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INTRODUCTION

Drug development is a complex, lengthy, expensive, and 
error- prone process.1– 3 The past few decades have wit-
nessed an exponential increase in the complexity and 
costs of clinical development without the commensurate 
increase in success rates. Perhaps most impactful is the 
poor translation of progress in basic science, such as that 

driven by genomic discoveries, into clinical applications. 
Poor translation means that drugs that enter clinical de-
velopment without sufficient supportive evidence have 
increased chance of failing, and often do so after costly 
human testing.

There are two main methodological approaches that 
can result in increases in the success rates and productiv-
ity of clinical development. One is the reduction of “false 
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negatives” (e.g., by increasing the power and quality of the 
studies) and the second, and potentially more impactful, 
is to have better candidates enter the clinical development 
process.2,4– 6 Data from phase 0 studies can contribute to 
both of these factors. The addition of in vivo human data 
(or “in humano,”7 in addition to the in vitro human data) 
to preclinical candidate selection can reduce the likeli-
hood of good candidates being falsely eliminated (i.e., 
false negatives) and can also increase the quality of can-
didates entering clinical development, with both effects 
potentially resulting in reduced attrition rates.

Phase 0 studies have several methodological and 
strategic advantages over traditional approaches. 
Methodological advantages include inpatient testing for 
first- in- human (FIH) studies, intravenous microdose 
administration of oral drugs, cassette microdosing, and 
intra- target microdosing (ITM). Strategic advantages in-
clude the use of in vivo human data to select preclinical 
candidates, resolve conflict or inadequacy of the pre-
clinical data, accelerate drug development in vulnerable 
populations, and facilitate entry into human testing with 
limited availability of resources. The biggest potential con-
tribution of phase 0 to the efficiency and effectiveness of 
drug development is in obtaining pharmacodynamic (PD) 
and mechanism of action (MOA) data. This is because at 
this early stage of development such mechanistic data are 
typically unavailable for decision making.8– 12

REGULATORY FRAMEWORK

After establishing formal frameworks for phase 0 ap-
proaches in the three main international regulatory juris-
dictions, in Europe by the European Medicines Agency 
(EMA) in 2003,13 in the United States by the US Food 
and Drug Administration (FDA) in 2006,14 and in Japan 
by the Ministry of Health, Labour, and Welfare (MHLW) 
in 2008,15 the frameworks were integrated, harmonized, 
and ratified in 2009 under the International Conference 
on Harmonization (ICH) M3 “Guidance on Nonclinical 
Safety Studies for the Conduct of Human Clinical Trials 
and Marketing Authorization for Pharmaceuticals.”16 
Section 7 of the ICH M3 guidance is devoted to Exploratory 
Clinical Trials, which include microdosing and nonmi-
crodosing approaches. Table  1 summarizes the five ap-
proaches outlined in the ICH M3 guidance. Approaches 
1 and 2 are single and multiple microdose approaches, re-
spectively, and approaches 3, 4, and 5 describe the nonmi-
crodosing phase 0 approaches. The range can be described 
on continuums of dosages and duration of exposure from 
the most restrictive (single microdose) with increas-
ing exposures up to the no observed adverse effect level 
(NOAEL) area under the curve (AUC) of the non- rodent 

species for up to 14 days. In addition, phase 0 studies 
should not have therapeutic intent and are not meant to 
study tolerance.16

The continuum of exposure also generally corresponds 
with the extent of the preclinical studies that need to be 
undertaken and the rigor of the standards that need to be 
met before entry into human testing. This, in turn, corre-
sponds with the time and resources required to prepare 
the regulatory submission package and follows the general 
principle that the more limited the exposure, the safer is 
the anticipated exposure in humans, and less efforts need 
to be undertaken to mitigate any associated risk. The most 
restricted exposure, a single microdose, is comparable to 
routine exposures to environmental toxins,14 and is the 
safest of the phase 0 approaches and the one associated 
with the least amount of submission material and extent 
of preclinical testing.14,16

ADVANTAGES OF PHASE 0

The benefits of phase 0 approaches have been demon-
strated in numerous developmental applications. An ex-
tensive discussion of the topic is available elsewhere,6,7,18 
however, a brief discussion is provided here in relation to 
strategic decisions. Favorable developmental scenarios for 
use of phase 0 approaches include multiple undifferenti-
able preclinical candidates or nonoptimized formulations 
or conjugate candidates. Additional scenarios include 
conflicting preclinical data, poor preclinical models, tar-
get populations consisting of vulnerable populations, and 
the prospect of studying PD and MOA.6 Whether phase 0 
should be applied more extensively or universally in drug 
development should await detailed economic analysis and 
demonstration of applicability in a wider range of develop-
mental scenarios, including drug classes, drug targets, and 
therapeutic areas. In addition, it should be appreciated 
that the ultimate demonstration of benefit is contingent 
on controlled comparisons with traditional approaches 
and is discussed in greater detail under “Future direc-
tions” below. Several potential disadvantages of phase 0 
approaches also need to be considered.

Phase 0 approaches could be used in both patients and 
healthy volunteers to anticipate and potentially obviate 
the need for phase I or phase II studies. Therefore, a sub-
stantial developmental benefit of phase 0 approaches is 
the potential to terminate inappropriate drug candidates 
earlier and without the costs of expensive phase I or phase 
II programs. This has been demonstrated in numerous 
studies in actual drug development.19– 27 For example, 
Okour et al. reported in 2017 on the termination of devel-
opment of a GlaxoSmithKline (GSK) anti- malarial drug 
using a microdosing study. The elimination half- life of the 
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drug, at 17 h was determined to be too short to be consis-
tent with developmental objectives.19

When there are multiple undifferentiable preclinical 
candidates (Figure 1), phase 0 approaches are superior to 
traditional preclinical approaches because they add the 
potentially differentiating “in humano” data to the ani-
mal and in vitro data to help select the lead candidate. The 
alternative to conducting a phase 0 study, potentially in 
a cassette design with all candidates administered simul-
taneously and studied concurrently, is to conduct multi-
ple expensive phase I studies or select a lead candidate 
based on more limited data, risking the false negatives of 
the candidates being eliminated based on preclinical data 
alone. For example, Madan et al. published in 2009 a mi-
crodosing study by Neurocrine Biosciences of five hista-
mine H1 receptor antagonists, diphenhydramine, and four 
analogues, with the goal of obtaining pharmacokinetic 
(PK) data for candidate selection.22 Historical data of di-
phenhydramine were used to demonstrate linearity with 
the microdosing data, and the results were deemed useful 
for compound selection.

Another general developmental category is where pre-
clinical data produce conflicting data or where the animal 
models are inappropriate as predictors of drug effects in 
humans. Pfizer used a microdosing study to select the 
lead candidate among four Nav1.7 channel blockers that 
demonstrated species differences in in vivo preclinical 
PK studies.26 The differences were identified to be related 
to the organic anion- transporting polypeptide (OATP)- 
mediated hepatic uptake, a mechanism for which few 
validated human modeling approaches were available. 
Bauer et al. used a positron emission tomography (PET)- 
microdosing study with a potential anti- amyloid drug in 
patients with Alzheimer's disease to assess passage across 
the blood– brain barrier (BBB) and binding to anatomic 
targets associated with beta amyloid rich regions.20 Both 
the passage of the human BBB and the pathophysiology of 
beta amyloid are poorly predictable from animal models.

