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Abstract: Theragnostics in nuclear medicine constitute an
essential element of precision medicine. This notion in-
tegrates radionuclide diagnostics procedures and radio-
nuclide therapies using appropriate radiopharmaceutics
and treatment targeting specific biological pathways or
receptors. The term theragnostics should also include
another aspect of treatment: not only whether a given
radioisotopic drug can be used, but also in what dose it
ought to be used. Theragnostic procedures also allow
predicting the effects of treatment based on the assessment
of specific receptor density or the metabolic profile of
neoplastic cells. The future of theragnostics depends not
only on the use of new radiopharmaceuticals, but also on
new gamma cameras. Modern theragnostics already
require unambiguous pharmacokinetic and pharmacody-
namic measurements based on absolute values. Only
dynamic studies provide such a possibility. The introduc-
tion of the dynamic total-body PET-CT will enable this type
of measurements characterizing metabolic processes and
receptor expression on the basis of Patlak plot.

Keywords: future of theragnostics; nuclear medicine;
theranostics.

Introduction

Development of medicine is associated with new ideas,
new paradigms, and new perspectives. These ideas are
constructed according to the more general insights –
medical cosmologies.

According to Jewson, three cosmologies were formu-
lated in the modern history of medicine: the first is defined
as bedside medicine, the second – hospital medicine and
third – laboratory medicine [1].

The first of these notions was based on the doctor’s
intuition and experience, as well as direct relationship

between the doctor and the patient. The patient was
considered as the subject of the procedure. Themost telling
example of this period in the history ofmedicine is depicted
in the painting made by Chandler presenting a famous
London physician – Gleason, who, based on the exami-
nation of the heart rate only (the patient is hidden behind a
curtain) and personal connection, was able (or was he
really?) to establish a diagnosis and prescribe appropriate
medications. The nineteenth and twentieth centuries
brought the development of hospital (clinical) medicine.
According to this cosmology, one should learn about the
structure and function of each organ separately and
analyze clinical symptoms based on observations and
knowledge. Thus, the organ became the subject of the
proceedings; the patient was divided into systems and or-
gans. This procedure has laid the groundwork for evidence-
based medicine. This philosophy contributed to the
development of nosology and the principle stating that
the same disease symptoms indicate the same disease, the
treatment of which therefore requires the use of the same
drugs. This view assumes that a standard therapy will be
effective in most, but not all, patients, and that there will
be a group of patients in which such treatment will not be
effective, and a group inwhich it will be even harmful. This
type of approach to medicine gradually becomes history.
Currently, the idea of precision medicine dominates more
and more often. Its beginning may be traced back to 2015,
when Barack Obama granted the first funds for its devel-
opment [2]. The main concept of precision medicine is the
individual choice of the treatment procedure for an indi-
vidual patient. This idea assumes that every patient can
benefit from the proposed, individually selected treatment.
Precisionmedicine requires a series of newdiagnostic tools
necessary to form a diagnosis based on functional disor-
ders defined at the molecular level: genomics, proteomics,
metabolomics, as well radiomics.

Thus, modern medical cosmology will be the basis for
the development of therapeutic procedures in oncology, in
particular. Since precision (or laboratory) medicine relies
on the analysis of biochemical disorders, it requires im-
aging at the molecular level. From the practical point of
view, nuclear medicine constitutes a method dedicated to
molecular imaging. It should be noted that many premises
indicate the increasing importance of nuclear medicine in
clinical practice. One of the important aspects of precision
medicine is theragnostic (or theranostic) medicine.
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Present theragnostic nuclear
medicine

The term theragnostic medicine is derived from two words:
therapy and diagnostics. It refers to a procedure consisting
of a diagnostic test, the result of which allows a specific
treatment to be applied with a very high probability of
success. It was formulated in 1998 by John Funkhouser,
director of PharmaNetics, who developed a test for moni-
toring the efficacy of a new anticoagulant drug in a study
on the company’s development strategy [3]. This strategy
assumed the development of diagnostic tests applicable in
strictly defined therapeutic procedures. This demand
resulted from high costs of innovative medical procedures
and the necessity to limit them through precise qualifica-
tion of patients and control of treatment effectiveness [4, 5].
A frequently cited example of theragnostic concept’s
application is a simultaneous introduction of Herceptin
and the HER-2 receptor expression test in treatment of
patients with advanced breast cancer; the treatment
should be used only if a significantly increased expression
of HER-2 receptors is demonstrated earlier in the histo-
pathological examination. This procedure has been
approved by the FDA in 1998. Some authors consider this to
be the origin of theragnostics.

Theranostics in nuclear medicine constitute an
essential element of precision medicine. This notion in-
tegrates radionuclide diagnostics procedures and radio-
nuclide therapies using appropriate radiopharmaceutics
and treatment targeting specific biological pathways or
receptors [4].

In general, the term in nuclear medicine is being
increasingly used specifically for imaging and therapywith
the same radiopharmaceutical or two very similar radio-
pharmaceuticals [5].

The term is widely used today, but its origins can be
traced back to the mid-1950s. The first theragnostic pro-
cedure was the use of radioiodine in treatment of thyroid
diseases: initially, a scintigraphic examination with radi-
oiodine was performed and if lesions (autonomic tumor,
thyroid cancer metastases) showed tracer uptake – radio-
iodine in therapeutic doses was used [6, 7].

