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Nuclear medicine has come a long way since 2007 when Adrian Nunn pointed out the
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approval of radiopharmaceuticals was at an all-time low with all the major radiopharmaceu-
tical agents in use having been approved over 10 years ago. Challenges being the prohibi-
tively high cost of drug development and the large number of drugs failing in clinical trials.
Proceed to today where molecular imaging is fast-tracking the drug discovery process by
reducing both the time and cost to screen candidates by quantitating the drugs effect on
the target and toxicity to normal tissues. Nuclear medicine is now leading medical practice
in personalized medicine using the theragnostic approach. Theragnostics is defined as the
use of molecular diagnostic techniques in real time to stratify patients to guide treatment
decisions such as the choice of drug, the dose of administration, and the timing of drug
delivery for a given patient. Enabling visualization and quantitation of in vivo function of the
whole body and thus patient heterogeneity and variability informs the physician on how to
treat an individual patient. Recent successes such as the Food and Drug Administration
approval of Lutathera and NETSPOT have resulted in an increasing number of pharmaceuti-
cal companies pursing theragnostics further heightened by the purchase of Advanced
Accelerator Applications for 3.9 billion by Novartis and Endocyte, Inc for 2.1 billion. Therag-
nostics are further aiding drug development by showing which agents are most viable and
reducing the overall cost of bringing a drug to clinical trials and regulatory approval. This is
indeed a renaissance for nuclear medicine in which the acceptance of imaging to inform
and monitor therapy has been embraced and even required by the Food and Drug Adminis-
tration for the clinical evaluation of targeted therapeutic radiopharmaceuticals showing
there is indeed a viable business model for targeted theragnostic radiopharmaceuticals and
personalized medicine.
Semin Nucl Med 49:450-457 © 2019 Published by Elsevier Inc.
Traditionally medicine has relied on the concept that a
single drug could be developed that would treat all

patients. Further that dosage could be determined and deliv-
ered based solely on the patient’s weight. This paradigm has
worked but due to the complexity of disseminated disease a
new paradigm is needed to tailor individual treatment to
attain the highest efficacy and reduce toxicity in individual
patients. A major challenge is the diversity and heterogeneity
observed in patient populations. For example, traditionally
we have diagnosed patients based largely on imaging gross
anatomy and observing structural abnormalities referred to
as anatomical imaging. However, what we know is that
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patient cancers function differently and that each patient’s
disease is unique. Previously patients who were diagnosed
with metastatic cancer underwent surgery to have tissue sam-
ples removed and analyzed externally to determine the tumor
pathology and guide the choice of drug. Tissue samples,
however, do not give you a total picture of the patient’s
tumor or aid in determining how many tumor sites the
patient has, how much uptake of the drug each of these sites
will have, and/or how much of the drug will be taken up in
normal tissues resulting in toxicity. Development of new
imaging techniques with higher resolution, advent of radio-
tracers or biomarkers and animal models of human disease
has facilitated functional imaging.1 This type of imaging is
critical where we are evaluating patients with disseminated
disease that is not easily treated with surgery or external
beam therapy. In these cases, patients need more compli-
cated treatments and are finding cures limited due to the
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Figure 1 Thyroid bed (arrows) and a lymph node metastasis (arrow-
heads) noted on the anterior view of a 370-MBq 123I pretreatment
scan (A) and a 7252-MBq 131I post-treatment scan.2
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drug not binding to the target or in significant quantities to
be effective, to the toxic side effects that arise from the drugs
themselves on normal tissue. Due to the advent of theragnos-
tics, patients are now able to get a patient-specific diagnosis
that directs the physician in determining the best drug for
the patient, the best dose, and the best dose delivery that will
result in optimal treatments called precision medicine. This
has led to the concept of theragnostics in which a drug is
developed that can be used to initially image the patient and
more specifically quantitate the uptake of the drug in the
tumor sites and in the normal tissues. Further it allows for
determining the clearance of the drug and thus the effective-
ness of the treatment on the tumor and the toxicity on nor-
mal tissues. The overall arching aim being to deliver agents at
levels capable of ablating disease leading to cures.
As medicine has moved more toward targeted therapy

