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Masahiro Iio memorial lecture: New Horizons for Nuclear Medicine

Henry N. WAGNER, Jr.

Divisions of Nuclear Medicine and Radiation Health Sciences, The Johns Hopkins Medical Institutions

WE ARE ALL very saddened that Masahiro lio cannot
be with us in person. He will remain with us in spirit
for the rest of our lives. I am proud to have been his
friend, and will always be his friend. It is a great
honor to be invited to give this lecture.

When Dr. lio came to Johns Hopkins in 1961,
nuclear medicine imaging involved only the thyroid,
liver, spleen, kidneys, and pericardial effusion. He
was primarily interested in cardiology, and came to
nuclear medicine because cardiology fellowships
were not available. He soon became acquainted with
and developed a great love for nuclear medicine.
Dag Hammarskjold, former Secretary General of the
United Nations, said: “Only he who keeps his eye
fixed on the horizon will find his right road.”
Throughout his life, Dr. lio always had clear goals.
When he returned to Tokyo University, he was
appointed head of the Radioisotope Laboratory by
his mentor, Professor Hideo Ueda, who encouraged
Dr. lio throughout his rapidly rising career.

In Baltimore, Dr. lio worked first on the reticulo-
endothelial system, but soon became involved in the
development of the first nuclear imaging of the lung,
first in studies in dogs, then in normal persons and
eventually in patients with pulmonary embolism.
Dr. Iio was the second person ever to have a lung
scan. (I was the first),

Lung scanning was used to establish the effective-
ness of thrombolytic therapy with urokinase and
streptokinase in patients with pulmonary embolism,
and was a key factor in one of the first large scale
multi-institutional drug assessment studies under the
sponsorship of the National Institutes of Health.
Lung scanning solved the problem of quantification
of the size of perfusion defects and provided a way
to monitor the response to drug treatment compared
to controls. The need for quantification of the lung
perfusion studies stimulated the development of
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microcomputers in nuclear medicine. At Hopkins,
we built a computer system that we called an Image
Display and Analysis System (IDA).

Another scientist from Tokyo University working
in nuclear medicine at Johns Hopkins was Dr.
Shigekoto Kaihara, who developed the concept of
a functional image, described in a 1969 paper: “Con-
struction of a functional image from spatially local-
ized rate constants obtained from serial camera or
rectilinear scan data.” The IDA computer system
developed for quantification of lung perfusion imag-
ing was then used in the development of gated blood
pool images, which, together with first transit studies,
soon became one of the foundations of nuclear
cardiology.

When Dr. lio returned to Japan in 1963, he
invited me to visit Japan.

During my first visit to Japan, Dr. lio introduced
me to Japanese culture, as we visited temples in Nara,
Sugaquin and the Katsura Detached Palace in Kyoto,
and many other Japanese temples, gardens, cities
and universities. I met many persons, including
Professors Torizuka, Hisada, Ochi, and Kitani, and
Dr. and Mrs. Sadatake Kato, and many others who
became close friends.

From 1961 to the present, there has been a con-
tinual stream of Japanese physicians and basic scien-
tists working in nuclear medicine at Johns Hopkins.
The Japanese/Johns Hopkins Nuclear Medicine
Alumni Association now numbers over 60 persons,
and has regular meetings in Japan. Since 1961, when
Dr. Tio came as our first trainee, we have always had
at least one Japanese working in Nuclear Medicine
at Johns Hopkins.

Over that span of years, nuclear medicine con-
cepts, discoveries, and applications have brought
about major changes in biomedical sciences and
medical practice. The practice of medicine remains
strongly influenced by a concept described 150 years
ago by the great physiologist, Claude Bernard—the
concept of the extracellular fluid as the milieu inter-
ieur, or internal environment—which maintains a
constancy which buffers the cells of the body from
the changes that occur constantly in the external
environment. Examination of the constituents of
blood and urine, commonplace in medical practice
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today, reflects Bernard’s concepts. Nuclear medicine
extends Bernard’s concepts by making it possible to
study the cells themselves, including their important
interface with the extracellular fluid that surrounds
them. Radioactive tracers make it possible to ex-
amine regional blood flow, cellular bioenergetics and
intercellular communication, the latter involving
membrane and intracellular receptors, enzymes and
substrate transport systems.

