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1.1
Introduction

Immense progress has been made over the last century
in medical diagnosis, especially in the techniques of ra-
diological imaging. The evolution began in the mid-
1890s by the epochal discoveries of Röntgen and Bec-
querel (Blaufox 1996). The initial limitation of radiol-

ogy to observing externally radio-opaque structures
such as bones in the living body rapidly evolved into
functional imaging of organs such as kidney and liver
and the circulatory system using radio-opaque contrast
agents. With the advent of computed tomography soft
tissues also became visible in high-resolution images,
augmenting the spectrum of function studies of organ
segments. Yet, the molecular-atomic level of biological
organization in living tissues became observable only
with the introduction of the radionuclide tracer tech-
nique by Hevesy (1913). Further studies with radioac-
tive and stable isotopes of common elements in organic
compounds (C, H, O, N, S, P) in the 1930s and 1940s
revealed the surprising extent to which both “func-
tional” and “structural” compounds in the body are
ceaselessly formed and broken down, even with no
change in overall amount, form, or function (Schoen-
heimer 1946; Hevesy 1948). Today, the specialty of nu-
clear medicine is indispensable in clinical diagnosis
and therapy.

The current literature on nuclear medicine shows
the wide usefulness of radionuclides as tracers of
constantly occurring “life events” in the body, encom-
passing gross substrate turnover, blood perfusion,
particular metabolic changes, and certain biochemical
reactions at large or at defined sites. In fact, the trac-
er techniques have opened totally new insights into
normal and pathologically altered cell functions in
the living body, its organs and tissue segments. The
technical advances that were needed to reach the pre-
sent state of art required interdisciplinary efforts of-
ten on a relatively large scale. The powerful service to
clinical medicine afforded by nuclear medicine is
seen in: the introduction of useful, mainly gamma-
emitting, radionuclides and of radiopharmaceutical
chemistry for proper substrate labeling; the develop-
ment of counting and imaging devices optimal for
the task at hand; the burgeoning growth of data anal-
ysis with the help of models applicable to arrive at
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meaningful diagnostic information and the correlated
radiation dosimetry and biology (Wagner et al. 1995).

Observing in vivo accumulation or kinetics of
radionuclides in the whole body or certain regions of
interest (ROI) demands that radiation is registered
preferentially by dynamic modes. The instruments
are single- or multiple-counting probe devices, planar
gamma cameras, single-photon-emission tomographs
(SPECT) or positron-emission tomographs (PET), as
discussed in Chap. 6. The suitable radionuclides must
emit gamma radiations or be positron emitters. In vi-
tro analyses of radioactivity in samples of blood or
breath and/or body excreta such as urine or saliva at
times complement data obtained by imaging or
counting, or are by themselves useful in evaluating
biochemistry. Such in vitro assays use mainly beta-
emitting radionuclides to be analyzed, for instance,
by scintillation counting, or by autoradiography of
isolated cells, tissue sections, or chromatograms. Spe-
cial in vitro methods of great importance are the
radioimmunoassays, particularly to clinical medicine.
For both in vivo imaging and in vitro assays, stable
isotopes also must be considered for use with mag-
netic resonance imaging (MRI) and spectroscopy
(MRS) and for metabolic studies with labeled sub-
strates (see Chaps. 12–14). Sometimes in conjunction
with MRI, MRS can observe and quantify certain
kinds and numbers of biochemical reactions in vivo.
In vivo and in vitro techniques with stable isotopes
may be limited by physical constraints imposed by
the signal-to-target-atom ratio. In principle, the
radionuclide tracer method allows the best overall
observation of any substrate undisturbed in its sys-
tem environment by imaging of defined sites in the
living body, as well as by in vitro assays, as long as
radiopharmaceutical chemistry allows the substrate to
be labeled appropriately. Indeed, choice, production,
testing, and supply of tracer-labeled pharmaceuticals
suitable as indicators appear to be essential for the
success of nuclear medicine in assessing biochemical
reactions in the intact living body (see Chap. 5).

Over the past few decades, interest has intensified
in observing biochemical reactions, not only qualita-
tively but also quantitatively, as they occur in vivo.
The goal has become not only to localize the bio-
chemical events to certain regions in the body but
also to express them in a manner that is convention-
ally expected from in vitro laboratory methods. In
vivo quantification considers the controlling networks
of biochemical reactions as they respond to fluctuat-
ing inputs of nutrients and various environmental

factors, which then also affect gene expression. The
biochemical networks operate in patterns of mutual
responses for the purpose of defense against, or adap-
tation to, challenges posed to the organism endoge-
nously or from the environment. Defensive or adap-
tive responses of the organism occur at its molecular
and cellular levels of organization and are principally
triggered by cascades of molecular signals of different
kinds not often easily understood from observations
on isolated cells and tissue samples. A ready example
is found in the operation of the immune system. The
approach to quantitatively measure specific biochem-
ical reactions as they occur in vivo brings new diag-
nostic information. It also opens new avenues to ap-
ply radionuclides as radiation sources for treating a
variety of diseases at the level of single cells and mol-
ecules.

Quantification of single and/or multiple biochem-
ical reactions is even more desirable in view of the
nearly fully sequenced human genome; indeed, this
development poses particular challenges to clinical
medicine. Without doubt, gene expression patterns as
they become increasingly available, for instance by
using DNA array chips, are by themselves often insuf-
ficient for meaningful diagnostic revelation; they
must be seen in the context of the whole biological
system within its signaling network. Links between
the genotype and phenotype need to be established
in vivo at the level of molecular organization. This
demands a close cooperation, even fusion, between
molecular and cell biology, on the one hand, and the
field of imaging techniques including radiopharma-
ceutical chemistry, on the other.

In the simplest case of one gene coding for one
protein, the activity of one enzyme may depend upon
the nature and integrity of one gene. However, most
genes carry codes for various proteins with different
functions. The diversities of genotypes and pheno-
types are based on varying polymorphisms in indi-
vidual genes, on a still largely elusive interplay be-
tween genes, and on regulatory mechanisms acting
between gene products. Controls to be considered
also are “epigenetic” phenomena, which involve
changes in nuclear histones such as acetylation,
methylation, phosphorylation, and appear, in addition
to DNA-binding transcription factors, to govern the
expression of particular genes. Post-translational al-
terations of proteins such as by glycation, methyla-
tion, and phosphorylation add to governing phenoty-
pical diversity, as they may cause or be consequences
of disease. Many clinical symptoms and findings re-
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quire explanations at both the genome and proteome
level.

Two examples of genetically determined or
strongly influenced diseases are cystic fibrosis and
diabetes mellitus. Cystic fibrosis will appear in about
1 of 2,400 newborn white children and in about 1 of
17,000 babies in the black population. This disease
appears to be the consequence of changes in one
known gene on chromosome 6 coding for the chlo-
ride channel protein. This gene has at least 350
known single nucleotide changes, or mutations (of
which only a few, perhaps 7 or 8, seem to affect the
clinical expression in terms of extent or location of
pathology, be it in intestinal organs or lungs), mainly
involving nearly all exocrine glands. Appropriate
choices of nuclear medical tests may help to classify
the disease (see Chaps. 2, 12). Type II diabetes has a
much more complex genetic etiology, with at least 9
genetic allelic types of the insulin gene and 40 or
more of the insulin receptor genes – and probably
many more genes are also involved in causing this
type of diabetes, yet to be discovered (see Chaps. 2,
14, 24). The ubiquity of insulin receptors in several
organs suggests the possibility of genetically caused
differences among them and the need for definition
of multiple disease parameters, of which many may
be evaluated by nuclear medicine procedures.

Most functional interactions between genes are lit-
tle understood. To make these crucial reactions part
of advanced diagnostic goals for eventual medical ap-
plication, observations must include the intact signal-
ing networks of living tissues in vivo. Any in vitro
measurement on tissues, obtained for instance by
biopsy, is a priori hampered by the fact that the
physiological signaling within the complex system is
practically excluded.

Thus, it appears timely to link in vivo biochemical
reactions and reaction loops to genes. This may begin
with a known pattern of expression of a defined set
of genes in order to search for complementary down-
stream metabolic reactions. On the other hand, mea-
sured biochemical reactions, cell responses, and even
tissue functions and local perfusion, may be the
starting point, expressing a defined phenotype for
the analysis of one or a set of known and unknown
genes, an approach to what might be called “reverse
genetics” (Wagner et al. 1995). In either approach, in-
terrelationships between genes and metabolism are
seen in the context of system cooperation under
homeostatic control within physiologically functional
networks or under pathologically operating condi-

tions. Moreover, such systems may be studied under
conditions of an intentional disturbance. The latter
may then help in defining the tolerance of the system
to stress.

The radionuclide and radiopharmaceutical applica-
tion and measurement techniques have matured to an
astonishing degree of precision and accuracy so that
they will eventually offer in vivo assessment of what
is generally called “functional genomics and proteo-
mics” in clinical medicine. Here, even relatively min-
ute changes in reaction kinetics, or phenotypically
defined physiological responses, need to be moni-
tored in vivo so that individual changes of a bio-
chemical reaction rate or of the balance between
functionally related reaction rates become informa-
tive. In order to reach that goal, though, a number of
factors that complicate quantitative measurements re-
quire attention.

This chapter aims at giving a condensed overview
and introduction to various potentially useful ap-
proaches to quantitatively measure biochemical reac-
tions in vivo in such a way that the data may even-
tually be linked to gene expression, secondary control
mechanisms, and individual physiological parameters.
The emphasis is on summarizing relevant advances
to assess biochemical reactions in vivo, so that an un-
derstanding may be gained of gene-orchestrated bio-
chemical and physiological functions in complex
adaptive systems. It is clear that the attempt is far
from being comprehensive and the task of under-
standing larger complex system functions appears
overwhelming. Yet, the time has come to try to do it.

1.2
Substrate/Ligand and the Corresponding Target Molecule

For dealing principally with the various technical ap-
proaches to in vivo measurements of biochemical re-
actions, it is necessary to dwell briefly on the funda-
mental relationship between substrate/ligand and the
corresponding target molecule. Any biochemical reac-
tion brings molecules into close contact with each
other. The interaction of a given substrate with its
target enzyme or receptor depends on specific molec-
ular configurations, so that both comply with the de-
mands for intermolecular bonds to initiate a bio-
chemical reaction. The ubiquitous device of “lock-
and-key” as the fundamental fine biochemical struc-
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ture for interaction of compounds in metabolism, cell
signaling, etc., was first articulated by Emil Fisher in
1890. Later, in 1952, this model was extended by Da-
niel Koshland to include the concept of a “molded
fit” between compounds, e.g., a ligand or substrate
and its target or receptor protein (Stryer 1995).
Although the occurrence of either rigid “lock-and-
key” or more flexible “molded fit” in any particular
instance may be infrequently recognized, such con-
cepts could be important considerations in nuclear
medicine tactics and interpretation.

The molecular configuration of the target or recep-
tor protein such as enzymes and cell surface receptors
determines the accommodation of the labeled sub-
strate or ligand. Thus, binding of substrate or ligand
depends on the ultimate third-order structure of the
target compound, which in turn may vary according
to certain polymorphisms of the gene or genes that
direct the structure. This may express different phe-
notypes that govern binding of the labeled com-
pound. The concept applies importantly as well to
drugs as ligands and to the individuality of response
to drugs. Adaptive changes in the molecular config-
uration of the target protein come through various
additional molecular interactions with the target and
may, for instance, involve reaction products in feed-
back loops affecting enzyme-catalyzed reactions, or
involve small molecular effectors, such Ca, Na, K, Mg,
nitrous oxide (NO), and reactive oxygen species
(ROS). These “signaling” molecules and ions may
also be observed by applying the tracer technique.
The ensuing controls affect the rate of a reaction with
the primary substrate in various categories of bio-
chemical reactions, be they receptor-ligand interac-
tions, transport functions, or enzyme-catalyzed reac-
tions. In addition, corresponding up- or down-regula-
tion of a reaction may be brought about by altered
numbers of available functional target molecules,
such as receptors at cell membranes.

Moreover, slight changes in substrate configuration,
which may occur for instance through radionuclide la-
beling, may significantly alter the rate of interaction
between substrate and target, and subsequently influ-
ence the biochemical reaction. Intuitively, the “molded
fit” model might permit binding of a tracer substrate to
the appropriate target more variably different from the
natural substrate than would be accommodated by a ri-
gid “lock-and-key” case. This could allow for greater
latitude of competition between the labeled substrate
and its natural counterpart. The degree to which a la-
beled and often thereby unnatural analogue of a sub-

strate fits the target mold could be approximately pro-
portional to its binding affinity.