applications in which targeting vectors are used to deliver
cytotoxic payloads to diseased sites it has become more nec-
essary to ensure these drugs are being delivered in sufficient
quantity to the desired destination. Radionuclides due to
their short half-lives which result in them delivering cytotox-
icity in high doses for a short time and then decaying to sta-
ble elements that pose no threat have grown in interest.
Particularly those that offer the opportunity to be visualized
by ex vivo imaging to assess how each patient handles the
drug and thus to enable the physician to determine what
drug to give the patient, in what dose and at what time and
thus improved patient management. Further the patient can
be imaged after the drug has been given to monitor therapy.
This is not a new concept for nuclear medicine as radioio-

dine imaging and treatment of thyroid tumors can be traced
back to the pioneering work of Glenn Seaborg and John Liv-
ingood who in 1938 at the University of California, Berkeley
discovered radioactive iodine-131. This radioisotope became
the gold standard in the diagnosis and treatment of thyroid
cancer which is used in nuclear medicine imaging depart-
ments throughout the world. An initial low dose of Iodine-
131 was given to evaluate the uptake in the thyroid tissue
and clearance to ensure toxicity was low enough to use I-131
for ablation. This method has worked very well, and, in most
cases, imaging is not needed, although some publications
have determined that a small population of patients may not
be receiving enough dose while others are receiving too high
of a dose and that imaging would mitigate these situations.
Preimaging was initially performed with low doses of I-

131. Concern with the use of I-131 was that it could result in
“stunning” leaving the tissue less avid for I-131 and thus
resistant to further treatment. This led to looking for indirect
methods of imaging in which “sister” imaging radionuclides
which had better imaging properties could initially be used
to inform therapy. There are two other iodine radionuclides
I-123 that has a short half-life of 13 hours and a 159 KeV
photon (83%) which is ideal for single photon emission com-
puted tomography (SPECT) imaging and I-124 that decays
giving off a positron (52%) that annihilates with an electron
resulting in bilateral 511 KeV photons and can be used for
positron emission tomography (PET) imaging. The use of I-
123 for diagnostic scans may be a lower dose route to achieve
high-quality pretreatment images and clinical evaluation has
demonstrated they were highly comparable to I-131 dose
distribution, resulted in better imaging quality and reduced
dose to the patient.2 Shown in Figure 1 is a patient with a
pretreatment scan using I-123 and a post-treatment scan
using I-131. Study demonstrated that diagnostic scanning
with I-123 was highly comparable to high-dose I-131 post-
treatment scans. More metastatic sites may be identified
post-treatment with I-131 due to the much larger amounts
of radioactivity administered.

Imaging offers advantages over traditional methods used
in drug discovery such as blood and tissue samples (dissec-
tion) and histology which are costly and time consuming
and reduces the number of animals needed. Imaging reduces
the overall workload required for biodistribution studies nec-
essary for target candidate comparisons and speeds up the
evaluation and down selection of lead drug candidates.2

Imaging allows for patient stratification and the ability to
conduct longitudinal studies in a single animal.2 Further
molecular imaging can provide a much earlier indication of
therapy success or failure. This enables a company to deter-
mine lead candidates earlier in the process and thus not
waste money and time on nonviable candidates. Imaging
also saves costs by stratifying patients from receiving costly
therapies that either are shown not to be working or that
imaging shows will not be effective in a given patient.

Imaging is extremely informative as we move to utilizing
radiopharmaceutical-targeted therapies that are becoming
even more relevant particularly in patients with disseminated
disease that have demonstrated resistance to standard of care
treatments. Targeted therapies are now being evaluated and
implemented that use a variety of targeting agents from small
molecules to peptides, antibodies and there is growing inter-
est in utilizing nanoparticles. Criteria for the targeting agent
are its level of expression be related to the disease, must be
accessible, high expression on the diseased cells with mini-
mal expression on normal cells. Additionally, the expression
should be stable during the progression of the disease. It
would be preferable if the target expression was homoge-
nous. The advantage of these targeted approaches is there
specificity to target and interfere with pathways specific or
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overexpressed in cancer cells and thus mitigates toxicity to
normal cells.3 Challenges with targeted therapies are not all
patients will respond, dose needs to be tailored to the patient,
responses may be short lived and as recently demonstrated
successful treatments may require choosing the optimal
radionuclide to ensure optimal dose and minimal toxicity.4