In line with this principle, radioisotopic methods of
analgesic treatment have been introduced in patients with
bone metastases: treatment of pain symptoms with radio-
pharmaceuticals labeled with beta/alpha emitters is indi-
cated if the examination after administration of a
diagnostic radiopharmaceutical (with the same pharma-
cological profile, but labeled with gamma emitter 99mTc)
shows high accumulation in metastatic foci [8–10].

Another example pertains to the isotope treatment of
patients with neuroblastoma or phaeochromocytoma
[11–14]. These tumors show a significantly increased
expression of norepinephrine transport mechanisms. The
same mechanisms can transport the adrenaline analog
meta-iodo-benzyl-guanidine (mIBG); thus, norepinephrine
and mIBG are taken up into tumor cells by the same
norepinephrine transporter (NET, SLC6A2) that is highly
expressed in neuroendocrine neoplasms. In patients with
inoperable or advanced distant metastatic tumors, [131I/123I]
I-mIBG imaging plays a pivotal role in assessing response
to treatment and in assessing potential therapy [131I]
I-mIBG. In patients with neuroblastoma and phaeochro-
mocytoma, a [123I] I –mIBG scan is characterized by a high
sensitivity (97% and 94%, respectively) and specificity (up
to 96% and 92%, respectively). Therapy with [131I] I-mIBG
may be considered if scintigraphy after administration of
diagnostic dose indicates a sufficiently high accumulation
of the radiopharmaceutical. Targeted therapy with [131I]
I-mIBG shows encouraging efficacy with tolerable toxicity
in relapsed or refractory neuroblastomas with response
rates of 20–40% either alone or in combination with high-
dose chemotherapy followed by autologous stem cell
transplantation.

Correspondingly, a similar principle applies to the
treatment of neuroendocrine tumors (NETs). These tumors
are usually diagnosed in the stage when multiple metas-
tases occur and surgical treatment proves insufficient. A
characteristic feature of many of these tumors (but not all)
is a very high expression of the somatostatin receptor
system. Therefore, radiolabeled somatostatin analogs can
be used as therapeutic radiopharmaceutical (PRRT).
Nevertheless, treatment of NETs with radioisotope labeled
analogs of somatostatin is proposed if diagnostic scanwith
somatostatin analogs is positive [15–18]. PET examination
with the use of 68Ga-labeled somatostatin analogs has been
approved for NET imaging and the qualification of patients
for peptide receptor radionuclide therapy [16, 17]. The
efficacy of therapy of NETs with radiolabeled analogs of
somatostatin was examined in the NETTER-1 trial [14]. The
positive results of this study constituted the basis for the
approval of [177Lu]Lu-DOTATATE therapy in the United
States and Europe.

Nowadays, prostate cancer is the most commonly
diagnosed cancer among men in the Western world,
accounting for approximately 25% of all new male cancer
cases. Therefore, imaging studies are recommended in
initial diagnosis, staging, restaging as well as relapse of
the disease. Recently, treatment of prostate cancer with
beta/alpha emitters -PSMA is being evaluated, but only in
the group of patients with positive results of [68Ga]Ga-PSMA
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scan. The use of PSMA is the best example of the ther-
agnostic procedures currently being introduced in nuclear
medicine.

PSMA is a homolog of the protein N-acetyl-L-aspartyl-
L-glutamate peptidase I (NAALADase I or folate hydrolase I)
and consists of 750 amino-acids. PSMA has a number of
essential regulatory functions present in the cells: PSMA
acts as an enzyme that takes part in nutrient uptake (folate)
and plays a role in cell migration, survival, and prolifera-
tion. Its activity is also associated with the process of
angiogenesis that accompanies the development of
cancerous tissue. Increased PSMA expression was also
found in the stroma adjacent to the newly formed vascu-
lature of solid tumors [19–22]. PSMA occurs in the epithe-
lium of otherwise normal prostate gland, but in the setting
of cancer, its expression increases 100–1000-fold.

Recent studies show that it is possible to label PSMA
with 99m-technetium or 68-gallium and picture its
expression in SPECT and PET scans respectively. Apart
from these radiotracers, there is ongoing research that aims
to develop PSMA derivatives labelable with 18F.

It seems that the importance of PET radiopharmaceu-
ticals, considering a higher resolution of the PET gamma
camera, will be on the increase.

Sensitivity and specificity of PET in the assessment of
primary tumors, as well as evaluation of lymph nodes
metastasis, was estimated. For patients with biochemical
recurrence, positive [68Ga]Ga-PSMA PET scans increased
with higher pre-PET prostate-specific antigen (PSA) levels.
For PSA0.5–0.99, 1–1.99, and ≥2 ng/mL, the percentages of
positive scans were 59%, 75%, and 95%, respectively. No
significant differences in positivity were noted between
Gleason sums ≤7 and ≥8. Significant differences in posi-
tivity after biochemical recurrence in the prostate bed were
noted between radical prostatectomy (22%) and radio-
therapy (52%) patients. On per-node analysis, high sensi-
tivity (75%) and specificity (99%) were observed [22].

