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Chapter 24

NUCLEAR CARDIOLOGY

A. Cuardn

Introduction.

The assessment of cardiovascular performance with radionuclides dates back to 1927,
when Blumgart and Weiss conducted the first clinical studies using a natural bismuth
radioisotope 214Bi, in that time known as "Radium C". They injected a solution of this
radionuclide into the vein of one arm and detected with a cloud chamber the appearance of
its highly penetrating gamma rays in the contralateral arm. Their aim was to study the
"velocity of the blood". In these pioneering studies, the mean normal arm-to-arm circulation
time proved to be 18 sec., but it was found to be prolonged in patients with heart disease.
Subsequently, they were able to calculate the pulmonary circulation time and the pulmonary
blood volume by using a forerunner of the Geiger counter with platinum needle electrodes
over the right atrium and the left elbow, and to study the effects on them of various heart and
lung lesions, thyroid disorders, anaemia, polycythaemia, and drugs. Such classical studies,
while appearing crude by today's technology, illustrate that minds and methods were fully
prepared to exploit the eventual appearance of the artificial radioisotopes of elements of a
more physiological character than bismuth, and laid the foundation for the established
techniques of present day nuclear medicine.

Although these studies on cardiovascular physiology were the first ever performed in
humans with the aid of the radiotracer principle, the cardiologist had to wait for the
accumulation of decades of research and development in the fields of radiochemistry,
radiopharmacy and instrumentation before being able to capitalize this new approach for the
non-invasive investigation of cardiac functions. Many other clinical specialties enjoyed long
before the regular application of radionuclides in the study of regional physiology, but the
small beating heart proved to be too elusive to the radiotracers and nuclear instruments
prevailing in the different evolutive phases of nuclear medicine until the first half of the
1970s. Then, in a sudden spurt, progress in different technological fields converged all to
create the ideal conditions for the birth and growth of nuclear cardiology (Table I).

TABLE I. TECHNOLOGICAL ADVANCES NEEDED FOR THE BIRTH AND
GROWTH OF NUCLEAR CARDIOLOGY.

DEVELOPMENT OF NEW RADIOPHARMACEUTICALS.

DESIGN OF THE DIGITAL GAMMA CAMERA WITH MORE THAN 19
PHOTOMULTIPLIER TUBES AND THINNER SCINTILLATOR CRYSTAL.

INTRODUCTION OF DEDICATED DIGITAL SYSTEMS (COMPUTERS) FOR
IMAGE DISPLAY, PROCESSING AND ANALYSIS.
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Fifteen years ago, myocardial perfusion imaging or gated blood pool analysis was a
methodology available only to those nuclear medicine centres having the most advanced
computers and "state-of-the-art" instruments. At present, any nuclear medicine unit with a
12-year old gamma camera and a computer, both in good operating conditions, could perform
any of the well established studies of nuclear cardiology, and even those without a computer
could obtain important non-quantitative clinical information, unavailable by other non-invasive
means.

Today, nuclear medicine techniques are routinely used in cardiological practice. They
include procedures for the atraumatic investigation of different physiological processes in the
various structures included in the central circulation: pericardium, myocardium, myocardial
adrenergic innervation,cardiac chambers and valves, coronary microcirculation, and great
vessels. Beside these in-Vivo procedures, they also comprise of in-Vitro methods for the
detection and measurement in blood of various biological molecules of significance in the
management of cardiac diseases. A common feature in this collection of in-Vivo and in-
Vitro techniques is their ability to provide helpful clinical information for the diagnosis,
prognosis and management of cardiac diseases. Their simplicity and safety for the patient
allow their repeated use in the follow up of the progress of disease and in the assessment of
the efficacy of the therapeutic measures.

Nuclear cardiology is then a very complex discipline, which should be moulded and
guided with technical skill and clinical acumen. In fact, a nuclear cardiologist should be
either a nuclear physician with specific clinical training in cardiology, or a cardiologist with
sui-generis training in nuclear medicine. An acceptable compromise would be a close
collaboration between a nuclear physician and a cardiologist. In this case, both should
participate actively in the performance, processing and interpretation of the tests results. In
any instance, the patient's ECG should be continuously monitored in the nuclear medicine
unit during many of the in vivo nuclear cardiological studies, especially thoseInvolving some
kind of stress. An emergency cart with all the drugs and devices for cardiological
emergencies, cardiopulmonary resuscitation and electroversion must be always available in
the nuclear medicine unit itself and be updated once a week (Appendix I). All the personnel
of the nuclear medicine facility should receive periodical training in the management of such
emergencies.

I. IN-VIVO NUCLEAR CARDIOLOGY.

In-Vivo nuclear cardiology comprises of several procedures to visualize the function and
morphological features of the different structures in the central circulation. Their methods
vary in instrumentation and in radiotracers, and possess a different clinical indication.

1. RADIOANGIOCARDIOGRAPHY (RAC).

Radioangiocardiography is designed to study the blood flow through the central
circulation and to explore the morphology of the cardiac cavities and the great arteries. An
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intravenous injection of a gamma emitter is given as a tracer of the circulating blood to
delineate the boundaries of the intracavitary and intravascular blood pools.

A. Static radioangiocardiography (st-rac).

Static RAC is the oldest and simplest of all scintigraphic studies of the heart. It is
performed with 5 -10 mCi of "Tc"1 as a label for human serum albumin or, preferably, for
homologous red blood cells labelled either in-Vitro or in-Vivo. Persistence of these
radiotracers in the circulating blood allows the acquisition of multiple static images of the
chest blood pool from different views.

This procedure was originally intended for the differential diagnosis between pericardial
effusion, cardiac hypertrophy and cardiac dilatation (Table II), but it could also be of value
in the detection of intracavitary myxomas and thrombi, which produce filling defects in the
affected cardiac chamber, in the localization of aneurysms and stenosis in the great arteries,
and of haemangiomata in the peripheral circulation including the liver (Fig. 24.1).

TABLE H. CARDIAC BLOOD POOL IMAGING IN THE DIFFERENTIAL
DIAGNOSIS OF PERICARDIAL EFFUSION, CARDIAC HYPERTROPHY

AND CARDIAC DILATATION

Scintigraphic signs.

Nearly no separation between cardiac,
hepatic and pulmonary blood pools.

Photopenic halo surrounding the cardiac
chambers, separating them from the
hepatic and pulmonary blood pools.

Small cardiac cavities without photopenic
halo.

Enlarged cardiac cavities without
photopenic halo.

Clinical diagnosis.

Normal.

Pericardial effusion.

Cardiac hypertrophy.

Cardiac dilatation.

B. Qualitative first-pass radioangiocardiography (qual-fp-rac).

This procedure could be also performed with a plain gamma camera with at least 37
photomultiplier tubes. Its purpose is to document sequential images of the chest immediately
after an intravenous injection of the radiotracer, in order to follow its transit during its first
pass through the central circulation, adding the dimension of time to the static study.

The type of radiotracer to be used depends on the indications for the study. If the aim
is to visualize the central circulation in full, from the superior cava vein (SCV) to the aorta

375



CHAPTER 24

(Ao), it is better to use "Tcm-pertechnetate or, even better, "Tcm-DTPA because of its rapid
excretion from the body. If the interest is in studying a right-to-left cardiac shunt, then it is
preferable to use 99Tcm-macroaggregated albumin or albumin microspheres. The volume of
either tracer to be injected should be less than 0.5 ml, with 8 - 2 0 mCi/sq.m., but never less
than 2 mCi in total. Its injection into the superficial jugular vein is the best to avoid
distortion of the radioactive bolus, but in case of injecting the tracer in the arm the choice is
to use the right basilic vein. In any instance, the injection should be made in a single fast
movement by using a No. 20 needle and a 3 ml venous catheter attached to a three-way
valve. The radioactive dose should be immediately flushed with 20 - 30 ml saline solution
to obtain a compact radioactive bolus.

The injection of the radiotracer should immediately be followed by the acquisition of
sequential images at a rate of 1 sec./image during the dextrophase, and of 2 sec./image
throughout the levophase to allow for the lengthening of the radioactive bolus with the
traversed distance. During the injection the patient should be calm and any cause of
Valsalva's artifice should be avoided since it can distort the bolus and even revert a central
shunt. Position of the detector over the chest of the patient depends on the aims of the study
and should be selected previous to the tracer's injection since only one single view can be
obtained during its first transit through the heart. The right atrium (RA) is best defined from
the right ventricle in the right anterior oblique (RAO) view, but it overlaps with the left
atrium (LA). In this view, the right ventricle (RV) covers the left ventricle (LV). In the
anterior view (A), the two right cardiac cavities are not well defined and there is a slight
superposition between the inferior region of the RA and the upper part of RV, but it is the
best for visualizing the main pulmonary artery (PA) and its branches. The best view to
separate both ventricles is the left anterior oblique (LAO), which clearly shows the
interventricular septum, but in this view the RV covers part of the RA. The LA is seldom
visualized and that only in the LAO view. Aorta is clearly seen in all views, but to determine
its normal anterior position the best views are the LAO and the left lateral (LL). Pulmonary
veins are not visualized on these images.

The resulting images show in a dynamic fashion the transit of the radioactive bolus
through the central circulation, giving morphological information similar to that obtained
through radiological angiography through a cardiac catheter. They can depict an obstruction
at the SCV and the corresponding collateral circulation, or the immediate transit of the tracer
from the right cardiac cavities to the left chambers through an abnormal intracardiac
communication. The images taken during the dextrophase are able to detect signs of atrial
blood regurgitation to the inferior cava vein (ICV), pulmonary hypertension, tricuspid valve
insufficiency, pulmonary stenosis or dilatation, and the presence of an intracavitary myxoma.
The levophase is of value in the visualization of aortic anatomical abnormalities, such as
aneurysms and stenosis (Figs. 24.2A, 24.2B and 24.2C).

Qualitative FP-RAC is specially suited for the study of cardiac congenital malformations,
either in children or in adults, since it gives a neat image of the RA, which it is the cardiac
cavity that defines the "situs" or spatial position of the heart: the normal position, when this
cavity is at right, is called "situs solitus" by the cardiologists, while the abnormal position,
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when the RA is sited at left, it is known as "situs inversus". Accordingly, this procedure is
the most simple means to identify the specific morphological features of corrected
transposition of the great vessels either in "situs solitus" or in "situs inversus", by following
the very same criteria used for the interpretation of radiological angiocardiography to define
the visceral situs, the characteristic morphology of both ventricular cavities, and the spacial
positions of the cardiac apex, both ventricles, the PA and its branches, and of Ao (Fig. 24.3 A
and 24.3B).

Atresia of the tricuspid valve is easily detected due to the direct transit of the tracer from
the RA to the corresponding left cavity and its immediate flow through the LV and Ao,
leaving an empty space at the site of the RV. The intracardiac abnormal communications
with right-to-left shunts, as those present in cases of Fallot's tetralogy, Eisenmenger complex
and corrected transposition with septal defects, are easily depicted by the transit of the tracer
from the right to the left cavities, with the corresponding proportional decrease of pulmonary
radioactivity according to the magnitude of the shunt. In the presence of patency of an
arterial duct the tracer appears in Ao but it is not evident at the LV.

The use of "Tc" labelled macroaggregated albumin or albumin microspheres is
recommended in the study of right-to-left cardiac shunts. In these cases, a fraction of the
tracer is diverted through the abnormal communication from the right to the left cardiac
cavities, to be immediately distributed into the systemic circulation through the Ao and be
trapped by the peripheral capillary beds, which can be visualized by scintigraphy even with
a simple rectilinear scanner (Fig. 24.4A, 24.4B and 24.4C). The magnitude of the shunt
could be estimated simply as the ratio of the differences between the whole body (WB) and
pulmonary (P) radioactivities multiplied by 100 and divided by the whole body radioactivity:

Shunt % = [WB-P] x 100 / [WB]

The whole body radioactivity can be measured with the gamma camera detector without
collimator, positioned at a proper distance from the patient. The pulmonary radioactivity can
be roughly estimated by measuring the whole body radioactivity at the very same distance but
covering the patient's chest with a radiological lead apron. The difference between the first
and the second measurements approximates the radioactivity present at the lungs.

Left-to-right shunts are recognized by a prolonged persistence of the tracer in both lungs
due to its early recircling from the left cavities through the abnormal communication, and by
a proportional decrease of the radioactivity flowing through the left heart and Ao. These
features, however, are only evident when the shunt is sufficiently pronounced.

According to all these, the more complex congenital cardiopathy could be identified by
the radioangiocardiographic signs corresponding to their distinctive features. As it is, the
most common findings in Fallot's tetralogy, are: marked decrease in the diameter of the PA
and its main branches (a sign for pulmonary artery stenosis); left ventricular filling
immediately after the right ventricular filling (a sign for right-to-left shunt), and direct transit
of the radiotracer from the RV to the Ao (a sign for aortic riding over the septum). If the
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PA stenosis is too severe, then there is a marked pulmonary oligohaemia and the tracer is
shunted from the RV to the Ao (which is the cause for cyanosis).

C. Semiquantitative first-pass radioangiocardiography.

In this instance the data need to be stored during acquisition in a video system, in a
multichannel magnetic tape, or in a magnetic disk memory. An electronic device to select
several regions of interest (ROI) on the images is also needed to generate their respective
time/activity curves. It is always convenient to use a ROI on the SCV to evaluate the quality
of the radioactive bolus. This is acceptable if the corresponding time/activity curve shows
a single peak with a mean transit time less than four seconds, but the study should be
repeated if the peak is wider or if there are two or more peaks. It is important to note that
certain intrinsic factors distort the bolus and invalidate the semiquantitative test. The more
significant of these factors, are: right ventricular hypertrophy or dilatation, tricuspid valve
regurgitations, pulmonary hypertension, and left-to-right cardiac shunts.

The other ROIs are positioned on each cardiac chamber, on both lungs and on the Ao,
in order to know the sequence of the appearance of the tracer in these structures and to
measure mean transit time from the SCV to each one of these.

In the presence of a right-to-left shunt, the tracer appears in Ao in less than 7 sec. The
site of the abnormal communication can be deduced by the appearance of a premature peak
in the curve corresponding to the affected cardiac cavity in the left side, followed by a second
peak representing the tracer that pursued its normal transit through the pulmonary circulation.
However, if the shunt is through a patent arterial duct with inverted flow, the premature peak
is only evident in the aortic curve (Fig. 24.5).

Left-to-right shunts are recognized by a prolonged persistence of the tracer in both lungs
due to its abnormally early recirculation from the left heart to the right. The site of the
abnormal communication can be deduced by a second late peak in the curve corresponding
to the affected right cavity. But, if the shunt is through a patent arterial duct, the only
evident abnormality is the overpersistence of the tracer in the lungs (Fig. 24.5).

D. Quantitative first-pass radioangiocardiography (quant-fp-rac).

In this case a digital computer is needed for data acquisition, processing, display and
analysis. The methods for data processing and analysis depend on the aims of the study and
on the available software. Those herein included are described in a general fashion and were
selected for their relative simplicity, since they were developed by the author for their use
in a low cost digital system based on a personal computer.

