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Abstract: The role of nuclear medicine in the management of oncological patients has expanded
during last two decades. The number of radiopharmaceuticals contributing to the realization of
theranostics/radiotheranostics in the context of personalized medicine is increasing. This review
is focused on the examples of targeted (radio)pharmaceuticals for the imaging and therapy of
neuroendocrine neoplasms (NENs), prostate cancer, and breast cancer. These examples strongly
demonstrate the tendency of nuclear medicine development towards personalized medicine.
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1. Introduction
The number of nuclear medicine examinations and therapeutic procedures is increasing with
acceleration worldwide reflecting the growing importance of the field in the modern healthcare
system. The growth and expansion of nuclear medicine relies on the development and availability
of radiopharmaceuticals. High demand for radiopharmaceuticals with biological activity specific
for a certain disease yielded personalized patient treatment approaches, in particular theranostics
using molecular imaging for the disease staging and prediction of the efficacy of specific therapeutic
interventions on individual basis as well as for the monitoring response to the treatment. Molecular
imaging in nuclear medicine is presented by positron emission tomography (PET) and single photon
emission computed tomography (SPECT), and in combination with endoradiotherapy it can be defined
as radiotheranostics [1].
Ideally the pre-therapeutic imaging (PET, SPECT) and subsequent endoradiotherapy should be
conducted using the radioactive isotopes of the same chemical element, e.g., 123 I/124 I/131 I [1]. However,
the development of the respective radiopharmaceuticals is not always possible to achieve in practice.
Metal radionuclides offer an advantage in terms of similarities in labelling chemistry, e.g., 68 Ga(III),
111 In(III), and 177 Lu(III), while providing variation in the radiation mode relevant for both diagnostic
imaging (PET, SPECT) and endoradiotherapy. Moreover, 68 Ga(III), 111 In(III), and 177 Lu(III) can use
the same chelator (DOTA) thus introducing the least possible difference in molecular structure and
consequently specific target, e.g., receptor, binding properties.
Receptor targeted chemo- and radiotherapeutics gain treatment precision and efficiency due
to the prior quantification using molecular imaging for the stratification of the patients, adjustment
of the therapeutic dose, and monitoring response (Figure 1). The treatment regimen depends on
the stage of the disease at initial diagnosis and thus whole-body quantitative imaging reflecting
heterogeneity of receptor expression and variability amongst patients is of utmost importance [2–5].
Further crucial advantage is possibility to monitor response to the therapy to introduce the treatment
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changes if necessary, as early as possible. Theranostics/radiotheranostics has strong potential not only
for the optimized treatment but also for the exclusion of futile treatments that otherwise would cause
for the optimized treatment but also for the exclusion of futile treatments that otherwise would cause
unnecessary costs and patient distress. Apart from non-invasive imaging, radiation offers possibility
unnecessary costs and patient distress. Apart from non-invasive imaging, radiation offers possibility
of intraoperative detection for more accurate lesion resection.
of intraoperative detection for more accurate lesion resection.
Targeting specific biomarkers turns PET and SPECT imaging technologies into whole-body,
Targeting specific biomarkers turns PET and SPECT imaging technologies into whole-body,
non-invasive “biopsy”. It allows to overcome such disadvantages of a conventional biopsy such as
non-invasive “biopsy”. It allows to overcome such disadvantages of a conventional biopsy such as
sampling error, inability of taking multiple and repeated biopsies, inability to collect biopsies from
sampling error, inability of taking multiple and repeated biopsies, inability to collect biopsies from
certain areas, e.g., bone or brain, receptor expression heterogeneity with discordance of primary
certain areas, e.g., bone or brain, receptor expression heterogeneity with discordance of primary
tumor and metastases as well as infection, hemorrhage, and patient discomfort. The variability in
tumor and metastases as well as infection, hemorrhage, and patient discomfort. The variability in
receptor density and subtype is a very crucial factor influencing the accuracy of diagnosis based on
receptor density and subtype is a very crucial factor influencing the accuracy of diagnosis based on
the pathological evaluation of a biopsy, and thus the imaging that reveals such variation in a single
the pathological evaluation of a biopsy, and thus the imaging that reveals such variation in a single
examination globally and quantitatively is of utmost important for individualized treatment [5,6].
examination globally and quantitatively is of utmost important for individualized treatment [5,6].
