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Abstract
Background Molecular imaging such as positron emission tomography (PET) and single-photon emission computed tomogra-
phy (SPECT) can provide the crucial pharmacokinetic-pharmacodynamic information of a drug non-invasively at an early stage
of clinical drug development. Nevertheless, not much has been known how molecular imaging has been actually used in drug
development studies.
Methods We searched PubMed using such keywords as molecular imaging, PET, SPECT, drug development, and new drug, or
any combination of those to select papers in English, published from January 1, 1990, to December 31, 2015. The information
about the publication year, therapeutic area of a drug candidate, drug development phase, and imaging modality and utility of
imaging were extracted.
Results Of 10,264 papers initially screened, 208 papers met the eligibility criteria. The more recent the publication year, the
bigger the number of papers, particularly since 2010. The two major therapeutic areas using molecular imaging to develop drugs
were oncology (47.6%) and the central nervous system (CNS, 36.5%), in which efficacy (63.5%) and proof-of-concept through
either receptor occupancy (RO) or other than RO (29.7%), respectively, were the primary utility of molecular imaging. PETwas
used 4.7 times more frequently than SPECT. Molecular imaging was most frequently used in phase I clinical trials (40.8%),
whereas it was employed rarely in phase 0 or exploratory IND studies (1.4%).
Conclusions The present study confirmed the trend that molecular imaging has been more actively employed in recent clinical
drug development studies although its adoption was rather slow and rare in phase 0 studies.
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Introduction

Molecular imaging is Bthe visualization, characterization, and
measurement of biological processes at the molecular and cellu-
lar levels in humans and other living systems^ [1], whereas an-
atomical imaging visualizes morphologically noticeable changes
by disease typically using magnetic resonance imaging (MRI)
and computed tomography (CT) [2]. Molecular imaging can
provide functional information even before the pathological pro-
cess disrupts anatomical integrity, which is not easily obtained by
anatomical imaging techniques. This unique feature of molecular
imaging allows for early diagnosis of a disease, which also helps
monitor a patient’s outcome to treatment. For example, positron
emission tomography (PET) with [18F] fluorodeoxyglucose
(FDG) has been widely used to diagnose a variety of cancers,
while single-photon emission computed tomography (SPECT)
with [99mTc] methoxyisobutylisonitrile can evaluate myocardial
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perfusion in patients with coronary artery disease [3]. In addition,
[18F] FDG and [18F] fluorothymidine have been used to monitor
response to tyrosine kinase inhibitors in lung cancer patients [4].
Furthermore, the mechanism of unknown pathophysiology can
be studied using molecular imaging, which helps eventually
identify new targets [5], enabling the development of novel drugs
[6], diagnostics [7], and gene therapies [8]. PET and SPECT are
the two most frequently used imaging modalities in molecular
imaging. PET uses positron-emitting radioisotopes, whereas
SPECT reconstructs images by electron capture and/or gamma
emission of radioisotopes [9]. Both PET and SPECT are highly
sensitive, and they have been widely used in clinical settings
thanks to the availability of various tracers and radioligands with
a good depth of penetration [10].

Drug development is a lengthy, risky, and costly task. The
average cost to develop and obtain marketing approval for a
new drug is currently estimated to be $2.558 billion (average
out-of-pocket costs of $1.395 billion and time costs of $1.163
billion) [11]. Therefore, early termination of a drug candidate that
is not likely to succeed at later stages makes the overall drug
development program more efficient and economical [12]. To
this end, molecular imaging can be used to visualize the biolog-
ical activity of a test article or lack thereof even in an initial stage
of drug development [13]. Furthermore, molecular imaging can
non-invasively evaluate if a new drug candidate is distributed to
its site(s) of action in humans and how tightly and extensively the
candidate is bound to its receptor [14].

However, to the best of our knowledge, no investigation
systematically evaluated howmolecular imaging has been uti-
lized in clinical drug development studies. Based on this un-
derstanding, the objectives of the present study were (1) to
evaluate the employment of molecular imaging in clinical
drug development, and (2) to identify factors associated with
the choice of molecular imaging modality in clinical drug
development studies. To achieve these objectives, we system-
atically reviewed papers that have reported the results of clin-
ical drug development studies with molecular imaging over
the last 25 years.

