventriculo-
grams. This finding was attributed to more
homogeneous and complete opacification of the
apical areas with the IV technique and the ability
to enhance the contrast of the digital images.
Thus, despite inclusion of a relatively large pro-
portion of patients with depressed contractile
function, no specific difficulties in imaging these
patients were reported, and some improvement in
quantitative analysis was seen in this study.

Nissen et al® evaluated 40 patients, including
21 with prior myocardial infarctions. Similar
results were demonstrated by this group (end-
diastolic volumes, r = .88; end-systolic volumes,
r = .92; ejection fraction, r = .83), and techni-
cally adequate studies were obtained even in
patients with ejection fractions below 50%. These
investigators caution that persistent right ven-
tricular or left atrial opacification in the setting
of a low cardiac output or right ventricular
failure can lead to difficulties in edge definition
and quantitation in individual cases.

All of the previous investigations used mask-
mode image processing as the subtraction tech-
nique, whereas Engels et al® reported ventricular
assessments in 20 patients using TID processing
of digital IV ventriculograms. Absolute volumes
were not reported, and their study included only
patients with ejection fractions greater than 50%.
Ejection fractions determined from the TID
images correlated with direct left ventriculogra-
phy with an r value of .81.

It is apparent from these studies that ventricu-
lar volumes and ejection fractions can be
obtained from digital IV ventriculograms with
an acceptable degree of accuracy to make the
technique diagnostically useful. Furthermore,
the successful study of patients with depressed
ventricular function was reported by several
groups. Although further investigation is needed,
it seems these patients can be studied by this
technique provided there is optimization of con-
trast injection, subtraction and enhancement
techniques, and alternate views are consid-
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ered.”®’” Currently, however, it cannot be consid-
ered a procedure of choice in this subgroup of
patients because of the potential deleterious
effects of contrast media.

Low dose intra-ventricular digital angiogra-
phy. For the reasons previously mentioned, a
very attractive use of digital subtraction angi-
ography is through direct, intraventricular injec-
tion of very small doses of contrast material.
Diagnostic ventriculograms that provide accu-
rate, quantitative information can be obtained
without significant hemodynamic perturbations
by subjecting these very faint images to process-
ing with mask subtraction and contrast enhance-
ment.

A dose of 5 mL of contrast material was used
by Sasayama et al* in 16 patients who also
underwent conventional ventriculography. Using
digital processing and an automatic edge detec-
tion algorithm,”® diagnostic images were ob-
tained that demonstrated excellent correspon-
dence to standard ventriculography (» = .95 and
.98 for end-diastolic and end-systolic volumes,
respectively). In order to ensure optimal mixing
of blood and contrast, patients with large ventri-
cles were excluded from the study, and the
administration of contrast material was initiated
by an electrocardiogram-triggered injection dur-
ing the rapid filling phase of diastole.

Kronenberg et al* used 5 to 10 mL injections
of contrast material and compared ventricular
volume measurements to conventional left ven-
triculograms in 12 patients. In the entire group of
patients, a high correlation of volume measure-
ments and ejection fractions from standard dose
and low dose ventriculograms was demonstrated
(r = .96 and .91, respectively). but separate anal-
yses of end-diastolic and end-systolic volumes
were not provided.

A different protocol was proposed by Nichols
et al*’ who used 7 mL of ionic contrast material
diluted in 43 mL of saline injected at 15 mL /s for
3 seconds. Diagnostic studies were obtained even
in patients with low ejection fractions and large
ventricular volumes. The end-diastolic and end-
systolic volume and ejection fraction correlation
coefficients were all 0.97. The same protocol was
used by Seldin et al* who in addition used a
semi-automatic border detection algorithm to
obtain ventricular silhouettes from the digital
studies. Again, high correlations were noted
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between low dose ventriculographic measure-
ments and conventional ventriculography
(r =94 and .97 for end-diastolic and end-
systolic volumes, respectively).

Tobis et al*® used 10 mL of contrast material
because of inconsistent visualization with 5 mL
injections. Although they were able to show only
a modest correlation between conventional and
low-dose ventriculograms in measuring end-
diastolic volumes (r = .77), end-systolic volumes
were more accurately reflected (r = .95).

Mancini and co-workers®® have recently
extended these observations in a group of 31
patients studied by low dose digital ventricu-
lography (10 mL of contrast in 10 mL of saline)
and conventional ventriculography. Global pa-
rameters correlated well (end-diastolic volumes.
r = (.85: end-systolic volumes, r = 0.93: ejection
fractions, r = 0.92).

Despite the different low dose injection proto-
cols mentioned above, all groups showed the
expected lack of significant hemodynamic pertur-
bations in response to low-dose direct digital
ventriculography. This application allows safer
examinations of patients with pre-existing renal
disease, diabetes, multiple myeloma, aortic steno-
sis, unstable angina, or poor ventricular function
(Fig 18). Furthermore, as has been demon-
strated.'® ventriculography can be safely repeated
to assess the effects on ventricular function of
interventions such as atrial pacing or to obtain
sequential, orthogonal views of the ventricle in the
absence of biplane angiographic facilities.