Phase 0 approaches have demonstrated their advan-
tages in the development of drugs in vulnerable popula-
tions who may otherwise be typically excluded from drug 
development studies and especially of novel compounds 
and in early stage development. In the first demonstration 
of the utility of microdosing in vulnerable populations, 
ursodiol PK was studied in preterm infants using acceler-
ator mass spectrometry (AMS) technology.28 No previous 
study of ursodiol in infants was done leaving treatment 
decisions vulnerable to the typical erratic response pat-
terns in infants. The AMS- microdosing study enabled the 
safe study of ursodiol in infants and generated PK data 
previously only available in adults to guide pharmaco-
therapy of parenteral nutrition- associated cholestasis. 
Recently, a meeting of drug development experts with the 

FDA identified microdosing as an attractive approach to 
provide evidence- based data to support pharmacotherapy 
in pregnancy.29

Perhaps the most attractive and potentially meaning-
ful knowledge that phase 0 approaches can generate is 
of novel drugs’ PD and MOA. Subtherapeutic exposures 
may still lead to pharmacological effects at efficacy and 
toxicity targets, although this will typically require the 
use of highly sensitive analytical tools and/or surrogate 
biomarkers, or specialized applications (e.g., ITM30– 34) 
and study designs in order to be detected. Although, 
currently, such applications depend on favorable devel-
opmental circumstances, a growing number of appli-
cations can be found in the literature and in industry 
projects,30– 36 and, in principle, with the availability of 
appropriate and sufficiently sensitive analytical tools, 
detection of biomarkers should be possible in most if 
not all drug development scenarios. An example of bio-
marker detection with systemic microdose exposures 
is that of DNA adducts, biomarkers of chemothera-
peutic action, in peripheral blood mononuclear cells 
(PBMCs).35,36 In these studies, two important elements 
of chemotherapeutic MOA, drug entry into PBMCs, 
and formation of DNA adducts inside the PBMCs, 
were demonstrated using AMS- microdosing through 
the localization of 14C- labeled DNA adducts in PBMCs 
after microdose administration of 14C- labeled drugs. 
Additional case studies are included in Appendix S1.

Intra- Target Microdosing (ITM)

An important emerging advantage of phase 0 applications 
is Intra-Target Microdosing (ITM) (Figure  2). Since the 
emergence of the concept in 2015, ITM has been adopted 
by industry as a developmental approach for the intro-
duction of novel pharmaceuticals into clinical develop-
ment.30,31,34,37,38 Presage has applied ITM in oncology drug 
development, using a cassette microdosing approach to 
administer multiple drugs into localized tumor environ-
ments, enabling the simultaneous study of therapeutic- 
level exposures and drug- drug interactions in a controlled 
microenvironment while ensuring no more than the mi-
crodose systemic exposure.34 Presage has partnered with 
Celgene, Bristol Myers Squibb (BMS), Takeda, and Merck 
around this technology.34,39,40 Sjögren et al. reported on an 
AstraZeneca study that used the concept to study localized 
skin exposure to therapeutic levels of transient receptor 
potential vanilloid receptor 1 (TRPV1) antagonists for an-
algesia and obtain pain- related biomarkers while ensuring 
no more than microdose systemic exposures.32 A group 
affiliated with the Massachusetts Institute of Technology 
and Harvard Medical School has applied ITM and cassette 
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F I G U R E  1  Phase 0 and phase I timelines. It is recommended that preparations for phase I continue in parallel to the conduct of the 
phase 0 study. This will allow for seamless transition to phase I or, alternatively, early termination of phase I based on the phase 0 results. The 
costs of additional preclinical preparations, that might be lost in the event of termination of development, are minimal compared with the 
savings in time that such parallel development allows (see text). The contribution of in vivo human testing (i.e., in humano7) to the selection 
of preclinical candidates is highlighted. This has the potential to reduce false negatives (i.e., the good drugs wrongly deselected based on 
inappropriate animal or in vitro data), and also discover earlier, and therefore in a less expensive manner, those false positives that may be 
discovered only at the end of expensive phase I in healthy volunteers, or phase II in patients. Phase 0 approaches can provide human data for 
developmental decision 8– 12 months prior to traditional phase I. In the case of adaptive phase 0/phase I design the phase 0 application must 
be withdrawn prior to initiation of the phase I study (required by the FDA but not in the EU). The traditional drug development approach 
uses phase I as the first- in- human (FIH) approach. The parallel phase 0/phase 1 approach is an adaptive design. Abbreviations: API, active 
pharmaceutical ingredients; CMC, chemistry; manufacturing, and controls; CS, candidate selection; EU, European Union; FDA, US Food and 
Drug Administration; GMP, Good Manufacturing Practices; LO, lead optimization. Reprinted with permission from Burt et al.6
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microdosing principles using implantable microdevice to 
deliver multiple (up to 20) different drugs and drug com-
binations into tumors to study tumor microenvironment's 
response to drugs.31,41–43 Detailed case studies of ITM ap-
plications in a range of therapeutic areas and targets are 
included in a review of the topic18 and in Appendix S1.

DISADVANTAGES OF PHASE 0

The main argument against application of phase 0 ap-
proaches in any specific developmental program is the 
lack of an a priori identifiable potential to generate infor-
mation that could be useful for meaningful developmen-
tal decisions. In such cases, phase 0 studies would likely 
constitute superfluous expenditure in developmental re-
sources and time. A detailed benefit/risk assessment of 
phase 0, considering costs and timelines, should be con-
ducted well in advance, preferably 1.5– 2 years prior to an-
ticipated entry into clinical development.6,7,17

As an example, phase 0 studies may not serve a clear 
purpose/deserve a place in early clinical development in 
cases where one studies a single, well- characterized test 
article, with few toxicity concerns, and no inconsisten-
cies between the preclinical sources of information (e.g., 
between different animal models or between in vivo and 
in vitro data). Other disadvantageous scenarios include 
scenarios in which extrapolation from microdose to 

therapeutic- level exposure is unreliable, where radiola-
beling proves challenging or impossible, where the expo-
sure to radioactivity may be considered unacceptably high 
(e.g., for drugs with long elimination half- lives that are 
labeled with radionuclides with long radioactive half- life), 
or when delay to timelines is expected in a manner not 
justified by the data obtained. Thus, in summary, when 
there are no significant uncertainties about PK and/or PD 
properties of the compound being developed and no need 
to choose from multiple, equivocal candidates, the advan-
tages of phase 0 may be limited.6

TOP- LEVEL STRATEGY

When considering incorporating a phase 0 approach in a 
clinical development strategy, understanding the develop-
mental needs of the drug candidate, platform, or pipeline 
should guide decision making. These needs can then be 
matched with the developmental advantages and capabili-
ties that phase 0 approaches can provide. The top strategic 
decisions can be made at the pipeline level to ensure that the 
drug candidates with the highest probability of success will 
move forward. At the platform level, phase 0 approaches can 
screen multiple preclinical candidates for best PK  properties, 
on- target activity, or biomarker engagement (Figure 1).

Phase 0 strategy should focus on unique advantages 
that these approaches provide in generating information 

F I G U R E  2  Intra-Target Microdosing (ITM).18,33,37 In this illustration, using an intra- arterial administration method, administering 
a microdose (≤100 μg, or pharmacologically active dose, or 1/100th the NOAEL) temporarily surpasses the therapeutic- level exposure in 
a small target (≤1/100th of the body mass) and may allow collection of PD, biomarker, and MOA data, as well as systemic microdose PK. 
Reprinted with permission from Burt et al.6 Abbreviations: MOA, mechanism of action; NOAEL, no observed adverse effect level; PD, 
pharmacodynamic; PET, positron emission tomography; PK, pharmacokinetic
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earlier than traditional approaches or information that 
is not otherwise available using traditional approaches 
(Table 2). The strategy should be guided by the pharma-
cological properties of the test compound, its pathophys-
iological targets, and any anticipated therapeutic or toxic 
effects. It is recommended that discussions whether to use 
phase 0 approaches or not be initiated at least 1.5– 2 years 
prior to anticipated initiation of phase I in any drug devel-
opment programs in consideration.6 The developmental 
strategy should then focus on the timelines necessary to 
produce the preclinical data, engage the appropriate stake-
holders, and initiate the phase 0 clinical trials, preferably 
6– 8 months prior to anticipated initiation of the phase I 
programs (Table 2). This is so that phase 0 data are avail-
able prior to initiation of the phase I program and there-
fore would either lead to termination of development prior 
to initiation of phase I or will not delay the phase I should 
a “go” decision be undertaken. In the latter case, phase 
0 data could also be used to enhance the phase I (and/or 
phase II, in case patient data are obtained) program design.

PREPARATION FOR PHASE 0

Phase 0 programs are typically smaller and shorter than 
the equivalent phase I and/or phase II programs of the 
same compound, requiring less nonclinical study data and 
preparations (e.g., safety pharmacology) and as a result 
cost about a third of phase I program (Table 3).

Regulatory

The internationally harmonized ICH M3 guidance gov-
erns the application of phase 0 approaches, or, as they 
are referred to in the guidance, “Exploratory Clinical 

Trials” (also see Appendix  S2). Some variations exist 
among the regulatory jurisdictions that ratified the guid-
ance, and therefore a pre IND (investigational new drug 
or pre- clinical trial application [CTA] meeting in Europe) 
early consultation with the local regulatory authorities 
is recommended at least 6 months prior to initiation of 
the phase 0 study for consideration of the proposed data 
package and phase 0 design. These meetings will not have 
impact on the subsequent review and timelines for the tra-
ditional IND.