The interaction between substrate and target mole-
cule may cause the substrate to remain bound to its
target for a comparatively prolonged period of time;
such is often the case in ligand-receptor interactions.
The latter are essential again for activating biochem-
ical reactions through changes of molecular target
structures that are linked within the cell downstream
from the receptor (see Chap. 4). A substrate may be
bound to its target in order to be transported, for in-
stance, across a cell membrane using a molecular
channel system. Such active transport is common for
most metabolic substrates. A substrate that binds to
its target enzyme usually experiences a change in
structure, either by molecular rearrangement, clea-
vage in some form, or by addition of a molecular
subgroup. Some substrates undergo a sequence of
such reactions. Enzyme-catalyzed reactions determine
the vector of metabolic activity in the sense of sub-
strate synthesis or catabolism.

For a substrate to meet its target at the reaction
site, it may be synthesized on site, or diffuse to it, or
be transported to it from the circulating blood
through the interstitial space into the cell, or it may
come from a neighbor cell or interstitial space. With-
in the cell, the substrate must pass through cellular
compartments in order to reach its reaction site.
These factors complicate in vivo measurements, as
discussed later in this chapter.

1.3
Goal of Measurement

Enzyme-substrate interactions were recognized from
early times as underlying a successive series of chem-
ical changes in a substrate, for instance, from in-
gested food. This process called “metabolism” broadly
encompasses either molecular breakdown, catabolism,
or synthesis, anabolism. Metabolic changes can also
be closely associated with transport across a cell
membrane. Enzymes and transporting proteins ap-
pear to act in concert with other enzymes toward a
physiological “goal,” but as individual proteins may
be separate from other related enzymes in a system
and may have individual fates and integrity. Radionu-
clide tracers have helped to establish types and rates
of biochemical reactions in functional circuits.
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Those who measure biochemical reactions in the
body may resort to selecting one or more specific la-
beled substrates for in vivo imaging or counting, or
for in vitro analysis of tracer in exhaled breath, body
fluids, or excreta. In the former approach, one explores
at a selected ROI the rate and degree or amount of ac-
cumulation, or rate of disappearance of a labeled sub-
strate either alone or in conjunction with an internal
standard, as explained below. The latter approach de-
termines the rate of appearance of one or more labeled
reaction products in the breath, urine, or saliva of the
patient consequent to metabolism of the labeled sub-
strate through a known enzyme.

Ideally, the final outcome of a measurement of a
biochemical reaction in vivo should be comparable to
the data obtained by in vitro testing by conventional
analytical procedures. In other words, the key param-
eters that conventionally describe a biochemical reac-
tion are also the optimal goals for nuclear medicine
approaches. A less ambitious task, but presently
widely accepted in the practice of medicine, is simply
the proof that a reaction occurs in the body or in a
given ROI. This may result in a semi-quantitative
statement regarding the degree of some increments
by which a labeled substrate or ligand binds to its
target molecule or undergoes a structural change per-
haps associated with the release of a labeled reaction
product. But for eventual assessment of consequences,
for instance, of polymorphism-related functional
changes of a target protein in a biochemical reaction,
the measurement must be sensitive, specific, and
quantitative.

In order to plan the measurement to be as quanti-
tative as possible, the investigator should at the outset
be familiar at least with first-order kinetics of bio-
chemical reactions. These are well explained in bio-
chemistry textbooks (Stryer 1995; Rodwell 1996).
Thus, the Michaelis-Menten treatment of a biochem-
ical reaction also appears to be a requirement for
data measured in vivo. It leads to an understanding
of reaction rates, their constants, and the velocity of a
reaction as it depends on substrate concentration in
relation to the available amount of enzyme (and simi-
larly of receptor or transporter). In short, with:

E =total amount of enzyme available
S =substrate concentration
ES =amount of enzyme bound to substrate
k1 =rate constant of substrate binding to enzyme
k2 =rate constant of separation of substrate from

enzyme

k3 =rate constant of enzyme catalyzed reaction of sub-
strate

then:

�E � �ES�� � S � k1 � �ES� � k2 � �ES� � k3 �1�1�

or by rearrangement:

E � S � �ES� � S
�ES� � k2 � k3

k1
�1�2�

or

E � S
�ES� � S � k2 � k3

k1
� Km �1�3�

Km is the Michaelis-Menten constant.
If all E is involved in the reaction, the reaction has

its maximal velocity Vmax :

E � k1 � Vmax �1�4�

If only (E–[ES]) or [ES] alone is involved in the reac-
tion, the reaction velocity is v; let only [ES] be in-
volved:

�ES� � k1 � v �1�5�

Inserting Eqs. 1.4 and 1.5 into Eq. 1.3:

Vmax � S
k1 � v�k1

� S � Km �1�6�

or

Vmax � S
v

� Km � S �1�7�

and

v � Vmax � S
Km � S

�1�8�

This then states that the velocity v in a first-order re-
action is proportional to substrate concentration S
and to Vmax/(Km+S), i.e., with increasing S, the value
of v asymptotically reaches a plateau at Vmax when S
becomes near equal to (Km+S). The expression Vmax/
(Km+S) in Eq. 1.8, for a given value of S, is a rate
constant, which declines with increasing substrate
concentration.
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It is obvious that Km relates to a value of S. In or-
der to determine the Km in terms of S, Eq. 1.8 is rear-
ranged:

Km � Vmax

v
� S � S

It is clear that in the case of v being one half the val-
ue of Vmax :

Km � 2 S	 � S	 � S	 �1�9�

Thus, Km is equal to the substrate concentration S� at
v being one half of Vmax.

The values of Km and Vmax can be easily obtained
graphically by the reciprocal expression of Eq. 1.8:

1
v
� Km � S

Vmax � S

or:

1
v
� 1

Vmax
� Km

Vmax
� 1
S

�1�10�

Equation 1.10 is the Lineweaver-Burke function. It
gives Vmax and Km from plotting the reciprocal of the
measured velocities v of a reaction against the reci-
procal of different substrate concentrations S, at
which the measurements were made. The resulting
straight line intercepts the ordinate at 1/Vmax and has
the slope Km/Vmax.

It follows that the optimal goal of measurement of a
biochemical reaction in vivo, if applicable, should be
the determination of rate constants at different sub-
strate concentrations, and subsequently Km and Vmax.

Rate constants may apply to different types of sub-
strate transitions that comply with first-order reaction
kinetics. Such transitions also pertain to compartmen-
tal analyses. The corresponding rate constants k indivi-
dually conform to the differential equation dC(t)/
dt=k·C(t), with dC(t) giving the incremental change
of radioactivity at time t during the time increment dt.

Indeed, as will be shown in more detail below, mea-
surements on tracer movement in and out of a ROI can
readily provide the inputs needed for compartmental
analyses. Thus, in a simple one-tissue compartment
model, the transit of an indicator from the circulating
blood into the free substrate pool in tissue, and its re-
turn from there to the blood can be described by the
clearance of tracer from the blood and the rate constant
of tracer return to blood. An example of the application

of a one-tissue compartment model describes the
transport of glucose across the blood-brain barrier.
The labeled glucose analogue 3-methyl-glucose is here
the indicator. It is not metabolized but returns from the
free glucose pool in the extravascular tissue space,
mainly in glial cells, back into the circulating blood.
The inflow of this indicator from the capillary flow sys-
tem across the blood-brain barrier into the glial cells is
given by K1, which expresses the clearance rate. The in-
dicator outflow back from the glial cells into the circu-
lating blood adheres to the rate constant k2. The corre-
sponding expression is:

dCT�t��dt � K1 � Cp�t� � k2 � CT�t�

with Cp(t) being the radioactivity of indicator in the
circulating blood plasma in counts per unit volume at
time t and CT(t) the corresponding radioactivity in
the extravascular tissue space at time t. It is to be
noted that the ratio of amounts of indicator to glu-
cose is different in blood and extravascular tissue
space; in contrast to its indicator, glucose continues
to be metabolized. This is important, because the val-
ue of k2 here also depends on the amount of free glu-
cose within the extravascular compartment, which
varies with the extent of glucose metabolism.

A two-tissue compartment model applies when the
indicator after entrance in to the tissue binds to a tar-
get molecule from where it again may separate intact
or after a catabolic or anabolic alteration. In this in-
stance, the clearance rate of the indicator from the
blood into the tissue is conventionally designated k1,
the rate of return from tissue to blood is k2, the ac-
ceptance rate of the labeled compound by its target
molecule is k3, and the rate of dissociation from this
bond is k4; in addition, the rate of biochemical gen-
eration of a labeled product that would transfer into
the circulating blood may be k5 (see Chaps. 7, 8).

Widely used in clinical practice today is the mea-
surement of phosphorylation of glucose by using as
indicator the labeled glucose analogue 5-deoxyglucose
(Sokoloff et al. 1977). This glucose analogue when
phosphorylated fails to be accepted into the next
physiological metabolic reaction. It accumulates at
the site of the primary phosphorylation. Thus, 5-
deoxyglucose when labeled with 18F allows in vivo
quantification of glucose phosphorylation by measur-
ing (with PET) the irreversible tracer binding, be it
in brain, heart, or malignant tumor (Gallagher et al.
1977; Phelps et al. 1979; Reivich et al. 1979; Delbeke
et al. 2002). In this instance, the rate constants k4 and
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k5 in the two-tissue compartment model are practi-
cally irrelevant. The applicable equations relate to the
two-tissue compartments: free tissue pool CTF and
the substrate binding site CTM:

1) dCTF(t)/dt=K1 ·CP(t)–k2 ·CTF(t)–k3 ·CTF(t)
2) dCTM(t)/dt=k3 ·CTF(t)

with CTF(t) being the radioactivity of indicator in the
free tissue pool in the ROI at time t; CTM(t) the
radioactivity of indicator bonded at the reaction site
in the ROI at time t, and CP(t) the radioactivity of in-
dicator in arterial blood plasma at time t.

In a similar fashion, the practically irreversible
binding of a labeled ligand to its receptor is readily
accessible to compartmental analysis. More details
appear later in this chapter and especially in Chap. 7.

From the above it is also clear that the measurement
of certain reactions may well rely only on one or more
rate constants without need to quantify substrate con-
centration. The advantage of restricting observation to
the rate constants is the easy availability of measuring
devices such as SPECT, that do not readily allow quan-
tification of labeled substrate as PET does. Thus, bio-
chemical measurements are open to anyone who has
the conventional nuclear medical imaging devices that
permit the dynamic mode of data registration.

1.4
Factors that Complicate Measurements
of Biochemical Reactions

The quantitative measurement of a biochemical reac-
tion in vivo using the tracer technique requires atten-
tion to various factors that potentially complicate the
interpretation of measured data. Of course, the amount
of indicator must be in the tracer range, so as not to
preclude the observation of the wanted reaction. More-
over, external measurements of tracer only relay the
fate of the tracer, such as a gamma-emitting radionu-
clide, and not necessarily that of the compound labeled
as indicator to which the tracer is attached. Only if it is
certain that the tracer remains bound to the labeled
substance during the time of observation, does the
measurement represent the indicator. On the other
hand, separation of tracer from the indicator may tes-
tify to the occurrence of a biochemical reaction.

In the context of ROI imaging or counting, various
factors need consideration that influence, for example,

the path of the indicator in the body on its way to its
molecular target within the ROI. The indicator is ad-
ministered to the body usually by intravenous injec-
tion. Alternative routes are intraarterial, intracavitary,
and interstitial injections, as well as ingestion and in-
halation. Prior to reaching its target, the indicator is
usually transported via the blood circulation into the
target tissue, where local blood flow is an essential
factor in indicator distribution. Within the organ,
transport from the blood vessels into the interstitial
space and diffusion through interstitial space, even if
usually a fast process, may find barriers to the indi-
cator’s reaching the target cells for external binding.
After having been bound, the indicator must be inter-
nalized to reach its intracellular target molecule. Fi-
nally, conditions within the target-containing cells
may affect the final destination of the indicator. Simi-
larly, measurements of tracer in body excreta demand
attention to the kinetics of the labeled reaction prod-
uct until it appears in the excreta. One needs to ac-
count for the various influences on measured indica-
tor and tracer kinetics in order to quantitatively eval-
uate the kinetics of the wanted reaction.