It should be appreciated that direct intraven-
tricular injection of contrast materials, whether
diluted or not, will lead to streaming and inhomo-
geneous opacification in some instances that may
cause indistinct visualization of the ventricular
margins. Inhomogeneity of opacification also
occurs as noncontrasted blood flows into the
ventricle through the mitral valve. In addition to
this, regional wall motion abnormalities can, on
occasion, preclude adequate regional ventricular
mixing of contrast. This can aggravate the prob-
lem of contrast streaming if an insufficient vol-
ume of contrast material is used. From analysis
of the previously cited studies and in the authors’
experience,”'% the use of diluted doses of con-
trast material compared to undiluted doses more
consistently provides images of diagnostic qual-
ity in a broad spectrum of patients.
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Fig 18. A direct left ventriculogram obtained
with 10 mL of contrast medium diluted in 10 mL of
saline and injected over 2 seconds in a young
diabetic patient with post-viral cardiomyopathy.
The end-diastolic frame is shown in the upper left
panel and the end-systolic frame in the lower left.
Quantitative parameters in the right panels dem-
onstrate severe global dysfunction. an ejection
fraction of 4% and markedly increased ventricutar
volumes. Despite a resting puimonary wedge pres-
sure of 30 mm Hg, this diagnostic ventriculogram
was obtained without any major hemodynamic
perturbations or patient discomfort.

Assessment of global ventricular function
with densitometry. It is beyond the scope of
this report to discuss the technical features,
constraints, and limitations of densitometry as it
applies to cardiac imaging in humans. It is
apparent that digital cardiac imaging can pro-
vide not only geometric information that allows,
for example, area-length calculations of ventric-
ular volumes but can in addition give information
about the depth or volume of heart chambers and
vascular structures by densitometry. The attrac-
tion of this methodology is in the circumvention
of geometric assumptions required to make vol-
ume measurements (a feature that limits tradi-
tional geometric methods, particularly in the
setting of wall motion abnormalities), and when
attempting to characterize chambers that are not
easily described by geometric shapes, such as the
right ventricle. Thus, with appropriate process-
ing of the transmitted x-ray signals, the digitized
grey scale values making up an image are theo-
retically linearly proportional to the amount of
contrast traversed by the x-ray beam. With accu-
rate calibration and homogeneous mixing of con-
trast, non-geometric measurements of absolute
or relative volumes are possible. This approach
has been used to determine ventricular volumes
and function, and accurate results have been
reported.'®*1971% [t must be appreciated, how-
ever, that the relationship between x-ray beam
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attenuation and contrast depth is affected by
several physical properties of roentgen imaging
that require complex corrections.'®'"* Advances
in the ability to correct these errors will result in
powerful quantitative abilities for digital cardiac
imaging because the excellent spatial informa-
tion could then be combined with volumetric
data.

Assessment of regional ventricular func-
tion. The interobserver variability of subjective
assessments of regional wall motion is known to
be quite marked.”'"* Digital ventriculography is
well suited to rapid and routine quantitative
analyses of segmental function that can reduce
interobserver and intracbserver error, and this is
of particular importance if interventions are to be
accurately studied. Despite this, relatively few
studies have used quantitative techniques to
compare conventional and digital subtraction
ventriculography in the assessment of regional
wall motion.

Vas et al®® emphasized the poor reproducibil-
ity of subjective wall motion assessment from
either conventional left ventriculograms or con-
trast-enhanced IV digital ventriculograms. With
the use of an automated radial analysis method
to quantitate regional function, interobserver
variability was minimized.

Low contrast-dose, intraventricular digital left
ventriculograms and standard ventriculograms
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were compared on a regional basis in 28 patients
by Nichols et al.*” They measured percent chor-
dal shortening of hemiaxes and showed a moder-
ately good correlation (r = .81) of results that
may have been impaired by an effective framing
rate of only ten per second.

Mancini et al'’® used a radial shortening tech-
nique to assess concordance in regional wall
motion analysis. In contrast to the prior study,
this study used digital I'V ventriculography. With
this technique, the left atrium and basal portions
of the left ventricle and the aorta were simulta-
neously opacified, and the usual landmarks for
assignment of the major axis of the ventricle
were obscured. Thus, the long axis of the digital
ventriculogram was taken as the line joining the
ventricular apex to the centroid of the end-
diastolic frame, whereas the long axis of the
direct ventriculogram was taken from the mid-
point of the aortic valve plane to the apex. As a
result, normal ranges of wall motion for these
two imaging techniques were systematically dif-
ferent. However, by using the quantitative crite-
ria appropriate to each image, agreement in
assessing normal and abnormal motion was
found in 87% of segments. As expected, most
disparities occurred in the basilar and apical
radii which are known to be quite variable, are
sensitive to assignment of the long axis, and
which are obscured (basal regions) in the digital
1V ventriculograms.

Mancini et al®** extended this work by quanti-
tative measurement of regional wall motion from
low contrast-dose ventriculograms compared to
standard ventriculograms. In contrast to the
study of Nichols et al.*’ this study used a framing
rate of thirty per second thus enhancing the
accuracy of regional function measurement.
Under these conditions quantitative regional
function by both techniques correlated well
(r = 0.90).

Using a regional area reduction method for
objective wall motion, Nissen et al®* demon-
strated a high concordance rate (91%) in classifi-
cation of wall motion from IV digital ventriculo-
grams and direct ventriculograms.

Engels et al’ analyzed TID ventriculographic
images and found a high correlation with stan-
dard ventriculography in quantitation of anterior
(r = .89) but not inferior (r = .62) wall motion.
This problem was attributed to diaphragmatic
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overlap in the inferior regions. It should be noted
that the specific method of wall motion assess-
ment was not described in this study.