There may be flexibility in the regulatory package 
requirements (e.g., toxicology, pharmacology testing, 
and manufacturing standards) and the amount of data 
included in the investigator's brochure. These should be 
negotiated and clearly outlined and agreed upon with the 
regulators at the first meeting. Other documents, such as 
clinical study protocol, informed consent forms, medica-
tion labels, laboratory, and pharmacy certifications, will 
be similar to other clinical developmental phases and 
may take up to 4 months or as little as 5 weeks to pre-
pare. Drafts of these documents should be included in 
pre- meeting packages for regulatory review.

In the United States, the timeframe for response to the 
exploratory IND application is 30 days. In the European 
Union, the maximal turnaround for the CTA that in-
cludes approval by both the country authority (compe-
tent authority) and an accredited ethics committee (EC) 
ranges from as early as 14 days in the Netherlands to up 
to 4 months in other countries. In the United Kingdom 
the turnaround is 60 days for Medicines and Healthcare 
Products Regulatory Agency (MHRA) approval and 
35 days for ECs. In the United States the exploratory 
IND application is intended to be withdrawn at study 
completion. A traditional IND must be filed to allow ini-
tiation of the phase I study, but these activities can be 
done in parallel.

T A B L E  2  Strategic elements that should be prioritized in phase 0 approaches

Matching test article developmental needs with phase 0 design options by identifying

Drug targets at molecular and organ/tissue levels as they may be relevant for potential efficacy and toxicity effects

Drug’s MOA in potential efficacy and toxicity effects

Drug arrival at the target tissues (PK)

And validating indicators of drug action at the target (MOA, PD)

Binding to receptors at efficacy and toxicity targets

Identification of biomarkers or surrogate biomarkers generated as a result of post- receptor modulation.

Logistics

Study preparation timelines –  initiate phase 0 programs at least 6– 8 months prior to anticipated phase I program, so that data are 
available prior to initiation of phase I. Use of decision tree to anticipate key outcomes and contingencies

Multistakeholder engagement and coordination (e.g., regulators, preclinical and clinical pharmacology, toxicology, chemistry, 
biomarkers, statistics, modeling, analytics, economics, and patient advocacy)

Study design and execution –  optimally, use of adaptive phase 0/phase I with preparation for phase I taking place in parallel to phase 0

Abbreviations: MOA, mechanism of action; PD, pharmacodynamic; PK, pharmacokinetic.
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In Japan, there is an option to request consultation with 
the Pharmaceuticals and Medical Devices Agency (PMDA) 
prior to starting clinical development, and phase 0 ap-
proaches can be discussed then. Japan has issued a national 
guidance on the conduct of microdosing studies in 200815 
and currently also adheres to ICH M3 guidance. Trial sub-
mission (clinical trial notification (CTN)) is as for phase I 
trials, with 30- day initial protocol review. In South Korea, 
the concept of phase 0 was incorporated into law in 2016, 
and the regulatory mechanism offers advice on phase 0 if 
requested.

Regulatory aspects of ITM

The regulatory approach to ITM is guided by the following 
considerations18,30,31,33,43:

1. The flexibility in the regulations is commensurate 
with the risks of the proposed study.14

2. Exposure to the drug is at the lowest end of therapeutic- 
level exposure range (or NOAEL).

3. No more than 1/100th of the body mass is exposed to 
the new drug.

4. The therapeutic- level exposure to the new drug at the 
anatomical target is typically brief. Exposure of a mass 
equivalent to 1/100th of the body mass will last no more 
than seconds until the drug is cleared from the tissue. 
If target size smaller than 1/100th of the body mass is 
used30,31,43 then longer exposures are possible, effectively 
compensating for the increased duration of present ex-
posure by reducing the amount of tissue that is exposed 
to the risk.

5. Systemic concentrations are never more than those 
after systemic administration of a microdose.

T A B L E  3  Comparison of phase 0/microdosing with traditional phase I approaches

Phase 0/microdosing (exploratory IND) Traditional phase I (IND)

Program

Preclinical package Limited, variable; depends on extent of exposure 
to the test article and experimental goals

Full requirements

In vitro models Full requirement Full requirements

Toxicology Limited, variable Full requirements

Genotoxicology None or limited Full requirements

GMP Flexible, depending on available preclinical 
information and route of administration 
(e.g., sterility ensured for i.v. route)

Full requirements

Regulatory review 30- day (US) 30- day (US)

Usual duration of program 4– 12 months 12– 24 months

Cost of program $0.7– 1.25 M $1.75– 3.5 M

Clinical trial

Therapeutic intent None Possible

Study of systemic tolerability None Yes

Study of PD/MoA Possible (e.g., PET receptor binding and 
displacement, ITM)

Possible

Size (typical) 4– 10 participants 6– 30 participants

Duration (per participant) 1– 14 days* 6– 60 days*

Number of study sites Single Single/multiple

Maximal dose <<MTD (≤NOAEL/MABEL) MTD

Exposure Limited (see Table 1) Multiple doses allowed

Population Healthy volunteers or patients
Vulnerable populations

Usually health volunteers (unless 
toxicity risk is high, e.g., in 
oncology trials)

Sensitive analytical tools Typically required Typically not required

Adapted from Burt et al.17

Abbreviations: *, on average, could be longer with longer half- life drugs; GMP, Good Manufacturing Practice; IND, investigational new drug; ITM, intra- target 
microdosing; MOA, mechanism of action; MTD, maximum tolerated dose; NOAEL, no observed adverse effects level; MABEL, minimal anticipated biological 
effect level; PD, pharmacodynamic; PET, positron emission tomography.
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Toxicology

Toxicology requirements are outlined in the ICH M3 guid-
ance for each of the five example phase 0 approaches that 
are described in Table  3 of the guidance.16 For example, 
Approach 1, a single microdose, the approach that involves 
the least exposure to the test article, requires only one, ex-
tended single dose toxicity study in one animal species, typi-
cally rodents, with follow- up at day 14. Approach 5 which 
enters into the low therapeutic dose range but with limited 
duration (<14 days), with no therapeutic intent, and not in-
tended to evaluate tolerance, uses a 2- week repeated dose 
toxicity study in rodents followed by a confirmatory study in 
a non- rodent species for the duration of the intended expo-
sure in the phase 0 study and at least for 3 days. Intermediate 
approaches 2, 3, and 4 are available as well as others that 
may be specifically tailored to the needs of the test article 
and should be negotiated directly with the regulators.

Chemistry, manufacturing, and controls

When the active pharmaceutical ingredient is available, 
drug formulation needs to be developed and tested. Initial 
steps can be done on technical grade material. Data will then 
be included in the exploratory IND application in the United 
States, the investigational medicinal product dossier in the 
European Union, the CTN in Japan, or their equivalent in 
other jurisdictions. The chemistry, manufacturing, and con-
trol (CMC) could take about 3 months, depending on the 
drug properties and required formulation and may be done 
in parallel to other steps in the phase 0 preparation process.

Manufacture of the drug requires Good Manufacturing 
Practice (GMP) standards and procedures in some regula-
tory jurisdictions but not in others. Some may require GMP- 
like standards and procedures depending on the expected 
extent of exposure to the drug compound. Expectations 
should be clarified with the regulators at the first meeting 
as it may significantly impact costs and timelines and there-
fore also affect the main potential benefits of phase 0 ap-
proaches. Previous publications have expressed the opinion 
that manufacturing standards of phase 0 studies should be 
more lenient when compared with phase I,14,44 because ex-
posures in microdosing studies are low and comparable to 
routine exposures to environmental toxins. In addition, the 
level of impurities in such doses is negligible, suggesting 
that impurity test processes can be abbreviated.