The pioneer and most prominent example of the receptor targeted (radio)theranostics that has
The pioneer and most prominent example of the receptor targeted (radio)theranostics that has
already been introduced into clinical practice is management of patients with neuroendocrine neoplasms
already been introduced into clinical practice is management of patients with neuroendocrine
(NENs) using somatostatin (SST) analogue based radiopharmaceuticals. Following the footsteps of
neoplasms (NENs) using somatostatin (SST) analogue based radiopharmaceuticals. Following the
SST receptor (SSTR) targeted (radio)theranostics, prostate specific membrane antigen (PSMA) targeting
footsteps of SST receptor (SSTR) targeted (radio)theranostics, prostate specific membrane antigen
radiopharmaceuticals spread around the world with unprecedented acceleration. Two reporting and
(PSMA) targeting radiopharmaceuticals spread around the world with unprecedented acceleration.
data system classifications for PSMA- and SSTR-targeted PET imaging have been introduced in order to
Two reporting and data system classifications for PSMA- and SSTR-targeted PET imaging have been
navigate molecular imaging-guided treatment strategies [7]. Another current example of theranostics
introduced in order to navigate molecular imaging-guided treatment strategies [7]. Another current
that evoked strong clinical interest was the management of breast cancer targeting human epidermal
example of theranostics that evoked strong clinical interest was the management of breast cancer
growth factor receptor type 2 (HER2) wherein the quantitative PET navigates the anti-HER2 targeting
targeting human epidermal growth factor receptor type 2 (HER2) wherein the quantitative PET
chemotherapy with antibody-based pharmaceuticals. This review demonstrates tendency of nuclear
navigates the anti-HER2 targeting chemotherapy with antibody-based pharmaceuticals. This review
medicine development towards personalized medicine based on the abovementioned examples in the
demonstrates tendency of nuclear medicine development towards personalized medicine based on the
context of (radio)theranostics with its possibilities and challenges.
abovementioned examples in the context of (radio)theranostics with its possibilities and challenges.
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2. Targeting SSTR on Neuroendocrine Neoplasms
The clinical use of radiolabeled somatostatin analogues for imaging and radiotherapy has been
accepted globally. Interestingly, the incidence of NENs increased from 1.09 to 6.98 per 100,000
individuals what might partly be explained by earlier detection and diagnosis due to availability of
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Figure 2. Chemical structure of DOTA-Tyr3-octreotide (DOTA-TOC) and DOTA-(Tyr3, Thr8)-octreotate
Figure 2. Chemical structure of DOTA-Tyr3-octreotide (DOTA-TOC) and DOTA-(Tyr3, Thr8)(DOTA-TATE) presenting difference in C-terminal where the carboxyl group in threonine amino acid
octreotate (DOTA-TATE) presenting difference in C-terminal where the carboxyl group in threonine
residue (DOTA-TATE) is exchanged to hydroxyl group (DOTA-TOC).
amino acid residue (DOTA-TATE) is exchanged to hydroxyl group (DOTA-TOC).

The [68Ga]Ga-SST/PET-CT has become the most promising non-invasive technique to study
NENs and demonstrated superiority over such imaging agents as [123I]MIBG, [11C]-HTP, [18F]FDG,
[18F]FDOPA, [111In]-pentetreotide, and [99mTc]-SST analogues [22–45]. However, the combination of
these imaging agents might provide higher diagnostic accuracy, e.g., [18F]FDG is used for measuring
the tumor metabolic rate whereas [68Ga]Ga-SST provides information on SSTR expression guiding
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The [68 Ga]Ga-SST/PET-CT has become the most promising non-invasive technique to study
NENs and demonstrated superiority over such imaging agents as [123 I]MIBG, [11 C]-HTP, [18 F]FDG,
[18 F]FDOPA, [111 In]-pentetreotide, and [99m Tc]-SST analogues [22–45]. However, the combination of
these imaging agents might provide higher diagnostic accuracy, e.g., [18 F]FDG is used for measuring
the tumor metabolic rate whereas [68 Ga]Ga-SST provides information on SSTR expression guiding
the biopsy [12,46–53]. Combination of a high SUV on [68 Ga]Ga-SST/PET-CT and minor/no [18 F]FDG
uptake was associated with better prognosis [54].
Advantages in terms of sensitivity and detection rate of [68 Ga]Ga-SST/PET-CT were demonstrated
over MRI and CT [55–60]. Comparison of [68 Ga]Ga-SST/PET-CT and [68 Ga]Ga-SST/PET-MR showed
similar PET image quality however uptake quantification was found more accurate on PET/CT and
detection rate for bone metastases was higher [61–63]. However, these technologies can also be
complementary [64–66].
The vast experience with [68 Ga]Ga-SST analogues demonstrated necessity for accurate
discrimination between cancerous and benign lesions, physiological and inflammatory
uptake [23,67–74]. Studies on biodistribution and radiation dosimetry of [68 Ga]Ga-SST analogues in
patients and healthy volunteers revealed low total effective dose allowing multiple examinations per
year and no immediate or delayed toxicity [40,75].
