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“The term molecular imaging can be broadly defined as

the in vivo characterization and measurement of biologic

processes at the cellular and molecular level.

In contradistinction to ‘classical’ (mostly anatomical)

diagnostic imaging, it sets forth to probe the molecular

abnormalities that are the basis of disease rather than to

image the end effects of these molecular alterations.”
Weissleder and Mahmood 2001
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An easier concept: Molecular Targeting

• The specific and saturable binding
of a probe to a target protein.

• This implies low density targets
such as enzymes, receptors, and
transporters

• Pregenomic leads: autopsy
studies, genetic linkage studies,
and drug efficacy studies.

• Post-genomic leads: genomics,
proteomics, antisense mRNA,
reporter genes, protein-protein
interactions, and increased
number of targets (~3000 vs. 500).
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The Magic Bullet
without imaging & knowing the target

•Paul Ehrlich first introduced his
concept of Zauberkugel in 1908.

•Ehrlich’s first magic bullet was
Salvarsan or arsphenamine,
discovered in 1909, which provided
the only cure for syphilis.

• Ehrlich also thought of attaching
toxins to antibodies whereby the
antibody would carry the deadly
freight to the site of the invading
parasite, but not to normal tissue.

– His idea lives on in the
development of immunotoxins.



EARLY DEVELOPMENT OF

Enzyme/Receptor Targeting in Humans

DATE PET SPECT

1939 [131I]iodide*

1977 [18F]FDG*

1983          [11C]N-MeSpip [123I]IQNB

1983 [18F]FDOPA*

1984          [18F]Cyclofoxy

1985 [11C]Raclopride [99mTc]NGA*

1985 [11C]Carfentanil

1985 [11C]Flumazenil

>1985          ***Many targeted radiotracers***



The Tracer Principle 1923
The Basis for Nuclear Molecular Imaging

• Measurements of the tracer’s

radioactivity provided thousand

fold increases in sensitivity and

accuracy over existing chemical

assays.

• A radioactive atom might be used

as a “representative” tracer of

stable atoms of the same element

whenever and where ever it

accompanied them in biological

systems.

• The Absorption and Translocation of

Lead (ThB) by Plants. Biochem J

17;439;1923.
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The Ideal Tracer: C-11 labeled probes?

AGAINST
• The half life of 20 min is too

short for radiopharmacy
distribution.

• Only ~10% of the hospitals
have PET v. SPECT. Lower %
around the world. The majority
of biomedical cyclotrons are
preparing FDG.

• Synthesis-patient timing is
complex, especially for
metabolite-corrected input
functions.

•  Not suitable for widespread
Personalized Medicine?

FOR
• C-11 for C-12 is the perfect

tracer. This is important in
preclinical and Phase 0
studies as a precursor to
Personalized Medicine using
molecular diagnostics.

• Repeat studies

• Minimal proof of similar PK
& PD needed; tox-path
usually completed.

• RDRC approval for human
use.



Other probes?
In the era of targeted drugs/ small molecules:

• SPECT [99mTc or 123I] and metal radionuclides
introduce a perturbation in mass and log P.

• Optical- NIRF probes such as Cy7 are important
for subcellular distribution. But Cy7 adds mass,
various functional groups & conjugated double
bonds; a change in mass and log P.

• MRI- Gd targeted probes require a chelate whose
perturbation is similar to a 99mTc chelate.

That is, they are not true tracers



What about[18F]FDG?

As an example, replacing a hydroxy group

with F-18

Relating FDG to glucose

rCMRglc(T)=[K1*k3*/(K2* + k3*))][Cp/LC]

LC = � Km Vmax*/ �  Vmax Km*

• � = DVDG/glu

• � = fraction of glucose that continues down the
pathway.