None of the geometric approaches to wall
motion measurement are universally accepted
because of known limitations of each tech-
nique."*""” Widmann et al'®®'?' described an
alternative technique of regional function analy-
sis by using a Fourier analysis of the x-ray
transmission v time curve for each pixel making
up the left ventricular region of digital 1V ven-
triculograms. The first harmonic curve of the
Fourier analysis could be quantitated on the
basis of curve amplitude and phase angle. These
parameters give information regarding the
extent and synchronicity of dynamic wall motion
relative to the other pixels. Histograms of ampli-
tude or phase angle v number of pixels can then
be generated and quantitated. For example, a
large standard deviation of the histogram relat-
ing phase angle v number of pixels is a reflection
of asynchronous wall motion, whereas a small
standard deviation indicates relatively synchro-
nous motion. Using this approach, they were able
to demonstrate greater asynchrony in ischemic
compared to normal ventricular segments (Figs
19 and 20).

Ventricular function in response to ischemic
stress. Mask-mode digital ventriculography
does not lend itself readily to assessment of
ventricular function during exercise because of
patient motion and consequent misregistration
artifacts. In addition, breath holding during or
after exercise is difficult. Atrial pacing, which
obviates these problems, has been used by several
groups to induce global and regional ischemic
dysfunction in patients with coronary disease.
Twenty-one patients studied by Tobis et al'®
were challenged with rapid atrial pacing. Low
contrast dose, direct digital ventriculograms
were analyzed at rest and during the peak phase
of pacing, Fourteen of 15 patients (93%) with
significant, anatomical coronary disease showed
a decrease or no change in ejection fraction
during pacing, whereas five of six patients with
chest pain syndromes and anatomically normal
coronary arteries showed an increase of 5% or
more in this parameter. Qualitative assessment
of regional wall motion demonstrated new or
worsened abnormalities in 12 of the 15 coronary
patients (80%).
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Fig 19. Phase image and quantitative phase histogram analysis in a normal patient. Images correspond to an area of
interest at end-diastole {A}, early systole {B), mid-systole (C), and end-systole (D). Contraction is synchronous in the various
left ventricular regions accounting for a narrow base (standard deviation) and peak of the phase angle histogram. (Reprinted
with permission.'?)

Fig20. Phase image and quantitative phase histogram analysis in a patient with a high-grade stenosis of the left anterior
descending coronary artery. The format is the same as Fig 19. There is delayed onset of contraction in the anterior wall
accounting for a broad base and peak of the phase angle histogram. (Reprinted with permission.'*?)
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Mancini et al'® performed a similar study in
22 patients referred for cardiac catheterization.
Differences compared to the prior study include
the use of IV digital ventriculography, analyses
during the post-pacing phase of rapid atrial
pacing stress and the use of quantitative criteria
to assess wall motion. The post-pacing phase was
chosen for analysis so that global and regional
parameters could be assessed at similar heart
rates and when inotropic effects of tachycardia
had dissipated.'*'? Coronary patients showed
no overall change in post-pacing end-diastolic
volumes but a significant increase in end-systolic
volumes and a fall in ejection fraction were
detected (Fig 21). In addition, quantitative dete-
rioration of segmental wall motion was seen in
82% of coronary patients and in 91% of a sub-
group of coronary patients who had totally nor-
mal resting wall motion (Fig 22). These pertur-
bations of global and regional function were not
seen in the normal group.

Johnson et al'® also used digital 1V ventricu-
lography in conjunction with rapid atrial pacing,
but pacing was used to evoke regional dysfunc-
tion only in patients shown to have normal rest-
ing wall motion. As in the previous study,
regional analyses were made in the early post-
pacing phases of the atrial pacing stress. How-
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Fig 21. Ejection fraction at rest and after atrial pacing
in normal subjects and patients with coronary artery dis-
ease as assessed by digital IV ventriculography. R, rest: P-P,
post-pacing. (Reprinted with permission.'?)
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Fig 22. The ejection shell images of a coronary patient
in the control state (A) and after atrial pacing (B). The
ejection shell is obtained by subtracting the end-systolic
frame from the end-diastolic frame, ieaving a white ejection
shell. At rest, normal endocardial excursion is indicated by
a uniform, white ejection shell in all ventricutar regions,
whereas after pacing a new area of akinesis is present as
evidenced by the absence of a white rim in the inferior
region. The ventricle was imaged in the 30 ° right anterior
oblique projection. (Reprinted with permission.'??)

ever, subjective wall motion grading was used,
and an analysis of volume and ejection fractions
was not provided. Nevertheless, of 16 patients
with normal coronary arteries and normal wall
motion at rest, none developed a post-pacing
regional abnormality. In contrast, of 34 patients
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with anatomical coronary stenoses and normal
resting function, 28 (82%) demonstrated a new
segmental abnormality after atrial pacing.

These studies highlight the usefulness of this
technique in providing a sensitive and specific
means of diagnosing coronary disease or in dem-
onstrating the functional significance of coro-
nary lesions when regional wall motion is
assessed after an ischemic stress. Although the
low-dose contrast method minimizes the use of
contrast material at the time of cardiac catheter-
ization, the IV techniques are more suitable for
precatheterization screening of patients. Differ-
ences in the peak- and post-pacing determina-
tions of ventricular function are likely to have
effects on the sensitivity and specificity of this
form of stress testing, as will the method of wall
motion analysis, particularly if subjective meth-
ods are used. For these reasons, efficient, stan-
dardized protocols and quantitative criteria, sim-
ilar to current standards of exercise testing, must
be established for optimal clinical use of this
form of stress testing.