Impact of SST Radiopharmaceuticals on Patient Treatment Management
Selection of patients who might benefit from endoradiotherapy [35,76–81] or are legible for surgery
relies on accurate staging. The quantification of marginal differences between baseline and follow-up
[68 Ga]Ga-SST PET images require high accuracy. The (semi)-quantitative assessment of the response,
using [68 Ga]Ga-SST PET/CT, to the endoradiotherapy with 177 Lu- or 90 Y-based somatostatin analogues
and re-staging of the disease have entered clinical practice. Patient selection, prognosis, prediction
of absorbed dose for radiotherapy, and treatment response based on [68 Ga]Ga-SST PET/CT have
been performed using various parameters such as maximum standardized uptake value (SUVmax ),
tumor-to-background SUVmax ratio (TBR), tumor-to-liver SUVmax ratio (TLR), tumor-to spleen SUVmax
ratio (TSR), functional volume (FV), K-Patlak and Ki [60,76,82–97]. SUVmax cut-off of 16.4 was proposed
for patient stratification for endoradiotherapy [84]. The cut-off of 15.0 was significantly associated
with survival [54]. Inverse correlation between SUVmax and Ki-67 index indicates that [68 Ga]Ga-SST
PET reflects cell proliferation and helps guide disease management [98,99]. Nevertheless the criteria
for the assessment are still to be refined [85] and standardized.
Non-linear correlation between SUV and Ki indicated that SUV most likely did not reflect
SSTR density accurately at higher SUVs [100]. While high correlation found between Ki and TBR
indicated that the latter might be more accurate metrics than SUV for semi-quantitative assessment of
[68 Ga]Ga-SST lesion uptake and treatment response monitoring [101]. Total functional tumor volume
(TFTV) measured on [68 Ga]Ga-SST PET and computed by summing the volumes of all pathological foci
was suggested as prognostic biomarker with cut-off of 13.8 cm3 [102]. Somatostatin receptor expressing
tumor volume (SRETV), defined as tumor volume with higher [68 Ga]Ga-SST uptake than 50% of
SUVmax within the volume of interest for each lesion, demonstrated prognostic value of survival [103].
Visual assessment of SSTR heterogeneity on [68 Ga]Ga-SST PET/CT images was found valuable for
prediction and prognosis with heterogeneity leading to lower survival, even though it is difficult to
quantify (Figure 3) [104]. [68 Ga]Ga-SST PET uptake heterogeneity determined based on intratumoral
textural features predicted endoradiotherapy outcome more accurately than SUVmax [105]. A threshold
of 2.5–4.46 or higher for probe TBR was found a sensitive parameter for guided surgical resection
(Figure 4) [15,16].
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Figure 5. 58-year old male patient with malignant extra-adrenal PGL. The intense focal [123 I]MIBG
Figure 5. 58-year old male patient with malignant extra-adrenal PGL. The intense focal [123I]MIBG
uptake of the abdomen seen on anterior planar image ((a) red arrow) was confirmed
by
uptake
of the abdomen seen 18
on anterior planar image ((a) red arrow) was confirmed by [68Ga]Ga[68 Ga]Ga-DOTA-TOCand
[
F]FDOPA
PET/CT
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being
a
soft
tissue
extra-adrenal
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red
DOTA-TOC- and [18F]FDOPA PET/CT as being a soft tissue extra-adrenal PGL ((b,c) red arrows).
arrows). After retrospective software-based image fusion of SPECT images with diagnostic CT images
After retrospective software-based
image fusion of SPECT images with diagnostic CT images (d),
(d), symmetrical physiological
[123 I]MIBG uptake was observed in the parotid and submandibular
123
the parotid and submandibular glands
symmetrical physiological [ I]MIBG uptake was observed in
glands (a,e). All verified head and neck lesions with focal
[68 Ga]Ga-DOTA-TOC ((c,f) green arrows)
68Ga]Ga-DOTA-TOC ((c,f) green arrows) and
(a,e). All
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and
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lesions
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[
and [18 F]FDOPA uptake ((b,g) green arrows) were [123 I]MIBG negative (a,e). The small focus of
[1868F]FDOPA uptake ((b,g) green arrows) were [123I]MIBG negative (a,e). The small focus of [68Ga]Ga[ Ga]Ga-DOTA-TOC uptake superior to the left upper lobe of the thyroid gland (c orange arrow) is a
DOTA-TOC uptake superior to the left upper lobe of the thyroid gland (c orange
arrow) is a PGL
PGL lesion of the larynx (confirmed by diagnostic CT) which was negative in 18[18 F]FDOPA PET (b).
lesion of the larynx
(confirmed by diagnostic CT) which was negative in [ F]FDOPA PET (b).