Although the number of radiotracers has expanded
greatly, the principles of “molecular nuclear medi-
cine”” remain the same as when the first studies of the
thyroid were carried out half a century ago. By
studying the accumulation of radioactive iodine by
the thyroid gland, it was possible to examine the
accumulation of environmental iodine and track the
formation of thyroxine and other thyroid hormones.
The first study in which T was involved in nuclear
medicine was the mapping of the accumulation of
radioiodine in thyroid nodules with a hand held
Geiger tube which was positioned at 1 cm intervals
over the neck in order to determine whether a nodule
of the thyroid gland was functional, that is, ac-
cumulating radioactive iodine. This laborious, time-
consuming task was simplified by the invention of
Benedict Cassen, who in 1951 invented the rectilinear
scanner in which a crystal radiation detector was
automatically moved back and forth over the neck
for the portrayal of regional thyroidal function. Its
commercial development occurred in the late 1950’s.

In 1960, the technetium-99m/molybdenum gener-
ator was developed by Stang and Richards, and
advertized for sale by the Brookhaven National
Laboratory at a time when no one had any idea of
how the technetium-99m would be used. In 1963,
Paul Harper at the University of Chicago recognized
that technetium-99m’s emission of 140 keV photons,
decay by isomeric transition, and 6 hour half-life
were ideal for use in nuclear medicine.

In 1958, Hal Anger described the first scintillation
camera at the meeting of the Society of Nuclear
Medicine in the United States, but his exhibit drew
little interest. Nevertheless, the combination of tech-
netium-99m and Anger’s scintillation camera, and
the movement of industry into the field led to a
logarithmic phase of growth that continued until the
1970’s, at which time a plateau was reached, related
chiefly to the development of computed tomography
(CT). This brought about a great decrease in nuclear
brain scanning, and the first exodus from nuclear
medicine. The development of positron emission
tomography (PET) by TerPogossian, Phelps and
Hoffman at Washington University moved nuclear
medicine into a new logarithmic growth phase, and
encouraged industry to develop single photon emis-
sion computed tomography (SPECT) to facilitate
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the extension of PET successes into more widespread
clinical use. TerPogossian had been among the first
to recognize the potential of the cyclotron for pro-
ducing short-lived radiotracers, such as oxygen-13.
carbon-11 and fluorine-18.

Whitehead has written: “It is a well-founded his-
torical generalization that the last thing to be dis-
covered in any science is what the science is really
about. Men go on groping, guided merely by a dim
instinct and a puzzled curiosity until at last some
great truth is loosened.” Nuclear medicine has be-
come molecular medicine. Its images are concerned
with the temporal as well as spatial distribution of
the molecules of the living human body. Health
requires the proper integration of hundreds of bil-
lions of chemical reactions. Proper functions require
proper chemistry, and diseases can be defined at the
molecular as well as cellular level, often before
structural changes have occurred.

Nuclear medicine has the technology that can
extend to medical practice the enormous advances
in molecular biology and genetics. Two principles of
genetics are of special relevance to nuclear medicine:
pleotropism and genetic heterogeneity. Pleotropism
is the condition in which a single gene defect does
not affect a single tissue or organ, or even a single
organ system, but can lead to many different mani-
festations of disease. Genetic heterogeneity describes
the fact that abnormalities in different genes can
result in the same clinical syndrome. Thus, it is
necessary to examine molecular phenotypes as well
as genotypes—if one is to see the whole picture.
Genes are blueprints for molecules. Genes don't
cause disease directly. They express themselves
through molecules. The genome is the map; nuclear
medicine images the territory.

