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History of Nuclear Cardiology

H. William Strauss

The field of Nuclear Cardiology utilizes the unique properties of radiopharmaceuticals to characterize the pathophysiol-
ogy of cardiovascular diseases. The images can be used to calculate global and regional function, perfusion, innervation,
and apoptosis, among other characteristics. The ability to perform these measurements is the aggregate result of thou-
sands of investigations and publications by dedicated investigators. This chapter describes some of the key contributions
made by a few of these investigators and the role of their contributions in the development of this vibrant field.

Discovery of Natural Radioactivity: Antoine Henri Becquerel

Nuclear Cardiology began in 1896 with the discovery of natural radioactivity by Antoine Henri Becquerel (Fig. 1.1).
Less than 1 year after the description of x-rays by Roentgen in November 1895, Becquerel hypothesized that substances
demonstrating phosphorescence in the form of visible light would also emit invisible light in the form of x-rays.
(According to Merriam-Webster, a substance is phosphorescent if it absorbs radiation at one wavelength followed by
reradiation at a different wavelength.) One of the phosphorescent materials tested was potassium uranyl sulfate (*3U
emits energetic alpha particles, and < 1% gammas.)

Becquerel tested his hypothesis by exciting these materials with sunlight. After “excit-
ing” the specimen, he put the specimen in front of a photographic plate wrapped in black
paper (to prevent exposure from ambient light). He also wrapped pieces of metal to
absorb some of the invisible rays, to create a pattern on the photographic plate. When he
developed the plate he saw the pattern of the attenuator on the photographic plate.
Becquerel was surprised to see that the photographic plate was exposed even on a cloudy
day, suggesting that factors other than exposure to sunlight caused the exposure. In 1896,
Becquerel reported that these invisible rays are similar to the rays studied by Rontgen, but
were due to something in the uranium itself. These rays were the result of ‘radioactivity’,
a name given by Marie Curie [1].

The importance of the observation of “natural” radioactivity by Becquerel and his col-
leagues, Pierre and Marie Curie, was recognized by awarding these investigators the Nobel
Prize in 1903 [2].

Fig. 1.1 Henri Becquerel [2]
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Understanding the Nature of Radiation

In 1899, Ernest Rutherford, working in the laboratory of his mentor J.J Thompson (discoverer of the electron), discov-
ered that there were at least two different forms of radiation: a positively charged particle, which Rutherford called
alpha, and the other one, more penetrating and negatively charged, which he called beta. In 1900, Paul Villard, a French
physicist, discovered rays that were much more penetrating than alpha or beta particles and were not affected by electri-
cal or magnetic fields. Rutherford named these gamma rays.

Other curious minds enhanced our understanding of the atom and radioactivity. Many of these contributions were
recognized with the Nobel prize. Table 1.1 is an incomplete list of Nobel Laureates who contributed to our understand-
ing of the heart and the physics and chemistry of radioactivity.

Laureate Major contribution Year
Antoine Becquerel, Pierre Curie, Marie ~ Discovery of spontaneous radioactivity 1903
Curie
Ernest Rutherford Disintegration of the elements, and the chemistry of radioactive substances 1908
Albert Einstein Described the photoelectric effect (and the relationship of mass to energy) 1921
Niels Bohr Investigation into the structure of atoms 1922
Willem Einthoven Electrocardiogram 1924
Arthur Holly Compton Discovery of the Compton effect 1927
Otto Warburg Mode of action of the respiratory enzyme 1931
Paul Dirac Postulated the existence of the antimatter, including the positron, based on an analysis 1933
of the quantum theory and Einstein’s theory of relativity
Carl Anderson Discovered the positron by analyzing vapor trails in a cloud chamber in a magnetic 1936
field
Enrico Fermi Neutron irradiation (nuclear reactor) 1938
Ernest Lawrence Invention of the cyclotron 1939
George de Hevesy Use of isotopes as tracers 1943
Glenn Seaborg Chemistry of transuranium elements; co-discoverer of technetium-99m (with Emilio 1951
Segre and Carlo Perrier)
Hans Adolf Krebs Citric acid cycle 1953
Andre Cournand, Werner Forssmann, Heart catheterization 1956
Dickinson Richards
William Shockley, John Bardeen, Walter  Inventors of the semiconductor 1956
Brattan
Pavel Cherenkov Cherenkov effect 1958
Robert Hofstader Scintillation detector 1961
Rosalyn Yalow Radioimmunoassay 1977
Henry Taube Technetium chemistry 1983
Georges Kohler, Cesar Milstein Monoclonal antibodies 1984
Michael Brown, Joseph Goldstein Cholesterol metabolism 1985
Robert Furchgott, Louis Ignarro, Ferid Nitric oxide cardiovascular signaling 1998
Murad