Compared to [123 I]MIBG imaging (including SPECT/CT), [68 Ga]Ga-DOTA-TOC PET/CT changed the
Compared to [123I]MIBG imaging (including SPECT/CT), [68Ga]Ga-DOTA-TOC PET/CT changed the
tumor staging from non-malignant to metastatic disease. Reproduced from [43].
tumor staging from non-malignant to metastatic disease. Reproduced from [43].
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detected by SPECT for the dosimetry measurement and calculation, however not prior but during
detected by SPECT for the dosimetry measurement and calculation, however not prior but during the
therapy course. The [177Lu]Lu-DOTA-TATE dosimetry feasibility and impact on radiotherapy efficacy
and outcome was demonstrated wherein the survival improved with increased treatment cycle number
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the therapy course. The [177 Lu]Lu-DOTA-TATE dosimetry feasibility and impact on radiotherapy
7 of 25
efficacy and outcome was demonstrated wherein the survival improved with increased treatment cycle
number determined based on dosimetry (Figure 6) [115]. Fractionated [177 Lu]Lu-DOTA-TATE therapy
determined based on dosimetry (Figure 6) [115]. Fractionated [177Lu]Lu-DOTA-TATE therapy based on
based on dosimetry also improved the treatment outcome [116].
dosimetry also improved the treatment outcome [116].
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used in nuclear medicine are based on Glu–urea–Glu or Glu–urea–Lys motifs and it has been an
explosive clinical use of the analogues labeled with various radionuclides (this review is focused on
the analogues presented in Figure 7) [118]. The major radiometal-based analogues in clinical studies
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Impact of PSMA-Targeted Radiopharmaceuticals on Patient Treatment Management
Impact of PSMA-Targeted Radiopharmaceuticals on Patient Treatment Management
In the first clinical trials, Glu-NH-CO-NH-Lys-(Ahx)-[68 Ga(HBED-CC)] [119] demonstrated
In the first clinical trials, Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBED-CC)] [119] demonstrated
promising imaging results [120]. Since then numerous original research and review articles have
promising imaging results [120]. Since then numerous original research and review articles have
pointed out that the PSMA imaging using PET/CT is a sensitive, specific, safe, efficient and reproducible
pointed out that the PSMA imaging using PET/CT is a sensitive, specific, safe, efficient and
diagnostic method allowing visualization of local disease, lymph node, bone, and visceral organ
reproducible diagnostic method allowing visualization of local disease, lymph node, bone, and
lesions with high detection rate, and it has positive predictive value [121–128]. Retrospective
visceral organ lesions with high detection rate, and it has positive predictive value [121–128].
data analysis and prospective studies demonstrated the advantage of PSMA PET/CT compared
Retrospective data99m
analysis and prospective studies demonstrated the advantage of PSMA PET/CT
to CT, MRI, and
Tc-MDP in terms of sensitivity and specificity that are crucial parameters for
compared to CT, MRI, and 99mTc-MDP in terms of sensitivity and specificity that are crucial
staging accuracy and treatment planning. It is relevant for initial staging [129], early detection of
parameters for staging accuracy and treatment planning. It is relevant for initial staging [129], early
biochemical recurrence [130,131], and therapy planning and monitoring [132,133] particularly in
detection of biochemical recurrence [130,131], and therapy planning and monitoring [132,133]
patients with metastatic castration-resistant prostate cancer (mCRPC). Significant correlation between
particularly in
patients with metastatic castration-resistant prostate cancer (mCRPC). Significant
SUVmax on [68 Ga]Ga-PSMA PET/CT
and PSMA expression in primary prostate cancer, determined
correlation
between SUVmax on [68Ga]Ga-PSMA PET/CT and PSMA expression in primary prostate
histopathologically, was found and cut-off for SUVmax of 3.15 to discriminate tumor from normal
cancer, determined histopathologically, was found and cut-off for SUVmax of 3.15 to discriminate
prostate was recommended [134]. Early imaging 5 min post injection was suggested for distinguishing
tumor from normal prostate was recommended [134]. Early imaging 5 min post injection was
lesions from urinary bladder [135].
suggested for distinguishing lesions from urinary bladder [135].
PSMA PET has demonstrated strong impact on therapy planning and clinical decision making
PSMA PET has demonstrated strong impact on therapy planning and clinical decision making
with treatment regimen adjustment in 27%–77% of patients [136–144]. The most frequently used pair
with treatment regimen adjustment in6827%–77% of patients [136–144].