This is why imaging with these targeted approaches is so
important as it allows the physician to stratify patients and
determine the dosing and timing of delivery to ensure opti-
mal outcomes. Further advantage of imaging is it can be used
to monitor response informing the physician in real time if
the patient is responding favorably to the treatment. Radio-
pharmaceutical-targeted treatments tend to be more cost
effective than standard chemotherapy treatments which
require multiple doses over a longer period of time, however,
they are not cheap and the earlier a physician can determine
that a patient is not responding the more costs can be saved
by not treating a patient with drugs that are not effective for
that patient and even toxic. Thus, theragnostics are critical
for successful application of targeted therapies and although
the imaging may lead to some small additional costs upfront
it saves costs in ensuring patients are not receiving ineffective
treatments.
Theragnostics require the use of a diagnostic, a radionu-

clide, that gives off photons that can either be imaged exter-
nally using SPECT or PET which has advantages in
resolution and quantitation. Theragnostics facilitates medical
decision making and thus enhances the management of
patients. To do this, it is necessary to choose the best radio-
nuclide and attach it to the targeting vector to enable ex vivo
imaging. There are typically two different approaches that
theragnostics have been implemented; one is to use the same
radionuclide for both the imaging and therapy such as dem-
onstrated in the earlier example of using I-131 for both the
imaging and therapeutic radionuclide as its decays result in
both the production of photons which can be imaged and
beta particles for ablation of cells. This has loosely been
termed the direct method and is ideal as the imaging is
directly reflective of the therapeutic agent. Only a handful of
radionuclides have both an imaging component and a thera-
peutic component and thus the use of theragnostic pairs of
radionuclides has been implemented often referred to as the
indirect approach. In the indirect approach, theragnostic iso-
tope pairs are used that contain a radionuclide with ideal
properties for imaging that is attached to the targeting vector
and administered for diagnosis and then an isotope of the
same element with the same chemistry but nuclear properties
more suited for therapy typically particle emitters are
attached and used for therapy. An example of which is the
radionuclide pair Copper-64 (Cu-64) and Copper-67 (Cu-
67). The Cu-64 decays with a half-life of 12.8 hours giving
off a positron (19%) which can be easily detected and quanti-
fied by PET, the Cu-67 decays producing a desirable beta
particle (0.57 MeV) with a half-life of 2.58 days. As the chem-
istry is the same, no differences are observed in the pharma-
cokinetics of the diagnostic or therapeutic agent. The second
mode termed indirect imaging is to utilize theragnostic radio-
nuclide pairs that differ in their chemistry but can supply the
needed imaging data to inform therapy. Examples are the use
of Gallium-68 (Ga-68) which is a short-lived positron emitter
(half-life of 68 minutes) which is used to inform the therapy
of a variety of targeted therapeutics using such radiometals as
Yttium-90 (Y-90), Lutetium-177 (Lu-177), and Actinium-
225 (Ac-225). In this case, it is important to pick a diagnostic
with a long enough half-life that it matches the biological
half-life of the targeting vector to allow the physician to
determine if uptake is enough to ensure success of the treat-
ment. Thus, in the case of antibodies that can require multi-
ple days to achieve maximum uptake in the tumor and the
short-lived Ga-68 is not an appropriate choice but longer
lived radionuclides such as Zirconium-68 (Zr-68) and
Indium-111 (In-111) and Arsenic-72 (As-72) are better
choices. The major challenge with using radionuclides of dif-
ferent elements is that differences in the chemistry and thus
structure of the diagnostic radiolabeled vector compared to
the therapeutic radiolabeled vector can result in variances in
target uptake as well as disparities in normal tissue uptake
and clearance. These variations can result in an over or under
estimation of the actual dose that is being delivered. This
review will not cover all the radionuclides that can be used
or methods of attachment as that has been thoroughly cov-
ered in the previous articles in this special review but provide
examples how theragnostics have enhanced patient manage-
ment and outcomes.

For targeted therapy applications, it can be essential to use
imaging as it enables early detection, staging, therapy selec-
tion, planning, and monitoring of treatment response. This
enables the physician to screen patients and determine which
patients should proceed with treatment and which should be
excluded due to less than optimal target expression. This has
traditionally been done by taking biopsy samples from the
patient’s tumor and lymph nodes and performing analysis
such as immunohistochemistry (IHC). These are in vitro
assays using antibodies to determine if the biopsied tissues
are positive or negative for target expression. Advantages of
this method are it is simple to use, cheap, and can be per-
formed in most pathology labs.5 IHC suffers from not giving
a complete picture of the whole tumor and its target expres-
sion as well as not indicating what the expression or uptake
is in normal tissue. Often heterogeneity in target expression
is observed in tumors and in different lesions which further
can change with time and treatment. To get a complete pic-
ture, multiple tissue biopsies would be required which is not
feasible in patients with extensive metastatic disease.5 Immu-
noassay such as enzyme-linked immunosorbent assay
(ELISA) or flow cytometry can also be used to determine the
amount of antigen in serum, plasma, or other body fluids.6