Table 1.1 Incomplete List of Nobel Laureates with Discoveries Contributing to the Advancement of Nuclear Cardiology
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First Tracer Study in Humans: Herrmann Blumgart

Thirty years after Becquerel described radioactivity, Herrmann Ludwig Blumgart (Fig. 1.2), a 30-year-old physician, working
with a medical student, Otto C. Yens, performed the first radiotracer examination in a human subject, to measure the velocity of
blood flow [3]. The seminal manuscript described the criteria for a clinically useful radiotracer and the importance of matching
the instrument to the clinical measurement.

Blumgart developed his interest in physiology as a medical student, working under the
famed physiologist Walter Cannon [4]. As indicated in the 1927 publication in the Journal
of Clinical Investigation [3], other investigators had measured the circulation time with
other methods, such as injection of methylene blue and observing changes in transillumina-
tion of blood in the carotid artery, injection of hypertonic saline while observing changes in
conductivity of blood between nonpolarizable electrodes in another vein, or injecting fluo-
rescein in one antecubital vein and taking blood samples every 5 seconds from the contra-
lateral cubital vein. The authors point out the weaknesses in each of these techniques,
including difficulty cannulating a vessel, resulting in frequent clotting. There was also a
requirement for continuous sampling, which was difficult to control. They noted that “the
velocity measurements which depend on the insertion of a mechanical device into the blood
stream defeats its ends...and cannot be considered for clinical application. The most fea-
sible method appears to be the injection of some substance at one point in the body, and the
Fig. 1.2 Herrmann Blumgart, 1924 ~ measurement of the time of its arrival at another point.”

The authors specified the requirements for the tracer material:

e The substance must not be toxic in the amounts utilized.

e The substance should not be present previously in the body.

* The substance must not in any way disturb the very phenomena under investigation.

e Itis desirable that the substance disappear from the body with sufficient rapidity to allow repeated measurements.
e The substance must be readily detectable in minute amounts.

After considering many alternatives, they settled on the use of a saline solution containing dissolved radon gas. They tested
it on themselves, with Blumgart as the first subject, and concluded that the radiotracer was safe.

Selection of an appropriate detector presented additional challenges. The initial choice was an electroscope, but there
were problems with shielding, and difficulty judging the onset of response. An early version of the Geiger counter was also
tested, but the “relatively high number of spontaneous discharges discouraged the choice of this mode of detection.” The
Shimizu modification of the Wilson cloud chamber, a device capable of making measurements 1 to 5 times per second with
a rapid response to the arrival of ionizing radiation, was selected. In normal subjects, the time required for the tracer to travel
from a vein in one arm to an artery in the other was found to be “from 15 to 21 seconds.” In contrast, the velocities in three
patients with cardiac decompensation were 53, 65, and 50 seconds.

The Radiocardiogram: Myron Prinzmetal

Two decades later, Myron Prinzmetal (Fig. 1.3) and colleagues (yes, the same Myron
Prinzmetal of Prinzmetal’s variant angina [5]) used a collimated Geiger tube placed over
the precordium and **Na as the tracer in a 1948 publication [6] describing the curves
recorded during the passage of the tracer through the heart and lungs. The biphasic curve
was analyzed to determine cardiac output, right and left ventricular chamber volume,
stroke volume, and pulmonary blood volume [7].

Fig. 1.3 Myron Prinzmetal
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Radionuclide Imaging

In addition to analyzing curves, instruments were being developed to allow images of the distribution of radiotracers. The
rectilinear scanner, developed to image the thyroid by Ben Cassen in 1951, was used to image the cardiac blood pool in 1958.
The rectilinear scanner consisted of a collimated radiation detector connected to an apparatus that placed dots on a piece of
paper each time a certain number of events were detected. The radiation detector moved along a line; when it reached the end
of the line it stepped down to the next line, and moved back to reach the end of the line again and repeat the process. The
result was a map of the distribution of radioactivity in the field of view

Rejali [8] used "*'T-human serum albumin as the blood pool tracer to detect pericardial effusion. He compared the blood
pool image to the size of the cardiac silhouette on a chest radiograph (Fig. 1.4). A blood pool that was smaller than the car-
diac silhouette (or had a “halo” around it) was evidence of a pericardial effusion [9].