Materials and Methods

Literature Search

To identify eligible papers, PubMed was searched using the fol-
lowing keywords: molecular imaging, PET (or positron emission
tomography), SPECT (or single-photon emission computed to-
mography), drug development, new drug, pharmacokinetics,
pharmacodynamics, receptor occupancy, microdosing, or any
combination of the keywords. Additional papers were also iden-
tified from the references listed in the review papers of molecular
imaging in drug development. Only original papers published in
English from January 1, 1990, to December 31, 2015, were

eligible, and papers reporting the results of a new tracer develop-
ment were excluded. Studies that were conducted after the study
drug had been approved by the regulatory agency were also
removed from the final study database because these studieswere
unlikely to have contributed to the regulatory approval of the
study drug.

Data Extraction

Using the final study database, the following information were
extracted: publication year, therapeutic area of the drug candidate
(oncology, the central nervous system or CNS, cardiovascular,
gastrointestinal, antibiotics, and others), clinical drug develop-
ment phase (phases 0 through III, others, and unknown), imaging
modality (PET, PET/CT, PET/MRI, SPECT, SPECT/CT,
SEPCT/MRI, PET/SPECT combined, and PET/SPECT/CT
combined), and utility of imaging (efficacy, proof-of-concept
through receptor occupancy, proof-of-concept other than through
receptor occupancy, and pharmacokinetics; multiple choice was
allowed). If a paper presented aClinicalTrials.gov identifier num-
ber, the extracted data were double-checked with the information
obtained at www.clinicaltrials.gov. Three authors (HS, KJ, and
HL) independently cross-checked for concurrence, and any dif-
ferences were discussed until an agreement was reached.

Statistical Analysis

Data were summarized using descriptive statistics. Chi-square or
Fisher’s exact test (in case of any cell with an expected number <
5) was performed to analyze whether the distribution of a cate-
gorical covariate was significantly different from that of another.
The SAS statistical software (version 9.4, SAS Institute Inc.,
Cary, NC, USA) was used for the statistical analysis, and a
two-tailed p value < 0.05 was considered significant.

Results

Literature Search and Selection of Papers

A total of 10,264 potentially relevant papers were screened, 208
of which were found eligible to be included in the final study
database. Because three papers reported more than one imaging
modality, the total number of imaging modalities was 211.

Publication Year and Therapeutic Area (Table 1)

Overall, the more recent the publication year, the greater the
number of papers reporting the results of a clinical drug de-
velopment study with molecular imaging. This trend was ap-
parent particularly after 2010, i.e., the number of papers pub-
lished in 2010–2014 has more than doubled than that in 2005–
2009 (n = 88 vs. 43).
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Molecular imaging was most commonly used in the devel-
opment of anticancer drugs (n = 99, 47.6%), followed by
drugs targeting the CNS (n = 76, 36.5%), whereas the devel-
opment of antibiotics (n = 3, 1.4%) and drugs to treat gastro-
intestinal diseases (n = 3, 1.4%) barely used molecular imag-
ing. The percentage that oncology occupied in each 5-year
epoch has drastically increased since the early 2000s, whereas
the proportion represented by the CNS in the same period has
appeared to decrease. Collectively, the proportion taken by
each therapeutic area was statistically significantly different
by 5-year epoch of publication (p < 0.0001, Table 1).

Imaging Modality

PET (n = 174, 82.5%) was used 4.7 times more frequently
than SPECT (n = 37, 17.5%), and both PET and SPECTwere
used alone more commonly than with CT or MRI (Fig. 1).
When PET and SPECTwere used in combination with CT or
MRI, CT was the preferred imaging modality (22.3% vs.
15.2% for CT and MRI, respectively, in combination with
PET; 1.9% vs. 0.9% for CT and MRI in combination with
SPECT, Fig. 1).

The use of imaging modality was significantly different by
therapeutic area (p < 0.0001, Table 2). Namely, PETwas used
more frequently than SPECT in the development of anticancer
agents and CNS-targeting drugs, while cardiovascular (CV)
and gastrointestinal drug development studies used SPECT
more frequently than PET.

Utility of Molecular Imaging

In general, the majority (63.5%) of molecular imaging studies
has been conducted to evaluate efficacy, and assessment of
proof-of-concept (POC) either through receptor occupancy
(RO) or other than by RO was the second common utility of
molecular imaging (29.7%, Table 3). However, this trend was

reversed for CNS-targeting drug development, where molec-
ular imaging was used most commonly to evaluate POC
(69.1%, Table 3). Molecular imaging was infrequently used
to obtain pharmacokinetic information (6.8%, Table 3).