Patient motion and imperfect breath holding
are significant, practical limitations to the use of
mask-mode digital subtraction angiography in
assessing ventricular function during or immedi-
ately after exercise. Nevertheless, several prelim-
inary reports have suggested that diagnostic
images can be obtained in the majority of cases
with exercise digital 1V ventriculography.'*'~'**
Goldberg et al'* reported their experience with
this application in 31 patients. In only two
instances were the exercise ventriculograms
degraded to such an extent that they were non-
diagnostic. These instances occurred in the early
phase of the study when the investigators had not
yet determined the appropriate timing of breath
holding during exercise. With continued experi-
ence, diagnostic studies were obtained routinely.
Ejection fraction changes were similar to those
seen during exercise radionuclide angiography
and all patients with significant coronary disease
manifested new or worsened wall motion abnor-
malities. This study demonstrates that excercise
digital IV ventriculography can be used effec-
tively provided that meticulous attention is paid
to the details of coordinating the cessation of
inspiration with the passage of contrast material
from the right to the left heart during exercise.
These constraints may conceivably be mitigated
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by reregistration programs, respiratory gating or
alternate image processing techniques, but these
innovations may make clinical implementation
even more difficult. Currently, exercise testing
with radionuclide angiography is more truly non-
invasive, is not heavily degraded by respiratory
motion, involves less patient discomfort, and less
physician interaction. Because the diagnostic
precision is not importantly improved by the
digital radiographic techniques, it seems to have
little current advantage over rest-exercise radio-
nuclide ventriculography for the detection of
coronary disease, but the greater spatial resolu-
tion may offer some advantage in assessment of
regional function.

Assessment of left ventricular wall thick-
ness. Wall thickness and wall thickening
dynamics are extremely important in the com-
prehensive characterization of left ventricular
function. High quality cineangiograms or video
images have previously been used to obtain an
estimate of left ventricular wall thickness, mus-
cle mass, and thickening characteristics.'**'*’
These approaches have been limited by several
practical problems that include (1) loss of accu-
rate endocardial edge definition, particularly at
end-systole; (2) inconsistent epicardial defini-
tion; (3) uncertainties in the measurement of
true wall thickness from radiographic silhouettes
of endocardial and epicardial edges; (4) difficul-
ties in accurately tracking comparable segments
throughout the cardiac cycle, a difficulty caused
by complex translational and rotational wall
motion; and (S) a lack of generally available,
automated methods of analysis. Despite these
limitations, the use of such measurements to
provide an index of wall thickness and thickening
has been shown to be of value in characterizing
ischemic segments,'*5"**!1% the effects of bypass
grafts on regional function,'* regional altera-
tions of function in cardiomyopathies,'' and
in measuring left ventricular tension and
stress.'*'* Current digital imaging is capable of
making these measurements more generally
available and on a routine, automated basis.
Currently, endocardial edge definition is ade-
quately provided by the IV and intraventricular
applications of digital ventriculography men-
tioned previously. Although more difficult to
ascertain, epicardial edge definition has been
augmented by several image processing methods
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including TID imaging or ECG-gated frame
integration to enhance the myocardial perfusion
of contrast material after [V, intraventricular, or
aortic root inejction®*® (Fig 15). Further investi-
gation of these and other methods are required to
determine the role of digital subtraction angi-
ography in this area.

ASSESSMENT OF CORONARY ARTERIES AND
SAPHENOUS VEIN BYPASS GRAFTS WITH
DIGITAL SUBTRACTION ANGIOGRAPHY

Coronary arteriography is currently consid-
ered the “gold standard™ by which the extent of
coronary disease is defined. Although of revolu-
tionary diagnostic importance, after 20 years of
implementation, the assessment of coronary
angiograms is still fraught with technical prob-
lems, significant intra- and inter-observer vari-
ability in stenosis quantitation.'”'** and lack of
correlation with anatomical findings."**'*° The
ability to ascribe physiological significance to
specific coronary lesions, regardless of how accu-
rately the percent stenosis is defined, has recently
been seriously questioned.'**"*® Digital subtrac-
tion angiography offers specific advantages that
can help overcome some of the limitations of
standard coronary cineangiography. As with dig-
ital subtraction ventriculography, these advan-
tages result from the ability to manipulate
images by subtraction and contrast enhance-
ment, the ability to easily quantitate images
because of the inherent digital data format, and
the potential to extract, in a practical way, new
information from coronary images, such as inten-
sity (or density) and contrast transit parameters
that may be of diagnostic value in the clinical
evaluation of coronary disease. A full exploita-
tion of these characteristics is in the early stages
of experimentation and clinical application.