INTERCELLULAR COMMUNICATION

The microscope revealed the neuron as the funda-
mental unit of the nervous system. PET/SPECT and
more simple radiation detectors make it possible to
examine molecular intercellular communication—to
examine how neurons (and other cells) “talk’ to each
other. Electrical “action potentials” transmit infor-
mation along axons, and there is some electrical
neuron-to-neuron communication, but most is by
molecular ““messengers”, carrying information a-
mong the 1,000 to 10,000 synapses that connect
billions of neurons in the human brain. Membrane
receptors are involved in the recognition and transfer
of information between presynaptic neurons and
2nd and subsequent “messengers”, including chan-
nels through which sodium, calcium and potassium
ions travel. Energy-carrying molecules, such as
adenosine tri-phosphate (ATP), modulate the over-
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Fig. 1 Dr. Tio in 1974 when he was Secretary General Fig. 3 Dr. Iio and Wagner in front of the Red Gate at
of the First World Congress of Nuclear Medicine and Tokyo University in 1964.
Biology.

Fig. 2 One of 42 studies in dogs with experimental Fig. 4 Dr. and Mrs. Kato, Dr. and Mrs Iio and Anne
pulmonary embolism. The experimental embolus was Wagner in 1970.

introduced through the superior vena cava and eventually

reduced blood flow to the right lower lobe of the dog

lung. The radiopharmaceutical was I-131 microaggre-

gated albumin.

Fig. 5 Michael TerPogossian and the Washington University cyclotron.
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Fig. 6 In this baboon, the neurotoxin MPTP which destroys presynaptic dopaminergic neurons,
has been injected into the internal carotid artery. There was little damage to the postsynaptic neurons,
which were imaged using carbon-11 methylspiperone. This study illustrates the power of PET to
evaluate the status of structures that are only 20 microns apart.

I-123 RTI-55 Study in Baboon
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Fig. 7 A baboon in which an I-123 compound, I-123 RTI-55 that binds to presynaptic reuptake
sites has been used to examine the status of presynaptic dopaminergic neurons. The advantage of 1-123
is that one can carry out much longer studies. The neurotoxin MPTP injected into one carotid artery
destroys presynaptic neurons on the side of the injection. The background activity is low, a particular
advantage of I-123 tracers. These studies are now being extended from MPTP studies in baboons to
studies in patients with Parkinson’s disease.

PET Radiotracer Development
at Johns Hopkins
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1984

C-11 N-methyispiperone
C-11 carfentanil
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C-11 dexetimide
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I_Tig. 8 Radiotracer development of PET compounds at Johns Hopkins began in 1983, with the first
imaging of dopaminergic neuroreceptors in a human being. Progressively, there have been many com-
pounds developed which can be labeled with Carbon-11 for a variety of PET studies in living brain.
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all activity of the neurons. With evolution, the in-
creasing complexity of the nervous systems does not
seem to have resulted in the development of new
neurotransmitters, but rather in the development of
incredibly more complex circuitry of neuronal con-
nections, most of which involve molecules, including
biopolymers, which “‘recognize” specific ““messenger”
molecules that are released locally or circulate
through the body until they encounter the appro-
priate biopolymer on the surface of neurons or other
cells which fit their specific configuration. The neuro-
transmitters have the right shape, charge, and other
physicochemical properties to bind to the receptor
biopolymers. The patterns and quantities of these
“recognition sites” integrate individual cells of the
body to make the person a unique, whole individual.
“Disintegration” results in disease or death. In the
brain, neurotransmitters and receptors affect how
we think, feel and act. Molecules are the words that
make up the story of our lives—past and present.

The maintenance of life requires intercellular com-
munication, which in turn requires energy, that
needed to generate the ion gradients that produce
electrical “action potentials” and that needed to
synthesize transmitters and receptors. The rate of
consumption of the principle source of energy
—glucose—can be measured by positron emission
tomography.