As per EU legislation,45 investigational medicinal 
products, as used in clinical trials, are to be manufac-
tured under GMP; this also applies to phase 0 studies. 
Similarly, the FDA guidance on current GMP (cGMP) for 
investigational drugs46 states that cGMP must be in effect 
for the manufacture of each batch of IMP used during 

phase I clinical trials. However, the FDA guidance also 
states that manufacturers may implement manufactur-
ing controls that are “appropriate” for the clinical trial 
stage of development. The overarching objective of the 
guidance (as also shown in the FDA exploratory IND 
guidance14) is to allow to determine whether the investi-
gational drug to be used in the clinical trial is sufficiently 
safe to permit the trial to proceed. The guidance ac-
knowledges that some manufacturing controls for prod-
uct quality and their extent differ between the various 
phases of clinical trials corresponding with the expected 
risks and the goals of the investigation. If pre- negotiated 
with the agency, this approach could be used efficiently 
in phase 0 programs, in which low doses with reduced 
risk to human subject safety in terms of quality or purity 
related issues are used.

The FDA has issued separate guidance on Investigational 
New Drug Applications for Positron Emission Tomography 
(PET) drugs,47 that supplements an earlier guidance on 
cGMP standards for PET.48 It specifies selected CMC qual-
ity criteria in order to ensure that the drug meets “appro-
priate” chemical, pharmaceutical, radiochemical, and 
radionuclide standards of identity, strength, quality, and 
purity, as needed for the safety and scientific significance of 
the research conducted. Similar guidelines have been pre-
pared by the European Association of Nuclear Medicine.49

EXAMPLES OF NONCLINICAL 
PACKAGES SUPPORTING PHASE 0 
APPLICATIONS

Example 1: Nonclinical package and GMP 
requirements for a phase 0 candidate 
selection study

A phase 0 candidate selection study was conducted to 
investigate the PK properties of three chemically related 
prodrugs of an approved small molecule medication in 
humans. Intravenous (i.v.) dosing was chosen to assess 
the primary PK parameters clearance and volume of dis-
tribution, as well as derived PK parameters (especially 
the plasma elimination half- life), without interference of 
absorption processes. The 14C- labeling (10  kBq, 270 nCi 
per dose) and AMS were used to measure concentrations 
of prodrug and active moiety in plasma. The nonclinical 
package supporting this phase 0 study consisted of:

1. An in vitro receptor screen and in silico genotoxicity 
assessment for the prodrugs.

2. A PK study of each candidate drug in two animal species 
(one rodent and one non- rodent), to assess the release of 
the active moiety and to model the expected human PKs.
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3. An extended single dose toxicity study at three dose lev-
els in rats, i.v. dosing only, with toxicology assessments 
as per ICH M3R2 Approach 1. Three (3) dose levels were 
tested in order to have flexibility as to the choice of the 
microdose to be used in humans; thus, if the highest 
dose tested in rats (allowing for a 90- μg dose in humans) 
would not be safe and tolerated, the medium or low 
dose levels could still potentially allow for the microdose 
study to be conducted, at a lower dose, in humans.

4. No other nonclinical studies were conducted (e.g., 
hERG channel inhibition or pharmacology in an ani-
mal model), because these studies had already been 
done for the active moiety.

The above approach was seen as sufficient based on the 
available knowledge for the active moiety, and theoretical con-
siderations as to the potential pharmacological activity of the 
chemical structures defining the prodrugs. This was accepted 
without any objection by the regulatory authorities. Synthesis 
of the radiolabeled drug material was done under GMP, as per 
the Sponsor's strict quality standards; manufacturing of the 
drug formulation was done under GMP as per EU legislation.

Example 2: Nonclinical package and GMP 
requirements for a phase 0 early human 
PK study

A phase 0 study was conducted to investigate the PK prop-
erties of a follow- up oncology drug in humans without 
full nonclinical characterization (early PKs in humans). 
The lead compound (with same mode of action) had al-
ready entered clinical testing, based on a regular nonclini-
cal package, and had shown suboptimal PKs in humans. 
Therefore, the follow- up compound was tested in a phase 0 
microdose study, with i.v. dosing in order to assess primary 
and derived PK parameters, and the lead compound was 
administered as an i.v. microdose as well, for comparative 
purposes. The investigational drugs were not labeled with 
14C, and bioanalysis was through high- sensitivity liquid- 
chromatography tandem mass spectrometry (LC- MS/MS). 
The nonclinical package supporting the administration of 
the follow- up compound in this phase 0 study consisted of:

1. An in vitro receptor screen and in vitro as well as in 
vivo target pharmacology testing to assess the MOA 
and the potential for clinical efficacy in the therapeutic 
indication (as required for ICH M3 R2 Approach 1).

2. A single dose i.v. PK study in rats, to assess basic PK 
parameters and predict the PK in humans.

3. An extended single dose toxicity study at one dose level 
in rats, i.v. dosing only, with toxicology assessments as 
per ICH M3R2 Approach 1. The one dose level tested 

would allow up to 100 μg as a microdose to be used in 
humans; the sponsor was confident that assessing one 
dose level would pose no risk for failure based on other, 
preliminary toxicity testing.

4. In vitro hERG assay and genotoxicity testing were conducted 
as per local preference, based on the notion that one would 
want to know about these potential safety issues prior to any 
administration of novel investigational drugs to humans.

5. Plasma protein binding, transporter assays, and metab-
olism in hepatocytes in vitro, to compare the suitability 
of the follow- up compound versus the lead compound.

Synthesis of the drug material and manufacturing of the 
drug formulation were done under GMP as per the sponsor's 
and EU standards. This example involved more nonclinical 
testing than required per ICH M3 R2; this was done because 
the sponsor had taken the lead compound into humans as 
per regular nonclinical and clinical testing, found the PKs to 
be suboptimal, and developed a follow- up compound (with 
the same MOA) that was then tested in a microdose PK 
study. Therefore, the sponsor had and wanted more than the 
minimum, comparing the follow- up to the lead compound.

Analytics

The low concentrations of the test compound present in tis-
sues or in the systemic circulation in phase 0 studies, and 
especially in microdosing studies, often necessitate the use 
of sensitive analytical tools to detect and measure them. 
The three approaches most commonly used are LC- MS/MS, 
AMS, and PET, each having their advantages and disadvan-
tages toward accomplishing study objectives, with combina-
tion approaches possible, and are described below and in 
Table 5.

Radiochemistry

For approaches that require radiolabeling, such as those 
using AMS and PET, elucidation of radiochemistry proce-
dures should be given at least 6 months unless known in 
advance. This is required to synthesize suitable radiolabe-
ling precursor molecules and to develop fast and efficient 
radiolabeling approaches under GMP- like conditions, 
which are compatible with the short radioactive half- 
lives of PET radioisotopes (e.g., 11C, half- life 20.4 min).50 
Labeling with 11C for PET microdosing or 14C for AMS 
microdosing is attractive because of the almost universal 
presence of carbon atoms in test compounds. However, 
longer half- life PET isotopes (e.g., 18F, 89Zr, and 124I) may 
be required in certain developmental scenarios (e.g., long 
PK half- life of the test compound).
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Dosimetry

AMS and PET microdosing studies involve the adminis-
tration of radiolabeled drugs to healthy volunteers or pa-
tients. The use of ionizing radiation in medical research 
has to be justified in the study protocol submitted to the 
institutional review board (IRB)/ethics committee (EC). 
In study protocols, the risk associated with radiation ex-
posure is typically categorized according to International 
Commission on Radiological Protection (ICRP) classifica-
tion,51 and is based on estimates of the radiation exposure 
of study participants (i.e., the effective dose in millisiev-
ert [mSv]). In addition, critical organs relevant to the 
absorbed dose need to be identified and local radiation 
exposure needs to be considered with respect to the ad-
ministration route of the radiotracer. Dosimetry estimates 
are usually based on whole- body biodistribution data in 
preclinical species (rodents or non- human primates). The 
effective radiation dose of a radiolabeled drug depends 
both on the properties of the drug and the used radionu-
clide, including the type of radiation being emitted and 
the corresponding radioactive half- life.