In general, data are stored during acquisition in the memory of the computer by using
a 64 x 64 matrix and a frame rate variable between 25 to 50 frames/sec, depending on wether
the test is performed at rest or during exercise. The acquisition should be continued during
the first 30 to 45 sec after the intravenous injection of the tracer (Fig. 24.6).

378



NUCLEAR CARDIOLOGY

Studies performed at rest.

The major indications of quantitative first-pass RAC at rest are in the quantitation of
cardiac shunts, in the evaluation and monitoring of cardiac failure by the periodical estimation
of global ejection fraction (EF) in any or both ventricles, and in the study of cardiac valvular
regurgitations.

a. Shunt quantitation.

Data analysis is achieved by generating on the screen a series of sequential cardiac
images, each representing 0.5 sec. The visual quality of these images could be improved by
interpolation into finer matrixes (128 x 128, 256 x 256, or 512 x 512) and by smoothing with
the nine-point binomial spread function. The needed ROIs are selected by using the cursor
on summed up images of the dextrophase (right cardiac cavities and PA), the pulmonary
phase (lungs), and the levophase (left cardiac cavities and Ao), after being interpolated into
a 512 x 512 matrix and subjected to background substraction, carefully avoiding the inclusion
of neighbouring structures inside each ROI.

Fig. 24.7 shows the analytical method devised for the quantitation of right-to-left
cardiac shunts from the time/activity curve in the affected cavity in the left side of the heart,
which shows a premature peak produced by the early inflow created by the shunt, followed
by a second, normal peak, related to the fraction of the tracer which was not diverted and
followed its normal transit through the lungs.

The best known method to quantitate left-to-right cardiac shunts makes use of the
pulmonary time/activity curve to calculate the pulmonary flow/systemic flow ratio (Qp:Qs)
by separating both components of the curve by fitting them to the gamma variate function.
Results with this method show a good correlation (0.94) with those obtained through
intracardiac catheterism when Qp:QS is between 1.2 and 3.0, but are some less accurate with
Qp:Qs between 1.0 and 1.2, may be due to the bronchial circulation coming into view of the
detector directly from Ao, acting as an early systemic recirculation which is added to the
shunted radioactivity, rendering a falsely elevated Qp:Qs.

If this early bronchial circulation is obvious in the original curve it can be also subject
to the gamma variate fitting to subtract the resulting peak from the curve representing the
differences between the original curve and the gamma variate fit of its first component (Al)
before performing the gamma variate fitting for area A2. When the early bronchial
circulation is not clearly evident it is necessary to calculate the actual recirculation time to
select the period in the curve that needs to be fitted to the gamma variate function. The
recirculation time can be easily derived from the period earmarked between the two peaks,
which approximates one half the pulmonary time, which, in turn, equals one half of the time
of the total circulation (Fig. 24.8).

It is important to note that in cases of patency of the arterial duct the pulmonary transit
curve reveals a higher recirculation through the left lung than through the contralateral, and

379



CHAPTER 24

that surgical shunts of the Potts, Blalock-Taussigh, or Waterston types produce a higher
recirculation through the lung receiving the shunted blood.

b. Ouantitation of ventricular function and motility.

First-pass RAC is also of value in quantitating the EF in both ventricles and in depicting
parietal motility alterations. In these cases, the tracer is injected as described, but the
position of the detector over the patient's chest will vary with the ventricle under study. The
most suitable for the study of both ventricles is the 30° RAO view, in which both ventricles
appear physically superposed but separated in the images by their different filling times if the
radioactive bolus is of good quality. The 45° LAO view could also be used, since in this
view both ventricles are clearly separated by the septum. A biplanar collimator allows the
simultaneous acquisition of the 20° RAO and the 40° LAO views with a single tracer dose.

For data processing, it is necessary to draw ROIs around the particular ventricle under
study, carefully avoiding the inclusion of neighbouring structures. This is better
accomplished with the aid of phase analysis using the first harmonic of the corresponding
ventricular volumetric curve (described later in this chapter), which objectively depicts the
position of the tricuspid and mitral valves separating the ventricles from the corresponding
atria. A second ROI is drawn adjacent to the heart to measure the background produced in
the vicinity.

The time/activity curves in these ROIs are generated at a rate of 40 msec/frame. The
ventricular curves are made up of a series of oscillations with the greatest amplitude occurring
at the highest of the principal curves (Fig. 24.9). As these oscillations in radioactivity
correspond with the variations of ventricular blood volume with time, the count rates at the
peaks are proportional to the greatest ventricular blood volume attained during each cardiac
cycle at the end of diastole (ED), while those at the valleys are proportional "to the lowest
ventricular blood volume occurring at the end of systole (ES). These curves need to be
corrected by subtracting from them the normalized time/activity curve generated from the
corresponding background ROI. The frames included in three to five consecutive peaks at
the greatest height of the ventricular curve are averaged to increase the statistical reliability
by using the first derivative to align their descending phases.

The ventricular stroke volume (SV) can then be calculated as the relative difference in
count rates between ED and ES:

SV = ED - ES

The ventricular EF is calculated by dividing SV by the ED:

EF = SV / ED

The averaged information is also used to generate a series of 16 images showing the size
and shape of the ventricles at 16 consecutive equal periods covering the entire composite
cardiac cycle. The regional wall motion can be analyzed either by superposing in a single
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static image the isocount outlines of the ES and the ED images, the isocount outlines of the
16 frames or, preferably, by displaying in a single iterative fashion the 16 consecutive
outlines, adding cinematographic movement to the heart's palpitations.

These displays allow a clear definition of the abnormalities in the regional ventricular
wall motion: hypokinesis or decreased wall motility, which might be general and diffuse, as
in cardiac failure, or localized in one or various regions, as in ischemic myocardial areas;
a kinesis, or regional abolition of wall motion, as in acute and old myocardial infarctions; and
dyskinesis, or paradoxical regional expansion of the ventricular cavity during systole, as in
aneurysmatic areas.

Normally, the EF is 62% ± 5 for the LV, and 50% ± 4 for the RV. These figures are
decreased in proportion with the magnitude of cardiac failure as a result of the global or
regional reduction in the ventricular wall motion. The results with this simple method
correlates satisfactorily with those obtained through radiological ventriculography (r = 0.82),
but the correlation varies with the position of the regional wall motion abnormality:
anterobasal segment, r = 0.92; posteroapical segment, r = 0.89; posterobasal, r = 0.76, and
anteroapical, r = 0.72.

c. Valvular regurgitation.

First-pass RAC is very sensitive to the quality of the radioactive bolus and it is useless
in the estimation of mitral valve regurgitations, occurring in the left side of the heart, but
promising attempts have been made to measure tricuspid valve regurgitation, occurring in the
right side of the heart, from the slopes of the descending phase of the time/activity curves
isolated from the right atrium and the right ventricle.

Studies performed during exercise.

Quantitative FP-RAC at rest has no role in the study of coronary artery disease (CAD)
since the regional wall motion might be normal under resting conditions when the narrowing
of the coronary artery is less than 80%. In this case, it is necessary to induce a higher
myocardial demand through exercise to increase coronary blood flow and to produce transient
ischemia in the region irrigated by an stenotic artery unable to dilate.

To perform the exercise stress test the patient needs to exercise on an ergometric bicycle
in a semi-seated position. The detector head of the gamma camera is tightly strapped in
position over the patients's chest, interposing a soft cushion for his comfort, in order to
document the 30° RAO view of the heart with a gentle caudal tilt to the collimator. A No.
20 needle is inserted in the antecubital vein, preferably in the right arm, to start a slow
infusion of 5% glucose solution before the test is initiated. Then, the tracer could be easily
injected when pertinent through the already inserted and patent needle, immediately flushing
the radioactive bolus with a fast infusion of 30 ml of 5% glucose solution. Under continuing
ECG, blood pressure and cardiac frequency monitoring, the patient is made to exercise with
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gradually increasing loads according to the Bruce's protocol. The tracer should be
administered as soon as any of the following signs appear:

a) maximal theoretical cardiac frequency for the patient's age (220 -
age in years);

b) ST segment depression greater than 2 mm in the ECG tracing;

c) acute chest pain, or

d) extreme fatigue.

The tracer injection should immediately be followed by the acquisition of data during the
next 30 to 45 seconds while the patient continues exercising.

Normally, exercise induces diffuse hyperkinesis and a 5-10% increase in left ventricular
EF, but in patients with CAD the left ventricular EF remains unchanged, may increase by
less than 5% or even may decrease with exercise. These findings are usually associated with
regional hypokinesis or akynesis in areas with transient ischemia. In patients with one vessel
disease, the EF may increase 5% with exercise, while the wall motion study may show
regional hypokinesis in the area irrigated by the affected coronary artery and general
hyperkinesis in the normally irrigated regions. This single observation indicates a higher
sensitivity of the wall motion study than of the global ventricular EF alone in the study of
CAD. In fact, the left ventricular EF during exercise is 85% sensitive and 72% specific for
CAD, while the wall motion study during exercise is 95% sensitive and 75% specific.

This procedure is especially recommended for the study of CAD in developing countries
due to its relative simplicity and low cost, since technetium is always available in a modern
nuclear medicine unit and is less costly than 20lTl or 99Tcin-MIBI. However, it does not give
any specific information regarding regional perfusion, only on its functional effects on
myocardial contractibility. Another disadvantage could be the need of and ergometric
bicycle.

E. Equilibrium radioangiocardiography (e-rac).

First pass dynamic studies are limited to the counts acquired during 3 to 5 cardiac cycles.
To increase the total number of counts, and hence the resolution and accuracy of the cardiac
images and of the time/activity curves, it is necessary to acquire the information included in
a significantly bigger number of cardiac cycles. This can be achieved by using radiotracers
such as "Tcm-albumin or "^Tc^-erythrocytes, which a few minutes after being injected reach
an equilibrium in the circulating blood, remaining in circulation for the time needed for data
acquisition. In this case, the detector is positioned for the acquisition of the 30° LAO view,
with a slight caudal tilt, which is the best to resolve both ventricles and to visualize the
septum.
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Data acquisition is gated to the R wave of the patient's ECG as a physiological marker
for the cardiac cycle (Fig. 24.10). The duration of each cardiac cycle, enclosed between two
successive R waves, is divided into many equal intervals (16, 32, 64 or more), each one with
a corresponding matrix in the computer's memory. Data acquired during a particular interval
of the cardiac cycle are always stored in the same matrix so, after collecting the information
gathered during 200 to 300 cardiac beats, the results is a sequential series of 16, 32, 64 or
more memory matrixes with enough information density to generate on the screen a
corresponding series of sequential composite images, each one showing the size and shape
of the cardiac cavities in a particular period of the composite cardiac cycle. The stored
information can also be used to play these images in an endless loop cinematographic fashion
allowing a clear qualitative assessment of global and regional wall motion. The left
ventricular volumetric curve can be generated from a ROI drawn around that cardiac cavity
in a similar fashion to that followed in quantitative FP-RAC, and should be corrected by the
background radiation measured in another narrow ROI adjacent to the LV. The RV
volumetric curve, however, can not be generated through this method since both ventricles
are superimposed in the RAO view, while the RA is situated at the back of the LV in the
LAO view.

The resulting volumetric curve shows a better temporal resolution than that constructed
during the FP-RAC (Fig. 24.11), depicting in all detail its architectural features, allowing the
measurement of valuable physiological information regarding the global efficiency of wall
motion: pre-ejection period, ejection time, peak ejection rate, diatesis time, fast and slow
filling times and rates, beside the most useful EF. As with FP-RAC, the isocount outlines
of all the images in the series can be superimposed in a single image for a better analysis of
regional wall motion. Some computer softwares are able to give quantitative data on regional
wall motion and EF.

The major indications for E-RAC with the patient at rest are those conditions which are
known to affect global or regional motility and, hence, ventricular function. It is a very
sensitive method in the detection of ventricular aneurysms and in the differentiation of true
localized aneurysms from pseudo-aneurysms or regional diffuse akinesis. It is also very
useful in the post-myocardial infarction patient for assessing the immediate and late prognosis,
in the evaluation of coronary bypass graft surgery, angioplasty and thrombolysis, and in the
periodical monitoring of Adriamycin myocardiotoxicity and of hypertrophic and congestive
cardiomyopathies.

This method is of special significance in the study of aortic and mitral regurgitation. In
this case, the only variation in the procedure is in data acquisition which is prolonged to eight
to ten minutes or up to the collection of eight million counts, and in the selection of ROIs:
one around the RV and another surrounding the LV in order to generate their respective
time/activity curves. The ejected radioactivity in each cardiac beat should be normally the
same in both ventricles, so their ratio should be near 1.0, reflecting the equal blood volumes
expelled by the two ventricles. Based on this principle, an index has been proposed to
calculate a regurgitation fraction (RF) as the ratio between the difference in the ejected
radioactivity by the left and the right ventricles multiplied by 100 and divided by the ejected
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radioactivity by the LV:

RF = [ERLV - ERRV] x 100 / ERLV

Normally, this index is 1.15 ± 0.15, but increases proportionally with the magnitude of
regurgitation to 1.36 and even 5.30. There is a satisfactory correlation between the results
with this method and those attained through radiological ventriculography. The critical step
is, however, in the selection of both ventricular ROIs according to the method for phase
analysis in order to locate the mitral and tricuspid valves with accuracy. Failure in doing so
may decrease the operating characteristics of the method.

As with FP-RAC, the major indication for E-RAC during exercise is in the evaluation
of myocardial ischemia, which it is evidenced by altered wall motion as described for FP-
RAC. An abnormal test is characterized by one or several of the signs shown in Table HI.

TABLE III. RADIOANGIOCARDIOGRAPHIC SIGNS OF
MYOCARDIAL ISCHEMIA

- Abnormal resting regional wall motion.

- Global LV EF at rest lower than 50%.

- Failure of LV EF to rise on exercise by an absolute five points or up to
a point 5 % greater than that of the resting value.

- An actual drop in LV EF during exercise when compared to the resting
value. More than a 10% drop is generally seen in triple vessel disease.

- An increased end-systolic volume on exercise instead of a decrease as
normally seen.

- Development of new regional wall motion abnormalities on exercise,
which are reversed by nitroglycerine administration.

In patients with a single obstructed coronary vessel, slightly increased global EF during
exercise is frequently found, while the wall motion study may show a regional hypokinesis
in the area irrigated by the obstructed artery and global hyperkinesis in the normally perfused
territories. This observation is in accordance with a higher sensitivity of the wall motion
analysis in this disease (95%) than the global EF (85%). The most frequent causes for false
negative results are vicarious hyperkinesis in normally irrigated myocardium and insufficient
exercise.

It must be clearly understood, however, that exercise E-RAC is a test of ventricular
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function which is not specific for the detection of CAD, especially when a large unselected
group of patients with various types of cardiac diseases are subjected to the procedure.
Nevertheless, the ability to detect exercise induced changes in global and regional ventricular
function, which can or can not be reversed by nitroglycerine administration, increases both
sensitivity and specificity of the test for CAD. On the other hand, if a patient with chest pain
or abnormal exercise ECG shows a normal global left ventricular response to exercise, then
the probability of significant CAD is very low and can be reasonably excluded without further
need of coronary angiography.

Equilibrium RAC have demonstrated a reduction in left ventricular filling parameters
during acute episodes of infarction. Besides, peak diastolic filling rate determined at rest and
during exercise provides a potentially more sensitive index of CAD than global EF.