Fig. 1.4 Scan demonstrating marked discrepancy in transverse diameters between the cardiac blood pool and cardiac silhouette seen on the roent-
genogram [9]
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Scintillation Camera: Hal Anger

In parallel with the development of blood pool imaging, a “Quiet Genius,” Hal Anger (Fig. 1.5), was developing a series of
nuclear medicine instruments, including the gamma well counter and several imaging devices [10]. Anger recognized the
need to record the distribution of all the tracer in a field of view simultaneously, like a photographic camera, rather than point
by point, as recorded with a rectilinear scanner. From 1952 to 1960, Anger evolved his “camera.” He enlarged the field of
view from about 4 inches to 11 inches, and increased the sensitivity by changing from multiple pinhole collimators to paral-
lel-hole collimation. To determine the location of each scintillation in the sodium iodide crystal, Anger used a hexagonal
array of 19 photomultiplier tubes (PMTs). The scintillation was localized by comparing the relative amount of light “seen”

Fig. 1.5 Hal O. Anger. (From Tapscott [10], with permission from
The Society of Nuclear Medicine and Molecular Imaging)

by each PMT. Each scintillation was displayed as a flash of
light on a cathode ray tube in the same relative position as
they occurred in the crystal. A record of the distribution of
the flashes was recorded on Polaroid film. By 1962, Anger
had improved the scintillation camera to a clinically usable
and commercially viable instrument. A visionary business-
man, John Kuranz, the founder of the Nuclear Chicago
Company, produced the first commercial instrument, an
early version of which is on display in the Smithsonian
Institute [11]. Anger not only developed a single photon
gamma camera, but also a positron version [12]. The posi-
tron version used a small second detector placed beneath the
patient to identify coincidence events.

In 1962, Alex Gottschalk, a young clinical radiologist
from Paul Harper’s laboratory in Chicago, arrived at the
Donner Laboratory to work with Anger on clinical applica-
tions of the new imaging device. Gottschalk recognized the
substantial advantages of the gamma camera over the recti-
linear scanner, particularly the clinical value of simultaneous
imaging of tracers in large regions of the body, including the
brain and heart [13].
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Initially, the positron-emitter gallium-68 (as ®Ga-EDTA) was imaged with Anger’s positron camera to detect brain tumors
(based on loss of integrity of the blood-brain barrier) [14]. Although the instrument worked, the dose of %Ga was limited to
750 microcuries to avoid paralysis of the coincidence detector. Even with that limitation, the imaging results were impressive
(Fig. 1.6).

Fig. 1.6 A %Ga-EDTA brain scan acquired with the Anger positron camera circa 1962, showing the tomographic capability. (From Gottschalk
[14], with permission from The Society of Nuclear Medicine and Molecular Imaging)

In 1964, Anger and Gottschalk started working with " Tc¢ generators. The combination of a thin scintillation crystal in
the camera, the 140 keV gamma emissions from metastable Tc-99 m, and the 6-hour physical half-life made this radionu-
clide the preferred agent for labeling radiopharmaceuticals for clinical use. Gottschalk and Anger recorded cerebral angio-
grams and first-pass cardiac studies.
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Cardiac Studies
Left Ventricular Ejection Fraction

In 1975, Schelbert and colleagues used the gamma camera to record a first-pass radionuclide angiogram. Instead of recording
the data on Polaroid film, the investigators used a video camera. In addition to the images, Schelbert recorded the patient’s
electrocardiogram on the sound track of the videotape. The EKG served as an indicator of the phase of the cardiac cycle, allow-
ing the images recorded at end-diastole (the P-R interval) and end-systole (the downslope of the T wave) to be summed, to
compute the end diastolic, end systolic, and stroke volume counts to calculate the ejection fraction (correlated with cineangio-
cardiography — r = 0.94) [15] (Fig. 1.7). Although this technique worked well in patients with well-maintained cardiac func-
tion, the method did not work well in patients with impaired ventricular function.