Due to the very high sensitivity of AMS, the AMS mi-
crodosing studies require the administration of only very 
low 14C amounts (10– 100 kBq). In addition, as the energy 
of the beta particles emitted in the decay of 14C is rela-
tively low, AMS microdosing studies mostly fall within 
risk category I according to the ICRP classification (trivial 
risk, effective dose <0.1 mSv).51

Among commonly used PET radioisotopes, the effec-
tive radiation dose increases, as a rule of thumb, with 
the half- life of the radioisotope. A maximum effective 
radiation dose of 10 mSv, corresponding to risk category 
IIb (minor to intermediate risk) is usually considered ac-
ceptable for studies in healthy volunteers aged less than 
50 years. Such a radiation exposure is compatible with the 
administration of most 11C and 18F- labeled drugs. In case 
of 11C- labeled drugs, which have an average effective dose 
of ~5 μSv/MBq,52 and assuming a typical i.v. injected radio-
activity amount of 400 MBq, repeated administration (up 
to 5 times) of 11C- labeled drug to the same subject should 
be feasible within the effective dose limit of 10 mSv. This 
is particularly useful for receptor occupancy studies, in 
which participants undergo PET scans at baseline and 
after administration of different doses of unlabeled drugs. 
For other, longer- lived PET radionuclides (e.g., 89Zr and 
124I) effective radiation doses are about two orders of 
magnitude higher than for 11C, so that their use may fall 
outside risk category IIb. Studies with these radionuclides 
usually correspond to risk category III (moderate risk, ef-
fective dose >10 mSv)51 and would require a substantial 
benefit for the study participant, which is “usually directly 
related to the saving of life or the prevention or mitigation 

of serious disease.” Recently introduced total- body PET 
scanners with very high sensitivity may permit perform-
ing PET microdosing studies with 89Zr-  and 124I- labeled 
compounds after injection of substantially reduced radio-
activity, thus mitigating dosimetry concerns.53

Biomarkers

A common misconception is that biomarkers cannot be 
studied with phase 0 approaches. With approaches 3, 4, 
and 5 in the ICH M3 guidance there is entry into therapeu-
tic exposures and collection of PD biomarkers is straight-
forward. However, collection of biomarkers is possible 
also with microdosing18,30– 32,35,54– 59 (approaches 1 and 
2 in ICH M3) and is more attractive due to the reduced 
regulatory package associated with such approaches and 
the ability to initiate human testing earlier than with the 
other approaches.16 Whereas microdosing exposures are 
subtherapeutic, they are not “sub- pharmacological” in the 
literal sense. Pharmacological and biological effects may 
take place at “subtherapeutic” exposures but may not be 
readily observable and require sensitive analytical tools to 
detect them.

One straightforward microdosing methodology that 
can be used to generate and measure PD effects is ITM, 
whereby the microdose is administered directly into 
the target tissue to generate local therapeutic- level ex-
posures.18,30– 32 Other methodologies include use of ra-
diolabeled compounds to detect low concentrations 
of biomarkers, such as imaging of drug binding at the 
target, presence of drug phosphorylation or DNA ad-
ducts in PBMCs as biomarker of chemotherapeutic drug  
effects.24,35,54– 56,58,60,61

Advance preparation may be needed to validate targets 
and biomarkers and other components of the study de-
sign (e.g., PET tracers to determine target occupancy and 
displacement agents at the drug binding receptors, see 
below under “Positron emission tomography”). However, 
one of the advantages of phase 0 approaches is that they 
can be used to expand the early knowledge base about the 
investigational molecule by accelerating the validation of 
target, biomarker, and drug- target interactions for use in 
future clinical trials.

Clinical site selection and preparation

As with traditional phase I studies, site selection and 
preparation ensure familiarity with the subject matter, 
and methodological approaches (including Phase 0 ap-
proaches), availability of technological capabilities, FIH 
study expertise, and access to research subject pool. It is 
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also important to ensure that the regulatory environment, 
both local and national, is optimal and receptive to phase 
0 approaches. Prior site familiarity with phase 0 is pre-
ferred but not essential as long as sufficient training of the 
site, investigators, IRB/EC, patient, and healthy volunteer 
groups is possible. Educational activities directed at pa-
tients and patient advocacy groups are recommended and 
could help with recruitment efforts, because these groups 
are typically appreciative and responsive to approaches, 
such as phase 0 that enhance patient safety and have the 
potential to accelerate development of novel therapeutics 
(Appendix S2).

ETHICS OF PHASE 0 APPROACHES

Phase 0 studies are clinical trials conducted in human vol-
unteers and as such should comply with the Declaration 
of Helsinki and any relevant local regulations.62,63 Like 
with other human research, fundamental ethical princi-
ples of participation in clinical research, such as benefi-
cence, justice, autonomy, dignity, privacy, confidentiality, 
and animal welfare, should be adhered to. These prin-
ciples manifest in the application of informed consent, 
favorable benefit/risk ratio, adequate representation of 
all relevant groups, and protection of vulnerable popula-
tions.44 In addition, demonstration of the scientific value, 
validity, and generalizability of phase 0 study methodolo-
gies and results is required.6,64,65 Transparency of study 
results and reporting in the public domain should also 
be sought whenever possible, even though not all regula-
tory jurisdictions require FIH studies to be reported in the 

public domain (for example, in the United States report-
ing in the public domain of phase 0 and phase 1 studies in 
healthy volunteers is not required,66 however, in Europe 
it is required). Nevertheless, the Declaration of Helsinki, 
required by many ethics committees as standard of clini-
cal trial ethics, requires registration in a public database 
prior to recruitment of the first human subject in a trial.62

Phase 0 approaches also have unique features that lead 
to unique ethical considerations (Table 4). The two ethical 
principles that are impacted by these unique features are 
“beneficence” and “justice.” Beneficence is the consider-
ation of benefit/risk ratio. The inherent safety of phase 0 
and especially microdosing studies means that human vol-
unteers are exposed to less risk from the test article, requir-
ing less testing in animals, and allowing for earlier entry 
into human testing. Phase 0 approaches are characterized 
by their subtherapeutic exposures, which imply increased 
safety but also nontherapeutic potential and sometimes ex-
posure to radiation emitted by radiolabeled compounds.44 
Typically, the riskiest element of phase 0 studies is the ex-
posure to the novel drug. The most invasive procedures 
are usually the obtaining of blood samples, although occa-
sionally biopsies are obtained. To justify their application, 
the benefits of knowledge obtained from phase 0 studies, 
corresponding with the concept of “scientific necessity,” 
should outweigh any associated risks.63 Knowledge of the 
benefits are to future patients and society at large through 
the translation and development of therapeutic or diag-
nostic agents. Because of the lack of therapeutic benefit, 
ethical considerations go beyond safety of drug exposure, 
especially when phase 0 studies are conducted in patients. 
For example, in the case of patient studies, participation 

T A B L E  4  Ethical considerations in phase 0 studies

1.  Beneficence –  benefit/risk ratio

a.  Increased benefit

i. Less risk to human subjects from exposure to 
the novel drug

ii. Less use of animals for human research

iii. Earlier knowledge (“scientific necessity”) with 
less resources

iv. Acceleration of drug development

b. Decreased benefit:

i. Exposure to radiation

ii. No direct therapeutic benefit to patients

2. Justice –  equitable distribution 
of research risks and benefits

Early development of drugs in vulnerable 
populations (including patients) –  for children 
“minor increase over minimal risk”68
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in the phase 0 trial must not prevent or significantly delay 
treatment or participation in a therapeutic clinical trial, 
and study procedures, such as biopsies, should be justified 
in light of the PD information in the clinical setting.67

Other features of phase 0 with relevance to ethical con-
siderations include their applicability to vulnerable pop-
ulations, including patients, and their potential to save 
developmental time and resources, reduce attrition due to 
failed compounds, and therefore accelerate the process of 
drug development. Patients and other vulnerable popula-
tions that are typically excluded from early phase clinical 
development (e.g., pediatric, women of childbearing po-
tential, frail elderly, the hepatically and renally impaired, 
polypharmacy, and comorbidity) can participate earlier in 
clinical research of drugs that may benefit their conditions 
in the future.68 ICH M3 guidance specifically encourages in-
clusion of patients in microdosing studies16 (see also under 
“Study design” below). This is consistent with the ethical 
concept of justice that postulates equitable distribution of 
risk and benefit in populations of prospective beneficiaries 
of drug development, thus anticipating the availability of 
target- specific information to inform administration of the 
drug in these populations.44,62,63 For example, in the United 
States, it is acceptable to conduct microdosing studies in 
children who suffer from the condition under study if par-
ticipation in the study poses no more than minor increase 
over minimal risk (i.e., risk expected as a consequence of 
engagement in daily routines).68 Whether microdosing 
studies can be conducted in healthy children is more con-
troversial.68 Similar restrictions may apply to other vulner-
able groups.