An illustrative example is the imaging of tracer ac-
cumulation in a given ROI, under conditions of stabil-
ity of tracer on the indicator. The kinetics of indicator
inflow is supposed to signal indicator transport or
binding to its receptor or enzyme, and the outflow rate
should express either indicator release or a biochem-
ical reaction with liberation of tracer. In any case,
clearly, the chosen indicator must be appropriately la-
beled. Serial measurements must use an optimal image
device such as a scintillation camera in the planar or
tomographic mode and should begin right after the in-
jection to register incremental tracer inflow, accumula-
tion, and outflow in a chosen ROI. This dynamic imag-
ing may be omitted in favor of a still image if it is prop-
erly timed after injection and if the indicator can be
quantified on site, such as by PET (as explained in
Chap. 7). This delayed imaging may help to minimize
the influence of local blood supply on the data. The dy-
namic data collection may be transformed into a
smooth time-activity curve. However, the rate of sub-
strate or ligand binding, or of its release, or of its de-
gradation in the ROI, can only be assessed when the
measurements differentiate between indicator and its
labeled degradation products that recirculate into the
ROI. Moreover, local blood perfusion, transport, and
diffusion of the labeled indicator and/or its labeled de-
gradation product need to be accounted for so as to ar-
rive at meaningful data.
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It is obvious that three principal challenges must
be solved: one pertains to the choice of tracer and to
its positioning on the indicator; the second involves
the data acquisition in such a form that supply of in-
dicator to the reaction site is quantified and, if
needed, indicator and its labeled reaction product are
registered separately. The third challenge entails ap-
plication of an appropriate model for data analysis –
one that corresponds as closely as possible to the true
life-events in the ROI, and if needed, considers con-
founding factors including those from local perfu-
sion, substrate transport, and diffusion.

Any attempt at quantitative measurement of a bio-
chemical reaction demands acknowledgement of the
following:
� Imaging or counting of a labeled substrate in the

stationary or dynamic mode only registers the rel-
ative amount or rate of uptake and/or release of
the radionuclide tracer, and not necessarily of the
labeled substrate within the chosen ROI in the
body.

� For the labeled substrate to serve as indicator, the
radionuclide must remain bound to the labeled
substrate during the time of observation at least
until the wanted reaction occurs.

� Local blood supply influences the rate of transport
of the indicator to, and tracer removal from, the
site of substrate reaction. A diminished local per-
fusion, for example, may cause a reduced local up-
take of the indicator and/or concomitantly release
of tracer and may mimic a reduced reaction rate.

� Local transport and diffusion from the capillary
system into the extracellular space and cells deter-
mine the rate of supply of labeled substrate to, and
removal of tracer from, the site of substrate reac-
tion and, thus, may significantly influence the
measurement of a reaction rate.

� The indicator within the cell may escape reaction
and be transported or diffuse back into the extracel-
lular space and capillary vessels. This loss of tracer
from the reaction site may mimic a reaction rate.

� The tracer alone may recirculate into the ROI
where the reaction occurs. Depending on the rela-
tive amount of recirculating tracer, it must be sep-
arately measured for final data assessment.

To overcome these principal challenges of directly ob-
serving biochemical reactions within a selected ROI,
the following are required (Feinendegen et al. 1981):

1. Knowledge of the type of biochemical reaction to
be studied in terms of substrate/molecular target

interaction and biochemical fate of subsequent re-
action products

2. Proper choice of radionuclide for labeling the sub-
strate to be measured and for the type of imaging
or counting instrument; for instance, a gamma-
emitting radionuclide for conventional scinti-
graphic imaging (planar or tomographic mode),
and a positron-emitting radionuclide for positron-
emission-tomography (PET)

3. Optimal and usually stable positioning of the cho-
sen radionuclide on the substrate in such a way
that it becomes a useful indicator for tracing the
wanted biochemical reaction

4. Measurement techniques (preferably in the dy-
namic mode) which generate time-activity curves
for analyzing kinetics of labeled substrate, and, if
needed, a second, separate indicator or tracer as
internal standard

5. Data analysis with the help of models in compli-
ance with local tissue physiology and biochemistry
(compartment models usually); and

6. Proof of applicability of the method using collat-
eral experiments

The above requirements 1, 2, and 3 are primary chal-
lenges for the expert in radiopharmaceutical chemis-
try. Requirements 4, 5, and 6 mainly address the nu-
clear medical specialist. Both specialists need to start
by sharing attention to requirement 1. Usually more
than one measurement is needed to describe the
wanted reaction kinetics in vivo. Various applications
of “dynamic multiple parameter analysis” have prov-
en their effectiveness. The principal approaches will
be briefly summarized in the sections below, and
their modifications and applications will be described
and discussed in various other chapters of this book.

1.5
Methods and Models
for Measuring Biochemical Reactions

This section gives various methods and models with
some examples that aim at observing biochemical re-
actions in vivo both in a given ROI by imaging
mainly in the dynamic mode, and, secondly, by whole
body observation through dynamic in vitro analyses
of tracer radionuclides in exhaled breath, body fluids,
and excreta, with or without concomitant measure-
ments in the peripheral blood. Of course, the mea-
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surements must be quantitative, highly sensitive, and
specific in order to relate to fine-tuned control mech-
anisms in the signaling networks of living tissue. Two
principle avenues answer to these demands. One of
them focuses on observing a chosen single compart-
ment, for instance, in a region of interest (ROI), and
the other concentrates on observing a labeled sub-
strate in two or more compartments, which usually
consist of circulating arterial blood and the one or
more tissue compartments it supplies with substrate
where the reaction takes place. In the single compart-
ment approach, a dual-parameter analysis is nearly
always indispensable. The observation of a labeled
substrate in two or more compartments simulta-
neously already provides the multiple-parameter anal-
ysis, without which a biochemical reaction in vivo
can hardly be assessed properly.

1.5.1
Observations of Labeled Substrate(s) in a Compartment
(ROI)

1.5.1.1
Single Parameter Analysis:
Single Radionuclide on One Substrate

1.5.1.1.1
In Vivo Counting and ROI Imaging

In most instances, this approach does not allow one
to measure a single biochemical reaction for reasons
given above regarding the complicating factors. How-
ever, some measurements of tracer outflow from a
given ROI may very well describe a reaction. This ap-
plies, for instance, to measuring lipid turnover in the
myocardium using 11C-palmitic acid or other suitably
labeled fatty acids, provided that noise from recircu-
lating non-specifically bound tracer in the ROI is
minimal and that loss of indicator by simple back-
transport/diffusion from the myocardial cells into the
blood circulation has been excluded (Schelbert et al.
1986; Feinendegen 2000). Another example is the
analysis of the effectiveness of membrane channel
function in multi-drug resistance, for example, in
breast cancer (see Chap. 27). The rate of washout of
tracer from the cancer tissue here correlates directly
with the channel function that is responsible for the
degree of drug resistance. Because of easy pitfalls and
misinterpretations, this mode of measurement re-

mains an exception yet an important one for imaging
biochemical reactions.

1.5.1.1.2
In Vitro Counting Related to Regional
or Whole Body Metabolism

In vitro counting of a tracer, for example in the pa-
tient’s exhaled breath, at various times after adminis-
tration of a labeled substrate may signal the reaction
rate as it occurs at certain sites or anywhere in the
body. A case in point is the study of intestinal ab-
sorption of labeled substrate such as 14C-lactose given
orally and measuring the appearance of 14C-CO2 in
exhaled breath (Sasaki 1995). This serves to detect
and define the common problem of “lactase deficien-
cy” (see Chap. 14). Synthesis of hepatic proteins, e.g.,
albumin and/or fibrinogen, can be evaluated with car-
bon- or hydrogen-isotope-labeled amino acids in
such conditions as cirrhosis or acute-phase response
to inflammation (see Chap. 14). Total body changes
in glucose utilization or production in relevant dis-
eases, notably diabetes, have been studied with 14C-
or 3H-labeled glucose under various conditions of
glucose load with repetitive plasma and/or breath
sampling for analysis of turnover, as discussed in
Chap. 14. A relatively simple technique compares the
amount of any 14C-labeled precursor of glucose in
gluconeogenesis that is converted to blood glucose
against the amount converted to 14C-CO2 in breath
and blood (De Meutter and Shreeve 1963). Such an
approach might be adapted to clinical application for
detection of early predisposition to diabetes mellitus.
Many of such studies suggest increased glucose turn-
over in diabetes, which is consonant with other evi-
dence using various tracers, such as 14C, 13C, 3H, or
2H, pointing to increased hepatic glucose production
as a predominant effect of impaired insulin function.
There is also evidence for an insulin effect on the ge-
netic expression of key enzymes that switch inter-
mediate 3-carbon substrates between oxidative and
gluconeogenic fates (Taylor 1995).

With current techniques, some of these questions
could perhaps be further explored in vivo with 11C-
glucose using PET, provided that the short half-life of
11C allows for such observations. More futuristic is
the possibility of analyzing the localization and bio-
chemical transformation of administered 13C-enriched
glucose by MRI and MRS in vivo and/or in vitro over
a certain period of time.
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1.5.1.2
Dual Parameter Analysis:
Two Radionuclides in Different Positions
on One Substrate

1.5.1.2.1
In Vivo Counting and ROI Imaging

A rather simple approach to overcome many of the
complicating factors in the in vivo measurement of
biochemical reactions in a given ROI uses a double-
labeled substrate. This technique is applicable in case
a biochemical reaction leads to cleavage of the sub-
strate into two differently labeled products. Double la-
beling with two different tracers that only separate
upon substrate cleavage has been used in animal and
human studies. If one of the labeled products remains
at the reaction site and the other rapidly leaves the
site, this approach also allows one to observe the site
of the reaction. Thus, the enzyme ribonuclease was
double-labeled with 131I and 51Cr and used in mice
and rats to determine in tissue sections the rate and
site of accumulation and degradation of the enzyme
in vivo (Schultze et al. 1964). Autoradiography showed
that the enzyme had rapidly accumulated in the prox-
imal tubules of the kidneys where it was degraded
within an hour. This was indicated by the loss of
radioiodine whereas the chromium remained on site
by entering new bonds. Thus, the change in isotopic
ratio in the proximal tubular cells indicated that the
enzyme had been degraded at that site.

This method was chosen in the early 1970s to im-
age the degradation of insulin directly in vivo at var-
ious sites in the human body (Feinendegen and Ritzl
1971; Ritzl et al. 1974). In preparing this measure-
ment, the insulin was double labeled with 131I and
51Cr in such a way that it retained its biological func-
tion. Both radionuclides become free upon insulin de-
gradation in vitro and in vivo. Animal studies showed
the free 131I to quickly leave the site of degradation
via the circulating blood and to enter the iodine pool
of the body, supplying iodine to the thyroid gland.
However, 51Cr entered new bonds at the site of insu-
lin degradation and thus remained behind (Ritzl and
Feinendegen 1971). The special advantage of this type
of measurement is the fact that the two different
tracers remain bound to the substrate on its way
through circulating blood, its transport and/or diffu-
sion, until the reaction occurs; the externally mea-
sured quotient of the two tracers on the substrate re-
mains constant until substrate degradation. This

eliminates a number of complicating factors, as pre-
viously discussed. The rate of change of the tracer
quotient upon insulin degradation is the signal to be
measured in the observed ROI. In fact, the tracer
leaving the reaction site is the crucial signal and the
other one remaining on site serves as an internal
standard. A correction for recirculating radioactive
iodine, if needed, is relatively easy; it requires mea-
surement of peripheral blood and/or of quotient
changes in an ROI where insulin degradation does
not occur.

Dynamic imaging of the whole body begins imme-
diately after intravenous injection of the double-la-
beled insulin. The change in tracer quotient shows
the insulin to be degraded almost exclusively in the
liver of patients with normal glucose metabolism, giv-
ing halftimes of about 40 min. The rates of degrada-
tion in the liver of patients with various forms of dia-
betes mellitus has been found to differ substantially
from one another and from that of non-diabetic indi-
viduals. In a limited study, juveniles with type I dia-
betes had a significantly enhanced rate of insulin de-
gradation, with half times ranging around 20–30 min,
whereas in a second type of non-insulin dependent
diabetes with a high insulin level a grossly reduced
degradation rate was recorded, with half times over
one hour (Ritzl et al. 1974). Such measurements may
help in differentiating types and pathogenesis of dia-
betes mellitus. Moreover, calculation of the rate of
synthesis of circulating insulin may result from mea-
sured turnover data, as long as substrate concentra-
tion at a non-degrading site is constant at a given
homoeostatic equilibrium. This approach may also
find application in quantitatively and locally assessing
degradation and synthesis rate in vivo of other pep-
tides and proteins.