Since the 1950’s more than 100 neurotransmitters,
or “chemical messengers”, such as serotonin and
dopamine, have been discovered. Many single neuro-
transmitters, such as acetyl choline, dopamine or
serotonin, have different effects on different receptors.
For example, acetyl choline stimulates skeletal mus-
cle cells to contract, but causes heart muscles to
relax. Muscarinic acetyl choline receptors are excita-
tory; nicotinic acetyl choline receptors are inhibitory.

The production of the molecules of life is directed
by the desoxyribose nucleic acids (DNA) within each
cell—including somatic cells—that serve as blueprints
for the growth, development, and repair of the
molecules that make up our bodies. Molecules must
repair themselves when injured, and reproduce them-
selves when they wear out. When the processes stop,
we age or die. Wrinkled skin, poor healing of
wounds, and poor memory reflect damaged mole-
cules that accumulate with aging. Antibiotic mole-
cules may be needed to selectively overcome the
effects of invading microorganisms. Other molecules
may be needed to stimulate or inhibit defective
chemical reactions. Many drugs act by stimulating or
blocking ‘“‘recognition sites” on the surface of cells,
such as cimetidine that blocks histamine receptors,
propranolol that blocks norepinephrine receptors,
and haloperidol that blocks dopamine receptors.
One of the characteristics of chemical receptors, such
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as those on post-synaptic neurons, is their exceed-
ingly low concentrations, in the range of picomoles/
gram. The great sensitivity with which radioactivity
can be measured is needed in order to measure
receptor concentrations in different parts of the
body, such as the brain.

Not only administered drugs, but naturally-
occurring neurotransmitter molecules, affect inter-
cellular communication. These include amines, such
as norepinephrine, dopamine and serotonin; amino
acids, such as gamma-aminobutyric acid (GABA),
glutamic acid, aspartic acid, and glycine, and pep-
tides, such as endogenous enkephalins. Neurotrans-
mitters are secreted in varying amounts depending
on the number and rate of electrical impulses travel-
ing down the axon of the pre-synaptic neuron from
which the neurotransmitter is secreted. Neurotrans-
mitters bind to enzymes that degrade the unbound
neurotransmitter.

In addition to involvement in neuron-to-neuron
information transfer, neurotransmitters, including
enkephalins, act as modulators of regional neuronal
activity. Some chemical “messengers” act within
fractions of a second while others have an effect over
hours or even days. Thousands of synapses con-
necting with a single post-synaptic neuron are inte-
grated and determines whether the post-synaptic
neuron fires an action potential. The availability of
20 different amino acids means that a vast number
of different combinations are possible, and can
encode tremendous amounts of information.

Each cell of the body contains billions of mole-
cules of thousands of different types. At birth, mole-
cular blueprints are encoded in the inherited DNA
within each cell of the body, making up the “genome”
or “genotype”, which determine cell structure and,
eventually, function. The location of over 1,800
genes on specific chromosomal regions is known. As
a result of the “human genome” project, established
in the United States in 1988, eventually all 50,000 or
more genes will have been assigned locations on
chromosomes. Approximately 4,000 human diseases
are believed to be genetic in origin.

The human genome initiative is a joint effort
sponsored by the National Institutes of Health (NIH)
and the Department of Energy (DOE). The proposal
for the project was made originally by the DOE in
order to study the genetic effects of radiation on
DNA. The NIH was included, because of the poten-
tial impact on health care. According to Victor A.
McKusick: “What Vesalius’ anatomy text of 1543
was to medicine in the past, the anatomy of the
human genome is to medicine today—a body of
knowledge that will inform all future clinical prac-
tice.”

Where does nuclear medicine fit into the picture?
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Genes direct the production of molecules that make
up the structure of the body, provide energy or
carry information. Genetic mutations result in bio-
chemical abnormalities, such as enzyme deficiencies.
For example, an abnormality in the gene that signals
the development of the pigment melanin results in
the phenotype, called albinism. Such molecular ab-
normalities have been identified in about 430 dis-
orders out of over 1 million classifiable human
diseases. Mutations occur in human beings at a rate
of about one in one hundred thousand cell divisions
and affect about one in a million genes per genera-
tion. Thus, there is approximately one mutation per
20 persons per generation. Approximately 2,000
specific mutations have brought about identifiable
human diseases. About 300 of these affect the brain.