The most frequently used pair
in the context of radiotheranostics is [ Ga]Ga-PSMA-11 and [177 Lu]Lu-PSMA-617 (Figure 7). Despite
in the context of radiotheranostics is [68Ga]Ga-PSMA-11 and [177Lu]Lu-PSMA-617
(Figure 7). Despite
68 Ga]Ga-PSMA-11 PET
the structural difference and various radionuclides, it was demonstrated that [68
the structural difference and various radionuclides, it was demonstrated
that [ Ga]Ga-PSMA-11 PET
plays an important role in predicting treatment response to [177 Lu]Lu-PSMA-617 and monitoring
plays an important role in predicting treatment response to [177Lu]Lu-PSMA-617 and monitoring
response for patient treatment management optimization [131,145–148]. Phase II prospective clinical
response for patient treatment management optimization [131,145–148]. Phase II prospective
clinical
trial demonstrated correlation of the treatment response with the uptake of [68
Ga]Ga-PSMA-11
68
trial demonstrated correlation of the treatment response with the uptake of [ Ga]Ga-PSMA-11
(Figure 8) [146]. Encouraging results in terms of safety, efficiency, response rate, toxicity, and
reduction of pain have been demonstrated by clinical trials assessing the role of [177Lu]Lu-PSMA-617
in patients with mCRPC (Figure 9) [131,132,149,150].
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(Figure 8) [146]. Encouraging results in terms of safety, efficiency, response rate, toxicity, and reduction
of pain have been demonstrated by clinical trials assessing the role of [177 Lu]Lu-PSMA-617 in patients
with mCRPC (Figure 9) [131,132,149,150].
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Another Glu–urea–Lys motif based analogue, PSMA I&T, was labeled with 68 Ga and 177 Lu
(Figure 7) respectively for the imaging and radiotherapy and demonstrated safe and effective
radiopharmaceutical properties [151,152]. Both [177 Lu]Lu-PSMA-617 and [177 Lu]Lu-PSMA-I&T are
found beneficial for patients in terms of survival and side effects [153,154]. The stratification of the
patients, that would benefit from the endoradiotherapy, pre-therapeutic dosimetry, and treatment
response monitoring were based on [68 Ga]Ga-PSMA-PET/CT examination showing high correlation
between PET/SUVmax and absorbed tumor dose of 177 Lu analogue [155–157]. The radiation sensitive
organs such as kidneys, bone marrow, and salivary glands require individual dosimetry assessment due
to the inter-patient variance and for the subsequent administered therapeutic dose adjustment [150,156].
The European Association of Nuclear Medicine published guidelines for radionuclide therapy with
[177 Lu]Lu-labeled PSMA-ligand wherein PSMA-ligand/PET and [18 F]FDG/PET are recommended for
the selection of patients that would benefit from the therapy [158]. PSMA-radioguided surgery in
prostate cancer may further improve the treatment outcome [123,159,160].
4. Targeting HER2 on Breast Cancer
Pre-therapeutic imaging can be combined not only with endoradiotherapy, but also with
chemotherapy yielding theranostic approach. HER2 is overexpressed in various malignant tumors,
and particularly in 25% of breast cancer cases indicating poor survival [161–166]. Therapies based
on antibodies and inhibitors targeting HER2 have revolutionized breast cancer treatment wherein
the pre-therapeutic invasive biopsy for histopathological confirmation of sufficient HER2 expression
(e.g., HercepTest® ) for the patient selection and prediction of response is conducted [161,163,167–170].
However, heterogeneity of receptor expression within a lesion, and between the primary tumor and
metastasis leads to such drawback with biopsy as sampling error. Moreover, it is highly invasive or
not possible to perform sampling on bone and brain lesions as well as to collect samples from multiple
lesions. Repeated sampling to monitor treatment response and receptor expression change over time is
rarely possible in clinical practice [6,170–172]. Biopsy procedure causes patient distress and potential
side effects such as infection and hemorrhage. The solution to provide whole-body HER2 receptor
mapping and to overcome the biopsy drawbacks was found in radionuclide imaging, like in the cases of
SSTR and PSMA. Various radiolabeled ligands based on antibodies, antibody fragments, EGFR natural
ligand, Affibody® molecules, and tyrosine kinase inhibitors targeting HER2 have been developed and
studied pre-clinically and clinically [18,173–176]. Anti-HER2 Affibody® molecule (Figure 10) presents
advantages in terms of high affinity for HER2 receptors as well as favorable pharmacokinetics and
clearance from non-target tissue [177–181]. The second generation Affibody® molecule, ABY-025,
binds selectively to HER2 receptors with picomolar affinity. Importantly, the binding site differs from
that of trastuzumab and pertuzumab thus allowing imaging during the respective treatment [182].