A similar way of using two radionuclides on one
substrate in different positions resulted in following
the fate of isolated DNA for the first time in a living
mammal (Friedrich et al. 1972; Meyers and Feinende-
gen 1975 a, 1975b, 1976). DNA was simultaneously la-
beled with 3H-thymidine and 5-125I-2�deoxyuridine.
The latter is an analogue of thymidine but less read-
ily incorporated into mammalian DNA in vivo and in
many cells in vitro (Meyers and Feinendegen 1975).
Following intravenous injection of the double-labeled
DNA, the quotient of the two tracers is insensitive to
local blood circulation, transport and/or diffusion.
Upon DNA hydrolysis, both labeled pyrimidines are
released and enter the re-incorporation pathway in
DNA-synthesizing cells in the body. However, whereas
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3H-thymidine is readily accepted into DNA synthesis,
5-125I-2�deoxyuridine is discriminated against, so that
after re-incorporation the quotient of the tracers in
vivo changes in favor of 3H-thymidine in tissue and
the reverse holds for the quotient in the circulating
blood. Consequently, the change in the tracer quo-
tient in favor of 3H-thymidine in any given tissue sig-
nals DNA hydrolysis. No change of quotient in the re-
cipient cells, on the other hand, means that no hydro-
lysis has occurred and labeled DNA has been trapped
as a whole (Feinendegen et al. 1973; Meyers and Fei-
nendegen 1975, 1976). The data showed the probabil-
ity of intercellular DNA transfer in lymph nodes in
the examined mice.

In these studies, the labeled 3H-thymidine served
as internal standard and the disappearance of 5-125I-
2�deoxyuridine against 3H-thymidine in tissue sig-
naled reutilization of thymidine in favor of its analo-
gue following DNA hydrolysis to the nucleoside level.
By using thymidine or a metabolically equivalent ana-
logue labeled, for instance, with positron emitting 11C
or 18F, together with 5-123I-2�deoxyuridine for DNA
double labeling, comparative studies on the fate of in-
jected DNA may succeed in humans.

The dual-tracer-on-one-substrate technique in con-
junction with dynamic imaging leads to the following
mathematical representation. With:

C[A/B]T(t)= the quotient of radioactivity from the
two tracers, with A representing the
signal and B the internal standard in
the tissue region T at time t, and

k= the rate constant of the reaction

dC�A�B�T�t��dt � �k � C�A�B�T�t�

and after integration

C�A�B�T�t� � �k ��C�A�B�Tdt

The graphic display of this expression shows the
slope, –k, to quantitatively describe the rate constant
of the reaction in the observed tissue.

1.5.1.2.2
In Vitro Counting Related to Regional
or Whole Body Metabolism

Following oral or intravascular administration of sub-
strates labeled with two different tracers, for example
14C and 3H in two different positions of glucose, sev-

eral analyses are possible. After ingestion, the conver-
sion of 1-3H-glucose to 3H-H2O represents the rate of
absorption and initial metabolism of glucose; this
provides a control against which to measure the
slower rate of 14C-CO2 formation from 1-14C-glucose;
the rate difference indicates the extent of glucose di-
version to organic products such as fat in obese sub-
jects (Shreeve et al. 1971). Another example is the use
of double-labeled (2H and 18O) water injected intrave-
nously. The difference in rates of decline of 2H in the
peripheral blood signals H2O turnover, whereas the
decline of 18O indicates H2O turnover plus CO2 pro-
duction and excretion in body water. The difference
in the rates of decline allows calculation of energy ex-
penditure in the total body (Ritz and Coward 1995),
as discussed in more detail in Chap. (12). An equiva-
lent approach sequentially measures labeled catabo-
lites of substrates labeled with one tracer in two dif-
ferent positions, for example, 14C in position 1 or 6
of glucose (Kallie et al. 1968), or 14C in position 1 or
2 of glycine (Nyhan 1984; see Chap. 14). In these ex-
amples, the ratio of rates of appearance of the labeled
catabolite CO2 signals the relative rates of particular
metabolic pathways involving particular reactions
and can sensitively detect pathological deviations.

1.5.1.3
Dual Parameter Analysis:
Two Different Labeled Substrates

1.5.1.3.1
In Vivo Counting and ROI Imaging

1.5.1.3.1.1
Subtraction Technique

In this category of methods, a labeled compound that
as background noise disturbs the diagnostic signal is
subtracted from the gross data in order to reveal the
fate of the indicator in a biochemical reaction. A use-
ful illustration of this approach gives the in vivo anal-
ysis of lipid metabolism in the myocardium with la-
beled fatty acids (Feinendegen 2000). The experience
with double-labeled insulin, as referred to above,
helped in the 1970s to develop techniques for measur-
ing the metabolism of fatty acids in vivo in the myo-
cardium (Freundlieb et al. 1978, 1980; Machulla et al.
1978; Feinendegen et al. 1981).

Fatty acids are essential sources of energy by way
of beta-oxidation in the mitochondria of myocardium
and muscle in general. Physiologically, fatty acids
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may be stored in lipids for retrieval into energy-de-
livering metabolism on demand. In attempting to re-
late the measured data obtained by dynamic planar
scintigraphy to the in vivo fate of labeled fatty acids
in various segments of the myocardium, a major
problem has been the exclusion of non-specific sig-
nals from the scintigraphic image.

Fatty acids are long hydrocarbon chains with a
carboxyl group on one end and a methyl group on
the other. They can be labeled in different positions.
Thus, radioactive carbon may be placed within the
carboxyl group and radioactive iodine such as 123I
may be placed along the hydrocarbon chain wherever
there is a double bond between two successive carbon
atoms; or 123I can replace the terminal methyl group,
for instance, on the 16 or 17 C-position. The latter
thus becomes �-123I-heptadecanoic acid. Labeled in
various ways, fatty acids may retain the ability to at
least partly participate in myocardial metabolism. No
metabolic interference arises from labeling with
radioactive carbon in the carboxyl group. When
radioactive iodine replaces the terminal methyl-
group, as in �-123I-heptadecanoic acid, the rate of in-
dicator transfer into the myocardial lipid pool is re-
duced compared to physiological fatty acid. Most of
the accumulated indicator in the myocardium rather
rapidly transfers to beta-oxidation with quick libera-
tion of free iodine tracer into the peripheral circula-
tion. After having become incorporated into the lipid
pool, �-123I-heptadecanoic acid has similar kinetics
as the physiologically behaving carbon-labeled fatty
acid and thus one can trace fatty acid transfer from
the lipid pool into the beta-oxidation pathway (Fei-
nendegen 1993). The advantage of terminally labeling
with radioactive iodine is the use of conventional
gamma cameras in planar or tomographic mode for
analyzing in vivo fatty acid uptake and metabolism,
especially the rate of lipid turnover. On the other
hand, labeling with positron-emitting carbon requires
the more expensive and labor-intensive PET, which
allows observation of the unaltered fatty acid kinetics
and quantification of substrate in tissue.

Depending on the type and labeling of fatty acid,
only a certain fraction of the accumulating tracer be-
comes incorporated into the myocardial lipid pool
(Feinendegen 1993, 2000). Degradation of fatty acids
by beta-oxidation in the mitochondria is faster than
the rate of fatty acid supply from the lipid pool for
degradation. Upon full degradation, the free tracers,
whether carbon or terminally bound iodine, quickly
leave the degradation site via the circulating blood.

The rate of tracer disappearance from the ROI thus
mirrors the rate of entrance of the indicator into the
degradation pathway. However, contrary to the tracer
carbon, the free iodine tracer rapidly reenters the
ROI with the free iodine pool in the circulating
blood. The catabolic iodine tracer thus adds to the
signals from labeled fatty acid in the myocardium
and obscures the fatty acid degradation signal in the
dynamic mode of imaging.

The interfering signals from the pool of free iodine
in blood and tissue have been separately counted fol-
lowing an intravenous injection of free radioactive io-
dine (Freundlieb et al. 1980; Feinendegen et al. 1981).
The separate signals from the iodine pool were then
used to compute the rate of release of the iodine tracer
in the ROI as the signal of transfer of the labeled fatty
acid from the lipid pool into rapid degradation in the
mitochondria. In diseased heart muscle, tracer release
may include fatty acid back diffusion or transport into
the blood circulation. If needed, these two pathways
can be separately observed, as described below in the
discussion of the use of two labeled isomerically related
substrates.

Thus with:

CTM(t)=radioactivity of labeled fatty acid in the myo-
cardial lipids at time t, and

k =rate constant of loss of tracer from the myo-
cardium, indicating physiological transfer of
indicator from the lipid pool into mitochon-
drial beta-oxidation, followed by rapid wash-
out of free iodine tracer into the circulating
blood

dCTM�t��dt � �k � CTM

and after integration

CTM�t� � �k ��CTMdt

As stated above, one method of correcting for signal
noise from iodine tracer in the recirculation pathway
requires a second injection of free radioactive iodine
such as 123I-NaI and its measurement at time of equi-
librium distribution, t�, in tissue and blood. With

Ir(T)(t) =recirculating tracer after indicator
degradation in tissue ROI at time t

Ir(P)(t) =recirculating tracer after indicator
degradation per volume of periph-
eral blood at time t

I(T)
* (t�) = injected standard tracer in tissue

ROI at time t�
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I(P)
* (t�) = injected standard tracer per volume

of peripheral blood at time t�
CTM(t)+ Ir(T)(t) =gross tracer in ROI image at time t
CTM(t) =[CTM(t)+ Ir(T)(t)]–Ir(P)(t) · [I(T)

* (t�)/
I(P)
* (t�)]

Following subtraction of the metabolically released
and recirculating tracer in the ROI, given by the
expression {Ir(P)(t) · [I(T)

* (t�)/I(P)
* (t�)]} from the total

radioactivity in the ROI, [CTM(t)+ Ir(T)(t)], the net
signals from the myocardial lipids, CTM(t), in the ROI
were obtained. Other correction techniques based on
graphical analyses of radioactivity-time curves have
been developed and successfully applied when needed
(van Eenige et al. 1987).

Besides 11C-labeled fatty acid, such as 1-11C-palmi-
tic acid, or a fatty acid with radioactive iodine repla-
cing the terminal methyl group, such as �-123I-hepta-
decanoic acid, various other terminally phenylated
fatty acids and those with side chains, mainly labeled
with radioactive iodine, are being used today in clini-
cal cardiology (Machulla et al. 1980; Knapp and
Kropp 1995; Feinendegen 2000). These derivatives
have the advantage of minimal recirculation of free
tracer after indicator degradation and thus obviate
the need for correction procedures. All these labeled
fatty acids allow the measurement of not only the es-
terification of labeled fatty acids into the myocardial
lipid pool, but also to various degrees the relatively
slow rate of lipid turnover with fatty acid transfer
into beta-oxidation. These diagnostic investigations,
at times in conjunction with imaging of local blood
perfusion, have added to understanding the pathol-
ogy of ischemic heart disease and have helped in the
non-invasive diagnosis of non-ischemic cardiomyopa-
thies (Feinendegen 2000). Other applications of la-
beled fatty acids for metabolic studies in the liver are
discussed below (Hoeck et al. 1986).

1.5.1.3.1.2
Internal Standard Technique

This particular method uses two differently labeled
compounds, one the initial substrate that enters the
reaction chain of interest, and the other a substrate
downstream in that chain (see Chap. 16). Both la-
beled substrates are pulse-injected into the circulating
blood and have similar kinetics en route to the reac-
tion site. Dynamic imaging at a given ROI begins
soon after injection of the indicators. Provided the la-
beled reaction products or liberated tracers rapidly

leave the reaction site without recirculation, the re-
lease rates of one tracer gives the rate of the up-
stream reaction and the other gives the rate of the
downstream reaction in the chain. The release rate of
tracer from the downstream substrate thus serves as
an internal standard against which the release rate of
tracer from the upstream substrate is scaled.