Clinical Drug Development Phase

After excluding the unknown category, molecular imaging
studies were most frequently conducted in phase I (40.8%),
followed by phase II (20.9%), whereas phase 0 and III clinical
trials adopting molecular imaging were rare (1.4% and 1.9%,
respectively, Table 4). This trend has been observed in all
therapeutic areas except for cardiovascular drugs, where phase
II clinical trials employed molecular imaging most frequently
(50.0%, Table 5). It was also interesting to note that SPECT
was used most frequently in phase II (24.3%), although clin-
ical drug development phase was unknown in almost half of
the studies with SPECT (48.6%, Table 4).

Imaging Tracers

A total of 61 tracers were used, i.e., 43 for PET and 18 for
SPECT, of which [18F] FDG (n = 90, 50.8%) and [99mTc]
sestamibi (n = 8, 22.2%) were the most frequently used ones
for PET and SPECT, respectively (Supplementary Tables 1
and 2).

Discussion

Our results demonstrated that molecular imaging has been
employed in clinical drug development studies more actively
in recent years than in the past. For example, the number of
papers reporting the results of a clinical drug development
study with molecular imaging has doubled in the most recent
5-year epoch (i.e., 2010–2014) than in the previous years of

Table 1 Number of papers reporting the results of a drug development study with molecular imaging by therapeutic area and publication year

Therapeutic area Publication year*

1990–1994 1995–1999 2000–2004 2005–2009 2010–2014 2015 Total p value

Oncology 0 (0.0) 0 (0.0) 16 (59.3) 14 (32.6) 60 (68.2) 9 (52.9) 99 (47.6)

CNS 9 (75.0) 18 (85.7) 5 (18.5) 19 (44.2) 21 (23.9) 4 (23.4) 76 (36.5)

Cardiovascular 1 (8.3) 1 (4.8) 5 (18.5) 7 (16.3) 5 (5.7) 3 (17.6) 22 (10.6)

Gastrointestinal 0 (0.0) 0 (0.0) 1 (3.7) 1 (2.3) 1 (1.1) 0 (0.0) 3 (1.4)

Antibiotics 2 (16.7) 1(4.8) 0 (0) 0 (0.0) 0 (0.0) 0 (0.0) 3 (1.4)

Others 0 (0) 1 (4.8) 0 (0) 2 (4.7) 1 (1.1) 1(5.9) 5 (2.4)

Total 12 (100) 21 (100) 27 (100) 43 (100) 88 (100) 17 (100) 208 (100) <0.0001

Frequency (column percentage) is shown

CNS, central nervous system

*5-year epoch except for 2015, for which 1-year data were presented

210 Nucl Med Mol Imaging (2019) 53:208–215



2005–2009 (Table 1). This is certainly a welcome finding,
given that the US Food and Drug Administration stressed
advancing the use of new imaging techniques in drug devel-
opment, particularly as a product development tool [15].
However, it is uncertain if this trend will continue in the com-
ing years because the number of papers with molecular imag-
ing in clinical drug development has been slightly reduced in
two recent years in a row (n = 20 and 17, respectively, in 2014
and 2015) after reaching the peak in 2013 (n = 24, data not

shown). Although no clear explanation is available or it could
be just a chance finding due to year-to-year variation, the
reduction in the number of papers reporting the results of a
molecular imaging study in recent years may have reflected
the latest decrease in spending in research and development by
pharmaceutical companies [16].

The largest number of studies with molecular imaging came
from anticancer drug development, which has become even
more apparent in the most recent 5-year epoch (Table 1). For

Fig. 1 Imaging modality used in clinical drug development studies

Table 2 Imaging modality by therapeutic area

Imaging modality Therapeutic area

Oncology CNS Cardiovascular Gastrointestinal Antibiotics Others Total p value

PET 96 (94.1) 62 (81.6) 10 (45.5) 0 (0.0) 3 (100.0) 3 (60.0) 174 (82.5)

SPECT 6 (5.9) 14 (18.4) 12 (54.5) 3 (100.0) 0 (0.0) 2 (40.0) 37 (17.5)

Total 102 (100.0) 76 (100.0) 22 (100.0) 3 (100.0) 3 (100.0) 5 (100.0) 211 (100.0) < 0.0001

Frequency (column percentage) is shown. The total number of imaging modalities was 211 because three papers reported more than one imaging modality