Pharmaceuticals 2020, 13, 39

11 of 25

Pharmaceuticals 2020, 13, x FOR PEER REVIEW

11 of 25

Figure 10.
10. Development
Development of anti-human
anti-human epidermal
epidermal growth
growth factor
factor receptor
receptor type
type 22 (HER2)
(HER2)Affibody
Affibody®®
Figure
molecules. The
of 13
acidsacids
(AA)(AA)
on theon
binding
surfacesurface
of a 3-helix
molecules.
Thevariation
variation
of amino
13 amino
the binding
of apeptide
3-helix structure
peptide
(Z)
resulted
in
a
combinatorial
library
containing
billions
of
variants
from
which
the
1st
generation
structure (Z) resulted in a combinatorial library containing billions of variants from which the
, was Zselected.
modification
the non-binding
HER2-binding
Affibody molecule,
ZHER2:342
1st
generation HER2-binding
Affibody
molecule,
was selected.
Further of
modification
of the
HER2:342 , Further
surface resulted
in the
second in
generation
Affibody
molecule,
ZHER2:2891
, with Z
higher
thermal
non-binding
surface
resulted
the second
generation
Affibody
molecule,
, withstability
higher
HER2:2891
and hydrophilicity,
background
immunoglobulins
and production
thermal
stability and diminished
hydrophilicity,
diminishedinteractions
backgroundwith
interactions
with immunoglobulins
and
production
flexibility
by peptideorsynthesis
or recombinant
expression
as well
as fully
retained
flexibility by
peptide synthesis
recombinant
expression as
well as fully
retained
in vitro
andin
invitro
vivo
and
in vivo functionality.
modified of
byaaddition
of a unique
terminal
for
modified was
by addition
unique terminal
cysteine
for cysteine
site-specific
functionality.
ZHER2:2891 wasZHER2:2891
site-specific
to the bifunctional
1,4,7,10-tetraaza
cyclododecane-1,4,7-tris-acetic
conjugation conjugation
to the bifunctional
chelator, chelator,
1,4,7,10-tetraaza
cyclododecane-1,4,7-tris-acetic
acid-10acid-10-maleimidoethylacetamide
(MMA-DOTA).
ZHER2:2891
–Cys
binds selectively
HER2
with
high
–Cys binds
selectively
to HER2towith
high
affinity
maleimidoethylacetamide (MMA-DOTA).
ZHER2:2891
affinity
(KD : 60
pM). Reproduced
from [183].
Reproduced
from [183].
(KD: 60 pM).
68 Ga]Ga-ABY-025 PET-CT on Patient Treatment Management
Impact
Impact of
of [[68Ga]Ga-ABY-025
PET-CT on Patient Treatment Management
® molecule [177–182] demonstrated
SPECT
and
PET
imaging
usinganti-HER2
anti-HER2Affibody
Affibody
® molecule
SPECT and PET imaging using
[177–182] demonstrated the
the
potential
of
safe,
whole-body,
and
non-invasive
“biopsy”,
allowing
receptor expression
potential of safe, whole-body, and non-invasive “biopsy”, allowing receptor
expression
heterogeneity
profiling
(Figure
11),
in
clinical
trials
with
ongoing
multicenter
Phase
heterogeneity profiling (Figure 11), in clinical trials with ongoing multicenter
Phase II/III
one
68 Ga]Ga-ABY-025 PET-CT presents advantages over
II/III
one
(NCT03655353)
[5,183–187].
[
68
111
(NCT03655353) [5,183–187]. [ Ga]Ga-ABY-025 PET-CT presents advantages over [ In]In-ABY111 In]In-ABY-025/SPECT/CT in terms of simpler logistics, higher resolution, higher detection rate,
[025/SPECT/CT
in terms of simpler logistics, higher resolution, higher detection rate, dynamic
dynamic
and accurate
quantification
[5,183]
potentially
allowing
staging,prognosis,
prognosis, patient
scanning,scanning,
and accurate
quantification
[5,183]
potentially
allowing
staging,
patient
selection,
quantification
of
the
receptor
expression
and
therapeutic
drug
dose
estimation,
selection, quantification of the receptor expression and therapeutic drug dose estimation, early
early
monitoring
monitoring of
of the
the treatment
treatment response
response and
and resistance,
resistance,residual
residualdisease,
disease,follow-up,
follow-up,and
andrelapse.
relapse.