This technique has shown its success in linking
some forms of non-ischemic cardiomyopathies to a
genetically determined deficiency of one of the acyl-
CoA-dehydrogenases that catalyze beta-oxidation of
short-, medium-, and long-chain fatty acids. A defi-
ciency in one of these enzymes may be accompanied
by no clinical symptoms at all; or it may cause more
or less grave cardiac insufficiency, differing in child-
hood and adolescence. In order to test for the type of
the enzyme failure in fatty acid degradation, the re-
lease rates of tracer from the myocardium following
intravenous injection of 11C-labeled fatty acids of dif-
ferent chain length were measured. The downstream
substrate was 11C-acetate, the final substrate in the
degradation chain, serving as an indicator of oxida-
tive metabolism and, thus, as an internal standard
(Brown et al. 1987; Armbrecht et al. 1990). Its intrave-
nous injection shortly preceded or followed that of
each one of the different 11C-labeled fatty acids. The
difference between the tracer release rate from the
upstream fatty acid of a given chain length and the
downstream internal standard release rate indicated
the severity of inhibition of fatty acid degradation
due to the deficiency of the appropriate acyl-CoA-de-
hydrogenase (see Chap. 16). To be diagnostically val-
id, the examination demands a steady state myocar-
dial metabolism, i.e., exclusion of effects from sub-
strate concentration in the circulating blood, hor-
mones, workload, ischemia, and tracer back diffu-
sion. This type of internal standard application is an
excellent example of detecting in vivo the localized
effect of a genetically caused disorder, with a rela-
tively high sensitivity and without substantial risk to
the patient (Kelly et al. 1993).

1.5.1.3.2
In Vitro Counting Related to Regional
or Whole Body Metabolism

Dual-indicator techniques are potent also for in vitro
measurements. For instance, a 14C-labeled substrate
proximal to an enzyme in a reaction chain and a 13C-
labeled substrate distal to it, are simultaneously admi-
nistered, and the rates of formation of the differently
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labeled CO2 are compared with each other. In this
set, the second indicator serves as an internal stan-
dard, provided that the kinetics of both indicators is
similar until they reach the reaction site. For in-
stance, a crucial set of reactions of intermediary me-
tabolism, concerning anabolic vs. catabolic fates of
pyruvate, could be tested by simultaneously employ-
ing pyruvate and acetate, each carrying a different
tracer such as 14C and 13C for measuring the rates of
appearance of the differently labeled CO2 in the ex-
haled breath. In this metabolic area, interpretations
of altered ratios of formation of labeled CO2 can be
multiple and reaction identification is aided by analy-
sis of tracers in relevant organic products such as
glucose or ketone bodies. Possible applications could
be in states of diabetes or excessive growth hormone
(Shreeve et al. 1970). The breath CO2 test for “lactase
deficiency” using labeled lactose (see above) would
be sharpened for better focus on intestinal lactase ac-
tivity per se if both 14C and 13C should be used for
dual labeling and simultaneous administration of la-
beled lactose and the downstream labeled product,
glucose (see Chap. 14). In this case, there should be
assurance of normal metabolism of the internal stan-
dard, glucose, e.g., no diabetes or obesity.

Regarding macromolecular synthesis, for instance
of hepatic lipoprotein, the simultaneous use of 125I-
apo-A and13C-phenylalanine as a standard for general
protein synthesis allows the quantification of the con-
tribution to lipoprotein (LP) from the “good” apo-A
(high-density LP, HDL) vs. general LP synthesis (Ra-
der et al. 1993), as further discussed in Chap. 14. The
kinetics of intestinal absorption of elemental calcium
may be observed without contribution to data from
subsequent post-absorptive metabolic fate, by the si-
multaneous use of two calcium isotopes, either of
radioactive 45Ca and 47Ca (DeGrazia et al. 1965), or
of stable 43Ca and 46Ca (Smith et al. 1996) (discussed
in Chaps. 12 and 14). In this test, one of the two
paired tracers is given orally and the other intrave-
nously, with measurement of tracer quotients in urine
or saliva. Such data has led to recognition of a genet-
ic predisposition to impaired absorption of Ca++ as a
prelude to osteoporosis. The kinetics of iron absorp-
tion can similarly be evaluated by the use of paired
iron isotopes, be they radioactive or stable, one given
orally, the other intravenously; subsequent measure-
ments of tracer quotients in blood plasma and red
cells may reveal, for example, the degree of Fe++ ab-
sorption in pregnant women (O’Brien et al. 1999)
(see Chap. 14).

A more elaborate example of the double-labeling
approach for in vitro counting is the study with long-
term intravenous infusion of [3-14C]-lactate together
with 13C-bicarbonate and oral administration of phe-
nylacetate at various intervals over a period of six
hours, in order to estimate Krebs cycle activity and he-
patic gluconeogenesis (Landau et al. 1995). During in-
dicator infusion, the 14C and 13C activities have been
analyzed in breath CO2, in blood glucose, and in uri-
nary urea and glutamate from the excreted phenylace-
tylglutamine. This carefully designed investigation
showed that in fasted normal subjects 80% of glucose
production was via gluconeogenesis, whereas in fasting
diabetic patients the metabolic state was more hetero-
geneous, gluconeogenesis being reduced to an average
of about 45%. This lower contribution of gluconeogen-
esis to glucose production in fasting diabetic patients
was explained as a consequence of remaining glycogen
stores during the period of insulin withdrawal.

1.5.1.4
Dual Parameter Analysis:
Two Labeled Isomerically Related Substrates

Potentially powerful is the use of two isomeric sub-
strates that are labeled by different tracers for simul-
taneous imaging, or with the same tracer for sequen-
tial imaging. Provided the two isomeric indicators
share kinetics before reaching the site of the wanted
reaction, measuring the two different rates of tracer
accumulation or release at the chosen ROI gives the
difference in the reaction rates of the two isomers.

The development and testing of two labeled iso-
merically related substrates, i.e., 15-(para-iodo-phe-
nyl)-pentadecanoic acid (pPPA) and 15-(ortho-iodo-
phenyl)-pentadecanoic acid (oPPA), stable-labeled
with radioactive iodine (Machulla et al. 1980; Shreeve
et al. 1984; Beckurts et al. 1985; Kaiser et al. 1990)
provides an example of how one can observe the bio-
chemical nature of the active site of an enzyme in
vivo, while also exploiting this information for diag-
nostic purposes. The profound difference in metabo-
lism of the para- vs. the ortho-iodinated species of
phenylated fatty acid in humans suggests the involve-
ment of a protein-binding site akin to that of en-
zymes such as tyrosine kinases and tyrosine phos-
phatases, which are widely involved in signal trans-
duction, which is specially discussed in Chap. 4. The
further curious differences in the vulnerabilities of
reactions with pPPA and oPPA in hepatic lipid meta-
bolism to noxious influences, such as chronic alcohol
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exposure (Shreeve et al. 1984) or adriamycin (Feinen-
degen et al. 1996), emphasize the value of employing
other pairs of labeled isomeric substrates in parallel
in order to reveal the possible occurrence or mecha-
nisms of, or susceptibility to, disease. Genetically re-
lated changes in enzyme-substrate interactions should
be observable by this technique. Thus far, myocardial
and liver metabolism has been investigated by these
two fatty acid isomers and may usefully serve to ex-
emplify the paired isomers method.

1.5.1.4.1
Myocardium

In the context of labeling fatty acids with radioactive
iodine for studies on myocardial lipid metabolism,
the 15-(para-iodo-phenyl)-pentadecanoic acid, pPPA,
proved metabolically very similar to natural fatty
acids; moreover, its catabolites are rapidly released
from the reaction site and excreted. This eliminates
the need for time-consuming signal correction. Today
pPPA is widely used in diagnostic cardiology with ap-
propriate imaging devices (Feinendegen 2000).

Upon labeling phenyl-pentadecanoic acid with
radioactive iodine, two thirds of the iodine binds in
the para position, yielding pPPA and one third in the
ortho position giving the isomeric 15-(ortho-iodo-phe-
nyl)-pentadecanoic acid, oPPA (Machulla et al. 1980).
This oPPA was found in studies with rodents to share
with pPPA practically identical kinetics in blood circu-
lation, transport and diffusion (Beckurts et al. 1985).
Both isomers entered into the cells in parallel. However,
both were significantly less readily bonded in vitro to
CoA by the enzyme acyl-CoA-SH-thiolase than were
palmitic acid and �-iodo-heptadecanoic acid, probably
by steric hindrance of the phenyl group in the � posi-
tion. Thus, after 30 min incubation the binding was
about 30% for oPPA and about 45% for pPPA, but
about 80% for �-iodo-heptadecanoic acid, and about
90% for palmitic acid (Kaiser et al. 1990).

Greater differences between the two isomers were
seen in rodents regarding esterification into complex
lipids in the myocardium. Whereas pPPA readily en-
tered the lipid pool, oPPA did so only to a minor de-
gree (Beckurts et al. 1985). Moreover, in contrast to
pPPA, oPPA in vivo hardly crossed into the mitochon-
dria for beta oxidation, but left the cells nondegraded
by back diffusion or transport into the circulating
blood. When applied to humans in an initial attempt
to label the free fatty acid pool as an internal stan-
dard in the measurement of myocardial lipid turn-

over, oPPA contrary to expectation was observed to
have a much lower rate of release, with half times
ranging to several hours (Antar et al. 1986). Indeed,
only traces of labeled catabolites of oPPA appeared in
the peripheral blood and urine. That the myocardial
trapping of oPPA occurred outside mitochondria in
the human myocardial cells was experimentally con-
firmed using a double labeling approach at diagnostic
coronary angiography in patients. Both tracers, 123I
from the phenyl group of the oPPA and 14C from the
carboxyl group were retained in parallel and there
was no change in the isotopic ratio in the coronary
sinus. Loss of oPPA from the myocardium appeared
mainly due to back diffusion or transport (Kaiser et
al. 1990). Thus, after a practically parallel rate of up-
take of oPPA and pPPA into the cells, pPPA may serve
as an indicator of fatty acid metabolic degradation,
while oPPA almost exclusively signals the rate of back
diffusion or transport. It therefore appeared reason-
able to use these two isomers to distinguish between
losses of tracer from the myocardium by beta oxida-
tion, with pPPA, versus back diffusion/transport, with
oPPA (Feinendegen 1993).

The dual tracer technique with oPPA and pPPA
both labeled with 123I was applied diagnostically in
patients with dilated cardiomyopathy (Feinendegen et
al. 1995). The intravenous pulse injection of oPPA
preceded the injection of pPPA by 50 min. After an-
other 50 min, 123I-NaI was intravenously given to cor-
rect for labeled catabolites in the tissue ROI by image
subtraction, as referred to above. Regional uptakes of
the two indicators did not differ between patients and
control subjects. However, the release rates differed
from control in at least 66% of the patients and the
scatter was larger inter-individually than intra-indivi-
dually. Since the release rate of tracer from oPPA in-
dicated mainly back diffusion/transport, and that of
pPPA both beta oxidation and back diffusion/trans-
port, the difference between the two release rates are
assumed to mainly give the rate of beta oxidation in
the observed myocardial region. In this manner, three
different patterns of lipid turnover appeared in these
patients: (1) predominantly increased beta oxidation;
(2) predominantly decreased beta oxidation, in part
with increased back diffusion/transport; and (3) pre-
dominantly increased back diffusion/transport. These
significantly distinct patterns of myocardial lipid
turnover in different patients with non-ischemic car-
diomyopathies express different pathologies at the
molecular level and may involve genetically deter-
mined predispositions.
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1.5.1.4.2
Liver

Following studies of in vivo liver metabolism with
�-123I-heptadecanoic acid (Hoeck et al. 1986), the
paired-isomers method with labeled fatty acids ap-
peared even more revealing. As was shown for the
myocardium, pPPA and oPPA in normal rats also had
almost identical kinetics in the circulating blood be-
fore reaching the liver tissue cells. Both then had dis-
tinct patterns of esterification into the various lipid
fractions, and this was independent of local blood
perfusion at the anatomic site (Feinendegen et al.
1996). Adriamycin, which stimulates hepatic lipid
synthesis, caused a highly significant change in rats
in the ratios of liver uptake of pPPA and oPPA as into
various lipid fractions compared to normal liver. The
quotient oPPA/pPPA was 2.6 for whole liver in normal
rats, and significantly lower at 1.5 after adriamycin
treatment. The corresponding quotients oPPA/pPPA
in liver triglycerides were significantly different by a
factor of 5, with 2.0 in normal rats and 0.4 after
adriamycin treatment (Feinendegen et al. 1996). By
contrast, in mice exposed chronically to ethanol there
was increased conversion of oPPA to liver triglycer-
ides (TG) relative to nonexposed mice, with no effect
of ethanol on incorporation of pPPA. In addition
phasic differences occurred in the ethanolic mice in
decline of activity in TG, as in total liver, from oPPA
as well as from �-123I-heptadecanoic acid or 14C-stea-
ric acid, but not from 14C-oleic or palmitic acids
(Shreeve et al. 1984). The quotient change for paired
fatty acid precursors converted to circulating triglycer-
ides may be a sensitive diagnostic indicator of patho-
logical hepatic lipid metabolism. Further study is also
warranted in the context of genetically determined al-
terations in reaction rates of hepatic lipid synthesis.