Areas of Research for Nuclear,

MRI, and Optical probes

• New Chemistry and Instrumentation

• Understanding biology through imaging

– Neurochemistry (nuclear) and in vitro/rodents

(optical)

• Developing Probes that have an Impact on

Clinical Outcome



Areas of Research for Nuclear, MRI, and

Optical probes

• New Chemistry and Instrumentation
– Kit preparation using nucleophilic fluorine for

[18F]fluorosilane and fluoroboron targeted probes.

• True Tracers for optical probes?
– Think outside the dish!

– NIRF probes such as Cy7 are ideal for

subcellular distribution. Cy7 adds high

mass, various functional groups,

conjugated double bonds.

– Is this a true tracer?





Areas of Research for Nuclear,

MRI, and Optical probes

• New Chemistry and Instrumentation

• Understanding biology through
imaging

• Developing Probes that have an
Impact on Clinical Outcome



How many genes are specific

for a disease?

• After completion of the human genome
sequence, it is now possible to find genes that
underlie complex disease.

• It appears that on the order of 40 genes play a
major role in an average complex diseases
such as diabetes, breast cancer, or
schizophrenia.

• Unfortunately, our understanding of
quantitative traits based on as few as 3 to 5
genes is minimal. By comparison, a 40-gene
disorder is fairly complicated.

Cantor C. ANNALS NEW YORK ACADEMY OF SCIENCES 2005



The Reductionist Approach to Targeted

Imaging, e.g., in Nuclear Imaging

• Given that nuclear imaging is monitoring gamma radiation that is

converted to biochemical parameters…

• Gamma Emissions
– For PET, a single energy of 511 keV.

– For SPECT, different energies, but only 2-3 can be collected at one time.

• SPECT may increase the specificity by monitoring two-three targets

simultaneously. PET can only image in series.

• But in either modality, the approach should be to assume a single

control point for a disease state and target that protein expression

product.

OR

• target a general disease control point.



The Reductionist Approach to

Imaging
• Reductionism means an

approach to understanding the
nature of complex things by
reducing them to the
interactions of their parts, or to
simpler or more fundamental
things.

• This approach is necessitated
by the time and toxicity
(chemical or radiation) involved
in assaying multiple targets.

• What Biochemical step that is
unique to imaging will have
clinical impact?



Efficient “Molecular Targeting”

• Streamlining drug discovery: finding the

right drug against the right target to treat

the right disease.

• For Targeted Imaging probes: finding the

right molecular probe against the right

target to monitor the right disease.



The Druggable Genome/Targets

Russ & Lampel. The Druggable genome: an update. DDT 2005: 23/24: 1607.
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Approaches

(1) Phase 0 studies involving the first translation
from preclinical to clinical studies.

(2) Monitoring the same control point that the
pharmaceutical companies are targeting using
external imaging

(3) Monitoring the targeting of a therapeutic
radiopharmaceutical with a radiolabeled imaging
pharmaceutical for the same target,

(4) Monitoring general disease control points such as
proliferation, hypoxia, apoptosis, angiogenesis,
inflammation, and metastasis,

(5) Monitoring a downstream biochemical process
affected by the drug.



Phase 0: Is M100907 Binding at

5-HT2A or D2 human receptors using

[11C]N-Methyl Spiperone (NMSP)

Occupancy Studies in humans showed that 18 mg was too high a dose.



Phase 0 Testing
Schizophrenia and Antipsychotic Drugs

• M100907 (aka MDL 100907) is a potent

and selective 5-HT2A receptor antagonist,

but does not bind to the D2 receptor.

• Therefore, it has the profile of an atypical

antipsychotic agent.

• [11C]NMSP can be used to monitor 5-HT2A

and D2 receptor density changes.

J Clin Pharmacol Suppl 1999



Approaches

(1) Phase 0 studies involving the first translation
from preclinical to clinical studies.

(2) Monitoring the same control point that the
pharmaceutical companies are targeting using
external imaging

(3) Monitoring the targeting of a therapeutic
radiopharmaceutical with a radiolabeled imaging
pharmaceutical for the same target,

(4) Monitoring general disease control points such as
proliferation, hypoxia, apoptosis, angiogenesis,
inflammation, and metastasis,

(5) Monitoring a downstream biochemical process
affected by the drug.