Fig. 1.7 Selected images from videotape replay of a first pass radio-  ventricles; (d) Summed image of the left ventricular phase of the first
nuclide angiogram. (a) Summed image of right and left heart phases;  pass; (e) ROI over LV and background (bkg) during LV phase; (f) Time
(b) Region of interest (ROI) placed over the RV and LV; (¢) Graph of  activity curve of background corrected activity

time (x axis) and counts (y axis) as tracer traverses the right and left
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Measuring ventricular function in patients with impaired function required high count density images, which were difficult
to record with a first-pass technique. In 1971, Strauss and Zaret introduced the concept of equilibrium blood pool imaging.
%mTc-labeled albumin had been developed to replace radioiodinated albumin for the detection of pericardial effusions.
Equilibrium blood pool imaging, with EKG gating to record data only at end-systole or end-diastole, or throughout the car-
diac cycle (when sufficient computer memory was available), allowed high-resolution images of both global and regional
ventricular function [16, 17] (Fig. 1.8). The outline of the left ventricle at end-diastole or end-systole was traced, and the
outline measured with a planimeter. The relative size of the left ventricle was determined at diastole and systole. The differ-
ence represented the stroke volume. Ejection fraction was calculated as the stroke volume area divided by the end diastolic
area. Regional wall motion was determined by comparing the outlines traced at end systole and end diastole. Areas of akine-
sis and dyskinesis were readily identified. Subsequently, Secker-Walker et al. [18] developed a count-based approach to
calculate left ventricular ejection fraction.

Gated Blood Pool Imaging
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Fig. 1.8 Gated blood pool imaging. (From Strauss et al. [16], with permission from Elsevier)
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Myocardial Perfusion

Several approaches were tested to measure myocardial perfusion. The first used the inert gas clearance method, with intra-
coronary administration of '**xenon recorded with a single detector. This approach did not work well, because the clearance
is dominated by normal tissue, making it very difficult to identify regions of decreased perfusion. To measure regional perfu-
sion in all regions of the myocardium required multiple detectors. The multicrystal camera, designed by Bender and Blau
[19], allowed the simultaneous independent measurement of tracer clearance from multiple myocardial locations, allowing
identification of regions of normal and reduced perfusion. Figure 1.9 shows the relationship of coronary stenoses to the
slightly reduced regional perfusion at rest [20]. The requirement for intracoronary injection of the tracer limited this tech-

nique to research studies.
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Fig. 1.9 Myocardial perfusion pattern in a patient
with coronary stenoses [20]

In the early 1960s, Edward Carr, a nuclear physician working at the
University of Michigan with William (Bill) Beierwaltes (the co-inventor of
MIBG), was interested in myocardial imaging to detect acute myocardial
infarction. Carr explored two techniques: One used myocardial perfusion
imaging to detect areas of infarction as a “cold” spot (using the perfusion
tracer 3Rb) [21]; the other detected the area of infarction as a hot spot, using
the agent employed to detect brain tumors, **Hg-chlormeridrin [22]. The
selection of an isotope of rubidium as the cold spot tracer was based on the
observations of the famous cardiologist from Tulane University, George
Burch. Burch studied the kinetics of several potassium analogues in human
subjects, including isotopes of rubidium [23]. Burch observed rapid clearance
of ¥Rb from the blood and rapid uptake in multiple tissues (including the
myocardium), suggesting that the tracer distribution would reflect myocardial
perfusion. Carr selected the beta- and gamma-emitting tracer Rb (gamma
1.076 MeV), with an 18.6-day half-life, to image experimental infarcts in
dogs as “cold spots” in the myocardium. Areas of infarction appeared as
regions of decreased tracer uptake on the scans. These pioneering studies by
Carr led Ken Poggenburg, a radiochemist at the Oak Ridge National
Laboratory, to synthesize potassium-43 in the Oak Ridge reactor using the
#Ca(n,p)*K reaction. The half-life of 22 hours and major gamma energy of
373 keV was better suited than the rubidium isotopes for imaging with the
rectilinear scanner. First-in-man studies with K by Hurley et al. in control
subjects and patients with acute infarction demonstrated a “cold” area in the
myocardial images of each of the five patients with acute infarction [24].



10 H. W. Strauss

Zaret [25] and Strauss [26] extended the utility of myocardial perfusion imaging to detect ischemia by recording two
myocardial perfusion scans: one with the tracer injected with the patient at rest (to distinguish regions of normal perfusion
from areas of scar) and a second tracer injection during exercise stress followed by immediate scanning (to distinguish
regions capable of increasing perfusion at stress from areas with decreased perfusion reserve (typically supplied by vessels
with significant stenoses) (Fig. 1.10).