In a preliminary clinical application, trace
amounts of 123I-labeled pPPA and oPPA were given
intravenously one shortly after the other. The se-
quences of scintigrams displayed each indicator sepa-
rately and as a quotient of the two. Indeed, the signif-
icant change of the normal pPPA/oPPA quotients in
liver disease appeared as a clinically useful indicator
of a disturbance of lipid metabolism (Ebert et al.
1993). Previously, local pathological alterations in liv-
er metabolism could only be detected by microscopic
examination of tissue specimens.

1.5.1.5
Dual Parameter Analysis:
Two-Isotope Effect on Labeled Substrate

For in vivo analyzing the function of substrate/ligand
binding to its enzymes/receptor, the use of the isoto-
pic effect of deuterium (2H) in place of hydrogen
(1H) in hydrogen bonding to carbon was introduced
by Fowler in a seminal study (Fowler et al. 1988; see
Chap. 20). When 2H replaces 1H, where a carbon-hy-
drogen bond normally forms during substrate inter-
action with its specific target, the ensuing rate of
binding is altered. The reason for this is the increased
stability of a C-2H bond compared with a C-1H bond.
By choosing this dual parameter technique for in vivo
imaging of an appropriately labeled substrate, most
confounding factors associated with in vivo imaging
of biochemical reactions, as outlined above, can be
excluded. If the concentration of receptor on site is to
be assessed by the indicator ligand, the increased
bond stability is an advantage in that it reduces the
effect of an unfavorable relationship between a rela-
tively low receptor concentration and a high rate of
labeled substrate binding and loss.

This approach was employed for studying the
function of monoamine oxidase, MAO, in the brain
of humans and lower mammals. As given in more de-
tail in Chap. 20, MAO type B binds L-deprenyl cova-
lently and irreversibly to a co-factor that arises dur-
ing MAO-B-catalyzed oxidation. In this way, L-depre-
nyl is a suicide inactivator of the enzyme. L-deprenyl
labeled with 11C therefore represents a potent indica-
tor for measuring site and function of MAO-B at a
given ROI in the brain by PET.

The hydrogen at various sites of 11C-or 14C-labeled
L-deprenyl was replaced with deuterium. Deuterated
and non-deuterated radioactively labeled L-deprenyl
were then intravenously administered in experiments
with baboons and mice and later in human studies.
In the latter, PET imaging showed the two L-depre-
nyls to accumulate mostly in the basal ganglia and
the thalamus, with lesser intensities found in the
frontal cortex and the cingulate gyrus. Binding was
lowest in the parietal and temporal cortices and the
cerebellum. When the deuterium was incorporated in
the methylene group of the propargyl group of L-de-
prenyl, an isotope effect appeared in that the rate of
tracer uptake and binding was significantly reduced,
as was the rate of its release compared to the control.
The data thus established in vivo that the alpha-car-
bon-hydrogen bond on the propargyl group is a sin-
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gular or major rate-limiting step in oxidation by
MAO-B.

Obviously, this particular in vivo method appears
powerful for investigating on the one hand the specific
site with which a substrate/ligand binds to its specific
enzyme/receptor, and on the other for observing the
consequences of structural alterations on the binding
due, for instance, to the action of molecular signaling,
or to genetic polymorphism in the pathogenesis of dis-
ease. Moreover, this type of information may help to
structurally tailor a substrate for developing drugs
for effectively altering biochemical reactions in vivo.

1.5.2
Parallel Observation of Labeled Substrate
in Two or More Compartments

Measuring the transfer of a given indicator between
physiological compartments, such as between blood
and tissue, body and urine, body water and tissue,
etc., compartmental analyses have found wide appli-
cation in nuclear medicine since its early days (see
Chaps. 7, 8). Presently, with tracers and labeled indi-
cators being available for imaging biochemical reac-
tions, compartmental analyses are routinely used to
assess a biochemical reaction by the kinetics of indi-
cator transfer to, or loss from, or both, the site of a
reaction – for instance within a chosen ROI. Two sit-
uations arise, one in which the indicator is practically
irreversibly bound over the period of observation,
and the other where the indicator after accumulation
in the observed ROI leaves the site into the circulat-
ing blood or is degraded with release of tracer. The
accuracy of compartmental analysis increasingly suf-
fers with the number of interrelated compartments
and complexity of the model. The observation of in-
dicator binding alone, or together with subsequent
indicator dissociation from its target site, in a chosen
ROI makes the one- and two-tissue compartment
analysis a near optimal tool. Chapters 7 and 8 exten-
sively discuss modeling and tracer kinetics. This sec-
tion will briefly introduce the compartmental analysis
of reversible and irreversible indicator accumulation.

Usually, a single labeled substrate suffices for com-
partmental analysis of reversible or irreversible accu-
mulation of indicator. The compartment model in-
cludes indicator supply from arterial blood to the tis-
sue compartment where the reaction is to occur. The
corresponding rate is expressed as clearance of indica-
tor from the arterial blood plasma, and the rate of in-

dicator return into the blood is expressed by a rate con-
stant. In this way, a dual parameter analysis results. A
one-tissue compartment may suffice for describing re-
versible accumulation or indicator binding in tissue. A
two-tissue compartment is composed of the extravas-
cular tissue space of free indicator, i.e., the substrate
pool in tissue, from where the indicator enters the irre-
versible bond to its target, which is denoted as the sec-
ond tissue compartment. In either case, if the density
of a defined receptor in terms of receptor concentration
at the target site is the goal of measurement, the
amount of indicator available and its binding affinity
to the target are crucially important.

Obviously, the indicator must be structurally com-
patible with its specific target molecule, be it recep-
tor, transporter, or enzyme in the interstitial space,
and on or within a cell. In order to take advantage of
the indicator’s irreversible binding to its target, and
thus its accumulation in the ROI as a function of the
reaction rate, appropriate molecular tailoring of the
indicator is a powerful approach, as discussed below
in the context of glucose metabolism.

The actual measurement begins with the intrave-
nous injection of the indicator and requires frequent
scintigraphic recording of the quantities of the indi-
cator in the ROI under study, and parallel analyses of
indicator concentrations in samples of the arterial
blood plasma, from where the indicator is supplied to
the reaction site. The assumption, of course, is the
rapid transfer of indicator from the blood to this site.
These measurements result in a set of two time-
radioactivity curves, one giving the temporal changes
of indicator concentrations within the arterial blood
plasma, and the other gives the corresponding
changes of radioactivity within the ROI.

The analysis of the two curves describing the indi-
cator concentration within arterial blood plasma and
the ROI radioactivity may furnish the desired infor-
mation regarding the biochemical reaction to be
studied, as explained below. Nevertheless, various ca-
veats need attention regarding the complex kinetics
of indicator supply to the reaction site, the reaction
itself and, if applicable, transfer of labeled reaction
product away from the reaction site in the ROI with
possible recirculation. The mathematical treatment of
the curves may favor computerized fitting procedures
with input of the model-given variables. Another
choice is the graphic display of reaction rates and
rate constants. In this section, the graphic analyses
are briefly summarized and presented with examples
of application. More details are in Chap. 7.
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1.5.2.1
Labeled Substrate in One-Tissue Compartment Model

The one-tissue compartment model describes the in-
dicator’s arrival and accumulation at the reaction site
via the circulating blood without having passed
through a functionally relevant second compartment.
The model also takes into consideration the release of
indicator from its site of accumulation and removal
by the circulating blood. This approach applies, for
instance, to studying reversible transport across a
biological barrier within a given ROI. Thus, with

CT(t) =radioactivity in extravascular tissue space at
time t,

CP(t) =radioactivity per volume blood plasma at
time t,

K1 =clearance of indicator from blood plasma to
the extravascular tissue space
(radioactivity/min � volume)

k2 =rate constant of indicator release from the ex-
travascular tissue space to blood,
(radioactivity/min � mass)

dCT�t��dt � K1CP�t� � k2CT�t� �1�11�

After equilibrium is reached between indicator con-
centration in blood and tissue,

K1CP�tequ� � k2CT�tequ�

and the two measured time-radioactivity curves in
blood plasma and tissue run in parallel. The ratio of
the two measured values CT(tequ)/CP(tequ) is equal to
k1/k2 and expresses the tissue mass into which distrib-
utes an amount of indicator cleared per unit volume of
blood plasma. This value is conventionally called the
distribution volume.

By integration of Eq. 1.11,

CT�t� � K1
�

CPdt � k2
�

CTdt �1�12�

This equation may be rearranged in various ways
leading to linearized expressions. One (Gjedde and
Diemer 1983) is:

CT�t��
�

CPdt � K1 � k2
�

CTdt�
�

CPdt �1�13�

The graphical display of this equation results in a lin-
ear plot that extrapolates to the intercept at the value
of K1 and has the slope of –k2.

Another way of linearization of Eq. 1.12 is (Logan
et al. 1990):

�
CTdt�CT�t� � K1�k2

�
CPdt�CT�t� � 1�k2 �1�14�

Here, the linear portion of the plot gives the intercept
as –1/k2 and the slope describes the distribution vol-
ume K1/k2.

The analysis thus results in the values of the clear-
ance and the rate constant that governs back trans-
port of the indicator from the tissue into the circulat-
ing blood. If such measurements are made at differ-
ent substrate concentrations, which the indicator
traces, the resulting rate constants may be interpreted
in terms of first order reaction kinetics expressed by
the Michaelis-Menten equation, described above.

1.5.2.1.1
Active Transport of Substrate

The one-tissue compartment model serves to quantify
reversible transport of substrates across biological bar-
riers such as the blood brain barrier (BBB). In analyz-
ing glucose transport across the BBB at various blood
glucose concentrations, 11C labeled 3-O-methylglucose
was employed as an indicator that is transported across
the blood brain barrier similarly to d-glucose but is not
metabolized (Feinendegen et al. 2001). It enters the free
glucose pool in brain tissue and returns from there into
the circulating blood. The potential of a very small sec-
ond tissue compartment is neglected here. In the ab-
sence of a second tissue compartment, the indicator ac-
cumulation in the brain with time after indicator injec-
tion reaches equilibrium with the indicator concentra-
tion in blood plasma and the two time-radioactivity
curves run in parallel. This indicates the reversible
transport of this glucose analogue across the BBB be-
tween the capillary circulation and the extravascular
free glucose pool in tissue. Diagnostic studies in hu-
mans showed that the rate constant k2 indicating indi-
cator outflow from the extravascular tissue space to
blood differed among individuals to a considerably
greater extent than the clearance rate of inflow, K1.
Measuring these values throughout the cerebral cortex
at different plasma glucose concentrations revealed a
highly significant inter-individual but not intra-indi-
vidual variability more for k2 than K1 at normal and
elevated blood glucose levels. The results were analyzed
in the context of present day knowledge of glial cell bio-
chemistry and indicate highly individualized glial cell
function, possibly genetically determined (Feinende-
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gen et al. 2001). Indeed, the data suggest the existence
of individually regulated control mechanisms of glu-
cose metabolism in the brain.