Pharmaceuticals 2020, 13, 39

Pharmaceuticals 2020, 13, x FOR PEER REVIEW

12 of 25

12 of 25

Figure 11.
11.Based
Basedonon
results
[68Ga]Ga-ABY-025
PET/CT,
mixed expression
ofmetastatic
HER2 in
thethe
results
fromfrom
[68 Ga]Ga-ABY-025
PET/CT,
mixed expression
of HER2 in
metastatic
breast
cancer
was seen
in several
patients and
confirmed
by biopsies
two.
Patient 9 had
breast
cancer
was seen
in several
patients
and confirmed
by biopsies
in two.
Patient in
9 had
HER2-negative
18 F]FDG-PET/CT
showed
HER2-negative
primary
tumor as
and
was enrolled
negative control.
[18F]FDG-PET/CT
primary
tumor and
was enrolled
negative
control. [as
showed
metastases in left
liver
lobe,
peritoneal
nodes,
and cervix
of uterus.
Ga]Ga-ABY-025
uptake
was high in the
liver
uptake
metastases
in leftlymph
liver lobe,
peritoneal
lymph
nodes,[68
and
cervix of uterus.
[68Ga]Ga-ABY-025
metastasis,
peritoneal
metastases
and absentmetastases
in the cervical
shown).
According
to
was high inlow
the in
liver
metastasis,
low in peritoneal
and region
absent(not
in the
cervical
region (not
IHC,
the According
liver finding
positive
and was
bothtrue
other
sites were
Adopted
from
[5].
shown).
to was
IHC,true
the liver
finding
positive
andtrue
bothnegative.
other sites
were true
negative.
Adopted from [5].

HER2-targeted treatment was changed as a consequence of [68 Ga]Ga-ABY-025 PET examination
in 19%
(n = 16) of patients
12aspresents
a case of
wherein
the prior IHC
of the
HER2-targeted
treatment[5].
wasFigure
changed
a consequence
[68Ga]Ga-ABY-025
PETanalysis
examination
in
primary
tumor
biopsy
specimen
showed
a
borderline
expression
of
HER2
and
consequently
the
19% (n = 16) of patients [5]. Figure 12 presents a case wherein the prior IHC analysis of the primary
treatment
with
Trastuzumab
was
not considered.
However,
subsequent
[68 Ga]Ga-ABY-025/PET-CT
tumor biopsy
specimen
showed
a borderline
expression
of HER2
and consequently
the treatment with
detected
bonewas
metastasis
and primary
tumor subsequent
with high SUV
the
max . The HER2-overexpression
Trastuzumab
not considered.
However,
[68Ga]Ga-ABY-025/PET-CT
detectedinbone
metastasis
was
confirmed
by
IHC.
Consequently,
the
treatment
regimen
was
significantly
changed.
metastasis and primary tumor with high SUVmax. The HER2-overexpression in the metastasis was
Moreover,
theIHC.
falseConsequently,
positive finding
the axilla
by [18 F]FDG/PET-CT
(Figure
12D,F)
was attributed
confirmed by
thein
treatment
regimen
was significantly
changed.
Moreover,
the false
to
post-surgical
Given
these examples(Figure
it is difficult
to was
overestimate
of the
positive
findinginflammation.
in the axilla by
[18F]FDG/PET-CT
12D,F)
attributedimportance
to post-surgical
68 Ga]Ga-ABY-025/PET-CT. Re-assessment of HER2 status is strongly encouraged
targeting
selectivity
of
[
inflammation. Given these examples it is difficult to overestimate importance of the targeting selectivity
due
high probability of the Re-assessment
receptor conversion
fromstatus
positive
to negative
and vicedue
versa
of [68to
Ga]Ga-ABY-025/PET-CT.
of HER2
is strongly
encouraged
to [188].
high
68 Ga]Ga-ABY-025/PET-CT examination that showed HER2
Trastuzumab
treatment
was
stopped
after
[
probability of the receptor conversion from positive to negative and vice versa [188]. Trastuzumab
68Ga]Ga-ABY-025/PET-CT
status
conversion
from positive
negative confirmed also by
biopsy [5]. that showed HER2 status
treatment
was stopped
after [to
examination
Extraordinary
receptor
sheddingconfirmed
was observed
after
the start
conversion
from positive
to negative
also by
biopsy
[5]. of HER2-targeted therapy wherein
mostExtraordinary
probably the on-going
treatmentwas
had observed
executed after
a rapid
impact on the therapy
metastases
with
receptor shedding
thecytotoxic
start of HER2-targeted
wherein
HER2
debris leaking
into thetreatment
blood stream
Liver
biopsycytotoxic
after PETimpact
examination
showed fibrosis
most probably
the on-going
had[186].
executed
a rapid
on the metastases
with
and
nodebris
sign of
remaining
cancer
Serum-HER2
atafter
the time
of scanning was
almost
one
HER2
leaking
into the
bloodcells.
stream
[186]. Liver level
biopsy
PET examination
showed
fibrosis
hundred
times
higher
than
the
normal
upper
limit.