Use the Phase 0 radiotracers

• Screening patients for the presence of the
chemotherapy target.

• After therapy, follow the progression of the
disease.

• Is it straightforward to separate reduced
target per cell, reduced cell number, or a
change in drug occupancy as the reason
for reduced radioactivity?



Radiolabeled* HER2 Ab

• 89Zr-trastuzumab

• 188Re(I)-tricarbonyl-labeled trastuzumab

• 124I-labeled affibody and trastuzumab

• 111In-DOTA-ZHER2:342-pep2 affibody (6.9
kDa)

• (18F-FBEM)–ZHER2:342 Affibody
– Kramer-Marek et al. J Nucl Med 2009; 50:1131–1139

89Zr = 3.27 d, 188Re = 17 h, 124I = 4.18 d, 111In = 2.08 d, 18F = 1.83 h  
*



(18F-FBEM)–ZHER2:342 Affibody

• Binding specificity confirmed in vitro and in vivo.

• Sensitivity to target density confirmed.



(18F-FBEM)–ZHER2:342 Affibody



Choosing between

 Biopsy & Vitro Tests

or Targeted Imaging

• When Herceptin was approved, the diagnostic

Herceptest was also approved to identify and

treat patients with HER-2/neu over-expressing

breast cancer.

• Unlikely that imaging can compete in this

situation. It’s strength is in whole body surveys

and repeat studies.



Normal
Control

Methadone
Maintained

Patient

Specific binding of [18F]Cyclofoxy was lower by 19 to
32% in Methadone Maintained Patients.

Kling et al.,  J Pharm Exp Therap,
295: 1070-1076, 2000

Thalamus   32  ± 15

Amygdala   24  ± 30

Caudate   24  ± 19

Ant. cingulate cortex  29  ± 20



Approaches

(1) Phase 0 studies involving the first translation
from preclinical to clinical studies

(2) Monitoring the same control point that the
pharmaceutical companies are targeting using
external imaging

(3) Monitoring the targeting of a therapeutic
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pharmaceutical for the same target

(4) Monitoring general disease control points such as
proliferation, hypoxia, apoptosis, angiogenesis,
inflammation, and metastasis

(5) Monitoring a downstream biochemical process
affected by the drug



Current Individualized Medicine

•Metastatic pheochromocytoma (Pheo) can be

detected using [123I]MIBG  or [131I]MIBG prior to

therapy with [131I]MIBG.

– The mechanism of localization is based on the

neuroendocrine character of this disease.

•Up to 73% of Pheo cells in vitro express

somatostatin receptors so  patients with Pheo have

been assessed using somatostatin receptor imaging

with [111In]octreotide followed by [90Y] SSR therapy.



Imaging with I-131 MIBG

From Molecular Insight Pharmaceuticals Greenblatt et al. Ann Surg Oncol 2008



Current Individualized Medicine

• The American College of Radiology has recently set practice
guidelines for [90Y]ibritumomab tiuxetan (Zevalin) and
[131I]tositumomab (Bexxar)

• Approved by the FDA for radioimmunotherapy of non-
Hodgkin’s lymphoma.

• A preliminary imaging studies to determine dosimetry or
assess biodistribution is required before the radiotherapeutic
is administered.

• Protecting Normal Tissue



Approaches

(1) Phase 0 studies involving the first translation
from preclinical to clinical studies

(2) Monitoring the same control point that the
pharmaceutical companies are targeting using
external imaging

(3) Monitoring the targeting of a therapeutic
radiopharmaceutical with a radiolabeled imaging
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(5) Monitoring a downstream biochemical process
affected by the drug



Imaging General Control Points

• Glucose Metabolism with [18F]FDG

• Proliferation with [18F]FLT

• Angiogenesis with [18F] labeled RGD

• Inflammation with arachidonic acid

• Apoptosis with [18F]Annexin

• Hypoxia with [18F]FMISO



What about[18F]FDG?