1.5.2.2
Labeled Substrate
in Two-Tissue Compartment Model

The two-tissue compartment model contains, for in-
stance, an extravascular tissue space into which the in-
dicator enters from the circulating blood and from
where it leaves, either by back transfer into the circulat-
ing blood or by irreversible binding to its target at the
tissue site under observation; this irreversible binding
site presents the second tissue compartment. The re-
sulting two time-radioactivity curves, one from arterial
blood plasma and the other from the tissue ROI, tend
to converge, i.e., the tissue ROI curve rises where the
one from blood plasma falls. Again, curve-fitting pro-
cedures as well as graphic displays are common for
the determination of rate constants. Analogous to the
one-tissue compartment analysis, here again the gra-
phic approach is chosen to show the rate constants of
indicator transfers in the ROI (Patlak et al. 1983; see
Chap. 7). Thus, in a simplified manner with:

CT(t) =radioactivity in extravascular tisseu space at
time t

CT(t) =CTF(t)+CTM(t)
CTF(t) =radioactivity in the extravascular pool of free

indicator in tissue at time t (compart. 1)
CTM(t) =radioactivity irreversibly bound in extravas-

cular tissue space at time t (compart. 2)
CP(t) =radioactivity per volume blood plasma at

time t
K1 =clearance of indicator from blood to extra-

vascular pool of free indicator in tissue
(radioactivity/min � volume)

k2 =rate constant of indicator release from extra-
vascular free indicator pool to blood
(radioactivity/min � mass)

k3 =rate constant of irreversible binding of radio-
activity in extravascular tissue space
radioactivity/min � mass)

the following differential equation arises for tissue
compartment 1:

dCTF�t��dt�K1CP�t��k2CTF�t��k2CTF�dt� �1�15�

and for tissue compartment 2:

dCTM�t��dt � k3dCTF�t� �1�16�

Following integration of Eq. 1.16, tissue compartment
2 becomes:

CTM�t� � k3
�

CTFdt �1�17�

Also, at equilibrium between CP(t) and CTF(t):

K1CP�t� � k2dCTF�t� � k3CTF�t� �1�18�

and by rearranging Eq. 1.18 tissue compartment 1
becomes:

CTF�t� � K1

k2 � k3
� CP�t� �1�19�

Because the measured CT(t) covers the 2 compart-
ments CTF(t)+CTM(t), Eqs. 1.19 And 1.17 need be
added:

CT�t� � K1

k2 � k3
� CP�t� � k3

�
CTFdt �1�20�

and by substituting Eq. 1.19 into Eq. 1.20:

Ct�t� � K1

k2 � k3
� CP�t��k3 � K1

k2 � k3

�
CPdt �1�21�

Dividing both sides of Eq. 1.21 by the measured
CP(t):

CT�t�
CP�t� �

K1

k2 � k3
� k3 � K1

k2 � k3

�
CPdt

CP�t� �1�22�

Thus, the parallel measurements of CT(t) and CP(t) at
given time intervals allow one to plot Eq. 1.22 graphi-
cally, and the straight line in the plot extrapolates to
the intercept value [K1/(k2 +k3)], the slope given by
[k3 K1/(k2 +k3)].

Therefore, dividing the slope [k3 K1/(k2+k3)] by
the intercept [K1/(k2 +k3)] yields k3, the rate constant
of the irreversible binding.

1.5.2.2.1
Enzyme-Substrate Interaction

The two-tissue compartment model is most widely
used for measuring glucose metabolism by labeled 2-
deoxyglucose (Sokoloff et al. 1977). This glucose ana-
logue is singularly suited to in vivo observation of
the phosphorylation of d-glucose, the first step in
glucose metabolism. D-glucose-phosphate is not
further metabolized but is trapped at the reaction
site. Thus, 2-deoxyglucose enters the free glucose
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pool in tissue in a manner similar to that of glucose,
for instance, via the BBB into glial cells, where it
either binds to its target molecule hexokinase to be-
come phosphorylated and trapped, or from where it
returns to the circulating blood. By labeling deoxy-
glucose with 14C a superb indicator was introduced
for the experimental in vivo observation of the rate
of glucose phosphorylation throughout the brain, by
autoradiographically measuring the accumulation of
the indicator in tissue slices from the entire brain.
The analysis demonstrated that local tracer accumula-
tion, with full consideration of local flow, transport,
and difference in binding affinities between d-glucose
and its analogue, correlated with the local rate of d-
glucose phosphorylation (Sokoloff et al. 1977). This
seminal work opened a new field of studies in the liv-
ing brain, which relies predominantly on d-glucose
for energy. A normal human brain consumes on aver-
age about 120 g of d-glucose per day.

Following extensive experimental work with 14C-la-
beled 2-deoxyglucose, labeling with the positron-emit-
ting 18F introduced the 18F-2-deoxyglucose (FDG) for
in vivo imaging in humans with PET (Gallagher et al.
1977). For quantifying the rate of d-glucose phosphor-
ylation in the human brain with the help of the two-tis-
sue compartmental model, accumulation of FDG in
various brain regions is dynamically imaged over a giv-
en period of time in parallel with measuring the con-
centration changes of indicator in arterial blood plas-
ma. Other tissues such as myocardium and malignant
tumors are similarly examined with FDG using the dual
parameter approach. Indeed, FDG is presently by far
the most widely used indicator for metabolic studies
in vivo using PET (Phelps et al. 1979; Reivich et al.
1979; Delbeke et al. 2002). Various applications are pre-
sented in this book (see Chaps. 17, 18, 20, 27).

Regarding glucose metabolism in the human brain,
one may summarize that activated neurons in the
brain trigger an increased amount of glucose into
metabolism mainly in the glial cells adjacent to neu-
rons. This appears intimately connected with an in-
crease in local cerebral blood perfusion. Changes in
both local glucose consumption and blood perfusion
allow one to localize neuronal stimulation in the liv-
ing brain in specified motor, sensory, and mental ac-
tivities. Thus, brain function mapping has become a
reality. On the other hand, the state of total relaxation
as in deep yoga meditation has been seen to cause
the entire brain and not just certain regions to be af-
fected, and different individuals reacted either by a
decrease or an increase in global glucose metabolism

(Herzog et al. 1990/1991). In clinical practice, brain
PET imaging with FDG is now a routine procedure in
patients suffering from circulatory disorders includ-
ing cerebral ischemia, tumor, and neural degeneration
such as Alzheimer’s disease. In current brain research
and clinical medicine functional MRI of local blood
perfusion increasingly substitutes for or complements
the classical FDG studies on cerebral energy metabo-
lism. Regarding effects of genetic determinants in
controlling local cerebral energy metabolism, it ap-
pears tempting to correlate measurements of glucose
metabolism or local blood perfusion with those of
neurotransmitter and receptor activity in the same
and interconnected brain regions.

In the myocardium, accumulation of FDG in rela-
tion to labeled fatty acids may indicate a shift toward
anaerobic metabolism for energy supply in areas of
diminished blood flow with reduced oxygen supply.
Thus, tissue vitality in ischemic myocardial regions
can be correlated with relatively increased levels of
glycolysis. This test in conjunction with coronary
blood flow measurements may also help to distin-
guish between stunned and hibernating myocardium
and sometimes appears crucial in deciding, for in-
stance, on coronary bypass surgery. Myocardial imag-
ing with FDG in cardiological research and practice
has been extensively reviewed (Schroeder and Schel-
bert 2000; see Chap. 17).

The demand for FDG with PET currently also rises
in the diagnosis of malignant tumors (Delbeke et al.
2002). Because of preferential glucose consumption
for energy supply in many cancerous tissues, whole
body imaging with FDG can reveal the site and often
also the type of a tumor and its metastases several
months earlier than their appearance in conventional
structural images with x-ray or MRI. Depending on
tumor type, tumor glucose consumption is highly
sensitive to chemical and radiation therapy. By its
quick response, a reduction in FDG uptake in a tu-
mor soon after treatment may be an early sign of
long-term therapeutic efficiency and allows for indi-
vidual planning for optimal therapy. Here, also at-
tempts at gene therapy and gene expression in vivo,
as discussed below and in Chap. 30, need be included
in the potential treatment modalities.

1.5.2.2.2
Ligand-Receptor Interactions

Probably the most frequently applied nuclear medical
procedure in current molecular imaging in vivo ad-
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dresses ligand-receptor interactions. Both, the one-
tissue and two-tissue compartment models are indis-
pensable in the quantification of reaction kinetics.

The concept of specific receptors on cell mem-
brane surfaces being sensitive to specific circulating
substrates was first advanced in 1900 by Paul Ehrlich
(Rensberger 1996). Now it is estimated that about
40% of the genome codes for such receptors. They
are sensitive to a variety of chemical messengers such
as hormones, growth factors, neurotransmitters, and
pharmacological agents, which usually circulate in the
blood and interstitial space. Most messengers be-
tween cells function as ligands through binding to re-
ceptors on membranes. These receptors typically ex-
tend through the cell membrane, having external do-
mains for receptivity and internal domains for attach-
ment to specific cell proteins involved in signal trans-
fers. Bonding of ligand triggers the receptor into
phosphorylation or transphosphorylation in the re-
gion of the internal domain, as outlined in Chap. 4.
Signal transductions through further protein-protein
interactions inside the cell directly determine enzyme
activities for metabolism or are transmitted to the
nucleus, causing alterations in gene expression.

There is much evidence to indicate that poly-
morphisms of genes for receptors change the effec-
tiveness of ligands and underlie various disease
states. To cite an example: insulin resistance in Type
II diabetes may be caused by heritable abnormalities
of insulin receptors on the surface of peripheral tar-
get cells (Stern 2000; see Chap. 14). Another: geneti-
cally determined changes in serotonin receptor func-
tion in the mid-brain or even on platelets can be
linked to predisposition to depression or alcoholism
(see Chaps. 4, 14). Another: different phenotypes for
estrogen receptor (ER) activity in breast carcinoma
can be correlated to different patterns of gene expres-
sion (Gruvberger et al. 2001). And: mutations deter-
mining somatostatin receptor subtypes appear to ac-
count for differing responses of acromegalic patients
to octreotide (Ballare et al. 2001). The challenge in
nuclear medicine is to devise practical ways, by imag-
ing or other means, to detect these gene-related ab-
normalities by differential binding of well-designed
radioactively labeled ligands, which have physiologi-
cal or pharmacological effects on the targeted recep-
tors.

A particular advantage to nuclear medicine has
been the appreciation that cell surface receptors are,
in general, excessively or liberally expressed in tumor
cells. One fruitful area has been the development of

radioactively labeled oligopeptides, which correspond
to or mimic a natural ligand for some particular re-
ceptor (Boerman et al. 2000). Relatively well devel-
oped is the use of labeled variants of an octreotide,
an analog of the peptide hormone somatostatin. This
hormone mainly functions by inhibiting the secretion
of other hormones. The 111In-labeled-DTPA-octreo-
tide is successfully used for imaging of neuro-endo-
crine and gastro-entero-pancreatic tumors, breast car-
cinoma, and lymphoma. Besides their advantageous
diagnostic use, octreotides are in therapy trials, for
instance in the form of 111In-labeled DTPA-octreotide
and 90Y-labeled DOTA-Tyr3-octreotide. This use de-
mands internalization of the receptor-ligand complex
and long-term retention. Other peptides that have po-
tential for imaging receptors on tumor cells include
vasoactive intestinal peptides such as cholecystokinin,
bombesin, and calcitonin (Boerman et al. 2000).
Among hormones or analogues that have been la-
beled and found useful for tumor imaging are 18F-la-
beled fluoro-estradiol, for instance for estrogen recep-
tor-carrying breast tumors (Silverman et al. 1998)
and 131I- or 123I-labeled meta-iodo-benzylguanidine
(MIBG) for neural crest tumors (Shapiro et al. 1995).
Still another class of compounds for tumor receptor
imaging encompasses pharmaceutical agents, e.g.,
18F- or 131I-labeled tamoxifen analogues for estrogen
receptor-carrying breast tumors (Silverman et al.
1998). Similarly, angiogenesis (and apoptosis, too) are
now amenable to ligand-receptor imaging. Indeed,
targeted tumor-receptor imaging in the broadest
sense is currently one of the most rapidly evolving
nuclear medical techniques in clinical oncology (Kim
and Yang 2001).

The special case of neuroreceptor stimulation by
neurotransmitters at neuronal synapses results in
conversion to an electrical signal. Neurotransmission
in the living brain is being extensively investigated
with some clinically important results for diagnosis
and therapy planning, as discussed later in this book
(see Chap. 18). Labeled neurotransmitters are crucial
in functional brain mapping in vivo regarding motor,
sensory, or pure mental activity. Following initial ani-
mal studies (Firnau et al. 1976), neurotransmitter
imaging in the human brain began with the dopa-
mine receptors (Wagner et al. 1983). Many such in-
vestigations now also pertain to measuring receptor
availability and, dependent on post-synaptic receptor
activity, to on-site concentration of neurotransmitters
such as dopamine, serotonin, acetylcholine, in neuro-
logical and psychiatric disease or intoxication states
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(Laruelle 2000), as discussed in more detail in
Chaps. 18, 19. Useful information has accumulated
with radioactive analogues of neurotransmitters,
which behave according to the “occupancy model” of
straightforward competition between natural ligand
and labeled analogues. However, some of the labeled
analogues do not follow the degree or kinetics of
binding expected from the “occupancy model,” which
has led attention to effects of the cycling of receptors
between internalization and externalization and per-
haps of other factors which may determine substrate
binding. Such investigations complement the data ob-
tained by FDG imaging of regional cerebral glucose
metabolism or by corresponding functional MRI of
local cerebral blood flow, as well as by intracerebral
magneto-encephalography (MEG). Indeed, these var-
ious approaches in unison today open synoptically
different kinds of views on the living brain and occu-
py a major research field of applied neurobiology,
with revolutionizing consequences regarding under-
standing of neural and mental function.