Another significant indication for E-RAC is in the evaluation of LV and RV
performances in critically ill patients, especially in those in septic shock, the most common
cause of death in a Critical Care Unit. Survivors of septic shock most commonly show a
profound decrease in left and right ventricular EF at the onset of shock due to sepsis, and
serial scans demonstrate that surviving patients usually regain normal EF in both ventricles
in seven to ten days.

F. Parametric images derived from e-rac.

Parametric images are designed to show the regional distribution and quality of a certain
function. They are derived by special computer processing of a sequential series of images
obtained through a dynamic study like e-rac. This processing is accomplished by applying
the mathematical equation defining the particular function in a pixel by pixel fashion in the
full image matrix.

This new concept is especially important in cardiology and reserves some previous
explanations. The quantitative regional differences in the variations of radioactivity in the
ventricular cavities during the cardiac cycle are not a reflection of the functional quality of
basic units or cells in these cavities, as in the lungs or the liver where a regional functional
change may represent the altered physiology in the set of alveoli or hepatocytes included in
the region. Notwithstanding, a regional hypokinesis in the left ventricle could be evidenced
by the local decrease of EF in the pixels conforming that particular region in the matrix of
the ventricular image, since the volumetric changes during the cardiac cycle and the
corresponding variations in radioactivity are less notorious in these pixels. In this new
approach, the pixels are used as the unitary functional cells of the cavities, each one with a
particular EF.

The distribution pattern of EF in the resulting parametric image renders an objective
evidence of the quality of regional function of the different wall segments. These patterns
condense more creditable functional data than those provided by the bidimensional radial
shortening of the cavity measured by geometry dependent radiological angiography, because
the nuclear parametric nuclear images are generated by using tridimensional information,
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totally independent of geometrical factors, obtained from the regional changes in radioactivity
produced in front of the detector by the volumetric variations during the cardiac cycle.

The most elementary parametric images of the heart are obtained by manipulating the
images of the cardiac cavities at ES and ED after background substraction:

(a) Stroke volume image. This parametric image is obtained by
subtracting the data on the pixels in the matrix of the ES image
from the corresponding pixels in the matrix of the ED image (SV
= ED - ES). The stroke volume is mainly distributed at the
periphery of both ventricles since the volumetric changes at the
centre of the cavities are minimal.

(b) Ejection fraction image. It is generated by dividing each pixel of
the stroke volume image by the corresponding pixel in the matrix
corresponding to ED (EF = SV / ED). The regional intensity in
this image is proportional to the regional EF. Normally, this
image shows a ring with homogeneous intensity and an amplitude
equal or wider than one third of the transverse diameter of the left
ventricle at the inferoposterior apical level. The intensity in the
ring is proportional to blood ejection when this ejection is bigger
than 50% of the ED volume. The amplitude of the ring narrows
in proportion with the decrease in regional wall motion
(hypokinesis) and is interrupted in regions with akinesis or absent
wall motion.

(c) Auricular filling or "paradoxical" image. This image is obtained
by subtracting the data on the pixels in the matrix of the ED image
from the corresponding pixels in the matrix of the ES image (AF
= ES - ED). This image is integrated only with those pixels
showing ES - ED differences bigger than 0. Normally, it shows
only the pixels corresponding to the atria, which are filled during
ES. But, when radioactivity and blood volume are paradoxically
increased in any ventricular region during ES the corresponding
pixels are alight, indicating the presence of a regional dyskinesis.
In order to know the magnitude of this dyskinetic region, the
radioactivity in all involved pixels is added and the result is
divided by the ventricular radioactivity during ED.

Since the generation of these images depends on tridimensional data regarding the
volumetric changes, and they are not based on geometric considerations as the radiological
methods do, their results are more accurate independently of the position of the regional
abnormality in wall motion within the heart.
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HARMONIC ANALYSIS OF CARDIAC CYCLE.

The volumetric curves in the heart cavities are similar in nature to a sinusoid, which is
characterized by its frequency, or number of cycles occurring per unit time, and by its
amplitude, or value of its maximal deflexion. The frequency of this sinusoid is the same in
the entire heart, but its amplitude may vary from one cardiac region to the other according
to the regional efficiency of the wall motion. The maximal amplitude of the sinusoid is not
synchronous in all cardiac regions, since the contraction wave starts at the cardiac base and
spreads through both ventricles to end at the apex. This means that the volumetric curves in
both atria and in both ventricles have the very same frequency, but they are dephased by a
180° difference between atria and ventricles, since the ventricular filling occurs when the
atria empty their blood into the ventricles.

The E-RAC information stored in the memory of the computer and corrected by
background substraction can be transformed on the diverse components of the temporal
frequency of the composite cardiac cycle. This is achieved by the harmonic analysis of the
volumetric curve in each individual pixel of the matrix, through the application of the discrete
transform originally used by Fourier for the analysis of wave movement. This mathematical
tool functions in a similar to the logarithm and is used to represent a periodical function as
the sum of sines and cosines of different frequencies, each one characterized by specific
amplitudes and phases. The final result is a set of parametric images objectively representing
the amplitude and phase of the volumetric curve in each pixel in the cardiac matrix (Fig.
24.12).

AMPLITUDE IMAGES. The amplitude of a sinusoid refers to its maximal deflexion
and in this case represent the maximal variation of radioactivity or blood volume in a single
pixel, independent of the time in which it occurs during the cardiac cycle. The resulting
image shows the magnitude of regional amplitude of the wall motion in the four cardiac
cavities, and it is equivalent to the stroke volume image. However, the amplitude image
contains more data density and possess a better visual quality than the stroke volume image
since it is integrated with the data collected through the complete cardiac cycle, while the
stroke volume image is obtained through the manipulation of the images attained during two
isolated and very short periods of the cardiac cycle (ES and ED), including no more than
1/16 of the cardiac cycle, each.

We have also applied the Fourier's transform to generate other parametric images of the
heart function based on data collected through E-RAC. These, are:

(a) Ventricular amplitude. The ventricular volumetric curve is
similar to the cosine function, with an important positive real
component and an a very small imaginary component approaching
zero. This fact can be used to generate a ventricular amplitude
image representing the variations of the positive cosine, where the
atrial amplitude is not included but where hypokinetic and akinetic
areas are readily depicted.
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(b) Atrial amplitude. The atrial volumetric curve is similar to the
sine function, with an important positive contribution of the
imaginary component and almost no participation of the real
component. This image can be constructed by representing the
variations of the positive sine, isolating the image of amplitude in
the atria, without the image of ventricular amplitude. This image
is equivalent to the auricular filling or "paradoxical" image, but
contains more data density and is of a better visual quality. It will
show the paradoxical regional filling in the ventricles during
systole in places with regional dyskinesis.

(c) Ventricular ejection fraction. This image can be generated by
dividing the matrix of the ventricular amplitude image,
representing stroke volume, by the ED image. However, the ED
image needs to be multiplied for the number of images in the
series to attain a proportional intensity to that of the ventricular
amplitude image. It will also depict the hypokinetic and akinetic
regions as areas with decreased or abolished intensity.

PHASE IMAGE. The intracavitary volumetric curve phase is that precise moment of
the cardiac cycle when the blood volume and the radioactivity reach their maximal levels in
a particular region, just previous to the start of the next contraction. This, never occurs in
a synchronous fashion in all cardiac regions, since the contraction wave spreads progressively
from the cardiac base towards the apex (Fig. 24.13). The first step in this method is to
display the sequence of 16 images conforming the series of E-RAC properly corrected by
background substraction. However, the computer is programmed to show in each frame only
those pixels where the corresponding volumetric curves are in phase. As it is obvious, any
particular pixel can only be in phase in only one of the 16 frames of the composite cardiac
cycle. The second, is to assign a different colour or a different intensity of grey to each
frame, and to add the 16 frames into a single image, where the temporal distribution of the
contracting wave is depicted by the distribution of pixels with different colours, each colour
representing a distinct period of the cardiac cycle. The recorded images can be also displayed
in an endless loop cinematographic fashion allowing the dynamic analysis of the temporal
distribution of the contracting wave.

This parametric image could be complemented by a histogram showing the number of
pixels in phase at each different period of the cardiac cycle, which is divided in 360°. Each
bar in the histogram is made to coincide with the chromatic code in the image. It normally
shows a small peak, corresponding to the atrial phase, separated by 180° from a second
bigger peak, representing the ventricular phase.

The value of these parametric images is obvious in many conditions. Clinically, they are
especially useful in the study of wall motion and conductive alterations, in the objective
demonstration of the consequences of regional myocardial ischemia, either at rest or during
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exercise, in the evaluation of the functional damage produced by an acute or old myocardial
infarction, and in the monitoring of the therapeutic effects of coronary surgery, angioplasty
or thrombolysis. Besides, they could be of help in the optimal placement of cardiac
pacemakers.

Technically, they are a valuable adjunct for the precise location of the ROIs on the
images of FP-RAC and E-RAC.

This procedure is also highly recommended in developing countries, especially in the
study of CAD due to its relative simplicity and low cost when compared with the use of
thallium-201 or Tc-'-MIBI.

G. Other instruments used in nuclear cardiology

The nuclear cardiac probe

The introduction of the nuclear cardiac probe or nuclear "stethoscope" revives and
improves the old technique known as quantitative angiocardiography used in the 50s by
Donato in the study of cardiac function. It is a low cost, portable alternative for the non-
invasive assessment of both systolic and diastolic LV function. This device consists of a
small scintillation probe attached to a small microprocessor and a display screen. It has the
advantages of compact size and increased portability, allowing its use at the patient's bed, as
well as its low cost when compared to that of a gamma camera. It has the capability to
record and analyze the first pass time/activity curve according to the method of quantitative
angiocardiography, to build a composite volumetric curve with several cardiac beats in the
fashion of E-RAC, and to do a beat-to-beat analysis as well.

However, as a non-imaging device, the cardiac probe may have some limitations in
measuring EF, especially in patients with regional wall motion abnormalities. For example,
if the probe is positioned over an area of regional hypokinesis the contribution of normal or
hyperkinetic segments will be under represented and the study may underestimate the actual
EF. Conversely, the deliberate positioning of the probe on the region of maximal periodicity
(maximal ratio of stroke counts to average counts), as routinely done, may overestimate EF.
The same problem holds for the selection of the area to measure background, which is critical
for the accurate measurement of EF. Thus, it is not surprising that in patients with CAD and
regional left ventricular dysfunction the EF measured by the cardiac probe has only a modest
correlation with the results obtained through E-RAC or contrast angiography. The probe,
however, could be practical in monitoring in a beat-by-beat fashion the relative changes in
the ventricular volumetric curve and in global EF in critically ill patients, or during
pharmacological studies.

The cardiac vest

This instrument is a miniature radiation detector attached to a vest to be worn by the
patient, and to an electronic device for the continuous recording of the ventricular volumetric
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curve. It is of some value for the cardiac monitoring during normal life as a "nuclear
Holter", but its correct positioning requires the use of a gamma camera to locate the right
place. In any case, up to now, the cost/benefit ratio of the use of these two relatively simple
instruments has been the biggest enemy of a probably good idea.

The mobile gamma camera

The mobile gamma camera is an excellent choice for nuclear cardiology. It is provided
with a magnetic memory to record all data during acquisition, it has a smaller detector head
than the usual gamma camera, which allows by itself a magnification of the images of the
heart on the monitor screen and on the photodisplay, decreases the size and weight of the
collimators, and facilitates its proper positioning over the patient's chest. More important
than all that is the possibility it gives to bring nuclear cardiological procedures to the bed side
of the patient, to the coronary care unit, and to the operating room.

Unfortunately, it has also some draw backs. The detector head is not properly shielded
and the collimators are made of low density alloys to decrease weight, which means that the
mobile gamma camera is limited to imaging with gamma photons with less than 200 keV,
excluding the of use of radionuclides like 131I and 67Ga. Besides, the author has seen many
mobile gamma cameras used as stationary in the developing countries, because the
temperature differences between the nuclear medicine service and the hospital corridors
endangers the detector's crystal or because the architecture of the hospital is not suitable for
the gamma camera: narrow doors and corridors, small rooms and lack of appropriate
elevators.

2. MYOCARDIAL PERFUSION SCINTIGRAPHY

Myocardial regional perfusion can be analyzed by following two basically different
scintigraphic procedures, each designed to study a different level of circulation: the
permeability of coronary microcirculation and the myocardial tissular perfusion. These
studies are based on the indicator fractionation principle described by Sapirstein, according
to which the fractional uptake of the injected tracer by an organ equals the fraction of cardiac
output perfusing that organ during the measurement. This is absolutely true for non-
recirculating indicators such as radioactive microspheres or macroaggregated albumin, since
virtually all the radioactivity that reaches the organ capillaries is trapped in the first
circulation. This explains why imaging with these radioactive agents has been considered by
many as the "gold standard" for myocardial perfusion.

A. Coronary capillary bed scintigraphy

This procedure was introduced in 1970. It is, in fact, the only procedure in medicine
which studies regional myocardial perfusion, but its application is always as an important
adjuvant to radiological coronary angiography since it requires an intracoronary injection of
the radiotracer. Its fundamental principle is the same as that of lung perfusion scintigraphy
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with radioactive particles: the transitory lodging of these particles in the first capillary
encountered by the injected particles.

As in lung perfusion scintigraphy, the most common radiotracers are: albumin
macroaggregates or microspheres labelled with "Tc™, IMIn, n3Inm, or radioiodine. However,
the measures for the quality control of the tracer must be particularly stringent before its
administration to the patient. The labelling efficiency should be higher than 95%, the
particles should be from 30 to 50 /*m in size with an average of 30 j*m, and the total number
of particles should never exceed 150 000 in the individual dose. By following these strict
rules our experience at the National Institute of Cardiology in Mexico has been excellent.

Usually, the slow intracoronary injection of "Tc™- macroaggregated albumin (MAA) is
made three minutes after finishing the procedure for coronary angiography and
ventriculography to avoid the irritant effects of the radiological contrast agent. In this case,
the test is considered as performed "at rest". But, if the intracoronary injection of the tracer
is made immediately after, or simultaneously with the radiological contrast agent, the study
is considered as a "stress study" since coronary blood flow increases four to five fold its
normal value by the effect of these agents. The usual dose is three to six mCi for the left
coronary artery, and one to two mCi for the right. Nuclear imaging can be performed
immediately after and during the next hour. This is accomplished with the patient in supine
position and by using a high resolution or a convergent collimator, accumulating at least
500 000 counts per image. The A, LL, RL, LAO and RAO views are documented. The use
of a computer is not necessary, but it is convenient for improving the quality of the image
and to extract quantitative information such as the radial histogram of the distribution of
radioactivity in the ventricles, the measurement of the ventricular cavities and the myocardial
thickness. If a computer is available it is advisable to acquire the information in a gated
mode for the regional analysis of ventricular wall motion, in a way similar to that described
forE-RAC.