Flow cytometry measures antigen expression in single cells
from a suspension and can be used to determine antigen
expression on blood cell subtypes.7 Both ELISA and flow
cytometry are relatively easy to use and readily available,
however, they suffer from subjective interpretation of the
results and due to arbitrary threshold settings, there is no
straight forward difference between positive and negative
samples.5 Further as with IHC techniques they suffer from
giving limited information on only a small number of tumor



Figure 2 Whole-body gamma-camera scans at 24, 72, and 120 hours
after administration of 111In-ibritumomab tiuxetan. Radiolabeled
antibody is evident in blood pool at 24 hours (A), with tumor local-
ization seen in abdominal mass, liver, and spleen at later time points
(B and C). Picture reprinted courtesy of J Nucl Med. 44, 3465-3474
2003, Wiseman et al.

Figure 3 Altered biodistribution of 111In-ibritumomab Tiuxetan
showing enhanced uptake in the bone marrow and spleen. Image
taken 24 hours post injection. Image Permission of J Nucl Med.
2005, 46, 1812-1818, Conti et al.
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cells and thus whole body antigen expression and drug phar-
macokinetics is not evaluated. The hospitalizations and risk-
associated biopsies combined with the risk of false positives
and patient distress further highlight the disadvantages of
these methods.
Whole body target expression and drug pharmacokinetics

informing patient selection and treatment can most effec-
tively be done by using the molecular imaging techniques of
SPECT and PET. Information about the biodistribution of
the therapeutic compound can be determined informing
dose and timing of delivery prior to administration of high
levels of radioactivity to the patient. Both SPECT and PET
molecular imaging techniques require the targeting vector be
labeled with a radionuclide that decays generating photons
with high enough emission that they exit the body and can
be detected and collimated giving a full 2-D or 3-D represen-
tation of target expression and drug pharmacokinetics
including drug metabolism and clearance. The information
derived from these techniques is clearly more informative
than those from any of the traditional used in vitro methods
such as IHC, ELISA, and Flow cytometry, is noninvasive and
gentler to the patient. Further they can be performed at mul-
tiple intervals to assess changes in antigen expression as treat-
ment proceeds informing both efficacy and treatment
management. Such techniques inform patient selection,
dosimetry and response to therapy.
Examples of targeted therapy cases of personalized medi-

cine using theragnostics to inform patient management are
those for the treatment of non-Hodgkin’s lymphoma using
two Food and Drug Administration (FDA)-approved radio-
immunotherapies—Bexxar and Zevalin. The addition of the
therapeutic radionuclide enables tumor cell ablation and the
cross-fire effect from the beta particles can result in the death
of cells not specifically targeted which is not possible with
the immunotherapy alone. Zevalin was the first radioimmu-
notherapy drug approved by the FDA in 2002 and consists
of the murine monoclonal antibody ibritumomab that targets
the CD20 antigen conjugated to tiuxetan a modified diethyle-
netriamine pentaacetic acid (DTPA) chelator radiolabeled
with Y-90 for therapy.8 As Y-90 lacks an imageable photon
emission (Bremsstrahlung imaging is possible but results in
poor imaging) the In-111 diagnostic analog was used for
imaging to confirm the organ specific biodistribution of the
Y-90 therapeutic and to determine dosimetry prior to treat-
ment with the Y-90-labeled ibritumomab tiuxetan. Zevalin
was approved for the treatment of patients with relapsed or
refractory, low-grade or follicular B-cell non-Hodgkin’s lym-
phoma, including patients with rituximab refractory follicu-
lar non-Hodgkin’s lymphoma.8 The Zevalin regime involved
administering 250 mg/m2 of the Rituximab followed by 5
mCi (1.6 mg) of In-111-labeled ibritumomab tiuxetan for
diagnostic scans. After images at 24, 48-72, and 120 hours
showed tumor localization and minimal normal tissue uptake
in the bone marrow and spleen which occurred in »0.6% of
cases shown in Figures 2 and 3. A 0.3-0.4 mCi/mg dose of Y-
90-labeled ibritumomab tiuxetan (maximum dose of 32
mCi) was administered. A major limitation to the use of
Zevalin was its high cost of $37,000.00 in US dollars.
,