The
high
serum-HER2
level
resulted
in
drastically
and no sign of remaining cancer cells. Serum-HER2 level at the time of scanning was almost one
altered
organ
[68normal
Ga]Ga-ABY-025.
hundred
timesdistribution
higher thanofthe
upper limit. The high serum-HER2 level resulted in drastically
68
As
in
the
case
of
SST
analogues
[2,17–19], the strong influence of the administered peptide
altered organ distribution of [ Ga]Ga-ABY-025.
amount on the organ distribution, tumor uptake and dosimetry was observed in the case of
[68 Ga]Ga-ABY-025 wherein the higher peptide dose radiopharmaceutical (427 µg vs 78 µg) presented
higher detection rate and image contrast, more favorable organ distribution and lower effective and
absorbed doses [5,183,187]. These examples strongly advocate for the importance of individualized
therapeutical dose determination.
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The red arrow (D,F) indicate post-surgical inflammation after biopsy wherein sentinel lymph node was
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tumor- and HER2-negative. Reproduced from [184].
sentinel lymph node was tumor- and HER2-negative. Reproduced from [184].

In order to facilitate standardized multicenter trials and to enable dissemination of this diagnostic
As in the case of SST analogues [2,17–19], the strong influence of the administered peptide
methodology for routine clinical use, it is necessary to provide data evaluation methods 68that are
amount on the organ distribution, tumor uptake and dosimetry was observed in the case of [ Ga]Gaindependent on the variation of PET scanner characteristics. Intra-image normalization such as
ABY-025 wherein the higher peptide dose radiopharmaceutical (427 µg vs 78 µg) presented higher
tumor-to-reference tissue ratio (T/R) was investigated and spleen was found the most accurate
detection rate and image contrast, more favorable organ distribution and lower effective and
approach providing a simple and robust semi-quantification of HER2 expression [186]. The spleen
absorbed doses [5,183,187]. These examples strongly advocate for the importance of individualized
T/R ratio met the selection criteria such as correlation with biopsy analysis results, low variation of
therapeutical dose determination.
radioactivity uptake, and low probability of hosting metastases from breast cancer on spleen. The
In order to facilitate standardized multicenter trials and to enable dissemination of this
suggested cut-off for the discrimination between HER2-positive and HER2-negative lesions was set
diagnostic methodology for routine68clinical use, it is necessary to provide data evaluation methods
to 6.5. Another crucial aspect for [ Ga]Ga-ABY-025 PET-CT technology worldwide spreading is
that are independent on the variation of PET scanner characteristics. Intra-image normalization such
production and availability of the radiopharmaceutical [184]. The automated production procedure is
as tumor-to-reference tissue ratio (T/R) was investigated and spleen was found the most accurate
currently used in the ongoing phase II/III study, aiming to validate the use of [68 Ga]Ga-ABY-025/PET-CT
approach providing a simple and robust semi-quantification of HER2 expression [186]. The spleen
T/R ratio met the selection criteria such as correlation with biopsy analysis results, low variation of
radioactivity uptake, and low probability of hosting metastases from breast cancer on spleen. The
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production and availability of the radiopharmaceutical [184]. The automated production procedure
is currently used in the ongoing phase II/III study, aiming to validate the use of [68Ga]Ga-ABYfor non-invasive assessment of HER2-status in breast cancers in a multicenter setting (ClinicalTrials.gov:
025/PET-CT for non-invasive assessment of HER2-status in breast cancers in a multicenter setting
NCT03655353).
(ClinicalTrials.gov: NCT03655353).
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radionuclides presents challenge and therapeutic dose planning based on the receptor expression
receptor expression quantification awaits prospective clinical studies to prove the concept.
quantification awaits prospective clinical studies to prove the concept.
Nuclear medicine is becoming an important component in personalized patient treatment.
Nuclear medicine is becoming an important component in personalized patient treatment.
Dissemination of the (radio)theranostic technology requires standardization and harmonization of
Dissemination of the (radio)theranostic technology requires standardization and harmonization of
the clinical protocols and data evaluation strategies, as well as accessibility and regulatory approval
of radiopharmaceuticals.
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