PET, positron emission tomography; SPECT, single-photon emission computed tomography; CNS, central nervous system
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example, RAD001 was tested in patients with non-small cell
lung cancer, where [18F]FDG-PETwas used to assess the effi-
cacy (i.e., metabolic activity or tumor response) by quantifying
the reduction in maximum standardized uptake value (SUVmax)
[17]. RAD001 or everolimus was first approved by the US FDA
in March 2009 in patients with advanced kidney cancer. The
utility of [18F]FDG-PET to assess the efficacy of an anticancer
agent has been well established. PET is known to be more sen-
sitive in evaluating early response to treatment than anatomical
imaging modalities such as CT, which has been traditionally
used to assess the response to anticancer treatment [18]. For
example, PET was consistently more accurate than CT for de-
tecting or excluding nodal disease in patients with non-small-
cell lung cancer, resulting in a much higher sensitivity (84% vs.
57% for PET vs. CT, respectively) and specificity (89% vs. 82%
for PET vs. CT, respectively) for staging the mediastinum [19].

Drugs targeting the CNS comprised the second largest ther-
apeutic area in clinical drug development studies with molecu-
lar imaging (Tables 2 and 3). It is also noteworthy that most
drug development studies with molecular imaging prior to the
2000s were conducted in the CNS area (81.8%). This is prob-
ably because more CNS-targeting drugs were approved than
anticancer agents in those early years; for example, the relative
proportion of CNS drugs approved in the 1980s was almost
twice as big as that of anticancer drugs (~ 10% vs. ~ 5%) [20].

In any case, PET and SPECT are useful tools to determine the
pharmacokinetic and pharmacodynamic properties of CNS-
targeting drugs as exemplified in the study of YKP1358, a
novel antipsychotic agent [21]. In that study, Lim et al. success-
fully developed a pharmacokinetic-pharmacodynamic model
in healthy volunteers based on the plasma drug concentration
and receptor occupancy data of YKP1358 in the brain using
PET, which guided the authors in determining a range of effec-
tive doses for further clinical trials in patients. This approach
was practical and useful because doses effective for patients
with psychotic diseases are generally too toxic to be tested in
healthy volunteers. Therefore, a well-understood pharmacoki-
netic-pharmacodynamic relationship in healthy volunteers ob-
tained from molecular imaging along with advanced modeling
analysis can be extrapolated to patients to predict the efficacy
directly related to receptor occupancy, even with doses not
tested in healthy volunteers. Furthermore, molecular imaging
can increase the understanding of CNS-targeting drug action,
not necessarily by RO mechanism. For example, Wagner et al.
used PET/MRI to evaluate the function of P-glycoprotein in the
blood–brain barrier non-competitively inhibited by tariquidar
[22]. Additionally, Shah et al. used PET/CT to determine
whether MSDC-0160, an mTOT-modulating insulin sensitizer,
would affect glucose metabolism in patients with mild
Alzheimer’s disease [23].

Table 3 Therapeutic area by
utility of molecular imaging Therapeutic area Utility of molecular imaging

Efficacy POC/RO POC/non-RO PK Total p value

Oncology 90 (84.9) 1 (0.9) 4 (3.8) 11 (10.4) 106 (100.0)

CNS 22 (27.2) 49 (60.5) 7 (8.6) 3 (3.7) 81 (100.0)

Cardiovascular 21 (91.3) 0 (0.0) 2 (8.7) 0 (0.0) 23 (100.0)

Gastrointestinal 3 (100.0) 0 (0.0) 0 (0.0) 0 (0.0) 3 (100.0)

Antibiotics 2 (66.7) 0 (0.0) 0 (0.0) 1 (33.3) 3 (100.0)

Others 3 (50.0) 0 (0.0) 3 (50.0) 0 (0.0) 6 (100.0)

Total 141 (63.5) 50 (22.5) 16 (7.2) 15 (6.8) 222 (100.0) < 0.0001

Frequency (row percentage) is shown. The total number was 222 becausemultiple choice was allowed in a single paper

POC/RO, proof-of-concept based on receptor occupancy; POC/non-RO, proof-of-concept other than through
receptor occupancy; PK, pharmacokinetics; CNS, central nervous system

Table 4 Imaging modality by clinical drug development phase

Imaging modality Clinical drug development phase

Phase 0 Phase I Phase II Phase III Others Unknown Total p value

PET 3 (1.7) 80 (46.0) 35 (20.1) 2 (1.1) 10 (5.7) 44 (25.3) 174 (100.0)