It is worth emphasizing, however, that much
of the initial clinical enthusiasm for this technol-
ogy was due to the prospects of imaging the
coronary arteries by an 1V contrast injection.
Unfortunately, this has been the most intriguing,
but least successful, application of digital IV
angiography, even in very sophisticated laborato-
ries.'®”""? Investigators at the University of Wis-
consin have recently outlined some of the prob-
lems that have thwarted this effort.”''> These
include the limitations imposed by overlying
iodinated pulmonary and cardiac structures,
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large transmission dynamic range, vessel motion,
and motion of noniodinated structures. They
report that the problem of overlying contrast-
laden pulmonary and cardiac structures can be
suppressed with the use of high pass filtration
techniques. The trade off. however, is that
enhancement of background structures similar in
size to the coronary vessels may occur. The
problem of large transmission dynamic range
refers to the cross scatter from bright lung fields
that can decrease contrast behind the adjacent.
darker regions of the opacified ventricle. The
resultant inhomogeneities in the distribution of
the information content across the radiographic
image may be overcome with further develop-
ment of a proposed, digitally controlled beam
attenuator which allows selective x-ray exposure
to various portions of the image field.””''*'** Both
respiratory and cardiac motion can cause signifi-
cant degradation of the subtracted coronary
images. Although this group found that the use
of a phase matched subtraction method using
separatc mask images for each portion of the
cardiac cycle did not appear to improve vessel
visualization, other groups'®® have reported that
this type of phase coordinated subtraction is
crucial for adequate imaging of the coronaries.
Other subtraction techniques, such as hybrid
subtraction, may be useful in visualizing coro-
nary arteries or bypass grafts by eliminating soft
tissue misregistration artifacts.”7*'"* (Fig 14).
Despite potential technical advances, it is doubt-
ful that the proximal and distal portions of the
coronary arteries can be routinely and reliabiy
visualized by IV techniques. It is frequently
necessary to obtain different angulated views to
properly unravel complex coronary anatomy, and
such repeated studies are severely limited with
IV angiography because of the excessive contrast
doses required.

Nevertheless, [V digital techniques currently
do have limited roles in the assessment of bypass
graft patency. Myerowitz et al'®'"!%* report that
out of 26 saphenous bypass vein grafts assessed
by both mask-mode digital IV angiography and
selective angiography, 11 grafts were noted to be
occluded on both studies, and 11 out of 15 truly
patent grafts were correctly identified from the
IV studies (sensitivity of 73% and specificity of
100% for the detection of patent grafts). Drury et
al'® reported a 69% sensitivity for detection of
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patent bypass grafts and 100% specificity when
IV techniques were used. The low sensitivity of
this technique in detecting patent grafts is par-
tially related to the inability to detect grafts that
overlap the opacified aorta and ventricle. Thus,
multiple views, within reason, may yield better
results. However, detailed information about
proximal or distal anastomoses and distal runoff
is currently not provided by this technique. As
mentioned above, alternate masking or subtrac-
tion techniques may further improve graft visual-
ization.”*"""'2 But contrast-enhanced computed
tomography is currently superior in assessing
bypass patency'®*'®® and is preferable over IV
digital subtraction methods.

Alternatively, digital imaging with aortic root
injection of small or diluted doses of contrast
material has been used to assess bypass graft
patency. Two groups'®*'®’ have reported 100%
sensitivity and specificity in detecting graft
patency by this technique. Details of anastomotic
sites are again not accurately provided, but infor-
mation as to whether the grafts are patent or not
can expedite selective catheterization of the
grafts and obviate repeated radiation exposure
and contrast injections in searching for grafts
that might actually be occluded (Fig 23). This is
particularly advantageous when studying pa-
tients who do not have metallic graft markers to
guide the angiographer. Furthermore, with the
use of small or diluted doses of contrast material,
repeated aortography can be performed to over-
come some of the problem of overlap.

Fig 23. A direct, digital aortogram
obtained with 20 mL of a 50% solution of
contrast material. This patient had aorto-
coronary bypass grafts to the left anterior
descending and first diagonal branches of
the left coronary artery. Notice that
although the proximal segments are
clearly seen, no definite anatomical infor-
mation about the anastomoses or distal
vessels are available from this image. In
addition, the main bodies of the grafts are
overlapped in this projection. Despite
these limitations, selective catheteriza-
tion of grafts can be expedited by first
screening for graft patency by this tech-
nique.

129

Anatomical assessment of native coronary
arteries has similarly met with limited success
when aortic root injections are used.'*"'®® On the
other hand, there are definite advantages to be
gained by applying digital techniques to selective
coronary angiography.

Several studies have underscored the immense
degree of interobserver and intraobserver vari-
ability in determining the percent coronary ste-
noses from routine cineangiography.’*'*? The
value of even simple quantitative techniques in
reducing this marked degree of variability has
been shown by several groups.'®'7* Despite this,
the quantitative methods are somewhat time
consuming and potentially inaccurate due to
geometric assumptions about lesion shape. These
are compounded by the problems of radiographic
imaging, such as pincushion distortion, dif-
ferential magnification, and quantum
mottle.'®!7"17%1% T addition, the percent steno-
sis measurement is based on a comparison of the
stenotic area to a presumed normal segment
which may indeed not be normal. This relative
measurement may seriously misrepresent the
absolute degree of luminal encroachment, and
the potential effects of the length of the lesion
or serial lesions are often not taken into ac-
cOunt'lﬂ.lﬁ!

Brown et al'”®

described a computer assisted

method for analyzing coronary angiograms that
takes into account potential effects of pincushion
distortion and differential magnification, and
provides quantitation of lesion lengths, diame-
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ters, and cross sectional areas. While of definite
importance, the computation time required to
analyze two perpendicular views of each coro-
nary stenosis is substantial and the method relies
on operator defined edges. Several authors have
proposed various edge-detection algorithms that
are suitable for analysis of coronary angio-
grams.'”®'®2 These techniques are useful in mini-
mizing subjective aspects of edge-definition by
using strictly defined edge-parameters. Further-
more, these techniques can be readily adapted to
on-line digital coronary angiography, eliminat-
ing cumbersome digitization of cineangiographic
frames.