Patient 1 Patient 2
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Fig. 1.10 Studies of myocardial perfusion. (From Zaret et al. [25], with permission of the Massachusetts Medical Society)

The development of thallium-201 as a myocardial perfusion agent, with its low-energy photons, facilitated the utilization
of the gamma camera to record the rest and stress images [27]. Studies by Pohost and colleagues [28] revealed the dynamic
nature of myocardial tracer retention. Patients were injected during exercise stress, and images recorded after exercise dem-
onstrated myocardial regions of decreased tracer uptake. When the images were repeated several hours later, the areas of
decreased tracer uptake on initial images, appeared to fill in (redistribute). This phenomenon occurred because of more rapid
tracer clearance from regions of normally perfused myocardium than in regions of ischemia [29]. Based on these observa-
tions, stress and redistribution imaging, rather than stress and rest-injected images, became the preferred approach to detect
ischemia.

In 1984, the synthesis of *™Tc-sestamibi as a myocardial perfusion tracer allowed administration of much larger doses
[30] (20-30 mCi) compared to the typical 4 mCi dose of thallium-201). The high-count-density images recorded with *™Tc
sestamibi enhanced image quality, allowing the measurement of both regional perfusion and ventricular function by gating
the acquisition of myocardial perfusion data. Instrumentation improved with the development of the rotating gamma camera
[31] to record myocardial perfusion single photon emission computed tomography (SPECT) images. Standardization of
image presentation and improvements in the quantitation of perfusion and ventricular function at rest and stress [32-34]
enhanced the acceptance of myocardial perfusion imaging by the medical community.
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Dr. K. Lance Gould (Fig. 1.11) and colleagues performed a series of laboratory studies that defined the quantitative rela-
tionship between the percentage of stenosis on coronary arteriography and myocardial perfusion at rest and at maximum
vasodilator stress [35]. The studies demonstrate that a stenosis of about 75% of the luminal diameter is required to decrease
resting coronary blood flow. Using hyperemia as a stimulus (induced by intracoronary injection of contrast material or intra-
venous administration of dipyridamole), coronary narrowing’s of only 47% of luminal diameter could be detected. These
studies led to the validation of pharmacologic vasodilators (eg, dipyridamole), as an alternative to exercise to induce maximal
coronary blood flow in patients who cannot perform maximal exercise [36]. The pathophysiologic rationale for the use of
these agents is probably inadequate vasodilatation in coronary vessels with inflamed atheroma. Vessels without inflammatory
lesions in the subintima dilate in response to the drug, delivering additional blood flow (and tracer) to the distal
myocardium.

In parallel with advances in single photon imaging, numerous investigators were work-
ing on advanced instrumentation to image the annihilation radiation resulting from the
mass-to-energy conversion of positron-emitting tracers. Pioneers included investigators
at the Massachusetts General Hospital [37], at the Mallinckrodt Institute of Radiology
at Washington University in St. Louis [38] and at the Crump Institute at the University
of California Los Angeles [37, 38] among many others. The results of their investiga-
tions resulted in the ring detector, allowing high-count-density images and quantitation of
absolute myocardial blood flow and perfusion reserve [39], as well as increased certainty
of diagnosis through the high-resolution images. In addition to higher-quality images of
myocardial perfusion and ventricular function, direct detection of myocardial viability
in patients with myocardial infarction was reported by the UCLA group in 1983 [40].
Ischemia was depicted as an area of decreased perfusion which maintained metabolic
activity. Perfusion was usually imaged with *'N-ammonia and myocardial glucose metab-
Fig. 1.11 K. Lance Gould olism was imaged with '8F-FDG. Patients demonstrating this disparity had an improved

prognosis when treated with revascularization [41].

ey

The remarkable development of hybrid PET/CT instrumentation in the laboratory of
David Townsend [42] (Fig. 1.12) resulted in high-quality CT based attenuation correction
and enhanced registration of anatomic and radionuclide data. These advances allow more
precise characterization of the degree of inflammation in the coronary arterial wall with
FDG [43], and more precise determination of the degree of ongoing necrosis in atheroma
with fluoride imaging [44, 45].

Investigators and practitioners of Nuclear Cardiology have much to be proud of, and
much to look forward to. For example, the development of genetic markers will identify
imageable markers to characterize specific abnormalities of contractile proteins in patients
with heart failure and inflammatory lesions in atheroma.

The field has a scintillating future.

Fig. 1.12 Dr. David W. Townsend
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