As an example, replacing a hydroxy group

with F-18

Relating FDG to glucose

rCMRglc(T)=[K1*k3*/(K2* + k3*))][Cp/LC]

LC = � Km Vmax*/ �  Vmax Km*

• � = DVDG/glu

• � = fraction of glucose that continues down the
pathway.





In Vivo Proteomics:

FDG: Before and after Gleevec

Taken from Mankoff et al. Clin Cancer Res 2007 (Van den Abeele et al. 2001)



Measuring endogenous

transmitter changes

Unlikely that there are Competing  in

vitro- or other imaging- Tests?



Systems Biology: Extended

Receptor Modeling
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Measuring increased
dopamine indirectly by

competition.

22.3% (±2.7)  in
schizophrenia vs.
15.5% (±1.8) in

controls.

Schizophrenia is associated
with elevated

amphetamine-induced
synaptic dopamine.

Breier A, Su TP, Saunders R, Carson RE, Kolachana BS,

de Bartolomeis A, Weinberger DR, Weisenfeld N,

Malhotra AK, Eckelman WC, Pickar D. Proc Natl Acad

Sci U S A. 1997 Mar 18;94(6):2569-74.



Measuring increased

acetylcholine indirectly

by competition.

 [18F]FP-TZTP as a probe

for AChE inhibitors such

as donepezil,

rivastigmine, & tacrine.

Increased ACh and

15% decrease of

[18F]FP-TZTP in Ctx.

Control Physostigmine

Carson RE, Kiesewetter DO, Jagoda E, Der MG, Herscovitch P, Eckelman
WC. Muscarinic with [18F]FP-TZTP: control and competition studies.
J Cereb Blood Flow Metab. 1998 Oct;18(10):1130-42.



Approaches
(1) Phase 0 studies involving the first translation

from preclinical to clinical studies.

(2) Monitoring the same control point that the
pharmaceutical companies are targeting using
external imaging

(3) Monitoring the targeting of a therapeutic
radiopharmaceutical with a radiolabeled imaging
pharmaceutical for the same target,

(4) Monitoring general disease control points such as
proliferation, hypoxia, apoptosis, angiogenesis,
inflammation, and metastasis,

(5) Monitoring a downstream biochemical process
affected by the drug.



Targeted Drugs:Targeted Probes

Measuring a Downstream Effect

• Trastuzumab for HER2 (aka ErbB2 & Neu)

– A cell surface glycoprotein with TK activity

– HER2 amplification/over-expression is predictive for response in

breast caner.

– Overexpression became an entry criteria and higher objective

response was related to level of overexpression.

• Imaging probe was developed using Ga-68 (68 min half

life) to match the biological half life of the Ab fragment.

tra STUH zoo mab; Herceptin



Imaging HER2 Receptor in

response to HSp90 Inhibitors

• 17-allylaminogeldanamycin (17-AAG) is the first

Hsp90 inhibitor to be tested in a clinical trial.

• Induce proteasomal degradation HER2 by

binding to Hsp90 chaperone protein.

• Instead of labeling 17-AAG, Label the F(ab’)2  of

the anti-HER2 antibody Herceptin with Ga-68

and measure the result of treatment with 17-

AAG.

Smith-Jones et al. Nat Biotech  2004



MicroPET images (coronal)  of mice with BT-

474 tumors with Ga-68-DOTAcHF at:

 3 h before and 24 h after 17-AAG
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Taken from Smith-Jones et al. Imaging the pharmacodynamics of HER2
degradation in response to Hsp90 inhibitors. Nat Biotechnol. 2004;22:701-6



(18F-FBEM)–ZHER2:342 Affibody



Conclusion

• Choose an
important disease

• Choose a
biochemical control
point for that
disease

• Choose the
radiolabeled probe
best suited for
external imaging.

• Choose the right
radiolabeled probe

•  for the right target

•  for the right disease
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