The radiopharmaceutical Bexxar which required an initial
diagnostic image to inform patient dose and selection was
approved for the treatment of relapsed or chemotherapy/Rit-
uxan � refractory non-Hodgkin’s lymphoma in 2003.9,10 It
was comprised of the antibody Tositumomab a murine
IgG2a lambda monoclonal antibody directed against the
CD20 antigen and was administered as the unlabeled Tositu-
momab and the Tositumomab radiolabeled with I-131.



Figure 5 Response to 177Lu DOTATATE � PRRT in a rectal NET
with a massive (21.5-cm diameter) inoperable right lobe liver
metastasis. Treatment with 177Lu DOTATATE every 8 weeks. 68Ga
DOTATATE images are immediate postinitial treatment, and every
8 weeks. Last image, on right, liver lesion has shrunk to 1.5 cm. (43
GBq cumulative activity). Reprinted courtesy of JNM.
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Administration with the unlabeled monoclonal antibody was
to prevent excessive uptake in the spleen and bone marrow.
Due to some of the challenges observed with antibodies

including immunogenicity, slow accumulation, normal tissue
toxicity, poor tumor penetration, difficulty in synthesizing,
and modification of antibodies a new area of theragnostics
was developed in using modified peptides for imaging called
peptide receptor scintigraphy and peptide receptor radionu-
clide therapy. The first such use occurred in the 1980s with
the development of I-123-labeled Tyr3-octreotide a peptide
analog of somatostatin for the localization of carcinoid
tumors, paragangliomas, and pancreatic tumors which highly
express somatostatin receptors which somatostatin has a high
affinity for.11 This was closely followed by the development
of In-111-penetreotide which was comprised of the octreo-
tide peptide attached to a DTPA chelator for stable complexa-
tion of In-111 referred to as Octreoscan. The In-111-labeled
Octreoscan exhibited better sensitivity and specificity and
became the first FDA-approved peptide-based radiopharma-
ceutical in 1994.12,13 Octreoscan treatment resulted in mod-
est tumor shrinkage followed with an associated risk of
developing leukemia.14 Researchers began to look at other
radiometals and changed out the DTPA chelator for DOTA
which is able to stably complex a variety of radiometals.15

This modification resulted in an increase in the amount of
activity retained in the kidneys which was mitigated by the
introduction of amino acid infusions to protect the kidneys.
Novartis launched Y-90-labeled DOTA-Tyr3-octreotide
(DOTATOC) in 1997 which proved to be more effective but
was accompanied with higher renal toxicity.16,17 Shortly after
this Ga-68-labeled DOTATOC was introduced for PET imag-
ing.18 Owing to the renal toxicity observed with Y-90 the
search was on for radiometals that could result in lower tox-
icity and investigations of Lu-177-labeled DOTATOC with
Figure 4 (A) 111In Octreotide SPECT/CT false-negative, (B) 68Ga DOTATATE true positive, (C) contrast CT, (D) PET/
CT reprinted courtesy of JNM. Deppen SA et al. Safety and efficacy of 68Ga DOTATATE for diagnosis, staging, and
treatment of neuroendocrine tumors. J Nucl Med. 2016.115:163865.
its shorter range beta particle and similar chemistry to Y-90
were begun and that with combined amino acid infusions
proved to be an effective therapeutic and resulted in an over-
all increase in survival of patients. A modified octreotide pep-
tide version DOTATATE was brought to the clinic by
Advanced Accelerator Applications (AAA) along with the Ga-
68-radialabled DOTATE later termed NETSPOT into clinical
trials and it received orphan drug status in March 2014 by
the FDA and the European Medicine Agency. NETSPOT was
approved by the FDA in 2016 for PET imaging to locate
somatostatin receptor positive neuroendocrine tumors in
adult and pediatric patients. The Lu-177 labeled DOTATATE
(Lutathera) the therapeutic analog of NETSPOT shown in
Figure 4 was taken into clinical trials by AAA and approved
by the FDA in 2017 shown in Figure 5. The use of the diag-
nostic NETSPOT resulted in a change in patient management
decisions in 71% of cases.19 Facilitating the ability to select
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patients for Lutathera therapy, design the treatment regime
including dose determination, and monitor treatment
informing treatment follow-up.19 The NETTER-1 Phase II
trial showed a progression free survival in the range of 30-40
months and a 79% reduction in the risk of disease progres-
sion or death. Lutathera has also been shown to improve sev-
eral quality of life issues variables including diarrhea.19