Radioactive tracers make it possible to detect and
quantify the molecular abnormalities that the genes
bring about. The molecular studies are needed be-
cause (as described above), abnormality of a single
gene may produce several different types of diseases,
or phenotypes. One can illustrate the role of nuclear
medicine in the field of cancer. Multiple genes are
involved, some resulting in the excessive production
of growth factors, and others involving deficient
production of growth suppressor molecules, such as
somatostatin.

Cancer is the result of genetic and environmental
factors. For example, in small cell cancer of the
lung, a genetic defect sets the stage for an environ-
mental factor, such as smoking, that finally results
in the disease. Many types of cancer, including
carcinoid, neuroendocrine cancers, and almost half
of the cancers of the breast contain increased con-
centrations of somatostatin receptors. The increase
in somstostatin receptors suggests that a deficiency
in the growth-suppressor somatostatin may be the
cause of the increase—‘‘up-regulation”—of soma-
tostatin receptors.

Geneticists search for genetic abnormalities in
patients with specific syndromes. Another approach,
called “reverse genetics”, is to search for manifesta-
tions of disease when abnormal genes are found.
Initially, the search is for an abnormal protein, such
as an enzyme. Then the search is for a clinical
disorder.

In the 1950s and 60s, inborn errors of metabolism
could be detected by amino acid analysis, spectro-
scopy, spectrophotometry, and the use of newly
available radioisotopes. Abnormalities of proteins
included enzymes, receptors, and structural proteins.
In some cases, a predisposition to disease can be
identified by finding an abnormal gene locus even
before birth, while the fetus is still in utero. Nuclear
medicine makes it possible to extend the search to the
molecules involved in intercellular communication.
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As described above, there is not a one-to-one
relationship between a gene and a disease. As
McKusick has written, “it would be ludicrous to
conclude that when we have determined the last
nucleotide in the human genome, we will know all
it means to be human.” Radioactive tracers play a
major role in trying to connect the genome to human
disease. Nuclear medicine can be defined as ““in vivo
molecular medicine™.

Molecular nuclear medicine not only makes it
possible to classify disease biochemically, it also
provides a new approach to the design and develop-
ment of drugs. One can determine the relationship
between a specific molecular configuration and the
in vivo biochemical effects of a drug. The effects of
drugs on energy metabolism, synthetic processes,
communication and regulatory mechanisms can be
expressed in molecular terms. Such knowledge not
only provides a more homogeneous selection of pa-
tients, but also a way to plan and monitor drug
treatment. In the past, pharmacological research
consisted of an alliance between organic chemists to
make new compounds and pharmacologists to screen
them for possible effectiveness in animals. Molecular
nuclear medicine is now involved in drug design,
development, evaluation, and monitoring in human
beings, as well as animals.

Nuclear medicine techniques can be used to assess
the effectiveness of surgery or radiation therapy, and
can document the extent of tumors, and progression
or regression in response to different forms of treat-
ment. Such data permit modifications of the treat-
ment plan sooner than can be determined by the
clinical response of the patients or changes in the
size of the lesions. Thus, treatment need no longer
be based solely on clinical response, gross morphol-
ogy of the lesions and histopathological examination
of biopsies.

An important characteristic of neoplastic tissue is
its increased rate of cell division. In general, ac-
cumulation of thymidine into neoplasms is increased
in the presence of increased DNA synthesis. Amino
acid transport across tumor cell membranes has also
been found to differentiate many malignant from
non-malignant tumors. Not only membrane trans-
port, but also protein synthesis can be examined if
suitable mathematical modeling is used in data
analysis. The accumulation of fluoro-deoxyglucose
can be used to measure both aerobic and anaerobic
regional glucose utilization. Many malignant tumors
have accelerated glycolysis compared to surrounding
tissues.