The indications for this study are, of course, the very same as for coronary angiography:
myocardial ischemia. Coronary angiography is the best procedure for studying the
anatomical features of the coronary macrocirculation of vessels with a diameter wider than
100 nm, but it is useless in the study of the coronary microcirculation. The scintigraphic
method, in the other hand, is the only procedure able to study the myocardial perfusion at the
capillary level, although it is unable to render a direct information on the anatomic structure
of the main coronary arteries. However, a significant stenosis in one or more arteries
reduces blood flow and produces a noticeable reduction of radioactivity at the tributary
capillary bed corresponding to the particular affected vessel. Since myocardial ischemia
could be found in either one or both levels of coronary circulation, these procedures
complement each other improving their respective diagnostic accuracies. This is of special
significance in diabetic patients with typical angina and normal coronary angiography, in
whom the scintigraphic method is able to demonstrate the myocardial perfusion defects caused
by the capillary alterations seen in diabetic microangiopathy (Fig. 24.14).
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In a study of 135 patients with typical angina performed at the National Institute of
Cardiology of Mexico, coronary angiography showed a lower sensitivity (85.0) than the
scintigraphic study "at rest" (90.3%), but the combination of the results with both procedures
was more sensitive (96.3%). Furthermore, it has been observed that in resting conditions
capillary bed scintigraphy with radioactive MAA was more sensitive (95%) than thallium-201
scintigraphy (80%) in detecting CAD.

A double-radionuclide technique can be used by injecting 9*Tcm-MAA in one coronary
and mIn-MAA in the other. In this fashion, it is possible to learn with accuracy the
boundaries of each capillary territory in order to get a precise evaluation of the
heterocoronary collateral circulation and data on the patency of surgical aortocoronary
implants.

A similar double-radionuclide technique can be also applied to perform the "rest"/"stress"
studies simultaneously by administering "Tcm-MAA immediately after the injection of the
radiological contrast media ("stress" dose), followed after 3 min. by an injection of m In or
"3Inm labelled MAA or iron macrocoprecipitates ("rest" dose). The different gamma energies
of these two radionuclides allows the acquisition of "rest" and "stress" images separately.

If both images show normal tracer distribution in the myocardium, the images are
considered as enough evidence to exclude the possibility of coronary and myocardial diseases.
But, if the "rest" image evidences a normal myocardial distribution of the tracer and the
"stress" image shows a perfusion defect in the myocardium, the result indicates CAD with
reactive myocardial ischemia. On the other hand, if both images show the same perfusion
defect, the result indicates myocardial infarction without reactive ischemia, but if both images
evidence abnormal myocardial distribution of the tracer but these alterations are more severe
in the "stress" image, it is a manifestation of previous myocardial infarction and reactive
ischemia.

This procedure, which seems to be too complicated and cumbersome,needs good
collaboration between the nuclear medicine unit, the radiological department and/or the
haemodynamics service. However, it is highly recommended as a adjuvant to contrast
coronary angiography, especially for hospitals with good cardiological infrastructure in the
developing countries because it is safe when properly performed, it is of a relatively low cost
when compared with other myocardial perfusion studies, and offers very important clinical
information regarding the coronary microcirculation not available by radiological
angiography. Its major limitation is, however, the need of coronary catheterization for the
administration of the tracer, which places this procedure outside conventional nuclear
medicine as it is no longer non-invasive. In fact, the ideal would be to have a radiotracer
which is extracted from the blood by myocardial tissue in order to perform the scintigraphic
procedure as a screening test prior to coronary angiography.

B. Myocardial tissue perfusion scintigraphy
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Sapirstein's principle can also apply to recirculating indicators as long as organ extraction
and systemic extraction of the indicator are the same. Since potassium is essential for
muscular contraction and myocardium is a muscle, the first attempts to measure myocardial
blood flow were made with radioisotopes of potassium and other radionuclides which are
isotopes of elements analog to potassium. The former assumption was soon verified in
animals with 42K and other radionuclides which are isotopes of elements analog to potassium,
such as cesium and rubidium. These radionuclides, however, were impractical for nuclear
medicine imaging due to their unfavourable decay schemes and gamma radiation energies.

Thallium-201 as a myocardial tracer

Thallium-201 (^'Tl), a cationic potassium analog, became widely accepted as the tracer
of choice for myocardial perfusion scintigraphy in man since its first introduction into clinical
nuclear medicine in 1975. Although the regional myocardial uptake of ^'Tl has been shown
to be an accurate representation of regional perfusion, the myocardial extraction fraction for
this tracer exceeds by 15% the systemic extraction fraction when myocardial blood flow is
low, normal, or moderately elevated, and this relationship is not altered by ouabain, regional
ischemia or infarction. Administration of dipyridamole, however, increases further the
myocardial blood flow and decreases the myocardial extraction fraction, equalizing
myocardial and systemic extraction fractions.

Nonetheless, 20lTl-chloride suffers from a number of constraints and is far from being
the ideal tracer for myocardial perfusion, which should have the nine properties included in
Table IV. However, of these nine properties, only three are met by ^ T l . Indeed, thallium
has a reasonably rapid blood clearance, it is distributed in the myocardium according to, and
in proportion to regional blood flow, and has no pharmacological effect at the usual dose, but
the intracellular pool in the myocardium influences its concentration. Besides, it has a
biological half-life in myocardium of about seven hours, which aside from altering the
imaging statistics results in a re-distribution of myocardial 2O1T1. This, means that after a
lapse of time the distribution of the tracer in myocardium no longer reflects the regional
blood flow at the time of injection. It is for this reason that imaging with 2O1T1 should be
performed immediately after the intravenous injection of the tracer. Furthermore, the
effective half-life of thallium-201 (9.4 days) is far to long for the needed period for imaging
(four to five hours), resulting in an unnecessary radiation load to the patient.

The physical characteristics of the radionuclide and its radiations have a direct influence
on image quality. Since spatial resolution of the imaging system is a function of photon
energy and collimation, 2O1T1 is less than optimal for routine use. The characteristic x-ray
emitted by mercury, product of 2OlTl transmutation, have energies which are near the lower
end in the scale of the gamma-camera resolution. Furthermore, this x-ray emission causes
a wide spectrum stretching from 69 to 83 keV, yielding a less than satisfactory energy
resolution. Consequently, the use of high resolution collimation is almost mandatory. This
results in a loss of sensitivity, which is already affected by the low administered dose of
thallium, and extends the imaging time, which increases the problems in evaluating the rapid
redistribution of the tracer.
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Of these nine properties, only the first three are met by 2OIT1. Indeed, thallium has a
reasonably rapid blood clearance, it is distributed in the myocardium according to and in
proportion to regional blood flow, and has no pharmacological effect at the usual dose, but
the intracellular pool in the myocardium influences its concentration. Besides, it has a
biological half-life in myocardium of about seven hours, which aside from altering the
imaging statistics results in a redistribution of myocardial 2O'T1. This, means that after a lapse
of time the distribution of 20lTl in myocardium no longer reflects the regional blood flow at
the time of injection. It is for this reason that imaging with 2OIT1 should be performed
immediately after the intravenous injection of the tracer. Furthermore, the effective half-life
of thallium-201 (9.4 days) is far too long for the needed period for imaging (4 -5 hours),
resulting in an unnecessary radiation load to the patient.

TABLE IV. CHARACTERISTICS OF THE OPTIMAL RADIOTRACER
FOR MYOCARDIAL PERFUSION

Present in 201Tl-chIoride

- No pharmacological effects at
usual doses

- Regional myocardial distribution
proportional to regional blood
flow over the physiological
range.

- Rapid blood clearance.

Absent in 201Tl-chloride

- No myocardial clearance or
redistribution

- Gamma-ray energy suitable for
imaging

- Low absorbed radiation dose by the
tissues.

- Short effective half life.

- Ready availability.

- Reasonable cost.

The physical characteristics of the radionuclide have a direct influence on image quality.
Since spatial resolution of the imaging system is a function of photon energy and collimation,
2O1T1 is less than optimal for routine use. The emitted mercury x-ray's energies are near the
lower end in the scale of gamma camera resolution. Furthermore, the x-ray emission of the
daughter mercury causes a wide spectrum stretching from 69 to 83 keV, yielding a less than
satisfactory energy resolution. As a result, the use of high resolution collimation is almost
mandatory. This results in a loss of sensitivity extending the imaging time, which increases
problems of evaluating rapid redistribution of the tracer.

There are a number of options that one might consider to preserve spatial resolution and
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increase sensitivity. The administered dose (1 to 2.8 mCi) could be increased, but at the
expense of increasing the radiation dose to the patient and the cost of the tracer, both already
high in the normal situation. A second option is using all the 2OIT1 photopeaks, collecting
counts from the mercury x-ray (95% abundance) and both the 135 keV (2%) and the 167 keV
(8%), increasing sensitivity without an additional radiation burden to the patient. In fact,
although 2O1T1 imaging has been used in a variety of clinical settings, it has only been through
advancements in instrumentation that the drawbacks of this radionuclide have been tolerable.
Thinner NaI(Tl) crystals, increased numbers of photomultiplier tubes, and single photon
emission computerized tomography (SPECT) have all contributed to improve 2OIT1 imaging.
These advances, however, still do not overcome the problems of limited dose administration,
lengthy imaging times, and expense.

Readily availability is another real problem with 2O1T1. It is not only expensive, but also
unavailable except for routine scheduled procedures and creates serious logistic problems.
As a result, large metropolitan institutions with round the clock cardiac care may not always
be able to use 2OIT1 myocardial imaging for acute care.

Tc^methoxyisobutyl isonitrile as a myocardial tracer

The most reasonable solution to all these problems related to the use of 2OIT1 in
myocardial perfusion imaging would be the use of "Tcm as a label. The last few years have
seen the development of a number of "Tcm-labelled derivatives of the isonitrile complexes
that show useful uptake by the human heart.

The first of these complexes to show myocardial uptake in the human was the t-
butylisonitrile complex (TBI), but it also showed myocardial redistribution and high lung
and liver uptake and retention. By engineering the basic hexakis-(alkylisonitrile) technetium
(I) structure it was possible to produce carbomethoxyisopropyl isonitrile (CPI), which
shows low lung uptake, myocardial clearance with rest redistribution, as well as high liver
uptake with substantial gallbladder concentration and elimination in the early phases of
imaging.

The second analog of TBI to be developed was methoxyisobutyl isonitrile (MEBI),
which retained the myocardial uptake benefits of its sister compounds, while increasing the
clearance characteristics in the blood, lung, and liver. The superior heart-to-lung and heart-
to-liver ratios offer a marked improvement in image contrast, but its more important feature
is that myocardial MIBI uptake remains unchanged for long periods of time with no
redistribution. This allows a number of variations in myocardial perfusion imaging with
exercise tolerance testing. Post-exercise recovery time need not be compromised because of
redistribution, and the SPECT and gated imaging may be done without concern about
alteration in biodistribution.

The advantages of the use of (99Tcm)-MIBI when compared with that of 2OIT1 are
obvious and more significant for the developing countries, where this should be the tracer of
choice for myocardial imaging. "Tc1" is the least expensive, most widely and readily
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available radionuclide in current use. Most scintillation cameras are designed around its
favourable physical characteristics. Its short physical half-life (six hours) and its
monoenergetic photon emission are also favourable to dosimetry and allow for higher
administered doses (5 to 30 mCi, instead of 1 to 2.8 mCi for 2OIT1) with a resultant increase
in photon flux. Since myocardial uptake of either of these tracers is never higher than 4%
of the dose, the magnitude of the administered dose is especially critical. The high count
rate, improved energy resolution, and lower photon attenuation, result in improved spatial
resolution for planar and gated imaging and for SPECT. In addition to the ideal physical
factors, the possibility of an easily prepared myocardial perfusion cold kit provides for round
the clock scintigraphy of acute myocardial infarction. Commercial cold kits, although more
expensive than expected, can be easily fractionated to be used in different patients on different
days, decreasing the individual dose cost to levels below the cost for a 201Tl dose.

The absence of myocardial redistribution and the fast hepatobiliary elimination of MIBI
have major implications for its clinical applications. Rest and exercise studies need to be
performed with separate tracer doses, either on different days or during the same day. In the
former case, the doses could be the same, but in the later the first study is performed with
5 mCi of MIBI and the second, five hours later, with 30 - 35 mCi. The stable
intramyocardial distribution of this complex and the higher photon flux allow for optimal
SPECT acquisition or for any imaging delay after injection. The resulting images reflect the
distribution of myocardial perfusion at the moment of injection and the compound could be
administered during an acute event such as chest pain or asymptomatic ST depression at the
bedside of the patient in the coronary care unit or at the emergency room, with imaging up
to four hours later, when the patient is stable. This flexibility also allows for pre- and post-
imaging in those patients undergoing some form of therapeutic intervention such as
percutaneous coronary angioplasty or thrombolysis. An additional advantage of this 9*Tcm

complex is the possibility to perform a FP-RAC during its intravenous administration, in
order to obtain information regarding regional wall motion and EF besides regional
myocardial perfusion.

Both, 2O1T1 chloride and "Tcm-MIBI can be used to study myocardial perfusion, either at
rest or after inducing an increased coronary blood flow by exercise or by pharmacological
intervention. However, the protocol is different for each radiotracer.

Myocardial perfusion imaging at rest. It should be initiated within the first 10 min after
the intravenous administration of thallium (1 - 2.8 mCi) or from ten minutes up to four hours
after the intravenous injection of 99Tcm-MIBI (5 - 30 mCi). Planar imaging of the heart is
documented in each of the three views, A, 50° and 70° LAO. Although very sensitive in
detecting myocardial "perfusion" defects at rest, the information lacks specificity because the
origin of these "perfusion" defects could be several in nature (Table V). In any case, this
procedure has a very special role in the accurate follow up of the evolution of all these
pathological processes and in the periodic evaluation of medical therapy or surgery. In the
developing countries it is of special interest in the follow-up of congestive myocardiopathies,
as those due to Chagas1 disease.
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TABLE V. CAUSES OF MYOCARDIAL "PERFUSION" DEFECTS AT REST.

Possible causes.

Real perfusion defect

Displacement of myocardial tissue

Myocardial inflammation

Myocardial necrosis

Myocardial replacement

Clinical examples.

Coronary artery disease.
Diabetic microangiopathy

Lymphomatous infiltration
Amyloid infiltration

Cardiac trauma
Congestive myocardiopathy

Acute myocardial infarction
Congestive myocardiopathy

Myocardial fibrosis
Myocardial tumours

Myocardial perfusion imaging during exercise. Exercise increases oxygen demands by
myocardium. The normal response to this is an increase in coronary blood flow and in the
myocardial uptake of 2O1T1 or "Tcm-MIBI. These effects could not occur in the territory
tributary of a stenotic semi-obstructed coronary artery or where the coronary capillary bed
is abnormal since they are unable to increase blood flow to the affected area, producing
transient regional ischemia and a corresponding regional tracer concentration defect. This
is the fundamental pathophysiological fact used to increase the specificity of myocardial
imaging with these tracers for CAD, which is achieved through the comparison of the
myocardial images obtained during exercise and at rest. This will be reflected as a regional
concentration defect in the image obtained during exercise, but not apparent in the image
taken at rest. The filling of an exercise induced concentration defect in resting conditions is
a clear evidence of transient ischemia in viable myocardium in the area. All other pathologies
may produce persistent myocardial concentration defects in both physical conditions,
reflecting the absence of viable myocardial tissue.