Prostate-specific membrane antigen (PSMA) is upregulated
in prostate cancer and is minimally expressed in nonprostate
tissues. The antibody J591 can be used for immunotherapy
of prostate cancer but doses equal to or greater than 100 mg
are required and complexation with toxins or radionuclides
which require lower amounts of J591 have been shown to be
a better approach.20 For use in radioimmunotherapy, J591
was covalently coupled with 1,4,7,10-tetraazacyclodode-
cane-N,N0,N00,N000-tetraacetic acid (DOTA), a chelating agent
that stably binds a variety of radiometals.20 Clinical evalua-
tions have been performed with both Y-90 and Lu-177 in
metastatic-resistant prostate cancer patients with promising
results.21,22 Lutetim-177 labeled to J591 can be used for
both imaging and therapy as it decays (half-life 6.64 days)
resulting in a 113 Kev (6.6%) and 208 KeV (11%) photons
and 0.498 MeV beta particle. Figure 6 shows a patient image
after treatment receiving an injection of Lu-177-J591. Nonin-
vasive molecular imaging of PSMA expression proved to be a
predictive biomarker, since patients with poor PSMA imag-
ing were less likely to respond to Lu-177-J591 therapy.22

Indium-111-labeled PSMA was evaluated as a diagnostic for
patient selection and dose determination of treatment with
J591 labeled with either Lu-177 or Y-90. This was advanta-
geous as in the case of Lu-177 it eliminated patient exposure
to the beta particle emission. Biodistribution patterns were
Figure 6 Shown on the left is a SPECT image of a patient with andro-
gen-independent prostate cancer 2-3 hours after injection o
740 MBq of 99mTc-MDP showing the metastatic foci in the bone
Shown in the right is the same patient 7 days after injection with
2.59 GBq/m2 of 177Lu-J591 showing the uptake in the prostate and
at the metastatic sites in the bone (shown by red arrow).
f
.

generally the same, however, differences were noted in the
liver, lung, and spleen uptake which was slightly higher for
In-111 in contrast to Lu-177 and Y-90.20,22 This was unex-
pected but is attributable to the slight differences in complex-
ation chemistry of the radiometals. The radiation dose to the
liver may be overestimated by as much as 25% based on In-
111 data used for Y-90.15,17 Multiple administrations of Lu-
177-J591 and Y-90-J591 were tolerated and imaging could
be used to monitor treatment response.20-24

Several small urea-based ligands molecules have since
been developed and are undergoing clinical evaluation for
targeting the PSMA that when radiolabeled with radionu-
clides can be used as theragnostics for managing metastatic
castration resistant prostate cancer. PSMA-11 labeled with
Ga-68 is being used as an imaging surrogate for PSMA-617
which is conjugated to the DOTA chelator and can bind met-
als such as Lu-177 and Ac-225.25-27 PSMA-617 was devel-
oped for therapy of castrate resistant prostate cancer and has
optimal tumor penetration with lower kidney retention.
These small urea-based ligands have advantages over the
monoclonal antibody J591 in that they accumulate much
quicker in the metastatic lesions and clear faster from normal
tissues resulting in lower overall doses particularly to the
liver and bone marrow. Further the smaller molecules allow
for the selection of radionuclides with shorter half-lives for
conducting the imaging such as Ga-68 and even F-18. The
Lu-177 labeled PSMA-617 is currently undergoing clinical
trials and has demonstrated good dosimetry and is well toler-
ated. Despite this about 30% of patients either show resis-
tance to treatment and some patients show diffuse red bone
marrow infiltration an indicator of hematologic cannot toler-
ate treatment with Lu-177-labeled PSMA-617.28,29 This has
led to the evaluation of alpha-targeted therapy in these
patients. Shown in Figure 7 is a patient that upon imaging
with Ga-68-labeled PSMA-11 was determined to be a good
candidate for treatment with Lu-177-labeled PSMA-617 and
was given two fractional treatments. Imaging after those two
treatments as shown in the figure showed the tumors were
not responding and even growing appearing to be resistant
to the Lu-177-labeled PSMA-617 treatment. The patient was
then switched to treatment with the Ac-225-labeled PSMA-
617 receiving three cycles of 6.4 MBq (100 kBq per kilogram
of body weight) at bimonthly intervals.28 As the images show
the patient’s tumors began responding after two treatments
and his PSA values dropped to levels after the third treatment
that indicate a complete response. A second patient shown in
Figure 8 entered into the same trial was imaged with Ga-68-
PSMA-11 which showed high uptake in the red bone marrow
indicating the patient was not a good candidate for Lu-177
PSMA-617 as the long range of the beta particle would be
too toxic. The patient was instead given three cycles of 6.4
MBq (100 kBq per kilogram of body weight) at bimonthly
intervals.28 Similar results were observed for this patient in
that the PSA vales dropped from over 3000 to less than
0.1 nM indicating a complete response.28 Theragnostics
played a critical role enabling the patient who was not
responding to be quickly taken off an ineffective treatment
and switched to one that resulted in a complete response.