In addition to measuring blood flow to tumors,
blood volume, substrate incorporation or DNA
synthesis, PET and SPECT can be used to measure
the number and affinity of hormone receptors which
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characterize certain tumors. Estrogen receptors are
increased in many breast tumors, in both the primary
and metastatic sites. Dopamine receptors are often
increased in pituitary adenomas.

Fluorine-18 estradiol accumulation as determined
by PET makes it possible to tailor the treatment of
a specific patient on the basis of the number of
estrogen receptors. A tumor containing estrogen
receptors is more likely to be treated successfully
with estrogen-receptor blocking drugs, such as
Tamoxifin, than cancers which do not contain estro-
gen receptors. The presence of progesterone receptors
as well as estrogen receptors is the best prognostic
sign. Radioactive tracers that bind to estrogen
receptors make it possible to assess the status of the
primary breast cancer and regional metastatic de-
posits. Histopathology alone need no longer be the
only criterion for diagnosis, prognosis and therapy.

Receptors are also found on pituitary tumors.
Using the dopamine receptor binding agent (11-C)-
N-methylspiperone, it has been possible to classify
pituitary adenomas according to whether they possess
dopamine receptors. If the tumors contain such
receptors, they can be treated chemically rather than
surgically, that is, by administering the dopamine
receptor agonist, bromocryptine.

After treatment, measurement of the metabolic
activity of the tumor makes it possible to detect
persistence or recurrence of the tumor and damage
to normal brain tissue, such as that resulting from
radiation. For example, (11-C)-methionine is useful
for delineating the boundaries of brain tumors,
providing information of value in the planning and
performance of brain surgery, by permitting dif-
ferentiation of the metabolizing brain tumor from
simple disruption of the blood brain barrier.

PET VERSUS SPECT

A question that has been raised from time to time in
nuclear medicine is whether SPECT makes PET
unnecessary. The answer is no, because both PET
and SPECT have achieved a permanent role in
medical practice because of the nature of the infor-
mstion provided, namely, regional in vivo chemistry
in human beings. The human body, indeed all living
organisms, are incredibly complex combinations of
molecules dissolved in water or fat. In the modern
era of nuclear medicine, carbon-11 and fluorine-18
lead the way in making biochemical measurements
in living organisms. Fortunately, many drugs, and
some body constituents, such as proteins, can be
radiolabeled with iodine-123 and technetium-99m
which can be shipped over long distances around the
world, thereby facilitating their use.

Today, PET is limited by the need to make one’s
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own radiopharmaceuticals. This is likely to change
when regional radiopharmacies are further devel-
oped. Just as the field of nuclear medicine moved
initially into an exponential phase of growth only
after industry undertook the commercial distribution
of gamma emitting tracers, in order to extend the
use of carbon-14 and tritium-labeled tracers to the
study of living persons, so also is PET likely to
expand when industry produces carbon-11 and
fluorine-18 tracers.

SPECT will continue to be extended because of
the continued development of iodine-123 and tech-
netium-99m radiotracers to examine intercellular
communication, but PET will always have the ad-
vantage of being able to study carbon chemistry.
Although the application of PET faces greater tech-
nical complexity related chiefly to the short-half life
of carbon-11 and fluorine-18, it is predictable that
PET will eventually achieve a permanent, widespread
role in medical practice. It is not likely that the
power of PET in characterizing the chemistry of the
living body can be resisted.

Nearly four centuries ago Locke wrote: ““Anatomy
is absolutely essential to a surgeon, but that anatomy
is likely to afford any great improvement in the
practice of physics, I have reason to doubt. All that
anatomy can do is show us the gross and sensible
parts of the body.” Nuclear medicine provides new
images of disease, not just new tests for old}diagnoses.

If there is a heaven, I am certain that Dr. Tio is
there, and is looking down on meetings such as the
31st meeting of the Japan Society of Nuclear Medi-
cine. I am sure he is very pleased with what he sees.
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