Animal rights groups have been interested in phase 0 
for their potential to advance the 3R's principles “reduc-
ing, replacing, and refining” of animal testing.69– 71 Phase 
0 approaches minimize the use of animals in support of 
human research primarily by reducing and replacing an-
imal testing with human testing.44,70,71 Whereas parallel 
preparation for phase I may, in some cases, lead to com-
pletion of the phase I animal testing prior to the comple-
tion of the phase 0 program, it is nevertheless possible that 
data obtained in the phase 0 studies will lead to termina-
tion of development prior to the phase I animal testing 
and obviate the need for such testing.

ANALYTICAL TOOLS

The low systemic exposures associated with phase 0 ap-
proaches, and especially those of microdosing studies, 
typically necessitate the use of sensitive analytical tools 
such as AMS, PET, and LC- MS/MS to detect the test drug 
in plasma and other biologic tissues17 (Table  5). AMS 
was the analytical tool of choice in the early days of the 

phase 0 space (2000– 2010) due to its high and unique 
sensitivity, use of the long half- lived 14C, the versatility 
of the labeling options, and the low exposure to radio-
activity. However, with the emergence of ultra- sensitive 
LC- MS/MS instruments that also had the advantage of 
low cost, wide availability, and no radioactivity exposure, 
they became the most frequently used in phase 0 stud-
ies. Increase in radiolabeling options for PET together 
with the recognition of the value of minimally invasive 
dynamic measurement of drug tissue concentration lev-
els, and the potential to measure receptor binding and 
post- receptor modulation, have led to an increase in the 
utilization of PET microdosing, although still well below 
what would be a fitting reflection of its potential value to 
drug developers. A recent review found that of the 116 
published phase 0 studies, 45% used LC- MS/MS, 29% 
used AMS, and 23% used PET.6

Whereas AMS, PET, and LC- MS/MS have been most 
commonly associated with phase 0 and especially micro-
dosing studies because of their high sensitivity that allows 
detecting the low exposures after microdose administra-
tion, there have been reports of other approaches, mostly 
in non- microdosing phase 0 and ITM studies (total of 11 
studies) using near infrared fluorescence,72– 74 immuno-
histochemistry,30,31,43,75 single- photon emission computed 
tomography,76 and ɣ- camera,76 that are summarized in 
Appendix S1 of Burt et al.6

ACCELERATOR MASS 
SPECTROMETRY

With sensitivity in the attomole to zeptomole range (10−18 
to 10−21 mole) AMS is the most sensitive analytical tool 
available to quantify concentrations of organic com-
pounds in biological tissues60 (Table 5). AMS is a tracer 
technology that uses radiolabeling, typically with 14C, 
to discriminate between administered dose and other, 
non- labeled sources of carbon, such as endogenous com-
pounds or other administered compounds.77 After admin-
istration of the radiolabeled compound, plasma, or other 
biological samples, such as biopsies, cerebrospinal fluid, 
bronchial lavage, and blister fluids, may be collected for 
AMS bioanalysis at intervals that allow the desired char-
acterization of the compound's disposition. Because the 
sample is combusted and converted to carbon dioxide in 
the AMS sample preparation process, AMS analysis can-
not discriminate between the various molecular forms 
carrying the radiolabel, for example, parent compound 
and metabolites. However, using liquid chromatography 
(LC) prior to AMS sample preparation in a process called 
LC + AMS or high performance LC/ultraperformance 
LC + AMS this methodology can allow characterization of 



1368 |   BURT et al.

T A B L E  5  Properties of analytical tools used in phase 0 studies

AMS PET LC- MS/MS

Sensitivity 10−16 to 10−18 g/ml 10−11 to 10−13 g/ml 10−12 g/ml

PK characterization Very sensitive; limited only by 
the half- life of the test article

Very sensitive; limited by the half- life 
of test article and radionuclide

Sensitive; limited by the half- life of 
the test article and the LLOQ of 
the instrument

Efficacy 
demonstration

In special cases (e.g., drug in 
biopsy of tumor, crucial 
metabolic conversion 
is demonstrated 
in a sequestered 
compartment55,58)

Possible through demonstration of 
target organ/tissue penetration, 
accumulation in regions of interest, 
receptor occupancy, and biomarker 
generation

In special cases (e.g., drug in biopsy 
of tumor, crucial metabolic 
conversion is demonstrated in a 
sequestered compartment55,58)

Safety/toxicity 
demonstration

Unlikely (unless suspected target 
tissue is known and sampled 
or biopsied)

Possible, through the demonstration 
of drug in non- target tissues, or 
alternatively, the demonstration of 
non- penetration of suspected non- 
target organ/tissues (e.g., CNS)

Unlikely (unless suspected target 
tissue is known and sampled or 
biopsied)

aCassette studies Not possible to study more than 
one radiolabeled compound 
at a time

Not possible to study more than one 
radiolabeled compound at a time

Simultaneous administration 
and assessment of multiple 
compounds is possible

bCocktail 
studies85,116

Possible Possible Possible116

Discrimination 
of parent 
compound and 
metabolites

Discriminating parent 
compound from metabolites 
possible with concomitant 
HPLC

No discrimination Discriminating parent compound 
from metabolites possible

Sample types Mostly plasma but any samples 
may be used (e.g., biopsies, 
bronchial lavage, CSF, urine, 
feces, blister samples)

Real- time imaging; dynamic, 
contemporaneous information from 
multiple tissues/targets

Mostly plasma but any samples 
may be used (e.g., biopsies, 
bronchial lavage, CSF, urine, 
feces, blister samples)

Sample frequency/
duration

6– 10/h duration unlimited Continuous/dynamic; duration limited 
by radioisotope half- life

6– 10/h duration unlimited

Plasma sample 
volume

Typically, 25– 50 μl, but as little 
as 2 μl. Samples should 
contain between 0.2 and 5 mg 
carbon for 14C analysis

N/A; continuous/dynamic “counting” 
of drug molecules per unit space

Typically, 100 μl- 2 ml, but as little 
as 25 μl81,117,118

Radiolabeling Mostly 14C but 3H, 36Cl, 41Ca, 
26Al and 126I have also been 
used

A variety of radionuclides with range of 
half- lives and chemical properties 
including: 11C, 18F, 64Cu, 89Zr, and 
124I

None

Radiation exposure Very low Low- moderate (depending on 
employed radionuclide)

None

Administration Mostly p.o. and i.v. Mostly i.v. but p.o. and intra- nasal 
administration have been 
reported119,120

Mostly p.o. and i.v.

Site of analysis Can be outsourced On- site only Can be outsourced

GMP production 
standards

Extent of required adherence 
to GMP standards should be 
discussed with the regulatory 
authority in pre- IND 
meetings

Required in some regulatory 
jurisdictions87

Extent of required adherence 
to GMP standards should be 
discussed with the regulatory 
authority in pre- IND meetings



   | 1369OPERATIONAL ASPECTS OF PHASE- 0 APPROACHES

the various analytes including discrimination between the 
parent compound and its metabolites.17,77,78

The use of 14C instead of resident 12C in drug com-
pounds is convenient because of the ubiquitous presence 
of carbon atoms in drug molecules. In addition, because 
14C is a very long- lived radioisotope with a half- life of 
5730 years, samples can be prepared, shipped, and ana-
lyzed without concern about radioactive decay. These ad-
vantages mean that most drug compounds can be labeled 
with 14C and analyzed using AMS. Another advantage is 
exposure to very low levels of radioactivity. Typical single 
dose radioactivity of an AMS microdosing study is 11 ki-
lobecquerels (kBq; equivalent to 300 nanocuries), about 
half of the natural background radioactivity of 14C that an 
adult contains from natural sources.60 The exquisite sen-
sitivity of AMS also means that only very small amounts 
of sample material need to be collected, a considerable 
advantage when aiming to minimize blood loss in vulner-
able populations, such as neonates.68,79,80 To enable AMS 
bioanalysis, samples should contain between 0.2 and 5 mg 
carbon.17 Typically, samples are 25– 50 μl in volume, but 
can be as little as 2 μl.17