Lately, prostate-specific membrane antigen (PSMA)
has been established as a theranostic target in this group of
patients. A randomized phase III registration study has
now been completed. The study showed that the use of
[177Lu]Lu-labeled PSMA-617 in the treatment of castration-
resistant metastatic prostate cancer (mCRPC) was superior
to the standard of care (VISION study [23]).

The impact of [68Ga]Ga-PSMA PET/CT on management
intent in prostate cancer were analyzed and, overall, [68Ga]
Ga-PSMA PET/CT scanning led to a change in planned
management in 51% of patients. The impact was greater in
the group of patients with biochemical recurrence after
definitive surgery or radiation treatment (62% change in
management intent) than in patients undergoing primary

staging (21% change). Imaging with [68Ga]Ga-PSMA
PET/CT revealed unsuspected disease in the prostate bed
in 27% of patients, in locoregional lymph nodes in 39%,
and distant metastatic disease in 16% [24].

Additional aspects of theragnostic
nuclear medicine

It must be strongly emphasized that the term theragnostics
should also include another aspect of treatment: not only
whether a given radioisotopic drug can be used, but also in
what dose it ought to be used. The radioisotope drug
should be administered – like any other drug – in an
adequate dose. Nuclear medicine provides the right tool
designed to estimate the appropriate dose of the radionu-
clide drug – dosimetry.

Dosimetry allows determining the relationship be-
tween the amount of radioactivity administered and the
absorbed dose of radiation in tumors, organs, or the entire
body. Dosimetry also allows for a correlation between the
radiation dose used and the clinical results. It enables
treatment planning with the aim of avoiding excessive
toxicity. In general, the doses calculated for radionuclide
therapy are less accurate than for external beam radio-
therapy, but sufficient in clinical practice. It results from
the limitations related to obtaining accurate information
about the heterogeneity of radiation distribution in the
lesion and information about the pharmacokinetics and
pharmacodynamics of the radiopharmaceutical. The
absorbed radiation doses can be calculated from the
quantification of radioactivity and the specific absorbed
fraction for the target. The specified fraction absorbed
takes into account the type and energy of the radiation
emission, the fraction of the energy from the source
absorbed by the target and themass of the target. TheMIRD
Committee is an entity responsible for defining the guide-
lines for methods for calculating the estimated absorbed
radiation dose for the whole body and organs. This meth-
odology has been aligned with radionuclide therapy.
However, the proposed methodology requires still more
research to further improve the available models and
methods.

Moreover, theragnostic procedures allow predicting
the effects of treatment based on the assessment of specific
receptor density or themetabolic profile of neoplastic cells.
As an example the role of [18F]-FDG scan in planning of the
radioisotope treatments can be used; in 1920, Warburg
described that cancer cells metabolize glucose in an
anaerobic cycle, whether there is hypoxia or normoxia.
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This phenomenon turned out to be the basis for intro-
ducing PET examinations with the use of [18F]FDG in the
diagnostics of oncological diseases in particular. Addi-
tionally, it was found that neoplastic cells showing amuch
greater potential for aggressiveness are characterized by a
much higher consumption of glucose. Thus, the degree of
[18F]FDG accumulation – in general – may be the basis for
prognosis of the course of the disease and thereforemay be
a determining factor in selecting a more or less aggressive
treatment. The observations to date provide a lot of evi-
dence supporting this general principle.

Differentiated thyroid cancer has a strong affinity for
131I and for that reason shows a good response for iodine
treatment. On the other hand, dedifferentiated changes in
thyroid cancer tend to lose affinity for radioiodine. This
process is accompanied by increased glucose metabolism
[25–33]. The observations so far indicate that there is a
correlation between an increased [18F]FDG uptake and
tumor grade, and a worse prognosis. Hence, [18F]FDG PET
is considered a valuable tool for the detection of
radioiodine-negative metastases in the observation of
patients with differentiated thyroid cancer. In addition,
[18F]FDG PET seems promising as a valid instrument for
predicting the long-term prognosis of thyroid cancer.
Therefore, [18F]FDG PET after thyroid remnant ablation
should hold a prognostic value for the management of
high-risk patients with differentiated thyroid cancer.

What is more, similar relations were described in
patients with advanced NETs: scans after injection of the
labeled somatostatin analog define the density of the
somatostatin receptors and indicate whether radioisotope
labeled analogs can be considered a solution for treatment.
On the other hand, it is generally accepted that upregulated
glycolytic activity is an unfavorable prognostic factor
associated with a more aggressive clinical course. On that
account, [18F]FDG PET defines the probability of successful
treatment. Quantitative meta-analysis presented by Alev-
roudis et al. [34] demonstrates that the disease control rate
in patients with NET receiving PRRT with a negative [18F]
FDG PET prior to treatment initiation was 91.9%, vs. 74.2%
in patients with a positive [18F]FGD PET. Progression free
survival (PFS) analysis revealed that patients with positive
[18F]FDG PET prior to PRRT initiation had a 2.9-fold
increased risk of progression compared to NEN patients
with a negative [18F]FDG PET and overall survival (OS)
analysis confirmed an approximately 2.3-fold increased
risk of overall mortality in NET patients with a positive [18F]
FDG PET prior to PRRT compared to patients with a nega-
tive one in this setting. The authors also found that patients
with PET positive [18F]FDG tumors had a higher risk of
progression and death after initially favorable outcome of

PRRT. Therefore, [18F]FDG PET can be used as a predictive
tool in NET patients receiving PRRT.