Although these innovations can increase the
accuracy of anatomically defining coronary
lesions, Spears et al'®® point out that significant
errors in estimating the luminal area of an ellipti-
cally-shaped coronary stenosis can occur when
only two orthogonal views are analyzed, even
under ideal conditions of edge-detection. This
error is relatively small for stenoses with only
mild degrees of ellipticity, but progressively
larger errors can result when lesions are more
elliptical. Theoretically, densitometric analyses
of coronary stenoses circumvent the geometric
limitations of the measurements outlined above,
and this has been demonstrated by several
groups.'® ¥ Thus, the methods outlined.
whether geometrically or densitometrically
based, and with or without edge-detection algo-
rithms, are all ideally suited to analysis of digi-
tally acquired and processed coronary angio-
grams obtained by selective contrast injection,
especially if the process is on-line, eliminating
cumbersome digitization of cineangiograms. [t is
conceivable that the densitometric methods will
decrease the need for multiple, high frame rate,
angiographic views. These properties of digital
coronary angiography may compensate to a cer-
tain degree for the inferior spatial resolution of
digital angiograms compared to cineangio-
grams.'®

Although the above methods can facilitate the
quantitation of coronary stenoses and reduce
interobserver and intraobserver variability, the
ability to discern the physiologic importance of
coronary lesions from their mere anatomical
appearance is profoundly limited, particularly
when stenoses are of intermediate anatomical
severity.'**"*® For example, using both videomet-
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ric analysis and quantitative, geometric methods,
investigators at the University of lowa showed
only modest correlations between these measure-
ments and determinations of postocclusion reac-
tive hyperemia.'”® More recently, this group has
shown that to a certain extent, measurement of
minimal cross-sectional area of proximal left
anterior descending stenoses can be used to pre-
dict impairments of coronary flow reserve.'®
Thus, another more direct approach to the use of
digital coronary angiography has been to extract
information about actual coronary flow and
myocardial perfusion dynamics to attempt to
predict the potential functional consequences of
coronary lesions, irrespective of their anatomical
morphology.

Much of the current work in the area of
arterial flow assessments with digital anglogra-
phy is based on the techniques explored at the
University of Zurich and the Mayo Clinic."”*"*

Rutishauser et al®®'"' used roentgen densi-
tometry to measure mean transit time of a con-
trast bolus in epicardial segments of coronary
arteries. Then, by geometrically measuring the
length and diameter of the coronary segment, an
estimate of coronary flow could be calculated.
This method accurately reflected epicardial
blood flow measured simultaneously with an
electromagnetic flowmeter in dogs. With similar
techniques, Smith et al'**'** measured coronary
flow and saphenous vein bypass graft flow after
aortic root injection of contrast materials. These
methods are limited to nonbranching arterial
segments and by the accuracy with which coro-
nary dimensions can be measured from single or
biplane angiography and the accuracy with
which transit times can be determined from
videodensity curves. Smith et al emphasized the
need for correction of videodensity background
signals due to vessel motion and changes in
cardiac size during the heart cycle. They also
pointed out the alteration of the usual indicator-
dilution curve (prolonged downslope) due to per-
sistence of contrast material in the myocardium
and recirculation in the cardiac chambers super-
imposed on the regions of interest of the coronary
segments. The validity of the measurement also
rests on the presupposition that contrast material
itself does not substantially alter coronary flow.
Although this was true of the aortic root injec-
tions of small amounts of contrast, more signifi-
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cant alterations of flow were noted by Rutis-
hauser et al when selective coronary injections
were used. Early changes in coronary blood flow
after selective ionic contrast injection have
recently been shown to be substantial.'*

Spiller et al'”* have extended and modified this
approach to obtain systolic and diastolic blood
flow measurements in native coronary arteries
and saphenous vein bypass grafts in man.
Cincangiograms were obtained in patients at the
time of bypass grafting while simultaneous elec-
tromagnetic flow determinations were recorded.
Small doses of ionic contrast were selectively
injected by an ECG-gated power injector. The
angiograms were processed and analyzed by den-
sitometric methods to produce densograms at
two sites over vessels and the velocity of contrast
movement was determined from the leading
slopes (front velocities) of background-sub-
tracted densograms at the point where the
density reached one half of its maximal value.
Velocity measurements were converted to flow
measurements by determining the length and
width of the vessel segment between the sam-
pling sites. Repeated contrast injections during
different phases of the cardiac cycle allowed
determination of phasic coronary blood flow.
Excellent correlations between densitometric
flow and electromagnetic flow determinations
were reported (# = .97) with a systematic overes-
timation of approximately 20% that was ascribed
to the use of the front velocities instead of mean
transit times (Fig 24). Despite this overestima-
tion, the authors present arguments as to why the
front velocity method is preferable to mean tran-
sit time measurements for flow determinations.
In essence, this is because mean appearance
times are determined from the entire densogram
and the end portions of these curves are known to
be altered by layering and delayed washout of
contrast, factors which do not affect the appear-
ance of the front of the contrast bolus. Further-
more, mean transit time measurements preclude
determination of pulsatile flow. Another advan-
tage of this method is that the determinations
were made very early after contrast injection,
within 650 ms, when major changes in blood flow
caused by contrast injection have not yet
occurred.'™ Despite these advantages, the tech-
nique is still limited by the accuracy with which
short epicardial vessel segments can be mea-
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Fig 24. Relation between videodensitometrically de-
termined flow (Q,;) and the electromagnetically deter-
mined flow {Qq,,) in aortocoronary bypass grafts measured
at the time of operation. The electromagnetically deter-
mined flow is overestimated by about 20% by the videoden-
sitometric method. Solid line, regression fine; dashed line,
line of identity. {Reprinted by permission of the American
Heart Association, Inc from Spiller P, Schmiel FK, Politz B,
et al: Circulation 68:337-347, 1983."™

sured, the need for repeated injections during
different phases of the cardiac cycle, and the
laborious processing required.