Promising radioactively labeled ligands for recep-
tors on leukocytes, monocytes, and lymphocytes are
under investigation for imaging infection/inflamma-
tion, and on thrombi for detecting deep vein throm-
bosis and pulmonary emboli (Boerman et al. 2000;
see Chaps. 10, 11). Beta-adrenergic receptor density
in the myocardium in heart failure, ischemic heart
disease, non-ischemic cardiomyopathy, and after
heart transplantation has been evaluated with 123I-la-
beled MIBG and other tracers (Syrota et al. 1995;
Bengel et al. 2002).

Receptor imaging is likely to be extended to all
body tissues and many diseases and be directed to
questions regarding receptor sites, density, function,
and regulatory susceptibility. As suggested by the
multiplicity of involved genes and/or gene mutations
in determining for instance estrogen receptor activity
in breast cancer (Gruvberger et al. 2001) and insulin
receptor activity in insulin resistance (Stern 2000),
genetically determined nuances of individual re-
sponses to labeled ligands can be expected for var-
ious other kinds of receptors as well. Other possible
modifications of receptor activity come from “epige-
netic” reactions, such as acetylation, phosphorylation,
or methylation of amino acids in nuclear histones,
for example, in the context of the new “histone code”
hypothesis (Maher 2001). Moreover, symbiotic effects
on a specified target from exposure to differing levels
of various natural ligands circulating in the blood
need consideration.

Present day advances in this type of imaging are
rapid and diversified and will undoubtedly open
many new biochemical and cell biological systems to
in vivo observation with reference to genetic control.

1.6
Probing for Gene Expression In Vivo

Over the past decade, in vivo gene expression has be-
come a major research area with profound implica-
tions to clinical diagnosis and therapy, especially in
oncology. The analytical techniques largely rely on
the two-tissue compartment model. With the decod-
ing of the human genome, new impetus is given to
this field, which like hardly any other nuclear medical
development relies on the intimate interdisciplinary
interaction between cell and molecular biology and
non-invasive in vivo imaging procedures, including
radiopharmaceutical work.

Gene expression in cells and tissues may be mea-
sured by the activity of gene products, as referred to
in various sections above, for instance, in the context
of ligand-receptor imaging. In addition, the expres-
sion and efficiency of groups of correlated genes may
become observable by combining various techniques
discussed above for in vivo measurements of circuits
of biochemical reactions dependent on these genes.
The effect of a signaling pathway on one or more bio-
chemical reactions within a functional circuit may
thus eventually be unraveled in vivo and correlated
with gene expression.

A direct way to analyze gene expression in vivo
employs radioactively labeled probes that may bind
to genes or their transcribed RNA. Such labeled mar-
kers need complementary binding to the DNA or
RNA nucleotide chain, and thus consist of chains of a
limited number of nucleotides. Such relatively small
single-chain oligonucleotides serve as “antisense”
markers defining precise nucleotide sequences. Initial
work with such radioactively labeled antisense single
oligonucleotides in vitro and animal experiments
show the feasibility of the approach for diagnosis and
therapy, as extensively presented in Chaps. 28, 30. A
serious limitation is the relative instability of oligonu-
cleotides through the action of nucleases; as a conse-
quence, one tries to increase oligonucleotide resis-
tance against nucleases by attaching metabolically
blocking end groups. Another limitation lies in the
intracellular barriers and the relatively small numbers
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of DNA or RNA targets in cells. This causes rather weak
signals for imaging unless the target number is ampli-
fied, which is still an unsolved problem. The situation
is different for enzyme-catalyzed reactions where repe-
titive binding of labeled substrate as indicator allows a
relatively large image signal. Other caveats arise
through potentially interfering background radioactiv-
ity in whole system images after administration of la-
beled antisense probes. More confounding factors re-
late to the fate of large molecular indicators on the
way through interstitial spaces to reaction sites, general
complications of in vivo measurement of biochemical
reaction, as referred to previously. One may expect that
these problems will eventually be solved.

The other approach focuses on measuring specific
gene transcription products, be they enzymes or recep-
tors, as outlined above. This way is especially effective
for assaying the success of gene transfer into cells in
the course of attempts at gene-based therapy, be it for
tumor cell killing or for altering cellular control or pro-
tective systems. Here, the primary concern is to localize
the transferred gene and to describe its expression.
When the transferred gene is not easily accessible to
being observed by its transcription product, the goal
is to attach a second gene whose transcription product
can report the activity of the primary gene when both
genes have the same promoter. Chapter 30 extensively
discusses the progress in this field.

In vivo observation of gene expression may limit
its focus to a single gene that has been stably trans-
ferred and is resident in the genome in a cell system.
Or such observation may reveal the need for the ad
hoc transfer of a gene as a desired therapy for eradi-
cating a tumor or changing cellular function. The lat-
ter scenario is in early development, particularly chal-
lenging and demanding attention as to selection of
genes for transfer, to the construction of gene groups
including the reporter gene, to the techniques of
transfer, and to the choice of the optimal indicator
for analyzing the location and activity of the trans-
ferred gene or its reporter gene.

One example should suffice here to illustrate the
potency of gene transfer for both tumor therapy and
monitoring of gene expression by in vivo imaging of
a reporter gene. The most widely used gene in the
context of developing gene transfer and in vivo imag-
ing of gene expression codes for herpes-simplex-
virus-specific thymidine kinase, HSV-1-tk. The choice
of the HSV-1-tk gene arose from the well-known ap-
plication of acyclovir in the treatment of herpes sim-
plex virus infection. Acyclovir is a purine analogue

(9-[(2-hydroxyethoxy)methyl]guanine) and a sub-
strate for the HSV-1-tk but not for the more sub-
strate-specific thymidine kinase in normal mamma-
lian cells. After its phosphorylation acyclovir becomes
substrate to host cell kinases to be phosphorylated to
triphosphate. As such, it inhibits virus DNA polymer-
ase and also may be incorporated into virus DNA
with subsequent nucleotide chain termination. Nu-
cleotides as phosphorylated substrates do not easily
escape cells but remain trapped. An analogue of acy-
clovir, ganciclovir (9-[(1,3,-dihydroxy-2-propoxy)-
methyl]guanine) is again a substrate of HSV-1-tk, yet
also to a lesser extent for thymidine kinase in normal
mammalian cells. The triphosphate of ganciclovir is
toxic to any cell where it is formed and trapped.
Thus, transfecting tumor cells first with the HSV-1
virus, and then exposing them to ganciclovir will
overwhelmingly affect the tumor host cells. Since the
HSV-1-tk is less substrate-specific than thymidine
kinase in normal mammalian cells, it also accepts
thymidine analogues as substrates for phosphoryla-
tion.

Therefore, two classes of substrates have been ex-
tensively studied to observe in vivo the expression of
the HSV-1-tk gene by monitoring its transcription
product: one is the group of guanine derivatives, and
the other encompasses thymidine and its analogues,
both labeled, for example, with 3H for autoradiogra-
phy, or with 123I for single-photon-tomography, or
11C or 18F for PET. The advantage of 123I, and 18F is,
of course, their relatively long physical half-life,
which allows for delayed imaging. The guanine analo-
gues used as indicator for HSV-1-tk activity include,
for instance, labeled acyclovir (ACV), ganciclovir
(GCV), fluoroganciclovir (FGCV), penciclovir (PCV),
fluoropenciclovir (FPCV), 9-[3-fluoro-1-hydoxy-2-pro-
poxymethyl] guanine (FHPG), and 9-[4-fluoro-3-(hy-
doxymethyl)butyl] guanine (FHBG). The thymidine
analogue group includes 123I- and 18F-labeled indica-
tors: 3�-deoxy-3�-fluorothymidine (FLT), 5 iodo-2�-
deoxyuridine (5-IUdR), and the metabolically more
stable 2�-fluoro-2�-deoxy-1-b-D-arabinofuranosyl-5-io-
douracil (FIAU), 2�-fluoro-2�-deoxy-5-iodo-1-b-D-ri-
bofuranosyl-uracil (FIRU), 2�-fluoro-2�-deoxy-5-
methyl-1-b-D-arabino-furanosyl-uracil (FMAU), and
2�-fluoro-2�-deoxy-5-iodovinyl-1-b-D-ribofuranosyl-
uracil (IVFRU). These and other similarly labeled
substrate analogues are still under study and being
compared in various cell systems in vitro and in vivo
with different advantages and disadvantages regarding
their metabolic fate in the whole organism, degree of

1.6 Probing for Gene Expression In Vivo 25



background signaling, and cell specificity in the con-
text of using the HSV-1-tk as reporter gene in linkage
with a primary gene and a common promoter for
both in a DNA construct for transfer.

The choice of the DNA construct, or “cassette,”
varies with the goal of the transfer. Besides the choice
of primary gene for transfer, various reporter genes
may offer advantages. In addition, the promoter may
be chosen to be cell specific and exclude gene expres-
sion in certain cells. Or the promoter may function
either continuously or upon a defined external signal
such as a drug or low-dose irradiation.

Transfection of cells relies on various vectors well
known in cell biology. They include a virus-type vec-
tor, liposomes, plasmids, or purposefully guiding
peptides. Important is the proper binding of the vec-
tor to the cell membrane with subsequent internaliza-
tion. These types of vector, as long as they operate,
usually do not affect the functioning of the trans-
ferred gene complex.

Transfection may use cells in vitro to be trans-
ferred into body tissue, or may directly aim at cells
in the body. For experimental and some therapeutic
reasons, in vitro transfected cells are injected into the
site of envisaged action. Reporter genes have thus
been experimentally transferred to cells in different
body sites and shown to function.

In summary, a gene or genetic construct with its
reporter gene in a complying vector must enter the
target cells to become integrated into the host ge-
nome or be metabolized rapidly. The transferred gene
alone or its reporter gene should not already be pre-
sent in the cells under observation and should be
specific for the transfected cells. The expression of
the primary gene or, if present, its reporter gene
should transcribe a product that has a biological resi-
dence time long enough to be measured. In vivo
imaging gains from an appropriately labeled indicator
substrate to bind irreversibly to the gene product
such as enzyme, receptor, or transporter, without dis-
turbing cellular homeostasis. Of course, any of the
above-mentioned methods for in vivo measuring a
biochemical reaction may be useful.

No doubt the possibility of in vivo observing the ex-
pression of transferred genes, its duration, and location
in cells and tissues will bring new technologies and in-
sights and will immensely benefit clinical research and
practice both in diagnosis and therapy. Molecular biol-
ogy research and application in living tissues as com-
plex adaptive systems is becoming a reality.

1.7
Conclusion

This condensed overview and review of the present
state of art in measuring biochemical reactions as they
occur in living systems presents the various ap-
proaches that allow the linking of gene expression to
cell function at the molecular level. Justification, goals,
complicating factors, and solutions are given in a sy-
nopsis. Some of these techniques are currently more
in use than others, but the power of all is evident.
The following chapters in this book give more details
than the sections in this chapter, in the context of dif-
ferent research and clinical demands. Common to
nearly all procedures is the multiple parameter analy-
sis, whether it applies to dynamic imaging of whole
body or its regions of interest, or to in vitro analyses
of body fluids, excreta, and/or exhaled breath. The var-
ious parameters of measurement may combine tracers,
substrates and tissue compartments. In whatever inter-
relationship, the simultaneous attention to different pa-
rameters appears to be nearly indispensable for in vivo
quantification of biochemical reactions.

Increased investments in cost and labor into
further developing these approaches appear to be
worthwhile in that they promise to lead to the under-
standing of fundamental biological functions in living
systems, in fact bring molecular biology and cell biol-
ogy into intimate contact with clinical medicine. They
allow the biomedical researcher and physician to re-
spond to the challenge of in vivo functional genomics
and proteomics and thus open new diagnostic and
therapeutic dimensions.
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