The methodology follows a different protocol according to the used radiotracer, but, in
any instance, the patient need to be told to withhold beta blocker or calcium antagonist
medication for 24 to 48 hours and long acting nitrates for six hours prior to testing. The
patient's ECG must be continuously monitored and a cardiologist well trained in cardiac
emergencies should be always present while the patient is at the nuclear medicine department.

Protocols with 201Tl-chloride

Single dose stress/redistribution approach
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The patient should be in fasting condition for at least the four previous hours. A small
venous catheter is inserted in one of the right elbow veins of the patient and is maintained
patent by a slow infusion of saline solution. The patient is made to exercise in a treadmill
or in an ergometric bicycle according to Bruce's protocol. At near peak exercise according
to the patient's age, a dose with 1.5 to 2.8 mCi of 2OIT1 is injected through the inserted
catheter while the patient continues exercising for another minute. Other exercise end points
are exhaustion, development of moderate to severe angina, depression of the S-ST segment
in the ECG, serious arrhythmia, or exertional hypotension.

Imaging acquisition should be started during the first ten minutes after the tracer's
administration, documenting multiple views to define the exact location of any abnormality.
The view defines the LAD coronary artery territory best, whereas the various LAO
projections (30°, 45°, 60°, 70°) provide the best information regarding the distribution
territories of the LAD, RCA and the circumflex coronary arteries. The very same set of
images is documented again four hours after the tracer's injection, to obtain information
regarding thallium distribution in "resting" conditions.

A reversible abnormality between the initial and delayed images is considered ischemic,
while a persistent defect is considered as scar or other myocardial pathology able to replace
functioning myocardial cells.

With this stress/redistribution approach two different phenomena are studied: perfusion
with the initial images, and the myocardial potassium pool as an indication of myocardial
viability with the delayed images. This approach also simplified the original method which
was done with two separate injections, the first at peak exercise and the second, at rest, after
an interval of several days.

In general, interpretation of these images is straight forward, considering the features of
the tracer distribution in myocardium and the morphological characteristics of the ventricular
wall and cavity in both images (Table VI).

It is important to note the number, the size and the location of any concentration defect,
since they are clues regarding the extension of the affected territory, the magnitude of
ischemia, and the particular affected artery or arteries.
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TABLE VI. INTERPRETATION OF STRESS/REST THALLIUM IMAGES.

Scintigraphic finding in myocardium

No concentration defects

Concentration defect during exercise,
not evident at rest

Concentration defect during exercise
which is smaller at rest

Similar sized concentration defect in
both exercise and rest images

Clinical interpretation

No myocardial ischemia
No myocardial infarction

Transient myocardial ischemia induced
by exercise

Old scar surrounded by ischemic
myocardial tissue

Absence of functional myocardial
tissue

In addition to evaluating perfusion, a number of clinically relevant observations can be
made from 2OIT1 scintigrams concerning the left ventricular architecture, as, for instance, the
finding of a dilated cavity or hypertrophied left ventricular myocardium. However, the
evaluation of chamber size and wall thickness from planar thallium images must be done with
caution, since these parameters are significantly dependent on the wall motion, and, to a
lesser extent, on heart rate, as shown by ECG gating of 2O1T1 images. This technique
decreases blurring due to wall motion, and the apparent wall thickness is greater and the
cavity is smaller on the composite views of planar images when compared with the gated end-
diastolic views alone.

Nevertheless, the composite nature of planar images allows to deduce physiological
regional wall abnormalities from the regional altered shape of myocardium. Hypokinetic
areas are narrower than normal, while hyperkinetic regions are wider, and a ventricular
aneurysm may change ventricular morphology with a regional convexity. All these factors
are added to transform the normal smooth triangular morphology of the ventricle into an
irregular, semiround square. In our experience with both 2O1T1 and 99Tcm-MIBI, we have
noticed a correlation between these morphological alterations and the magnitude of ventricular
malfunction.

Another important physiological sign in the exercise images is the appearance of
pulmonary 2O1T1 uptake, which is related to induced pulmonary venocapillary hypertension.
Normally, the pulmonary/myocardial activity ratio is less than 0.40, but in patients with
single vessel disease this ratio increases to 0.45 - 0.50, while in cases with two or more
affected arteries it is higher than 0.50.

In the case of 2OIT1 it is necessary to consider the radiotracer's myocardial clearance and
redistribution, which, on one side, allow the stress/redistribution approach with a single tracer
dose, but, on the other, add some complications in the pathophysiological interpretation of
some studies.
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Cellular uptake of thallium depends on arterial tracer concentration, nutrient flow and
transcapillary extraction. Thallium washout results from a net clearance of the radionuclide
from the cellular pool which is greater than the rate of tracer uptake. Consequently, thallium
washout is faster in myocardial zones having higher blood flow and is directly related to
myocardial perfusion. In ischemic zones the initial uptake is very low, but redistribution
gradually increases the uptake until reaching peak activity at relatively long times
(40 - 90 min) and, consequently, the net thallium washout over two to three hours is
relatively slow. It is also interesting to note that myocardial thallium clearance has also been
directly related to peak exercise heart rate, which again suggests a strong relationship between
coronary flow and thallium redistribution.

The single dose stress/redistribution approach has been preferred for its simplicity and
relatively low cost when compared with the technique using separated tracer doses for the
exercise and the rest studies. It has, however, several limitations which affect its sensitivity
and specificity. When the single dose stress/redistribution images had been compared with
those obtained in a different day, in the same patient, after the injection of a second dose at
rest, an important fraction of the persistent concentration defects found on the redistribution
images were larger than on the rest images, while another, less significant fraction "filled in"
after the rest injection. Furthermore, it has been also reported that after by-pass surgery
normal thallium was demonstrated in nearly half of the persistent defects on the previous
delayed redistribution images, and that 75% of the fixed defects detected in patients before
angioplasty of their single vessel LAD lesion, improved or became normal after PTC A. In
both cases, the stress/distribution approach fails in detecting viable myocardium and
discarding the presence of prior infarction. In fact, the extent or presence of prior
myocardial infarction is often overestimated, and the presence of viable myocardium is
underestimated by the redistribution technique, significantly reducing the specificity of the
procedure.

Delayed imaging and reinjection approach with 201Tl

It seems that the time to complete redistribution after stress injection is related to the
persistence of ischemia at rest and to the severity of the stenosis in the coronary artery
supplying the affected area.

Based on these observations, some investigators consider the 24-hour 2OIT1 delayed
imaging as a more accurate method to detect viable myocardium and, more recently, a
method of 2O1T1 re-injection has been described using a second, smaller dose of thallium
injected at rest (re-injection) immediately after the redistribution images, instead of several
days later as in the early 70s. In this fashion, instead of comparing flow-related images
(initial) to redistribution images (delayed), two different flow-related images are compared
reflecting different conditions of flow (at peak exercise and at rest). Other studies have been
performed that confirmed the superiority of the re-injection technique compared with the
single injection stress / redistribution / delayed imaging.
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However, even the re-injection approach failed to identify ischemia in a patient whose
myocardial concentration defect remained basically fixed following re-injection, and only the
images taken 20 hr after rest re-injection identified a significant amount of viable
myocardium in jeopardy. Three months after PTCA, thallium scintigraphy, performed with
the re-injection protocol, did not show evidence of increased lung uptake nor of cavity
dilatation on stress images. Although there were moderate reversible defects, these
normalized completely after re-injection.

We need to be aware, however, that the studies reported to date with the re-injection
approach have investigated patients with a high pre-test probability of significant CAD. It
is therefore not clear that these data will be applicable to unselected patients presenting to the
exercise lab for perfusion imaging. In this regard, it is important to emphasize that in most
circumstances the indication for thallium imaging is CAD detection. For this indication, both
clinical experience and the accumulated data suggest that conventional stress/redistribution
approach is adequate. As such, the additional expense, radiation exposure, and logistic
difficulties attendant to re-injection should not be trivialized. Re-injection should be
performed only when no redistribution is observed on the delayed images, and it may hold
promise for identifying severely ischemic but potentially viable myocardium.

The problem of reverse redistribution of 2O'T1 in the myocardium

It is also important to comment on another complication in the use of 20lTl as a
myocardial scintigraphic agent, which refers to a rapid washout of the tracer in an area of
myocardial infarction in patients post-reperfusion. This is associated with a visual pattern of
"reverse redistribution", where initially normal or near normal 20lTl segments involved with
the infarction worsened on delayed views. This phenomenon has been also reported in the
absence of CAD and in canine experimental AMI after reperfusion. These observations may
have physiological and clinical significance but the only available hypothesis involves regional
hyperaemia and regional disparities in cellular function and blood flow during thallium
redistribution. More data need to be collected before this issue can truly be settled.

Protocol with "Tc^MIBI

The following protocol has been successfully used by the author during the last 5 years.
The first steps are identical to those already described for the 20lTl studies: patient in fasting
conditions, vein canalization previous to exercise according to the Bruce's protocol, and
intravenous injection of 5 mCi of *Tcm-MIBI. Imaging starts one hour after the tracer
injection. In the mean time, the patient is suggested to breakfast with a greasy meal to
increase hepatobiliary elimination of the tracer, reducing background radiation in the chest
and increasing the myocardial contrast in the images. After exercise imaging the patient may
leave the premises, but should be back four hours after the tracer's administration to receive
a second (resting) dose, seven-fold bigger than the previous (35 mCi). He is suggested to
enjoy a greasy meal again, and to be back for imaging one hour later. The myocardial
constancy of the tracer allows the documentation of the usual planar images and the
acquisition of SPECT images in each session.
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The images taken during exercise are duly corrected by the difference between the two
injected doses as measured in a dose calibrator. Both sets are interpolated into bigger
matrixes and smoothed. The circunferencial histograms of the distribution of MIBI in the
myocardium are displayed, together with the histogram of the differences. Contrary to the
histograms with 2OIT1, the histogram during exercise shows a higher profile than the one at
rest, in relation to the increased myocardial blood flow induced by stress. The tomographic
images of the vertical and horizontal slices along the long ventricular axis, as well as those
of the short axis are displayed, and the polar map of the tracer distribution in myocardium
and the tridimensional images of the heart are generated.

Clinical interpretation of the images

The interpretation of myocardial images with 2OIT1 or 99Tcm-MIBI should always be made
in collaboration between the nuclear physician and the cardiologist. First, the planar images
are analyzed and the findings correlated with the circumferential histograms and confirmed
on the SPECT images. Only those defects appearing in more than three consecutive slices
and confirmed on at least in three images in other planes are considered seriously. The polar
or "bull's eye" map and the tridimensional images are not considered during the
interpretation. We have found that either with thallium or MIBI the polar map is too
sensitive and usually overestimates minor regional variations in concentration, both in size
and magnitude, unduly decreasing specificity.

The planar and SPECT images obtained with 9*Tcin-MIBI following this protocol are by
far of a better visual quality than those acquired with 2O1T1. This is easily explained by the
physical characteristics of the tracers and by the different dosages. Although the effects of
photon attenuation by well developed male pectorals, by female breasts, and by left
diaphragm in both sexes are more evident with thallium, the 140 keV photons emitted by
technetium are amenable to similar artifacts. The only limitation to the use of MIBI is in
accurately detecting viable myocardium in areas with very low blood flow, since the images
reflect blood flow at the moment of the tracer injection and this is rapidly cleared from blood
by the liver. In these cases the use of the re-injection approach with 2OIT1 would be indicated.

Operating characteristics and selection of patients

It seems surprising to note that in spite of the development of SPECT with technetium
based radiopharmaceuticals, the operating characteristics for myocardial perfusion
scintigraphy have not really been modified since the procedure was introduced with 20lTl and
planar scintigraphy.

Exercise myocardial planar scintigraphy with 2OIT1 or wTcm-MIBI is indeed the most
useful noninvasive widely used test to display abnormal myocardial perfusion due to CAD.
Diagnostic sensitivity has ranged from 70% to 90% and specificity from 86% to 100%,
compared with 60% sensitivity and 81% specificity for the ergometric ECG test in optimal
conditions. However, there is an evident inverse relation between sensitivity and specificity.
Those publications reporting high sensitivity are associated with a lower specificity, and vice
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versa. These results are typical of receiver operating characteristics curves for an imperfect
test, in which an observer who overinterprets borderline images as being positive will also
thereby read as positive a number of studies that are negative, thereby obtaining a larger
number of false positives, i.e., a lower specificity. Conversely, conservative interpretation
will increase the specificity but decrease the sensitivity.

A sensitivity and specificity near 85% might suggest that the test could be adequate as
a screening procedure for detecting CAD in asymptomatic patients. This sensitivity and
specificity, however, do not account for the effect of disease prevalence on the diagnostic
accuracy and utility of stress myocardial scintigraphy when it is applied to asymptomatic
populations. A number of papers utilizing Bayesian analysis have indicated that the
sensitivity and specificity of thallium stress testing is grossly inadequate for a screening test
in populations with a low prevalence of CAD ranging from 5 to 10% of the population
studied. An abnormal exercise thallium test in an asymptomatic subject in this population is
associated with only a 10 - 20% probability of having CAD.

Clinical indications

Although the major aim of the procedure is in the diagnosis of CAD, its indications depend
on the relative operating characteristics, invasive character, and costs of the different
available diagnostic procedures, and on the patient's symptomatology (Table VU).

TABLE V n . CLINICAL INDICATIONS FOR MYOCARDIAL PERFUSION
SCINTIGRAPHY

Abnormal rest ECG in asymptomatic and symptomatic patients.

Abnormal stress ECG test in asymptomatic patients.

Normal or non-diagnostic stress ECG test in symptomatic patients.

Abnormal stress ECG test in symptomatic patients.

During the recovery phase after an acute myocardial infarction.

In general, left bundle branch blockade, digitalis toxic effects and non-specific changes
in the ST-T segment do not allow a clear interpretation of stress ECG, but myocardial
scintigraphy may render information regarding myocardial perfusion at rest and during
exercise.

In the case of an abnormal stress ECG test in an asymptomatic patient, scintigraphy is
intended to corroborate the presence of asymptomatic CAD. A positive result might lead to
coronary angiography, while a negative result may indicate a false positive for the ECG stress
study, but the patient will merit further monitoring.

On the other hand, a normal result in a patient with angina whose stress ECG test
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resulted normal or non-diagnostic, a normal perfusion study may discard angina but indicates
the need of further monitoring of the patient, while a positive result will suggest the need of
coronary angiography.

An abnormal stress ECG study in a patient with angina is usually considered as a clear
indication for coronary angiography and the patient would be dispensed of the cost of
myocardial scintigraphy. But, when performed prior to catheterization, this study may lead
the angiographer to a better visualization of coronary abnormalities, may demonstrate the
presence of viable myocardial tissue amenable to by pass surgery, or may demonstrate enough
functional collateral circulation in the affected area as to make by-pass surgery unnecessary.

During the recovering phase of an AMI, a submaximal exercise myocardial perfusion
study is useful to control rehabilitation. If the study shows only the fixed concentration defect
corresponding to the infarction, without any ischemic response, it is indicative of single vessel
disease. Then, the rehabilitation programme can be safely initiated without the need of
coronary angiography or more aggressive therapy. If the study demonstrates ischemic
response in one or several different areas, coronary angiography should be indicated and by-
pass surgery should be considered. However, it should be remember that a submaximal
exercise test may not be sensitive enough for ischemia. In this case it is preferable to use
pharmacological stress with dipyridamole.