Use of AMS is common in absolute bioavailability 
(AB) studies in which the tracer, typically labeled with 
14C, is administered i.v. at a low dose concomitantly with 
a higher dose of the non- labeled compound administered 
orally. The ratio between the doses is at least 100- fold so 
that the i.v. dose only “traces” but does not “perturb” or 
meaningfully alter the PK profile originating from the 
orally administered dose. As an added advantage, using 
the i.v. microdose can be done without dedicated intrave-
nous toxicity/safety testing in animals/humans. The lat-
ter is a major reason why sponsors use this approach. The 
orally administered dose is usually given in therapeutic- 
level exposures in AB studies. However, due to the sen-
sitivity of AMS (and, recently, of novel ultra- sensitive 
LC- MS/MS instruments as well) the entire AB study can 
be conducted using AMS microdosing, for example, by 

giving the i.v. labeled dose as 1 μg or less, concomitantly 
with 99 μg unlabeled p.o. dose for a total of 100 μg. This is 
consistent with ICH M3 guidance, approach 1, that allows 
administration of multiple doses as long as the total is no 
more than 100 μg (or 1/100th of the NOAEL, or 1/100th of 
the anticipated minimal therapeutic- level exposure).16

LIQUID CHROMATOGRAPHY 
TANDEM MASS SPECTROMETRY

LC- MS/MS combines the high resolution and ability to 
discriminate and identify multiple compounds offered 
by liquid chromatography, with the sensitivity of mass 
spectrometry. Recent increases in sensitivity have made 
LC- MS/MS instruments adequate to assess the low sys-
temic concentrations associated with single microdose 
exposures. Already in 2011, an LC- MS/MS study of 31 
most commonly used drugs was able to quantify 24 of 
these drugs (77%) within five half- lives of administration, 
and 30 (97%) within three half- lives of administration, or 
about 1/8 of Cmax, a value usually sufficient to character-
ize the PK profile of administered organic compounds.81 
Since that publication, the sensitivity of LC- MS/MS in-
struments has continued to increase, entering in the pi-
cogram and even femtogram ranges and allowing analysis 
of even the most potent modern drugs after microdose 
administration.82– 84

In addition to the advantages of costs, wide availability, 
lack of radiolabeling requirements, and lack of exposure to 
radioactivity, LC- MS/MS is well- suited to detect drug me-
tabolites or multiple drugs in the same sample as in cassette 
microdosing studies85 (Table  5). PET, on the other hand, 
measures total radioactivity in tissue and cannot distin-
guish different chemical entities to which the radiolabel is 
bound. AMS analysis, per se, also cannot distinguish differ-
ent chemical entities in a sample. However, when AMS is 
combined with chromatographic techniques it offers the 

AMS PET LC- MS/MS

Costs per study7,121 ~$350– 700 k ~$500– 800 k ~$80– 140 k

Availability Limited availability; ~6 facilities 
dedicated to biomedical 
research worldwide

Available in specialized centers (e.g., 
tertiary- care facilities)

Commonly available

Abbreviations: AMS, accelerator mass spectrometry; CNS, central nervous system; CSF, cerebrospinal fluid; GMP, Good Manufacturing Practices; HPLC, high 
performance liquid chromatography; IND, investigational new drug; LC- MS/MS, liquid chromatography tandem mass spectrometry; LLOQ, lower limit of 
quantification; N/A, not applicable; PET, positron emission tomography; PK, pharmacokinetic.
Adapted from Burt et al.17

aCassette –  simultaneous administration of different drugs to assess their PKs.
bCocktail83,116 –  simultaneous administration of different probe compounds (“perpetrator” compounds) to assess their effects on the drug under investigation 
(e.g., through their effects on metabolic enzymes or transporters).

T A B L E  5  (Continued)
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possibility to resolve different compounds just as LC- MS/
MS.17,77

POSITRON EMISSION 
TOMOGRAPHY (PET)

PET is an imaging method which allows the minimally 
invasive measurement of molecules labeled with positron- 
emitting radionuclides, or radiotracers.61,86,87 PET allows 
study of drug tissue distribution, tissue PKs, and, in some 
cases, drug MOA and PD effects as well.18,20,37,54,59– 61,88 
The sensitivity of PET approaches that of AMS (Table 5) 
and is well- suited to quantify the very low drug concentra-
tions attained in organs and tissues after administration of 
a microdose.89 PET allows the dynamic and simultaneous 
(depending on the field of view of the used PET scanner) 
study of multiple target tissues, including both efficacy 
and toxicity target tissues. There are two approaches for 
the use of PET in drug development, one that labels and 
studies the drug, and the other that labels elements in the 
drug target environment and is used to study target oc-
cupancy and post- target modulation induced by an un-
labeled drug. Together, these methodologies enable PET 
to characterize the so- called three pillars of drug develop-
ment decision making: tissue/target distribution, target 
occupancy, and post- target modulation.90

In all cases in which distribution to tissues relevant for 
efficacy and/or toxicity is an important question and cannot 
be reliably predicted from preclinical data, PET microdos-
ing, in particular with total body PET technology (dynamic 
measurement of the entire body91), could provide very use-
ful information. Of course, the drug must be amenable to 
radiolabeling without structural modification (small mole-
cules) and should display metabolic stability over the time 
course of the PET experiments, in particular when periph-
eral tissues are studied (less of a problem for the brain, from 
which metabolites are often excluded due to the BBB).

Studying radiolabeled drugs

The drug is labeled with a radionuclide which is compat-
ible with its PK properties (e.g., 11C, half- life 20.4 min.; 
17F, half- life 109.7 min.; 88Zr, half- life 3.3 days; 124I half- 
life 4.2 days17) and administered i.v. as a microdose. PET 
is then used to measure the drug's tissue PKs as well 
as the rate and extent of distribution of the drug from 
plasma into tissues. Tissues of interest for such studies 
are most commonly those expected to express the drug's 
efficacy and toxicity molecular targets, although espe-
cially in the case of toxicity targets, one of the attrac-
tive capabilities of PET is the ability to detect targets not 

previously known. Because an adequate tissue distribu-
tion is a prerequisite for the drug to exert its PD effects, 
PET studies can provide information on the essential 
link between PKs and PDs.92

Studying target occupancy and 
post- target modulation

In such studies, the drug is administered unlabeled prior 
to PET imaging with a radiotracer that is directed toward 
elements in the target environment, such as receptors or 
post- receptor biomarkers. This either allows to estimate 
target occupancy or downstream effects of the drug (post- 
receptor modulation).37,93– 97 In order to achieve measur-
able target occupancy, such studies typically require the 
administration of therapeutic doses of the unlabeled drug. 
However, for potent drugs, target occupancy studies may 
also be feasible within a subtherapeutic dose range allowed 
for exploratory clinical trials (i.e., approaches 3, 4, and 5 in 
the ICH M3 guidance, see Table 1). Alternatively, under 
special circumstances, local administration of a micro-
dose of the unlabeled drug may also achieve a sufficiently 
high degree of target occupancy measurable with PET 
(see intra- target microdosing). In target occupancy stud-
ies, groups of research volunteers receive single ascending 
doses of unlabeled drug followed by PET scans to meas-
ure target occupancy. Such “dose finding” studies allow 
identification of appropriate starting doses with respect to 
target occupancy for subsequent clinical trials.98– 101 PET 
tracers to measure target occupancy of investigational 
drugs should be developed in parallel to drug discovery 
programs, if possible, to ensure their timely availability 
when the drug enters clinical testing. The use of PET to 
assess post- target modulation is particularly common in 
anticancer drug development using [17F]FDG to meas-
ure tumor metabolic activity or other pathway- specific 
radiotracers.102,103

PET in the study of target mediated drug 
disposition

If a drug has a very high binding affinity to its molec-
ular target (e.g., in the nano-  to pico- molar range) and 
achieves a measurable degree of target binding at micro-
dose concentrations, the tissue distribution of the radi-
olabeled drug may reflect the binding of the drug to its 
molecular target. This phenomenon has been termed 
target- mediated drug disposition and has been widely 
recognized to play a role in the disposition of antibody 
drugs, but also of some small molecule drugs.6 For drug 
targets with a distinct anatomical distribution pattern, a 
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PET study with a radiolabeled drug may provide informa-
tion not only about the drug reaching the target but also 
whether it binds to a specific molecular target. A classic 
example are neuroleptics which antagonize dopamine 
D2 receptors in the brain. PET studies with radiolabeled 
neuroleptics (e.g., [11C]raclopride) reveal a distinct up-
take pattern in the brain with accumulation in the basal 
ganglia, a brain region with a high density of dopamine 
D2 receptors.104 Similar use of PET microdosing to detect 
specific tissue binding as proxy of drug MOA have been 
used in drug development.20,54,59,88 If an appropriate dis-
placement agent is available, which binds to the same tar-
get protein as the radiolabeled investigational drug and 
which can be safely administered at doses which lead to 
appreciable target occupancy, then target specific bind-
ing and MOA of the radiolabeled drug may be confirmed 
by co- administration of the displacement agent or of a 
therapeutic- level dose of the unlabeled drug itself (e.g., in 
phase 0 ICH M3 approaches 3, 4, and 5).105