SPECT 0 (0.0) 6 (16.2) 9 (24.3) 2 (5.4) 2 (5.4) 18 (48.6) 37 (100.0)

Total 3 (1.4) 86 (40.8) 44 (20.9) 4 (1.9) 12 (5.7) 62 (29.4) 211 (100.0) 0.0184

Frequency (row percentage) is shown. The total number of imaging modalities was 211 because three papers reported more than one imaging modality

PET, positron emission tomography; SPECT, single-photon emission computed tomography
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PET has been used much more frequently than SPECT in
clinical drug development studies with molecular imaging
(Fig. 1, Tables 2 and 4). SPECT has been widely adopted in
clinical practice because the half-life of the SPECT isotopes is
considerably longer, and the cost to obtain images is lower
than PET [24]. However, the use of SPECT in clinical drug
development has fallen behind that of PET probably because
of lower image resolution. Furthermore, PET is at least tenfold
more sensitive than SPECT, and positron-emitting isotopes
such as 11C, 13N, 15O, and 18F which replace a hydrogen atom
in a molecule are the elements found in nearly every biomol-
ecule so it can directly label molecules without interfering
with their biological activity [25, 26]. These advantages of
PET, further strengthened by its lower variability [27], have
made PET a more preferred imaging modality than SPECT,
particularly in the development of anticancer drugs and drugs
targeting the CNS (Table 2). On the other hand, SPECT has
been more frequently used than PET in the development of
cardiovascular and gastrointestinal drugs (Table 2). The ade-
quacy of such tracers as 201TI, [99mTc] sestamibi, and [99mTC]
pertechnetate to image myocardial perfusion is well docu-
mented [28]. Additionally, gastric volume was successfully
determined using SPECT with [99mTc] sestamibi and
[99mTC] pertechnetate instead of invasive gastric barostat
[29–31].

Both PET and SPECT were used alone more commonly
than with other imaging modalities such as CT and MRI (Fig.
1). Although additional anatomical information can be obtain-
ed by co-registering PET or SPECT images with CT or MRI
images using software approaches [32], co-registered images
may not be good enough for internal abdominal organs that
can move independently between scans even with the same
stance [33]. To overcome this shortfall in image co-registra-
tion, multi-modality, which can acquire both functional (PET
or SPECT) and anatomical (CT or MRI) images sequentially
with a single scanner, has been developed [32].

CT was preferred to MRI as a co-registration modality for
PETand SPECT (Fig. 1). The combination of PETand CT has
already shown great value in clinical applications [34]. When
compared with only anatomical imaging obtained by stand-
alone CT, additional quantitative functional information
gained by PET-CT not only allows for a more accurate diag-
nosis of a disease and response evaluation to treatment, but
also enables optimizing treatment protocols. However, in-
creased radiation to achieve good quality of the image in hy-
brid PET-CT is not negligible (~ 25 mSv) [35], and the quality
of the image can be degraded by a subject’s voluntary or
involuntary movement because PET and CT scans cannot be
obtained simultaneously. On the other hand, MRI combined
with PET does not engender an additional radiation dose be-
causeMRI does not emit ionizing radiation [36]. Furthermore,
PET-MRI is capable of motion correction due to synchronous
data collection from the two modalities, not to mention its
excellent spatial resolution. Despite these advantages, howev-
er, the use of PET-MRI occupied only 15.2% of clinical drug
development studies with molecular imaging in our results
(Fig. 1) partly because of higher cost. The strong magnetic
field and the radiofrequency from MRI are also likely to in-
terfere with PET detectors, which can increase the noise level
of MRI [37]. Therefore, these technical problems of PET-MRI
should be overcome before we see its more frequent use in
clinical drug development. The additional information that
can be obtained by hybrid SPECT-CT or SPECT-MRI is not
as useful as PET-CTor PET-MRI despite their increased costs,
which may explain why those hybrid modalities were rarely
used (Fig. 1). Of course, this trend might be reverted if im-
proved attenuation correction and added value by hybrid im-
aging can be materialized [38].