Experimentally, there must be perfusion ratios of 2 - 2.5 or more between normal and
diseased regions before detection by nuclear imaging becomes practicable, a difference
corresponding to a 70 - 80% diameter stenosis, which represents advanced clinical disease.
Single photon emission tomography has not yet been shown to provide a solution, although
it offers some borderline improvement with an increased sensitivity to 95%, but a significant
decline of specificity to 56% and even 44%.

Scintigraphy or angiography. who judges whom?

The problem is further complicated by the lack of a "gold standard" for defining the
severity of coronary artery stenosis. It is well known that coronary arteriography has several
limitations. Its interpretation is complicated by marked interobserver and intraobserver
variability. The universal use of a relative percent diameter narrowing as a measure of
severity ignores other critical geometric characteristics of stenosis, such as length, absolute
diameter, multiple lesions in series, eccentric lesions that looks worse in one view than in
another, or lesions that vary in severity due to coronary artery spasm. Thus, determination
of percent stenosis alone has limited theoretical and experimental validity for assessing the
significance of a stenosis. Only quantitative digital angiography can provide accurate,
objective basis from which the adequacy of an imaging technique can be measured.
However, we should not forget that myocardial scintigraphy is also sensitive to obstructions
at the coronary capillary bed, where even digital angiography has nothing to offer.

If scintigraphy is validated by angiographic results the outcome will be a lower specificity
than the actual, as, on the other hand, angiography will result with a lower sensitivity than
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the real one if it is validated by the scintigraphic results. The fact is that each procedure
renders qualitatively different information and complement each other. Myocardial
scintigraphy offers data regarding the effects of alterations in coronary arteries and capillary
bed on the myocardial regional perfusion, while angiography only informs about the site of
stenosis in the coronary macrocirculation. Myocardial scintigraphy, besides being
noninvasive is, then, more sensitive than coronary angiography and should be used first.
Furthermore, a positive scintigraphic result coincidental with a normal coronary angiography
does not rule out, but confirms the existence of an abnormal capillary bed. This is especially
important in diabetic patients.

The apparent decline in the specificity of myocardial scintigraphy as compared to early
reports is likely to be due to the operation of post-test referral bias. As myocardial
scintigraphy gains increasingly widespread acceptance for the assessment of CAD, positive
test responders are preferentially selected for cardiac catheterization, falsely increasing
sensitivity and reducing specificity of the test. Thus, when a test result is a principle
determinant of the need for catheterization, the catheterized population with normal coronary
angiograms constitutes an inadequate gold standard for the assessment of either the sensitivity
or the specificity of the test. Since it is unlikely that a random sample of patients with
suspected coronary disease will be catheterized regardless of myocardial scintigraphy results,
the true specificity of this study will be difficult to determine.

Specificity and normalcy rate

As an alternative for specificity, it has been suggested that patients with low pre-test
likelihood of CAD are more suitable for the assessment of myocardial scintigraphic results.
The term "normalcy rate" has been used instead to describe the result for this group in an
attempt to distinguish this assessment from conventional specificity derived from patients with
normal coronary arteriograms. In contrast to normal volunteers, patients with a pre-test low
likelihood of CAD represent a subgroup of the general test population referred clinically, who
are closer in age and symptoms to the CAD population than typical young, healthy
volunteers. As expected, the normalcy rates, as proxies of specificities, has been significantly
higher than the overall specificities derived from the normal coronary angiogram population.

Since there are a greater number of potential sources of false-positive studies with
SPECT than with planar imaging due to the increased technical complexity and processing
of data, it is likely that the specificity of thallium SPECT will truly be lower than that of
planar imaging. The normalcy rates for 2O1T1 SPECT are 82% compared with 88% in
comparable groups in a 2OIT1 planar trial.

Maximal stress as the critical factor for accuracy

Notwithstanding all the above considerations, the sensitivity and specificity of the
procedure depend upon three essential parts of the method (Table VIH). However,
submaximal stress leads to diminished sensitivity and specificity, even when using the best
radiopharmaceutical and the ideal instrument. On the other hand, a stronger stimulus for
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increasing coronary blood flow will increase myocardial uptake relative to background,
thereby yielding improved images and diagnostic accuracy even with suboptimal tracers
and/or instrumentation. Consequently, the critical factor for increasing diagnostic accuracy
is a maximal stress.

TABLE VIII. FACTORS AFFECTING THE OPERATING
CHARACTERISTICS OF MYOCARDIAL PERFUSION SCINTIGRAPHY

Quality of the myocardial perfusion agent.

Power of the imaging instrument.

Adequacy of stress for increasing myocardial perfusion.

Myocardial scintigraphy after pharmacological stress

Not all patients with suspected CAD can be given a maximal exercise test. This problem
is seen most often in patients with poor physical condition, obesity, smoking habits, lung
disease, peripheral vascular disease, and in those patients taking beta blockers. Since
submaximal exercise test is one of the major causes of decreased sensitivity in the detection
of cardiac ischemia, pharmacological coronary vasodilatation using dipyridamole is an
alternative approach which is particularly useful in this group of patients.

There are at least two more clear indications for this pharmacologic stress test: in
evaluating patients recovering from an AMI, where the presence of thallium redistribution on
the dipiyridamole-thallium scan could be the only significant predictor of death, reinfarction
or readmission for unstable angina, and patients prior to peripheral vascular surgery. In some
developing countries the use of this procedure should be considered when an adequate
ergometric system for the exercise test is not available.

Dipyridamole administration could be either intravenous or oral.

Intravenous administration of dipvridamol

The standard regime is slow intravenous injection of the drug (0.142 mg/kg/min) during
four minutes, followed three minutes after by the intravenous administration of the tracer,
since the peak effect of dipyridamol on coronary blood flow occurs 2 - 2.5 min after its
injection and then declines exponentially with a half-life of 33 min. ECG, heart rate and
blood pressure should be monitored every minute for ten minutes and longer if necessary.
There is a mildly reduced systemic blood pressure, increased heart rate and cardiac output
and an increase in coronary blood flow up to five times the resting values. Injection in the
upright or standing position or with isometric handgrip may potentiate the effect of the drug
on the myocardial uptake of the tracer.
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Oral administration of dipvridamol

Dipyridamole may also be given orally (300 mg) as crushed tablets mixed with corn
syrup extract and diluted with carbonated orange drink, resuspending the residual drug in the
cup to ensure the administration of the entire dose. ECG, heart rate and blood pressure
should be monitored every five minutes for 45 minutes or longer if necessary. The tracer is
administered 45 min following the ingestion of the drug or with the occurrence of angina if
it occurs before this time.

Adverse effects of dipvridamole

Adverse effects for both intravenous and oral administration are similar and occur in 30
to 40% of patients. Usually, they are mild and short lived. The most frequent are included
in Table IX.

TABLE IX. THE MOST COMMON ADVERSE EFFECTS OF DIPYRIDAMOL
ADMINISTRATION

Angina (25%)

ST depression (14%)

Dizziness (10%)

Vomiting (6%)

Nausea (20%)

Headache (13%)

Facial flush (8%)

Ventricular arrhythmia (2%)

Symptoms of angina pectoris can be alleviated by the intravenous injection of
aminophylline, a direct antagonist to the effects of dipyridamole on the coronary vasculature.
If a large dose of aminophylline (approx. 200 mg) does not relieve the symptoms within
several minutes, nitroglycerine can be administered, relieving angina by its direct effect on
coronary stenosis and through reduction of preload. Some authors favour the routine
administration of 75 mg of aminophylline following initial imaging because of the frequency
of perfusion defects, even in the absence of symptoms of myocardial ischemia.

Sensitivity and specificity of serial 2O'T1 imaging after dipyridamole infusion are
comparable with those reported for thallium exercise stress testing, but the oral administration
should not be encouraged because its decreased sensitivity.

The major advantage of intravenous dipyridamole stress imaging is that it can be
successfully performed in patients who are unable to undergo maximal exercise testing. Its
major disadvantage is the lack of additional information provided by the ECG response to
exercise.
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Mvocardial perfusion studies in paediatric patients. Thallium or MIBI scintigraphy is of
value in neonatal patients when it is suspected that the left coronary artery has an anomalous
origin in the pulmonary artery. In this case, the images will show a very small or nil
concentration of the tracer in the affected myocardial region, making possible the
differentiation with congestive cardiomyopathy, which shows ventricular dilatation and normal
or homogeneously reduced tracer uptake by myocardial tissue. It is also useful to visualize
neonatal right ventricular hypertrophy secondary to increased pulmonary vascular resistance
since the magnitude of myocardial tracer concentration in the ventricle is directly related to
ventricular hypertension.

3. MYOCARDIAL INFARCT SCINTIGRAPHY

There are three different approaches for myocardial infarction imaging, each based on
a different concentrating mechanism for the tracer:

A. Myocardial tissue perfusion scintigraphy at rest

Two factors are essential for the myocardial uptake of 20ITlm-chloride or "Tcf-MIBI:
arterial blood flow to the region, and cellular integrity within the region. Both are totally
disrupted in the region affected by an AMI, creating a concentration defect.

Images obtained early in the course of AMI (before six hours) are more frequently
abnormal than those obtained after 24 hours. Patients studied both early and late, after
separate injections, tend to show a reduction in defect size on follow-up images, since these
defects represent an admixture of ischemic and infarcted myocardium. The decrease in size
of these defects noted after 24 hours are related to a reduction in the size of the surrounding
zone of ischemia. In any case, myocardial imaging with perfusion agents can detect an AMI
before the occurrence of diagnostic enzyme changes or clear ECG alterations since the defect
will be depicted immediately after coronary occlusion, with the added advantage of informing
on the location of the infarction, from which it is possible to deduce which is the affected
coronary artery. It is really unfortunate that perfusion imaging does not allow differentiation
between recent and old infarction.

Serial myocardial scintigraphy will distinguish acutely ischemic reversibly damaged, from
infarcted irreversible damaged myocardial tissue. Nearly one third of the concentration
defects on initial images taken before 12 hours of the onset of chest pain, fill in later.
Equilibrium RAC usually demonstrates hypokinesis in these transient defects, while regions
with persistent defects show akinesis or dyskinesis. In general, those transient defects in
regions remote from the zone of infarction are associated with additional significant CAD.

When using serial myocardial scintigraphy in the setting of AMI it is important to
remember that the sensitivity of the test is greater in the first 6 - 1 2 hours after the onset of
symptoms, especially in patients with relatively small infarcts, and that the defects in the apex
or in the anterolateral wall can be secondary to left ventricular dilatation rather than ischemia
or infarction. This fact should be considered if serial imaging is used to study the effects of
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nitroglycerine or afterload reduction therapy. Disappearance of an apical or anterolateral
defect might be totally or partially related to a reduction in left ventricular size rather than
to resolution of ischemia. Conversely, enlargement of an apical defect may be related to left
ventricular dilatation and not necessarily to an enlarging infarction. Thus, serial myocardial
perfusion scintigraphy to determine the efficacy of therapy to reduce infarct size must be
interpreted with caution.

B. Myocardial necrosis scintigraphy with "Tc^Pyrophosphate (PYP)

The early observations regarding calcium deposition in irreversibly damaged myocardial
cells, led to speculation regarding the use of "Tcm-PYP as a means to identify irreversibly
damaged myocardial cells, reasoning that PYP might complex with these calcium deposits in
them. Subsequent experimental and clinical studies have confirmed the validity of this
assumption.

To perform this test, 15 mCi of 9*Tcm-PYP are injected intravenously. Two hours later,(
an intermediate period between the maximal tracer concentration in blood and its maximal
bone uptake), the images of the heart are acquired with a gamma camera in the usual A, LAO
and LL views, accumulating from 500 000 to 1 million counts on each. No computer is
necessary to process the images, although it can be used to improve the image quality taking
special care in not introducing artefactual effects. Interpretation of the images depends on
the relative PYP concentration in the myocardium, which is graded in five different levels
(Table X).

TABLE X. DIAGNOSTIC CRITERIA BASED ON THE MAGNITUDE OF
MYOCARDIAL CONCENTRATION OF "Tc^PYROPHOSPHATE RELATED

TO THAT IN STERNUM.

Gradation

Grade 0

Grade 1

Grade 2 (diffuse)

Grade 2 (focal)

Grade 3

Grade 4

Myocardial concentration

No obvious

Very low

Low

Low

Similar

Greater

Interpretation

Negative for AMI

Negative for AMI

Unstable angina

Positive for AMI

Positive for AMI

Positive for AMI

During the initial years of the clinical use of this procedure, the publications showed
discordant and even contradictory results. Eventually, it was well recognized that the results
depend on a wide spectrum of variable factors (Table XI), which are necessary to consider
when interpreting the images, and that it is necessary to follow a rigid protocol.
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Sensitivity of the procedure depends on the degree of PYP concentration in the
irreversibly damaged myocardial cells. As these compete with bone for the PYP present in
blood, the best results are obtained with a radioactive phosphate which is not efficiently
incorporated into bone. Many reports of low sensitivity published during the initial years
were due to the use of methylene diphosphonate or long-chained polyphosphate, which are
among the best bone seeker radiopharmaceuticals. At present, the higher sensitivity is
attained by the use of PYP and diphosphonate is preferred for bone scanning. But labelling
of PYP should be efficient, since the presence of free pertechnetate in the cardiac blood pool
may mimic myocardial PYP and decrease specificity.

TABLE XL VARIABLES AFFECTING RADIOPHOSPHATE MYOCARDIAL
SCINTIGRAPHY

Type and quality of the tracer

Size and location of AMI

Age of the patient

Type and quality of instrument

Time of evolution of the AMI

Experience of the interpreter

The procedure can be performed with a rectilinear scanner, but at expenses of sensitivity.
The gamma camera is quite efficient but its sensitivity decreases with distance. So, AMI
occurring at the posterior wall of the LV can be missed. In our experience, the best results
are obtained by the use of SPECT, which is able to explore every region of the LV walls and
to differentiate radioactivity in ventricular blood pool from than in the myocardium,
increasing both sensitivity and specificity.

Virtually all AMI equal or greater than three grams in weight can be visualized by PYP
myocardial scintigraphy, especially if they are located at the anterior or anterolateral walls
of the LV. Sensitivity of planar imaging is slightly lower in the detection of AMI at the
posterior and inferior walls.

It is important to realize that infarction is a dynamic process. Calcium crystals are
readily apparent in the mitochondria of irreversibly damaged myocardial cells 12-24 hours
after acute coronary occlusion. Formation of these crystals grows steadily to reach a
maximum at two days after arterial occlusion, when the damaged cells start to be replaced
by granulation tissue with a consequent decrease in the amount of calcium deposits in the
infarcted area, which usually are not apparent any more at the seventh day after occlusion.
As these crystals are the cause of PYP concentration in myocardium, its behaviour in
myocardium follows the very same pattern: PYP myocardial uptake begins approximately 10-
12 hours after the onset of symptoms suggestive of AMI, becoming increasingly abnormal
during the initial 48-72 hours after infarction. Thereafter, myocardial uptake starts to
decrease until it is not longer apparent at the seventh day.