Another prognostic indicator constitutes tumor hyp-
oxia. Hypoxia indicates a more aggressive tumor pheno-
type [35–37]. Hypoxia is also a factor that reduces the
cytotoxic effect of photon radiotherapy due to the lower
availability of oxygen radicals. This effect is determined
from the oxygen enhancement factor (OER) value [38]. For
these reasons, noninvasive determination of the degree of
hypoxia should decide on the form of treatment of onco-
logical diseases. Onemethod of noninvasive measurement
of hypoxia is positron-emission tomography (PET) with
hypoxia-specific radiotracers. The most commonly used
radiotracer for hypoxia is 18F-fluoromisonidazole (FMISO).
PET measured hypoxia is a useful indicator and has a
strong impact on the treatment option of selected tumors.
Special importance of PET examination with the use of
radiopharmaceuticals imaging hypoxia in head and neck
cancers is emphasized [39, 40].

Future of theragnostic nuclear
medicine

The future of theragnostic procedures in nuclear medicine
certainly depends on two elements: the development of
new gamma cameras and new radiopharmaceuticals.

Modern theragnostics already require unambiguous
pharmacokinetic and pharmacodynamic measurements
based on absolute values. Only dynamic studies provide
such a possibility. The introduction of the dynamic total-
body PET-CT will enable this type of measurements char-
acterizing metabolic processes and receptor expression on
the basis of Patlak plot. While static PET provides a simple
snapshot of radiopharmaceutical concentration, dynamic
PET with tracer kinetic modeling can provide parametric
images that show how tissue is actually behaving. Para-
metric images have the potential to better detect lesions
and assess the response to cancer therapy. Full compart-
mental modeling for the region containing the pathology
provides complementary information which contributes to
a more accurate diagnosis than conventional static Stan-
dardized Uptake Value (SUV) imaging. Results from the
current study to conduct total-body dynamic PET scans in
patients with cancer suggested that it can be used to
generate high-quality images of metastatic cancer and to
obtain quantitative data characterizing neoplastic disease
[41, 42]. The recent advent of total-body PET technology
opens a new paradigm for personalized medicine by
enabling simultaneous, dynamic, and parametric imaging
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of all organsof the body [43–46] and the recentdevelopment
of multiphoton PET imaging [47–49] may open new possi-
bilities in theragnostic by paving a way to positronium and
simultaneous multi-isotope imaging.

Currently,manynovel strategies arebeing exploredand
novel radiopharmaceutical therapeutic agents including
peptide based ligands as well as antibodies or antibody
fragments are being developed preclinically or are in early
phase clinical trials.

An interesting proposal is the use of melatonin-
targeting radiopharmaceuticals in patients with metasta-
tic melanoma. BA52 is a benzamide that binds melanin.
Labeled with 123I, it shows specific binding of pigmented
metastases in planar/SPECT imaging and may assist in
selecting patients who are likely to benefit from therapy.
The pilot studies performed after administering [131I] I-BA52
proved to be encouraging [50].

Another candidate is fibroblast activating protein (FAP).
FAP is a serine proteinase. It is presents in many cell types
during embryonic development. In adults, however, it is
mainly found in the foci of healing or fibrosis. FAP is also
highly active on the cell surface of activated cancer-
associated fibroblasts (CAFs) but not resting fibroblasts [51].
CAFs in the tumor stromaplayan important role inpromoting
tumor growth, invasion, metastasis, and immunosuppres-
sion. Studies have shown that these fibroblasts are found in
over 90%of epithelial neoplasms. ThismakesFAPapotential
imaging target and treatment of a wide variety of malig-
nancies. The clinical usefulness of 18F-labeled FAPI was
demonstrated [52–55]. The use of quinoline-based inhibitors
allowed labeling of FAPI with diagnostic and therapeutic
radioisotopes [53]. FAPI-04 has proved to be the most
advantageous. Clinical studies have confirmed the favorable
biodistribution of the radiopharmaceutical. Observations on
the therapeutic useof 90Y-labeledFAPIhave commenced [53].

Radioisotope labeled neurotensin derivatives are
another radiopharmaceuticals that may be considered to
be introduced as theranostic drugs in nuclear medicine.
Neurotensin is a 13 amino-acid neuropeptide. It occurs
physiologically in the central nervous system, gastroin-
testinal tract, and in the heart muscle [56, 57]. There are
three types of membrane receptors for neurotensin (NTSR):
NTSR1, NTSR2, and NTSR3. An increased expression of the
NTRS1 receptor has been demonstrated on neoplastic cells
of small cell and non-small cell lung cancer, colorectal
cancer, and breast and pancreatic cancer [57]. Binding of
neurotensin to NTSR1 stimulates tumor cell proliferation
through various signaling pathways [58]. On this basis,
neurotensin antagonist (SR48692) was used in oncological

therapy. Based on autoradiographic studies, a very high
density of NTSR1 receptors on pancreatic adenocarcinoma
cells was found [59]. These observations indicate that
radiolabeledNTSR1 ligands could prove to be a new formof
treatment for pancreatic cancer. The proposed radiophar-
maceutical in the diagnosis and treatment of pancreatic
adenocarcinoma is 177Lu-3BP-227. This radiopharmaceu-
tical is an antagonist for NTSR1 and shows a very high
affinity for the NTSR1 receptor [60]. The results of preclin-
ical studies showed that the new radiopharmaceutical is
characterized by high accumulation in an experimental
pancreatic tumor and relatively low accumulation in other
organs (kidneys, lungs, and gastrointestinal tract) [61].
The first encouraging treatment results in humans were
obtained with 177Lu-3BP-227 [62]. A phase I/II trial is un-
derway in the treatment of advanced NTSR1 positive
neoplasms.