Another approach to the functional assess-
ment of coronary flow has been to determine
relative coronary flow during control conditions
and during contrast-induced hyperemic flow.
Determination of impaired reactive hyperemia
has been shown by Gould et al®*'” to be a
sensitive indicator of the functional significance
of coronary stenoses.

Foerster et al'®®'®® used videodilution tech-
niques to measure this relative index independent
of geometric measurements of coronary seg-
ments. In their series of investigations, a theoreti-
cal equation for determination of relative flow
was derived, taking into account not only the
high response characteristics of videodensitomet-
ers used in prior studies to measure transit time,
but also the relationship between the videoden-
sity amplitude response, and the mass of contrast
material traversing the region of interest over the
coronary artery. The videodensitometer output
was directly related to the mass of contrast
medium in the vessel segment and a constant
parameter derived from the effects of the effec-
tive mass extension coefficient of the iodine
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medium, the conversion factor of the image
intensifier, the transfer function of the television
system, the hardness of the incident radiation,
and the electrical gain of the densitometer and
recording system. In assessing relative flow,
these latter factors could theoretically be main-
tained constantly and did not require separate
calculations. Thus, the area under the videodilu-
tion curve was shown to be directly proportional
to the amount of contrast material injected and
inversely proportional to the flow at the injection
site. With this type of analysis, coronary reactive
hyperemia responses induced by contrast media
were measured. Absolute flow was not calcu-
lated, and geometric measurements of vessel
segments were not required. Accurate measure-
ment of the delivered dose of contrast material
necessitated slow injections to avoid reflux of
contrast into the aortic root.

Several groups of investigators have applied
modifications of the techniques mentioned above
to the assessment of relative, regional coronary
blood flow from digital subtraction coronary
angiograms.” 2 Vogel et al have recently pro-
posed a method of measuring reactive hyperemia
based on digital radiographic enhancement of
selective coronary arteriography’® (Fig 25).
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Although previously determined from cineangio-
grams, the method is now performed on a rapid,
real-time basis.” The method utilizes ECG-
gated acquisition of a mask frame just prior to
contrast injection and successive frames after
injection which are obtained at the same period
of the cardiac cycle to eliminate misregistration
due to phasic cardiac motion. The progression of
the contrast bolus through the arterial, myocar-
dial, and venous phases are depicted by color
coding of the transit relative only to the cardiac
cycles. Cardiac cycle alterations caused by the
contrast injections are prevented by atrial pac-
ing. Large myocardial regions of interest are
statistically analyzed to give the mean appear-
ance time of contrast in the perfusion bed in
absolute time units or cardiac cycle units. A
second analysis is performed on a similarly
acquired image after contrast or papaverine-
induced hyperemic flow.?* In a normal situation,
the mean appearance time is shorter if flow has
increased. Shorter myocardial contrast appear-
ance times are associated with higher flows so
that the ratio of maximal to basal flow (ie, the
reactive hyperemic ratio) is approximated by the
myocardial appearance time measured during
the control state, divided by the appearance time

Fig 26. Digital enhancement of selective coronary arteriography obtained in the left anterior oblique projection from a
patient with total occlusion of the left anterior descending coronary artery. Six consecutive pre-P wave end-diastolic
cinearteriographic frames {top row, CA} are digitized into 256 x 256 eight-bit pixel matrices. The middie row shows the
results of subtraction of pairs of consecutive frames (GID = gated interval difference), and the bottom row demonstrates
mask-mode (MM) subtraction of the image series using the pre-contrast image (CA-0) as the mask. The temporal sequence of
contrast transit is demonstrated and used to assess relative coronary blood flow. (Reprinted with permission.”®) CA, coronary
artery; 0, zero.
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during the hyperemic state. Initial validation
demonstrated that directional changes in coro-
nary sinus and great cardiac vein flow measured
by the thermodilution technique during different
levels of atrial pacing could be reflected by this
technique (r = .90), but with a systematic under-
estimation of the higher flow ratios. Recent
animal studies® have shown a similarly high
correlation between electromagnetic flowmeter
measurements of contrast-induced reactive hy-
peremia, and measurements obtained from
simultaneous contrast appearance pictures, but
high flow ratios were underestimated. Although
further studies will be required to address these
issues, the technique has been shown to be of
potential clinical utility in assessing the ade-
quacy of bypass grafts,®® coronary angioplas-
ties,”®" as well as in describing coronary steal
phenomena®® and the effects of coronary collat-
erals on coronary dynamics.””® Furthermore,
LeGrand et al*'® have demonstrated that detec-
tion of impaired coronary reserve by this digital
technique correlates well with evocation of
regional wall motion or thallium perfusion
defects during exercise. Moreover, the coronary
flow reserve measurements showed greater cor-
respondence with the stress test results than did
the anatomical severity of coronary lesions. It
should be stressed that this technique rests on the
premises that regional blood flow is proportional
to regional distribution volume divided by myo-
cardial contrast appearance time, and that distri-
butional volume, which is not measured, is pre-
sumed to remain constant. Under these condi-
tions, flow is primarily related inversely to
appearance time and, thus, the measurement of
relative flows can theoretically be approximated
by measured alterations in only this parameter
under differing conditions of flow. Several inves-
tigations suggest that distributional volume is not
constant after contrast injection and during
pharmacologic vasodilation and, therefore, inac-
curacies may result.”**''*"® Furthermore, the
precision with which appearance time can be
measured is limited by the temporal resolution of
the technique which is based on cardiac cycle
units. Consideration of these factors is currently
under investigation to improve the accuracy of
the method for measuring relative coronary flow.
A recent study by Hodgson et al*'** demonstrates
in dogs that by incorporating both the temporal
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and density changes occurring during contrast
injection, flow reserve ratios can be measured
that do not severely underestimate ratios
obtained by electromagnetic flowmeter.