410



NUCLEAR CARDIOLOGY

We have observed that PYP scintigraphy is 100% sensitive and specific in patients less
than 40 years old. Both characteristics decrease with the patients age. This might indicate
that myocardial tissue is more sensitive to anoxia and collateral blood flow is more difficult
to establish as the patient gets older, thereby decreasing both PYP uptake and sensitivity.
The decrease of specificity with age could be explained by the increase in prevalence of other
pathological processes able to concentrate PYP in the cardiac areas, e.g., valvular
calcification, ventricular aneurysms, old infarctions, etc.

As in many other imaging procedures, detection of the different shades of regional
density and intensity depends on the experience and visual perception of the observer.

Clinical indications. It is an alternative non-invasive method to recognize, localize and size
regions of acute myocardial necrosis. Sometimes it could be difficult to confirm the presence
of AMI by using the more traditional techniques. In particular, recognition of subendocardial
AMI is nearly impossible from ECG data alone. There are also temporal restrictions on
enzyme elevations in blood that may limit their usefulness in individual patients, while in
others, enzymes may be elevated because of injury to an organ other than heart. Clinical
recognition of AMI using traditional techniques may be particularly difficult in patients with
previous myocardial infarcts, with intraventricular conduction defects, particularly left bundle
branch block, and in those who have received cardioversion for life threatening arrhitmias
or which are living the perioperative periods of coronary or heart surgery.

Myocardial PYP scintigraphy in the prognosis of AMI. We regard serial myocardial imaging
with PYP as being important in regard to AMI detection, but essential for the gathering of
scintigraphic signs to build a clear short and long range prognosis (Table XII), which may
indicate the need of special therapeutic measures.

TABLE XII. SIGNS OF PROGNOSTIC SIGNIFICANCE IN Tc"-PYP
MYOCARDIAL SCINTIGRAPHY.

Delayed concentration of PYP in myocardium

Persistent concentration of PYP in myocardium after the seventh day

The "doughnut" pattern of distribution of PYP in myocardium

The sign of the "inverted 3"

A negative result in a young patient with well recognized AMI

Occasional patients first develop an abnormal PYP scintigram four to five days after
AMI. These patients are among those with the most severe intrinsic CAD. Presumably, the
delayed development of collateral blood flow to the damaged region is responsible for the
delayed appearance of the abnormal scan in such patients.
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In 10 to 40% of patients with AMI the PYP myocardial image remains abnormal for at
least three months after the acute episode. This finding appears to be correlated with a
histological pattern featured by myocytolysis with regions of scar intermixed with areas of
acute and chronic cellular injury, with recurrent hospital admissions due to chest pain and/or
congestive heart failure, ongoing unstable angina, and a troubled clinical course in the few
weeks to months following infarction.

Development of the "doughnut" sign seems to indicate an anterior or anterolateral AMI
twice as large as those that do not show this sign, or a large AMI with extensive central
necrosis or with congestive heart failure and ventricular dilatation.

The "inverted 3" sign (Fig. 24.15) is the reflection of a LV AMI extending towards the
inferior and anterior walls of the RV. It shows the PYP concentration at the anterolateral,
inferior and septal walls of the LF, as well as at the inferior wall of the RV. Appearance of
this sign affects both prognosis and treatment, since involvement of the RV will cast shadows
on prognosis and indicates special therapy to strengthen the contractile efficiency of the RV.

But the most sombre of all scintigraphic signs is a negative result in a relatively young
patient during the third and fourth day after a well recognized AMI. This result is associated
with a fatal prognosis in a few hours or days. It could be explained by severe infarction with
extended necrosis without residual blood flow.

Other applications of myocardial PYP scintigraphy

It should be remembered that radioactive PYP is a marker for necrosis, so it can be used
also in the study and follow-up of congestive myocardiopathies and other pathological
processes capable of producing myocardial necrosis or sclerosis.

C. Myocardial Lmmunoscintigraphy

Imaging with Indium-111 labelled monoclonal antimyosin antibody (AM MAb) has been
introduced recently to detect, localize, and quantitate myocardial necrosis in experimental and
clinical AMI. The detection and localization of irreversibly damaged myocardium with the
MAb (Fab fragments) correlates well with histological and histochemical evidences of
transmural and subendocardial necrosis.

The physiological mechanism for antimyosin imaging is well established. When myocyte
membrane integrity is lost and necrosis ensues, as with AMI, the Fab fragments of antimurine
AM MAb may diffuse across the membrane to be bound by cardiac myosin, thus permitting
the scintigraphic visualization of necrotic myocardium.

Early reports revealed a high degree of agreement regarding the presence, extent, and
location of experimental AMIs, with histological evidences of necrosis and ulIn-antimyosin
uptake, and postmortem case reports have confirmed a similar close relationship in humans.
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However, the AM MAb clears very slowly from blood and approximately 20% of the images
obtained 24 hrs after the injection of 2.05 mCi of '"In labelling 0.5 mg of Fab fragment of
antimurine AM MAb might not be helpful diagnostically due to the high level of radioactivity
circulating with blood. In this case, it is necessary to perform a SPECT to differentiate the
concentration at the ventricular wall from the presence of the tracer in the ventricular blood
pool, or to postpone diagnosis for another 24 hours, when also 5% of the images could not
be of diagnostic value. Notwithstanding, this procedure is able to render earlier diagnostic
data with higher sensitivity and specificity than by using radioactive PYP.

An additional advantage in the use of antimyosin is that it is sensitive to necrosis for a
longer period than PYP, and could render positive results up to 15 days after the onset of the
acute episode.

The high sensitivity of this technique has been demonstrated even in the setting of non-Q
wave AMI (sensitivity = 84%), but specificity is a different matter since antimyosin
scintigraphy has been reported to be positive in cases with abnormal conditions, other than
AMI, accompanied with some degree of necrosis, such as acute myocarditis, amyloidosis,
cardioversion, cardiac trauma, and doxorubicin cardiotoxicity.

By using a double-tracer technique with niIn-antimyosin and 2O1T1 it is possible to define
three different clinical situations when the test is performed during the recovering period after
AMI:

(a) Scintigraphic overlap, when antimyosin uptake is evident at regions
with normal 2O1T1 uptake. This pattern is characteristic of coronary
recanalization with viable myocardium, which in later periods
could be demonstrated by an improvement in regional wall motion.

(b) No scintigraphic overlap, when antimyosin uptake is evident in
regions with defective 201Tl uptake. This pattern is associated with
temporal persistence of altered wall motion and it is considered as
a feature of residual necrosis.

(c) Scintigraphic mismatch, when a region shows inability to
concentrate antimyosin and a very poor 2OIT1 uptake. This pattern
is a feature of "myocardial jeopardy".

In any case, it is unfortunate that application of this potentially valuable technique has
to be limited in the developing countries because of the high cost of both the commercial AM
MAb and its label. It is hoped that in the near future this MAb could be labelled with "To™,
thereby decreasing part of its cost, and that the increased demand might reduce the cost of
the AM MAb.
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4. MYOCARDIAL INFLAMMATION SCINTIGRAPHY

Cardiac imaging with 67Ga, performed 48 hours after the tracer injection, has been used
with variable results in the diagnosis of active myocarditis. Although not very sensitive, this
method seems to be of some value in following the progression or regression of the cardiac
inflammatory disease. More research is needed in this regard and in the use of other
inflammation markers, such as radiolabelled white blood cells.

5. MYOCARDIAL ADRENERGIC INNERVATION SCINTIGRAPHY WITH
I23I-MTBG

Metaiodobenzylguanidine (MIBG) is an analog to guanethidine, an adrenergic neuron-
blocking agent. It shares with norepinephrine the same uptake, storage, and release
mechanisms in the adrenergic nerve terminals, but it is not metabolized by catechol-o-methyl
transferase and monoamine oxidase, so it can be viewed as a Mnon-metabolizable"
norepinephrine. Labelled with 123I or 131I, it can be used for imaging neural crest's tumours,
such as pheochromocytoma, neuroblastoma and paraganglioma. Promising results has been
also reported on the use of the 131I labelled form in the selective treatment of these chromaffin
tissue tumours.

Aside from such clinical utility, this agent has the potential to be a new diagnostic tool
in the in vivo assessment of various heart diseases from the standpoint of adrenergic nerve
activity, such as autonomic denervation, cardiomegaly, congestive heart failure, AMI,
congestive cardiomyopathy, and hyperthyroidism, all of which may alter myocardial
catecholamine kinetics. However, the resulting images seem to express the sum of activity
in various cardiac tissue components and more detailed compartmental analysis of this tracer
are needed before predicting the real value of this procedure in clinical cardiology.

6. MISCELLANEOUS

This chapter deals with the procedures of nuclear cardiology. However, there are several
procedures designed for the study of other organs and systems which are intimately associated
with the heart and which when diseased may cause severe cardiac effects (Table XIII). The
interested reader is referred to the specific chapters for further reading.
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TABLE XIII. GENERAL NUCLEAR MEDICINE PROCEDURES OF
VALUE IN CARDIOLOGY

Studies

Thrombi detection

Splenic scintigraphy

Renal function studies

Chromaffin tissue scintigraphy

Static and dynamic radiovenography

Lung perfusion scintigraphy

Lung perfusion/ventilation studies

Hepatic scintigraphy

Indications

Cardiac intracavitary thrombi

Infectious endocarditis

Hypertension

Acute transient hypertension

Suspected pulmonary embolism

Congenital cardiac diseases

Suspected pulmonary embolism

Determination of visceral situs

. IN VITRO NUCLEAR CARDIOLOGY

Nuclear cardiology also includes a series of in vitro procedures for the sensitive and
specific detection and measurement, in blood and/or in other tissues, of substances which may
play significant roles in the etiology of some cardiovascular disorders, which can be produced
by certain lesions of the heart or other organs, or which are the product of iatrogenesis
(Table XIV).
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TABLE XIV. INDICATIONS FOR

Analvte

Digoxin

Myoglobin
Creatinephosphotransferase
Creatinephosphotransferase

MB isoenzyme

Angiotensin II
Aldosterone

Catecholamines

Betathromboglobulin
Platelet factor IV

Thyroxine
In vitro T3 uptake

Free thyroxine index
T.S.H.

RADIOIMMUNOASSAY IN CARDIOLOGY

Indications

Evaluation of degree of digitalization
Evaluation of toxic effects of digoxin
Evaluation of inadequate therapeutic

response to digoxin

Acute myocardial infarction markers

Systemic hypertension

Blood coagulation alterations

Cardiac frequency alterations.

1. RADIOIMMUNOASSAY OF DIGOXIN IN SERUM

Digoxin is a cardiotonic glycoside of great value in cardiology, but it is also an important
source of toxic iatrogenic effects. After its administration, digoxin concentration in serum
increases with a rate depending on the dose and the mode of administration.
A significant fraction is bound to serum albumin (23%), while the free fraction is bound by
tissue receptors in myocardium and other tissues. After the initial phase, digoxin levels in
blood remain more or less stable with a very slow gradual decrease in concentration. This
occurs eight hours after oral administration or six hours after intravenous injection. During
this period the serum/myocardium ratio is relatively constant, so its concentration in serum
is a useful index to estimate its myocardial concentration. However, to get satisfactory
information regarding digoxin concentration in serum it is necessary to wait at least 4 hr after
its last administration before the blood sample is taken.

Unfortunately, there is a significant overlap between therapeutically effective and toxic
serum levels of digoxin. The therapeutic range is very narrow - from 1.0 to 1.5 ng/ml - but
to interpret that all lower values are sub-sub-therapeutic and all values higher than this range
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are toxic may lead to clinical mistakes. On the other hand, to say that 0.3 ng/ml is a sub-
sub-sub-sub-therapeutic concentration, and that a 5 ng/ml concentration is responsible for
toxic signs or symptoms is not of much clinical sense, since in these extreme cases the
clinical problem is obvious without the need of RIA results. Each patient should be
considered individually and digoxin levels should be taken as relative to the individual patient.
The physician should not rely on one single assay result but base his interpretation on a trend
that is evident in serial determinations.

Digoxin RIA is especially useful in evaluating digitalization, mainly in patients with
fluctuating renal function or when digoxin administration is irregular and when interaction
with other drugs, as quinidine, is suspected. Another application is in evaluation the toxic
effects of digoxin in patients with neurological or gastro-enterological symptoms, with cardiac
arrhitmias or accidental, suicidal or criminal digoxin ingestion. Finally, it is essential in
evaluating an inadequate therapeutic response when the patient is suspected of not taking the
drug, when intestinal absorption is suspected to be abnormal because gastrointestinal disease,
binding of digoxin to other drugs, use of digoxin preparations of low bioavailability, or when
the patient is resistant to the drug, as in cases with thyrotoxicosis or mitral stenosis.

In any case, digoxin concentration measured by RIA is clinically useful to achieve an
adequate therapeutic regime and to prevent digitalis intoxication. The symptoms and ECG
signs of digitalis intoxication are evident when the drug is already toxic, but digitalis levels
in blood could be used as an indicator of impending toxicity.

2. RADIOIMMUNOASSAY OF CERTAIN ACUTE MYOCARDIAL INFARCTION
MARKERS

Myocardial ischemia leads to progressive cellular changes featured by the transit of
certain cytoplasmic components to the extracellular space. Mitochondrial and lysosomic
alterations begin with ischemia, which increases cellular permeability producing the outflow
of nucleotides and enzymes towards the lymphatic pathways and later on to blood. These
nucleotides and enzymes could be used as markers for AMI when they are detected in blood.

Myoglobin is a haemoprotein produced by striated muscles including myocardium. It
is expelled from the myocyte whenever it is damaged and can be detected in blood by using
RIA, even in concentrations lower than 0.5 ng/ml. Its normal concentration in serum ranges
from 8 to 80 ng/ml, with significant differences related to sex, due to the different muscular
mass:

Male: 50.3 ± 19.8 ng/ml
Female: 35.7 ± 10.4 ng/ml

Myoglobin concentration in serum starts rising three hours after the onset of acute chest
pain in AMI, reaching a maximal level at eight or ten hours, progressively decreasing to
normal at 48 hours. It is the first marker to be increased in blood after AMI.
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However, as myoglobin is a normal component of any striated muscle it is not specific
of myocardium and its concentration could be found elevated in several clinical situations
unrelated to AMI, such as hypothyroidism, Duchenne's disease, myasthenia gravis,
progressive muscular dystrophy, dermatomyositis, polymyositis, muscular trauma, even after
an intramuscular injection or recent muscular exercise. Furthermore, hypermyoglobinemia
could be found in a great variety of other conditions, as viral diseases (influenza and
Legionnaire's disease), stress, infections, arterial thrombosis, regional enteritis and by the
effects of several drugs (amphetamine, heroin, phenylclydine, succinylcholine, clofibrate,
licorice, alcohol).

Creatinephosphotransferase (CK) is an enzyme found in myocardium, skeletal muscle,
brain, digestive tract and bladder. Its concentration in skeletal muscle is five times of that
in myocardium, and three-fold in myocardium than in brain and in digestive tract.