Many other radiopharmaceuticals that are candidates
for new radioisotope theragnostics are currently under
investigation:
– Radiolabeled daratumumab is an anti-CD38 antibody.

This antibody is used to treat patients with mul-
tiple myeloma [63–65]; [89Zr]Zr-DFO-daratumumab is
currently being evaluated in human clinical trials.
Preliminary results show a high uptake of radiophar-
maceutical in the disease sites. DFO-daratumumab
seems to be an attractive candidate for targeted ther-
apy with alpha emitters such as 225Ac;

– Many reports indicate that integrin VLA-4-based
radiopharmaceuticals may be an alternative, targeted
form of diagnosis and therapy ofmelanomas. Integrins
are transmembrane adhesion receptors [66–69]. A
first-in-human imaging trial is ongoing to evaluate
human dosimetry and safety of 64Cu-LLP2A;

– Anumber of papers indicate the possibility of using the
therapy based on the receptor for chemokines – CXCR
4 [70–72]. Radiolabeled analogs of CXCR-4 antagonist
Pentixafor have been used for imaging and treatment
in lymphoma patient populations. The first clinical
observations of 177Lu/90Y – Pentixather in themyeloma
patient population are very encouraging;

– Antibodies directed against HER2 are other radio-
pharmaceuticals taken into account for theragnostic
procedures in nuclear medicine. Trastuzumab is a
humanized monoclonal antibody of the IgG1 isotype
that is directed against the extracellular regions of
HER2. Radiolabeledwith 227Th antibodies against HER2
may be useful in the radiotherapy of HER2-positive
breast tumors [73, 74].
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Conclusions

The aim of this minireview is to present solely the most
important milestones that determine the development of
theragnostic procedures in nuclearmedicine. It is currently
one of the most dynamically growing branches in medi-
cine. The development of thesemethods will determine the
progress of precision medicine in the future.

Research funding: None declared.
Author contributions:All authors have accepted responsibility
for the entire content of this manuscript and approved its
submission.
Competing interests: Authors state no conflict of interest.
Informed consent: Not applicable.
Ethical approval: Not applicable.

References

1. Jewson ND. The disappearance of the sick-man from medical
cosmology, 1770-1870. Int J Epidemiol 2009;38:622–3.

2. Terry SF. Obama’s precision medicine initiative. Genet Test Mol
Biomarkers 2015;19:113–4.

3. Kelkar SS, Reineke TM. Theranostics: combining imaging and
therapy. Bioconjugate Chem 2011;22:1879–903.

4. Okamoto S, Shiga T, Tamaki N. Clinical perspectives of
theranostics. Molecules 2021;26:2232.

5. Langbein T, Weber WA, Eiber M. Future of theranostics: an
outlook on precision oncology in nuclear medicine. J Nucl Med
2019;60(2 Suppl):13S–9S.

6. Hertz S, Roberts A. Radioactive iodine in the study of thyroid
physiology: the use of radioactive iodine therapy in
hyperthyroidism. J Am Med Assoc 1946;131:81–6.

7. Seidlin SM, Marinelli LD, Oshry E. Radioactive iodine therapy:
effect on functioning metastases of adenocarcinoma of the
thyroid. J Am Med Assoc 1946;132:838–47.

8. Bauman G, Charette M, Reid R, Sathya J. Radiopharmaceuticals
for the palliation of painful bone metastases—a systematic
review. Radiother Oncol 2005;75:258–70.

9. Kuroda I. Effective use of strontium-89 in osseous metastases.
Ann Nucl Med 2012;26:197–206.

10. Parker C, Nilsson S, Heinrich D, Helle S, O’Sullivan J, Fosså S,
et al. Alpha emitter radium-223 and survival in metastatic
prostate cancer. N Engl J Med 2013;369:213–23.

11. Taieb D, Jha A, Treglia G, Pacak K. Molecular imaging and
radionuclide therapy of paraganglioma and pheochromocytoma.
Endocr Relat Cancer 2019;26:R627–52.

12. JimenezC, ErwinWD, ChasenB. Targeted radionuclide therapy for
patients with metastatic pheochromocytoma and
paraganglioma: from low-specific-activity to high-specific-
activity iodine-131 metaiodobenzylguanidine. Cancers 2019;11:
1018–38.

13. Jackson MR, Falzone N, Vallis KA. Advances in anticancer
radiopharmaceuticals. Clin Oncol 2013;25:604–9.

14. Giammarile F, Chiti A, Lassmann M, Brans B, Flux G. EANM
procedure guidelines for 131I-meta-iodobenzylguanidine
(131I-mIBG) therapy. Eur J Nucl Med Mol Imag 2008;35:1039–47.

15. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B,
et al. Phase 3 trial of 177Lu-dotatate for midgut neuroendocrine
tumors. N Engl J Med 2017;376:125–35.

16. Luthatera. European medicine agency website. Available from:
https://www.ema.europa.eu/en/medicines/human/EPAR/
lutathera [Accessed 1 Jul 2019].

17. U.S. Food and Drug Administration website. NETSPOT (kit for the
preparation of gallium Ga 68 dotatate injection). Available from:
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2016/
208547Orig1s000TOC.cfm [Accessed 1 Jul 2019].

18. SomaKit TOC. European medicine agency website. Available
from: https://www.ema.europa.eu/en/medicines/human/
EPAR/somakit-toc [Accessed 1 Jul 2019].

19. Roach PJ, Francis R, Emmett L, Hsiao E, Kneebone A, Hruby G,
et al. The impact of 68 Ga-PSMA PET/CT onmanagement intent in
prostate cancer; Results of an Australian prospective multicentre
study. J Nucl Med 2018;59:82–8.

20. Afaq A, Alahmed S, Chen SH, Lengana T, Haroon A, Payne H, et al.
Impact of 68Gaprostate-specific membrane antigen PET/CT on
prostate cancer management. J Nucl Med 2018;59:89–92.

21. Lenzo NP, Meyrick D, Turner JH. Review of gallium-68 PSMA
PET/CT imaging in the management of prostate cancer.
Diagnostics 2018;8:16–33.

22. Beheshti M, Paymani Z, Brilhante J, Geinitz H, Gehring D,
Leopoldseder T, et al. Optimal time-point for 68Ga-PSMA-11. Eur J
Nucl Med Mol Imag 2018;45:1188–96.

23. Sartor O, de Bono J, Chi KN, Fizazi K, Herrmann K, Rahbar K, et al.
Lutetium-177-PSMA-617 for metastatic castration-resistant
prostate cancer. N Engl J Med 2021;16:1091–103.

24. Perera M, Papa N, Roberts M, Williams M, Udovicich C, Vela I,
et al. Gallium-68 prostate-specific membrane antigen positron
emission tomography in advanced prostate cancer-updated
diagnostic utility, sensitivity, specificity, and distribution of
prostate-specific membrane antigen-avid lesions: a systematic
review and meta-analysis. Eur Urol 2020;77:403–17.

25. Schoenberger J, Rüschoff J, GrimmD, Marienhagen J, Rümmele P,
Meyringer R, et al. Glucose transporter 1 gene expression is
related to thyroid neoplasms with an unfavorable prognosis: an
immunohistochemical study. Thyroid 2002;12:747–54.

26. Robbins RJ, Wan Q, Grewal RK, Reibke R, Gonen M, Strauss HW,
et al. Real-time prognosis formetastatic thyroid carcinoma based
on 2-[18F]Fluoro-2-Deoxy-d-Glucose-Positron Emission
Tomography scanning. J Clin Endocrinol Metab 2006;91:
498–505.

27. Deandreis D, Al Ghuzlan A, Leboulleux S, Lacroix L, Garsi JP,
Talbot M, et al. Do histological, immunohistochemical, and
metabolic (radioiodine and fluorodeoxyglucose uptakes)
patterns of metastatic thyroid cancer correlate with patient
outcome? Endocr Relat Cancer 2011;18:159–69.

28. Yoshio K, Sato S, Okumura Y, Katsui K, Takemoto M, Suzuki E,
et al. The local efficacy of I-131 for F-18 FDG PET positive lesions in
patients with recurrent or metastatic thyroid carcinomas. Clin
Nucl Med 2011;36:113–7.

29. StokkelMPM, Duchateau CSJ, Dragoiescu C. The value of FDG-PET
in the follow-up of differentiated thyroid cancer: a review of the
literature. Q J Nucl Med Mol Imaging 2006;50:78–87.

218 Królicki and Kunikowska: Theranostics – present and future

https://www.ema.europa.eu/en/medicines/human/EPAR/lutathera
https://www.ema.europa.eu/en/medicines/human/EPAR/lutathera
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2016/208547Orig1s000TOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2016/208547Orig1s000TOC.cfm
https://www.ema.europa.eu/en/medicines/human/EPAR/somakit-toc
https://www.ema.europa.eu/en/medicines/human/EPAR/somakit-toc


30. Reske SN, Kotzerke J. FDG-PET for clinical use. Eur J Nucl MedMol
Imag 2001;28:1707–23.

31. Nanni C, Rubello D, Fanti S, Farsad M, Ambrosini V, Rampin L,
et al. Role of 18F-FDG-PET and PET/CT imaging in thyroid cancer.
Biomed Pharmacother 2006;60:409–13.

32. Shiga T, Tsukamoto E, Nakada K, Morita K, Kato T, Mabuchi M,
et al. Comparison of (18)F-FDG, (131)I-Na, and (201)Tl in diagnosis
of recurrent or metastatic thyroid carcinoma. J Nucl Med 2001;42:
414–9.