Other groups have proposed alternative analy-
ses of digital coronary angiograms to estimate
coronary flow dynamics. Whiting et al’®?
describe a method of integrated mask-mode sub-
traction followed by phasic subtraction to depict
the transit of contrast material through epicar-
dial and myocardial phases. Unlike the method
described above, these invesigators determine the
time course of pixel intensity over multiple small
regions of the heart with 30 frame per second
image acquisitions. Intensity information is cor-
rected for background and to some extent, for the
effects of scatter and veiling glare. This group
and others have concentrated on analysis of the
washout phase of contrast transit in determining
relative, regional flow 2012022032122 K ryger et al
measured blood flow velocity by measuring tran-
sit parameters obtained from temporal filtration
processing of digital images, a technique which
may also be suitable for measurement of coro-
nary blood flow.??

Although these methods are attractive, it is
important to realize that the use of contrast
material as the indicator is problematic because
of alterations of coronary blood flow during both
the very early and later phases after contrast
injection.'” Thus, both wash-in and wash-out
methods are potentially invalidated if these
effects are not considered. The technique pro-
posed by Spiller et al'®® is not as affected by this
because analysis is performed in the very early
postinjection phase (within 650 ms) when flow
alterations are minimal. Measurement of relative
coronary flow is theoretically less technically
demanding. But although this information is of
physiologic significance, alterations in the flow
ratios cannot be specifically attributed to altera-
tions in either basal or hyperemic flow, except
under controlled conditions. Thus, absolute flows
would be preferable because altered flow ratios
might be of widely disparate clinical signifi-
cance. Furthermore, the techniques cannot cur-
rently provide information about the transmural
distribution of flow.

Bursch et al***?*** also emphasize other poten-
tial problems in measuring flows by these tech-
niques. For example, they required geometrical
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corrections of pin cushion distortion for measure-
ments of relative flow. In addition, scatter was
difficult to account for because of wide spatial
variability in this parameter, as well as the
temporal variability in scatter due to introduc-
tion of contrast material into the image field. The
complexities of this issue have been addressed by
other investigators as well.'® 3% Despite these
limitations, the methods represent promising
attempts to extract more than just anatomical
information from coronary angiograms. This
potential ability to determine the functional sig-
nificance of coronary lesions at rest is of great
importance, particularly if it can be done rapidly
and accurately, at the time of a single cardiac
catheterization. The information is of both diag-
nostic and prognostic importance and may be
expected to decrease the need for other ancillary
tests (such as radionuclide exercise tests) that
are frequently relied upon when the functional
significance of a coronary lesion detected at
angiography is questioned. The methods also
show promise in defining, more physiologically,
the adequacy of coronary angioplasty or bypass
grafting.

CONCLUSIONS

Digital subtraction angiography is a new and
growing field that has demonstrated significant
promise in general medical and cardiac diag-
nosis. Further refinements in the hardware and
software of digital imaging systems and advances
in archival systems are required before film-
based imaging can be realistically replaced. This
replacement will also be contingent upon the cost
effectiveness of such systems. Although digital
imaging lends itself readily to rapid and auto-
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mated quantitation, as well as 10 image manipu-
lation methods that reduce contrast and/or
radiation dose requirements and minimize the
deleterious effects of patient motion on image
quality, these attractions by themselves cannot
currently justify full acceptance of digital angi-
ography into cardiac practice. These benefits
must be bolstered by a greater ease of implemen-
tation and an ability to extract new or more
comprehensive information of potential benefit
in patient management. In this regard, the abil-
ity to assess the physiologic significance of indi-
vidual coronary stenosis is perhaps the most
significant potential contribution of cardiac digi-
tal angiography to clinical cardiac practice. This
will be achieved either through direct investiga-
tion of coronary flow relationships or by detec-
tion of subtle abnormalities of contractile func-
tion during stress. The benefit of more routine
and automated assessment of pressure-volume-
thickness relationships in determining or assess-
ing therapy remains largely unexplored. It seems
apparent that these goals will most likely be
achieved through the intra-arterial and not the
1V applications of digital angiography. These
capabilities would markedly amplify the investi-
gative and diagnostic capabilities of cardiac
catheterization laboratories while maintaining
efficiency and a greater degree of safety, and
while also helping to overcome the current inabil-
ity of standard cardiac angiography to conve-
niently assess physiological parameters in rela-
tion to anatomy.
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