It was rather surprising to find that only a minor fraction
(6.8%, Table 3) of molecular imaging studies was performed
to evaluate the pharmacokinetics (PK) of a drug candidate
although drug concentrations in the target tissue can be

Table 5 Clinical drug development phase by therapeutic area that used molecular imaging

Clinical drug development phase Therapeutic area

Oncology CNS Cardiovascular Gastrointestinal Antibiotics Others Total p value

Phase 0 2 (2.0) 1 (1.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 3 (1.4)

Phase I 66 (66.7) 14 (18.4) 3 (13.6) 0 (0.0) 0 (0.0) 0 (0.0) 83 (39.9)

Phase II 27 (27.3) 4 (5.3) 11 (50.0) 1 (33.3) 0 (0.0) 1 (20.0) 44 (21.2)

Phase III 0 (0.0) 4 (5.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 4 (1.9)

Others 1 (1.0) 9 (11.8) 1 (4.5) 0 (0.0) 0 (0.0) 1 (20.0) 12 (5.8)

Unknown 3 (3.0) 44 (57.9) 7 (31.8) 2 (66.7) 3 (100.0) 3 (60.0) 62 (29.8)

Total 99 (100.0) 76 (100.0) 22 (100.0) 3 (100.0) 3 (100.0) 5 (100.0) 208 (100.0) < 0.0001

Frequency (column percentage) is shown

CNS, central nervous system
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continuously and non-invasively determined using real-time
distribution imaging data [39]. The paucity of PK studies with
molecular imaging may be attributed to the difficulty in label-
ing the drug candidate sufficient for imaging and additional
regulatory burden to show the labeled drug is safe enough to
be administered in humans.

Molecular imaging has been used most frequently in phase
I clinical trials (Tables 4 and 5). Molecular imaging adopted in
early stages of the clinical drug development program can
reduce the time and costs for drug development [12, 40–43].
However, our results also showed that phase 0 or commonly
known as exploratory investigational new drug (eIND) stud-
ies, in which a non-pharmacologic minute or micro dose is
administered [44], comprised only 1.4% of the molecular im-
aging drug development studies we found (Tables 4 and 5).
The phase 0 study using molecular imaging can rather easily
assess the pharmacokinetic and pharmacodynamic properties
of a new drug candidate without much animal toxicology data,
greatly contributing to early, therefore better, attrition of com-
pounds that are unlikely to be developed as a drug.
For example, diazepam, midazolam, and ZK253 showed con-
sistent and comparable pharmacokinetic profiles and
oral bioavailability between the microdose and therapeutic
dose studies [45]. Furthermore, in a microdose study with
N-[2-(dimethylamino)ethyl]acridine-4-carboxamide (DACA)
used as a cytotoxic agent, the investigators successfully ob-
served not only the pharmacokinetic profile, but also the con-
centrations in tumor and tissue, which have implications for
predicting activity and toxicity of DACA [46]. Difficulty in
synthesizing a radiolabeled drug candidate at a study site,
concern about non-linear pharmacokinetics at the higher
doses, and the lack of regulatory guidance are major obstacles
to overcome before more phase 0 molecular imaging studies
are to be conducted. Furthermore, cultural and psychological
resistance among drug development scientists to innovative
technologies, partly based on a failure to recognize the poten-
tial benefits of microdose phase 0 studies, needs to be ade-
quately addressed [47].

The present study had several limitations. Our study data-
base might not be complete although we searched relevant
papers in a systematic and comprehensive manner,
complemented by additional search of individual papers listed
in the review papers. Misclassification is another limitation,
particularly with regard to clinical drug development phase
because ~ 30% of the papers were classified as Bunknown.^
However, this would not affect the study conclusion much
because it is hard to believe that the information on develop-
ment phase was differentially missing by imaging modality
(Table 4) or therapeutic area (Table 5). Despite these potential
limitations, the present study successfully documented the ac-
tive adoption of molecular imaging in clinical drug develop-
ment studies, particularly since the 2000s, and associated fac-
tors for the first time to the best of our knowledge.

Conclusions

Molecular imaging has been rapidly employed in the early stage
of clinical drug development, particularly in oncology and CNS-
targeting drugs, although its adoption was rather slow in phase 0
studies. Molecular imaging can play an important role in opti-
mizing drug development by studying the efficacy, POC, and
pharmacokinetics of a drug candidate in a non-invasive manner.
To facilitate the adoption of more molecular imaging in clinical
drug development studies, technical issues such as co-
registration of images for better resolution and efficient and prac-
tical radiolabeling should be adequately addressed. Furthermore,
regulatory guidelines need to be provided, particularly to stan-
dardize imaging data such that the whole steps of image acqui-
sition, processing, transfer, and archival are clearly defined.
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