33. Gaertner FC, Okamoto S, Shiga T, Ito YM, Uchiyama Y, Manabe O,
et al. FDG PET performed at thyroid remnant ablation has a higher
predictive value for long-term survival of high-risk patients with
well-differentiated thyroid cancer than radioiodine uptake. Clin
Nucl Med 2015;40:378–83.

34. Alevroudis E, Spei M-E, Chatziioannou S, Tsoli M, Wallin G,
Kaltsas G, et al. Clinical utility of 18F-FDG PET in neuroendocrine
tumors prior to peptide receptor radionuclide therapy: a
systematic review and meta-analysis. Cancers 2021;13:1813–28.

35. Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P.
Association between tumor hypoxia and malignant progression
in advanced cancer of the uterine cervix. Cancer Res 1996;56:
4509–15.

36. Chang J, Erler J. Hypoxia-mediated metastasis. Adv Exp Med Biol
2014;772:55–81.

37. Eisinger-Mathason TSK, Zhang M, Qiu Q, Skuli N, Nakazawa MS,
Karakasheva T, et al. Hypoxia-dependent modification of
collagen networks promotes sarcoma metastasis. Cancer Discov
2013;3:1190–205.

38. Wenzl T, Wilkens JJ. Theoretical analysis of the dose dependence
of the oxygen enhancement ratio and its relevance for clinical
applications. Radiat Oncol 2011;6:171.

39. Zschaeck S, Löck S, Hofheinz F, Zips D, Saksø Mortensen L,
Zöphel K, et al. Individual patient data meta-analysis of FMISO
and FAZA hypoxia PET scans from head and neck cancer patients
undergoing definitive radio-chemotherapy. Radiother Oncol
2020;149:189–96.

40. Zschaeck S, Steinbach J, Troost EG. FMISO as a biomarker for
clinical radiation oncology. Cancer Res 2016;198:189–201.

41. Zaker N, Kotasidis F, Garibotto V, Zaidi H. Assessment of lesion
detectability in dynamic whole-body PET imaging using
compartmental and Patlak parametric mapping. Clin Nucl Med
2020;45:e221–31.

42. Yao S, Feng T, Zhao Y, Wu R, Wang R, Wu S, et al. Xu B Simplified
protocol for whole-body Patlak parametric imaging with (18)
F-FDG PET/CT: feasibility and error analysis. Med Phys 2021;48:
2160–9.

43. Badawi RD, Shi H, Hu P, Chen S, Xu T, Price PM, et al. First human
imaging studieswith the EXPLORER total-bodyPET scanner. J Nucl
Med 2019;60:299–303.

44. Karp JS, Viswanath V, Geagan MJ, Muehllehner G, Pantel AR,
Parma MJ, et al. PennPET explorer: design and preliminary
performance of a whole-body imager. J Nucl Med 2020;61:
136–43.

45. Niedzwiecki S, Białas P, Curceanu C, Czerwiński E, Dulski K,
Gajos A. J-PET: a new technology for the whole-body PET imaging.
Acta Phys Pol B 2017;48:1567.

46. Zhang X, Xie Z, Berg E, Judenhofer MS, Liu W, Xu T, et al. Total-
body dynamic reconstruction and parametric imaging on the
uEXPLORER. J Nucl Med 2020;61:285–91.

47. Moskal P, Dulski K, Chug N, Curceanu C, Czerwiński E, Dadgar M,
et al. Positronium imaging with the novel multiphoton PET
scanner. Sci Adv 2021;7:eabh4394.

48. Moskal P, Gajos A,MohammedM, Chhokar J, ChugN, Curceanu C,
et al. Testing CPT symmetry in ortho-positronium decays with
positronium annihilation tomography. Nat Commun 2021;12:
5658.

49. Moskal P, Stępień EŁ. Prospects and clinical perspectives of total-
body PET imaging using plastic scintillators. Pet Clin 2020;15:
439–52.

50. Mier W, Kratochwil C, Hassel JC, Giesel FL, Beijer B, Babich JW,
et al. Radiopharmaceutical therapy of patients withmetastasized
melanomawith themelanin-binding benzamide 131I-BA52. J Nucl
Med 2014;55:9–14.

51. Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD.
Understanding fibroblast activation protein (FAP): substrates,
activities, expression and targeting for cancer therapy.
Proteonomics Clin Appl 2014;8:454–63.

52. Jiang GM, Xu W, Du J, Zhang K-S, Zhang Q-G, Wang X-W, et al. The
application of the fibroblast activation protein alpha-targeted
immunotherapy strategy. Oncotarget 2016;7:33472–82.

53. Lindner T, Loktev A, Altmann A, Giesel F, Kratochwil C, Debus J,
et al. Development of quinoline-based theranostic ligands for the
targeting of fibroblast activation protein. J Nucl Med 2018;59:
1415–22.

54. Loktev A, Lindner T, Mier W, Debus J, Altmann A, Jäger D, et al. A
tumor-imaging method targeting cancer associated fibroblasts. J
Nucl Med 2018;59:1423–9.

55. Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A,
Lehnert W, et al. FAPI-PET/CT: biodistribution and preliminary
dosimetry estimate of two DOTA-containing FAP-targeting agents
in patients with various cancers. J Nucl Med 2019;60:386–92.

56. St-Gelais F, Jomphe C, Trudeau LE. The role of neurotensin in
central nervous system pathophysiology: what is the evidence? J
Psychiatry Neurosci 2006;31:229–45.