Figure 7 68Ga-PSMA-11 PET/CT scans of patient B. In comparison to initial tumor spread (A), restaging after 2 cycles of
b-emitting 177Lu-PSMA-617 presented progression (B). Reprinted from Kratochwil et al.28

Figure 8 68Ga-PSMA-11 PET/CT scans of patient A. Pretherapeutic tumor spread (A), restaging 2 months after third
cycle of 225Ac-PSMA-617 (B), and restaging 2 months after one additional consolidation therapy (C). Reprinted from
Kratochwil et al.28
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The second patient with imaging showed the planned treat-
ment would have been too toxic and was switched to a treat-
ment with a radionuclide with lower tissue penetration but
that could deliver significant dose. Both cases the imaging facil-
itated patient management and enhanced patient outcome.
It can be seen from the listed examples that the use of therag-

nostics to deliver personalized treatments enhances patient out-
come and quality of life and reduces costs by reducing
unsuccessful treatments, lowering the costs of clinical trials due
to the stratification of patients, and lowering drug development
costs. Despite this there still remain challenges to getting these
personalized treatments developed. The reimbursement for
imaging agents has been inadequate for some time as they are
perceived to be high cost with low value. Additionally, the costs
for these theragnostic targeted drugs are high and the reimburse-
ment budgets are limited. When Zevalin was first approved it
was the most expensive drug on the market. If one considers
that chemotherapies are actually given in multiple does over a
longer period it is actually seen that the costs of these treatments
are more cost effective. Additional barriers are the growing regu-
latory burden required to produce and administer these agents.
This becomes even more expensive when it is recognized that
different countries operate under different regulations including
those regarding the manufacturing of the agents and the clinical
trials. If these could be harmonized one could foresee a drug
only needing a single clinical trial in one country that upon suc-
cessful completion would result in a drug that would be
accepted in multiple countries and thus make it more profitable
than the current model of repeating trials in each country to
obtain approval. There are ongoing efforts by societies such as
the SNMMI, the IAEA, EANM, and the CANM to work toward
harmonization but this will take some time. Despite these chal-
lenges, recent successes of combining the imaging agents with
the therapeutic have demonstrated reductions in the failure rate
and thus lowered risk of drug development in the later most
expensive phases of drug development. This is most clearly
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reflected in the acquiring by Novartis of AAA for 3.9 billion and
Endocyte for 2.1 billion. The theragnostics approach reduces the
overall development costs by ensuring these expensive drugs are
given to the right patients in the right dose to be effective.
Conclusions
Theragnostics owing to its ability to facilitate personalized
treatments will become a major part of patient management
in the future. It has demonstrated advantages in initial diag-
nosis, to patient stratification and development of treatment
protocols including dose determination and drug selection as
well as which radionuclide will be optimal for therapy. Further
advances in target development, radionuclide production and
availability, automation and drug synthesis are enabling wide
spread utilization of the theragnostic approach to even remote
areas. This combined with the improved quality of life for
these patients and reduction in drug development costs and
cost savings derived from patient selection show the economic
benefit of theragnostics highlighted by the recent interest by
both large pharmaceutical companies and startups in both the
development and acquisition of these agents. Probably its big-
gest benefit is the tools it provides physicians to more accu-
rately manage patients and their quality of life.
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