The peak of maximal concentration of CK occurs 23 hours after the onset of acute chest
pain caused by AMI. But its concentration could be also found increased in muscular trauma,
pericarditis, myocarditis, pulmonary embolism, cerebrovascular diseases, myxoedema,
diabetic coma, hypothermia, and after exercise, surgery, cardioversion, radiotherapy, cardiac
catheterization, and intramuscular injections. The peak of maximal concentration in serum
occurs 23 hours ± 1.8 after the onset of acute chest pain caused by AMI.

Creatinephosphotransferase MB isoenzyme (CK-MB) is considered as cardiospecific,
since only 4.2% is produced at the diaphragm, and only 0.2 - 1.5% is produced in other
striated muscles. Its concentration is raised four to six hours after the onset of acute chest
pain in AMI, reaches the maximum at 17 hours, and is normal again at 36 hours.

Since CK-MB represents 20% of total CK, the ratio CH-MB/CK is of special value in
the diagnosis of AMI: it supports the diagnosis of AMI if it is greater than 5% and makes it
certain if it is greater than 8%, but it excludes this diagnosis if it is lower than 4%.

3. RADIOIMMUNOASSAY IN THE STUDY OF HYPERTENSION

When investigating hypertension it is necessary to gather information regarding the renin-
angiotensin system. Renin is a proteolytic enzyme produced, stored and secreted by the
juxtaglomerular cells in the kidney. Once secreted into the blood, renin acts on
angiotensinogen or renin substrate to produce angiotensin I, which act on the central nervous
system and on adrenal glands stimulating catecholamine secretion, activating an increase of
arterial tension through peripheral vasoconstriction and cortical renal blood flow
redistribution. Angiotensin I is transformed into Angiotensin II by the action of convertase.
This new component produces hypertension through peripheral, nervous and cellular actions.
Some of the components of this system can be measured by using RIA techniques.

Plasma renin activity. It is the usual procedure to study the renin-angiotensin system. It
is an indirect method based on the measurement of the amount of angiotensin I generated by
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the action of renin on angiotensinogen during a known period of time. It includes two
different measurements of angiotensin I, at 4°C and after incubation at 37°C. The difference
between both measurements represents the activity of the plasma renin measured in ng/ml/h.

RIA of angiotensin II. Its normal plasma concentration varies between 10 and 100 pg/ml.
It is very seldom performed since it relates to the activity of plasma renin and this is
preferred for its simplicity.

RIA of aldosterone. Aldosterone is the most important mineralocorticoid hormone produced
by the glomerular zone of the adrenal glands. Its secretion depends on the actions of the
renin-angiotensin system, ACTH and plasma concentrations of Na and K. The lowest
measurable concentration in plasma is 1 ng/dl. Its normal values in healthy subjects, in
orthostatic position and in a sodium-free diet, range from 5 to 16 ng/dl. The lowest
measurable concentration in urine is 1 /ig, and the normal values in subjects in a sodium-free
diet are 11.1 ± 4.6 /xg/24 hours. Measurements in urine need to be performed after
extracting the glucuronide with dichloromethane, followed by acidic hydrolysis of the extract
to liberate aldosterone.

Radioassav of catecholamines. The most usual methods are based on the transference of
a 14C labelled methyl group to the amine fraction, either by the action of fenylethanoamine-N-
methyltransferase or of catechol-o-methyltransferase. Similar methods are used to measure
dopamine, adrenaline and noradrenaline. The lowest limits for sensitivity are 2 pg for
dopamine, and 1 pg for adrenaline and noradrenaline.

4. RADIOIMMUNOASSAY OF BLOOD COAGULATION FACTORS

It is possible to measure two important factors involved in the process of blood
coagulation:

Betathromboglobulin (btg). Its real function is unknown but it contributes to the
stabilization of the different substances in the alpha-granules contained in platelets. It is
liberated in great amounts during platelets reactions, which need to be avoided during
sampling and RIA process. Its normal serum concentration is 10 - 65 ng/ml. It is increased
in diabetic patients with vascular lesions, in AMI, and in pulmonary thromboembolism.
Concentrations higher than 82 ng/ml are considered of high risk.

Platelet factor IV. It is a protein produced at the alpha-granules in the platelets and is
liberated during platelet aggregation. The lowest limit of sensitivity is 2.5 ng/ml, and its
normal concentration varies from 0 to 10.4 ng/ml. It is increased in CAD, diabetes, altered
blood coagulation after the placement of artificial heart valves, coronary by-pass surgery,
and AMI.
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5. RADIOIMMUNOASSAY OF THYROID RELATED HORMONES

Cardiologists quite frequently face the problem of differentiating between tachycardia or
bradycardia of cardiac origin and those produced by thyroid disfunction. This apparently
simple issue often is made complex by the effects of thyroxine binding globulin (TBG)
variations in serum, which affect both thyroid function and in vitro thyroid function testing.
The interested reader is referred to the specific chapters in this book for a more detailed
information.
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Appendix I

EQUIPMENT NECESSARY IN A NUCLEAR CARDIOLOGY DEPARTMENT

Treadmill or ergometric bicycle

Sphygmomanometer and stethoscope

1 - 3 channel continuous ECG monitor and recorder

D.C. defibrillator

Cut down tray (sterile), with syringes and needles, intravenous sets and stand,

adhesive tape, etc.

Airways (oral and tracheal)

Oxygenator and oxygen supply, with intermittent positive pressure capability

Bag valve mask hand respirator

Laryngoscope

Cardiopulmonary resuscitation facilities:

Defibrillator

Commonly used cardiac drugs

Establishment of intravenous route

Experienced staff in delivering cardiopulmonary resuscitation measures, including
closed cardiac massage and mouth-to-mouth resuscitation
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Appendix II

COMMOlVfLY USED CARDIAC DRUGS FOR CARDIOPULMONARY
RESUSCITATION

Antiarrhythmic agents:

Lidocaine (Xylocaine)
Procainamide (Pronestyl)
Propanolol (Inderal)
Quinidine
Diphenylhydantoine (Dilantin)
Disopyramide (Norpace)

Cardiac glycosides:

Digoxin
Ouabain
Deslanoxide

Other drugs and solutions:

Atropine
Catecholamines:

Isoproterenol (Isuprel)
Epinephrine (Adrenaline)
Norepinephrine (Noradrenaline)

Nitroglycerine tablets
Amyl nitrate pearls
Morphine
Demerol
Methyl prednisolone sodium succinate (Solumedrol)
Calcium gluconate
Aminophylline
Furosemide
Diazepam
Dextrose solution
Sodium bicarbonate solution
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Appendix III

COMMON EMERGENCIES AND MEASURES

Angina pectoris / Acute mvocardial infarction;

Nitroglycerine tablets, sublingual
Oxygen
Reassurance
Morphine, 5 - 8 mg, intravenous, especially when pulmonary

oedema complicates acute myocardial infarction

If angina was produced by the administration of Dipvridamol:

Aminophylline, 200 mg, intravenously

Ventricular fibrillation:

Defibrillator shock, 300 J. Repeat if necessary.
Antiarrhythmic drugs:

Lidocaine, 1 - 2 mg/Kg, bolus in 30 sec, intravenously. Can be repeated every
two min. Continuous infusion, 1 - 3 mg/min.

Procaineamide, 50 mg/m, intravenously.
Bertylium Tosylate, 5 mg/Kg, intravenously, followed by electrical shock.

Dose may be increased to 10 mg/Kg, even to a maximum 30 mg/Kg.
It can be repeated at 15-30 min intervals.

Quinidine gluconate, 0.8 mg in 10 ml ampoules. Dilute with 50-100 ml of 5%
glucose solution. Given slowly, intravenously.

Hyperkaliaemia correction:
Calcium gluconate, 10% solution, 10-30 ml, intravenously

over 1-5 min., under monitoring
Calcium chloride, 10% solution, 2.5-5.0 ml, given similarly as above.
Glucose-Insulin infusion.

Correct acidosis:
Sodium bicarbonate, 1 mEq/Kg initially, 0.5 mEq/Kg is repeated

every 15 min.
Correct hypoxemia:

Oxygen, assists ventilation.

Heart block / asvstolia (cardiac arrest):

Vigorous blow to precordium
Atropine, 0.5 mg, intravenously. Can be repeated at five min intervals.
Epinephrine, 5-10 ml of 1:10,000, intravenously. Can be repeated at five min

intervals. Intracardiac route if intravenous route is not patent.
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Fig. 24.1 Static radioangiocardiography in a patient with pericardial effusion,
before (A) and after (B) pericardial puncture.
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Fig. 24.2 A. First-pass radioangiocardiography in a patient with tricuspid valve
insufficiency and severe pulmonary hypertension, showing right
atrial dilatation and regurgitation of the tracer from the right
atrium into the inferior cava vein.
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Fig. 24.2 B. Static radioangiography in a patient with a myxoma at the right
atrium, clearly seen as a filling defect in the anterior view
(at left).

Fig. 24.2 C. Static radioangiocardiography in a patient with aneurysm at the
ascending aorta. Upper left: right anterior oblique view; upper
right: anterior view; lower left: left anterior oblique view; lower
right: left lateral view.
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Fig. 24.3 First-pass radioangiocardiography. Anterior views.

In a patient with corrected transposition in situs sollitus with apex
to the right. Superior cava vein (VCS) is centrally located and
the right atrium is at the right. The morphologically left
ventricle (VV) is ovoid and sited at the right side. Pulmonary
artery (AP) runs from right to left. The morphologically right
ventricle (VA) and aorta (A) are located at left.
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Fig. 24.3 B. In a patient with corrected transposition with situs inversus and
apex to the left. Superior cava vein (VCS) and right atrium (AD)
are sited at left. Venous ventricle (VV) is ovoid and sited at left
with pulmonary artery (AP). The arterial ventricle (VA) has
morphological characteristics of right ventricles, is located at
right with aorta (A).
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Fig. 24.4 First-pass angiocardiography with "Tcf-macroaggregated albumin i
patient with a right-to-left intracardiac shunt.

in a

A. Diagrams of the transit of the tracer in normal subjects (A) and
in patients with right-to-left shunts (B).
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Fig. 24.4 First-pass angiocardiography with "Tc^-macroaggregated albumin in a
patient with a right-to-left intracardiac shunt.

B. In this particular case, the tracer flows directly from the right
atrium to the left cavities and aorta. Right ventricle, pulmonary
artery and lungs do not show evidences of the tracer, but the
radioactive particles are trapped by the coronary capillary bed.

^Zr&&VirTJ&-'&~."

Thighs Legs

Fig. 24.4 First-pass angiocardiography with "Tcm-macroaggregated albumin in a
patient with a right-to-left intracardiac shunt.

C. "TV-MAA at the peripheral capillary beds of the same patient.
Note the perfusion defect at the right hemisphere of the brain and
decreased perfusion at the contralateral lower limb both sequels
of a previous arterial occlusion in the brain.
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SUPERIOR

CAVA VEIN

RIGHT
ATRIUM

RIGHT
VENTRICLE
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VENTRICLE
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| INTERVENTRICULAR SHUNT

2, INTERATRIAL SHUNT

Fig. 24.5 Sequences for the appearance of radioactive peaks in superior cava vein,
right atrium and ventricle, lungs, left ventricle and aorta.
IVS = interventricular shunt; IAS = interatrial shunt.
R - L = right-to-left shunt; L - R = left-to-right shunt.
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Fig. 24.6 Principle of first-pass quantitative radioangiocardiography. Each frame
shows the image of the tracer during a particular period during its transit
through the heart and great vessels.
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Fig. 24.7 First-pass radioangiographic curve in the left ventricle in a patient with a
right-to-left shunt, evidenced by an early peak (PS) caused by the abnormal
communication. The descending limbs of both peaks are extrapolated and
the areas under each (A, and Avi) are measured. Qp / Q, = A, / (A, + Avi.
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D

A2 = Qshunt

Op
Os

Fig. 24.8 Quantitation of a left-to-right cardiac shunt through the time / activity curve
in the lungs during first-pass radioangiocardiography.
I. Gamma variate fit to isolate area Ax = Q .
II. Differences between the original curve (M) and the gamma

variate fit. Area under curve N includes bronchial circulation
and shunted radioactivity (early recirculation).
Gamma variate fit corresponding to calculated total recirculation
time. Area B = radioactivity from systemic recirculation in the
lungs.
Differences between curve N and curve B, isolating curve D.
Gamma variate fit to curve D to define area A2, corresponding to
the shunted tracer through the abnormal communication. O, / Q,
= A, / A, - A2.
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Fig. 24.9 Method for calculation ejection fraction from the first-pass
radioangiographic curve at the left or right ventricle. (See text for
explanation).
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Fig. 24.10 ECG gated acquisition of the volumetric curve of the left ventricle during
equilibrium radioangiocardiography. (See text for explanation).
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Fig. 24.11 Relative duration of the different segments of the ventricular volumetric
curve during the cardiac cycle. PEP = Pre-expulsive period. LVET =
LV ejection time. LVFFT = LV fast filling time. LVSFT = LV slow
filling time. The point between LVFFT and LVSFT is called diatesis.
EF = ejection fraction.
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Fig. 24.12 Parametric images of the heart constructed by Fourier's analysis of the
cardiac cycle in a pixel by pixel fashion. Amplitude image (upper left) is
equivalent to stroke volume. It shows hypokinesis at the septum and upper
region of the lateral wall, and akinesis at the lower region of the lateral
wall. Phase image (upper right) showing dephasing-of the ventricular wall
motion at the lower region of the lateral wall, which is akinetic in the
amplitude image. Ventricular amplitude (lower left) shows the amplitude
of wall motion in both ventricles, evidencing the same hypokinesis and
akinesis at the lateral wall (it is constructed by using the positive cosine).
Atrial amplitude (lower right), shows amplitude of the atrial wall motion
and paradoxical movement at the lower lateral wall as evidence of a
ventricular dyskinesis (it is constructed by using the positive sine).
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Fig. 24.13 Mechanism for the construction of the phase image. The pixels which
are in phase (maximal amplitude) are marked with a different colour on
each frame of the equilibrium gated radioangiocardiography corrected by
background (Upper images). All pixels which are not in phase are deleted
on each frame leaving alight only those pixels which are in phase. Each
frame is given a particular colour following a predefined code (middle
images). All frames of the e-rac are summed up in a single image (phase
image) and the histogram showing the number of pixels in phase at each
period of the cardiac cycle is displayed (lower image).
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Fig. 24.14 Coronary capillary bed scintigraphy in three patients with diabetic
coronary microangiopathy and normal coronary angiography.
A. Left lateral view showing a perfusion defect at the inferior wall

near the left apex.
B. Left anterior oblique view, showing hypoperfusion at the septum

and at the upper posterolateral wall.
C. Right lateral view, showing hypoperfusion at the anterior wall of

left ventricle.

441



CHAPTER 24

ANTERIOR LEFT ANTERIOR OBLIQUE

LEFT LATERAL

Fig. 24.15 *Tc"-pyrophosphate myocardial necrosis scintigraphy in a patient with
an extensive acute myocardial infarction at the lateral, inferior and septal
walls of left ventricle with an extension to the inferior and anterolateral
wall of the right ventricle. This peculiar distribution of the tracer in both
ventricles gives the left anterior oblique view the similarity to an
inverted 3.

442