57. Osadchii OE. Emerging role of neurotensin in regulation of the
cardiovascular system. Eur J Pharmacol 2015;762:184–92.

58. Hou T, Shi L, Wang J, Wei L, Qu L, Zhang X, et al. Label-free cell
phenotypic profiling and pathway deconvolution of neurotensin
receptor-1. Pharmacol Res 2016;108:39–45.

59. Korner M, Waser B, Strobel O, Buchler M, Reubi JC. Neurotensin
receptors in pancreatic ductal carcinomas. EJNMMI Res 2015;5:17.

60. Schulz J, Rohracker M, Stiebler M, Goldschmidt J, Grosser OS,
Osterkamp F, et al. Comparative evaluation of the biodistribution
profiles of a series of nonpeptidic neurotensin receptor-1
antagonists reveals a promising candidate for theranostic
applications. J Nucl Med 2016;57:1120–3.

61. Schulz J, Rohracker M, Stiebler M, Goldschmidt J, Stöber F,
Noriega M, et al. Proof of therapeutic efficacy of a 177Lulabeled
neurotensin receptor 1 antagonist in a colon carcinoma xenograft
model. J Nucl Med 2017;58:936–41.

62. BaumRP, Singh A, Schuchardt C, Kulkarni HR, Klette I, Wiessalla S,
et al. 177Lu-3BP-227 for neurotensin receptor 1-targeted therapy of
metastatic pancreatic adenocarcinoma: first clinical results. J Nucl
Med 2018;59:809–14.

63. Kang L, Jiang D, England CG, Barnhart TE, Yu B, Rosenkrans ZT,
et al. ImmunoPET imaging of CD38 in murine lymphoma models
using 89Zr-labeled daratumumab. Eur J Nucl MedMol Imag 2018;
45:1372–81.

Królicki and Kunikowska: Theranostics – present and future 219



64. Ulaner GA, Sobol NB, O’Donoghue JA, Kirov AS, Riedl CC,Min R, et al.
CD38-targeted immuno-PET of multiple myeloma: from xenograft
models to first-in-human imaging. Radiology 2020;295:606–15.

65. Dawicki W, Allen KJH, Jiao R, Malo ME, Helal M, Berger MS, et al.
Daratumumab-(225)Actinium conjugate demonstrates greatly
enhanced antitumor activity against experimental multiple
myeloma tumors. OncoImmunology 2019;8:1607673.

66. Soodgupta D, Hurchla MA, Jiang M, Zheleznyak A, Weilbaecher
KN, Anderson CJ, et al. Very late antigen-4 (alpha(4) beta(1)
Integrin) targeted PET imaging of multiple myeloma. PLoS One
2013;8:e55841.

67. Soodgupta D, Zhou H, Beaino W, Lu L, Rettig M, Snee M, et al.
Ex vivo and in vivo evaluation of overexpressed VLA-4 in multiple
myeloma using LLP2A imaging agents. J Nucl Med 2016;57:640–5.

68. Beaino W, Nedrow JR, Anderson CJ. Evaluation of (68)Ga- and
(177) Lu-DOTA-PEG4-LLP2A for VLA-4-targeted PET imaging and
treatment of metastatic melanoma. Mol Pharm 2015;12:1929–38.

69. Choi J, Beaino W, Fecek RJ, Fabian KPL, Laymon CM, Kurland BF,
et al. Combined VLA-4-targeted radionuclide therapy and
immunotherapy in amousemodel ofmelanoma. J NuclMed 2018;
59:1843–9.

70. Habringer S, Lapa C, Herhaus P, Schottelius M, Istvanffy R,
Steiger K, et al. Dual targeting of acute leukemia and supporting
niche by CXCR4-directed theranostics. Theranostics 2018;8:
369–83.

71. Vag T, Steiger K, Rossmann A, Keller U, Noske A, Herhaus P, et al.
PET imaging of chemokine receptor CXCR4 in patients with
primary and recurrent breast carcinoma. EJNMMI Res 2018;8:
90–9.

72. Herrmann K, Schottelius M, Lapa C, Osl T, Poschenrieder A,
Hänscheid H, et al. First-in-human experience of CXCR4-directed
endoradiotherapy with 177Lu- and 90Y-labeled pentixather in
advanced-stage multiple myeloma with extensive intra- and
extramedullary disease. J Nucl Med 2016;57:248–51.

73. Dehdashti F, Wu N, Bose R, Naughton MJ, Ma CX, Marquez-
Nostra BV, et al. Evaluation of [(89)Zr]trastuzumab-PET/CT in
differentiating HER2-positive from HER2-negative breast
cancer. Breast Cancer Res Treat 2018;169:523–30.

74. Sanchez-Vega F, Hechtman JF, Castel P, Ku GY, Tuvy Y, Won H,
et al. EGFR and MET amplifications determine response to her2
inhibition in ERBB2-amplified esophagogastric cancer. Cancer
Discov 2019;9:199–209.

220 Królicki and Kunikowska: Theranostics – present and future


	Theranostics – present and future
	Introduction
	Present theragnostic nuclear medicine
	Additional aspects of theragnostic nuclear medicine
	Future of theragnostic nuclear medicine
	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