Limitations of PET in the study of drug 
tissue distribution

The following are limitations of PET imaging in the study 
of drug tissue distribution:

a. Drug- metabolite distinction. PET measures total ra-
dioactivity and therefore is unable to distinguish ra-
diolabeled parent drug from radiolabeled metabolites. 
If the radiolabel is located in a metabolically stable 
position of the drug molecule, then both the drug 
and metabolite may contribute to the PET signal. 
This is less of an issue with brain PET imaging be-
cause typically polar radiolabeled metabolites will be 
excluded by the BBB.

b. PET cannot distinguish protein-  or lipid- bound drug 
from the unbound drug that is typically considered 
the pharmacologically active component. However, 
the PET data can be supplemented with in vitro and 
ex vivo data that can provide estimates of protein-  and 
lipid- binding of the drug. These studies can be done 
during the preclinical development stage that is part of 
the Exploratory Clinical Trial regulatory package.16

c. Short radioactive half- lives of some radionuclides, 
especially 11C and 18F, limit their utilization to im-
aging durations of approximately 2 and 5 h, respec-
tively. One way to overcome this limitation is to use 
a combination of PET and AMS microdosing, such 
as with a mixture of 14C and 11C- labeled drug, ad-
ministered simultaneously.106 The limited duration 
PET- microdosing tissue PK data can then be sup-
plemented using the long- duration plasma PK from 

the AMS- microdosing data to estimate tissue distri-
bution using physiologically- based pharmacokinetic 
modeling.107

ECONOMICS OF PHASE 0

Studies of the drug development process have found that 
pharmaceutical research and development (R&D) costs 
are high and have increased substantially over time.3 The 
full cost estimates depend not only on the resource costs 
of conducing discovery research, preclinical development, 
clinical trials, and CMC development, but also how long it 
takes to conduct these activities (time costs for delay in ob-
taining the returns to successful R&D), and development 
success rates (accounting for the costs of failure). Increases 
in the efficiency of drug development, from shortening de-
velopment cycle times and increasing success rates, there-
fore reduce R&D costs when the full financial implications 
are considered. Given that drug development typically oc-
curs over a span of years to a decade or more, and that 
failures are highly frequent, the potential for substantial 
financial benefit to drug developers from improvements in 
cycle times and success rates is high.108 For example, using 
data and modeling from a recent study of pharmaceutical 
R&D costs, Figure 3 indicates that improving overall clini-
cal approval rates (likelihood that a drug that enters clini-
cal development will be approved for marketing) from the 
study's estimate of one- in- eight to approximately one- in- 
three would, other things being equal, result in a reduc-
tion of clinical period out- of- pocket (resource) costs per 
approved new drug by nearly one- half.

Framework for assessing phase 0 
net benefits

An expected (i.e., risk- adjusted) net present value (eNPV) 
portfolio approach to evaluating new financial gains to drug 
developers relative to the standard drug development para-
digm from alternative manufacturing contracting practices 
and from integrating formulation development, real- time 
manufacturing, and phase I clinical testing that result in 
shorter drug development times has been applied in several 
recent studies.109,110 The modeling framework used in these 
studies was parameterized on the development cost side 
from the results in a study of pharmaceutical R&D costs3 
and on the commercial side by net return distribution found 
in a recent study of rates of return for the pharmaceutical 
industry.108,111 A similar approach could be used to estimate 
the net financial benefits from phase 0 testing.

Each example of an eNPV approach to estimating the 
net benefits of an alternative development paradigm will 
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depend on the level of resource costs, the lengths of de-
velopment phase cycles, phase transition rates under the 
standard paradigm, and sales distributions for drugs that 
make it to market. We would also need estimates of the 
additional resource costs needed to implement the new 
approach, reductions in resource costs that would other-
wise have been made, and of what impacts the alternative 
approach would have on development phase cycle times 
and phase success rates.

The industry portfolio approach (i.e., an analysis that 
presumes that an alternative paradigm is adopted across 
all projects and across the industry) relies on histor-
ical data for the industry. An analysis that is company- 
specific or asset- specific could still be done in this general 
manner, but the model would have to be parameterized 
by subjective estimates of success rates, cycle times, and, 
to some extent, resource costs. However, the parameter-
ization should be guided by objective historical estimates.

Estimates to consider for an expected net 
present value analysis

A full economic analysis of the net financial benefit to de-
velopers from widespread use of phase 0 approaches must 
consider the variety of ways that phase 0 testing could 
help or hinder the return on this type of investment. The 
following list is a sample of the types of outcomes that can 
arise from considering phase 0 trials and how they may 
impact the financial incentives to innovate:

• The early termination (prior to phase I testing) of drugs 
that will not succeed. This factor should result in the 
avoidance of clinical testing on some drugs that will not 
succeed, and so will lower resource costs.

• Optimization of the selection of preclinical candidates 
for further development, possibly through the use of 
resource- efficient cassette microdosing design. This will 

reduce the likelihood of a preclinical candidate being 
wrongly eliminated prior to phase I (reducing false neg-
atives).2 This factor can also increase the likelihood of 
finding a drug prior to phase I that will succeed and so 
can result in higher approval success rates (reducing 
false positives). This will reduce costs and increase re-
turns on a per drug approved basis.

• Identification of both the nonviability of the lead com-
pound and the viability of a backup compound prior to 
phase I testing. This factor can result in a compound 
reaching the market sooner, and, in some cases, extend-
ing the period of patent protection. In addition, this can 
result in the avoidance of some phase I testing costs, 
thereby increasing the net present value of returns and 
decreasing resource costs.

• Profits lost from a compound that could have reached 
the marketplace but was terminated based on phase 0 
testing results (increasing false negatives).

The first three factors result in financial benefits to drug 
developers that must be measured against the added costs 
of adopting phase 0 testing across the investigational drug 
portfolio. The last factor is a financial disincentive to drug 
developers, but the expected value of such losses can be re-
duced if the threshold for rejecting a lead compound and all 
backups after phase 0 testing is raised, thereby reducing the 
likelihood of a false negative. Doing so, however, could also 
reduce some of the benefits of phase 0 testing (e.g., identify-
ing the compounds that could fail in clinical development, 
the false positives). These opposing effects would have to be 
balanced to optimize phase 0 testing decision rules.

A full assessment of the net financial benefit to develop-
ers would account for the benefits and costs of all of the fac-
tors above simultaneously. To illustrate some of the nuances 
of the eNPV approach, in the Supplementary Information 
file, we take one of the cases above and apply some hypo-
thetical, but reasonable, parameter values. It should also 
be noted that here we are considering only the return on 

F I G U R E  3  Higher clinical approval success rates can reduce developmental costs significantly. Costs defined as “out- of- pocket” clinical 
period costs. Source: DiMasi et al.3
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investment to drug developers from adopting phase 0 test-
ing. The net social benefit from getting safe and effective 
new drugs to patients sooner or increasing the number of 
safe and effective drugs available to patients could greatly 
exceed the private net benefits considered here.

CULTURE OF DRUG 
DEVELOPMENT

The drug development cultures of industry sponsors may 
impact the application and effectiveness of phase 0 ap-
proaches, with some developmental cultures favoring ap-
plication of phase 0 and others likely to resist application. 
Drug development culture could impact the choice of de-
velopmental objectives, the strategies used to implement 
them, study design and execution, interpretation of the 
data, and, eventually, implementation of study results in 
developmental decisions.

Drug development culture impacts these developmen-
tal elements by creating a hierarchy of values and prior-
ities. For example, the importance of “truth- seeking” 
versus “progression- seeking” cultures was highlighted 
recently.112,113 Phase 0 approaches, by enabling ear-
lier studies in humans and especially earlier studies in 
patients, allow earlier identification and validation of 
drug- related biomarkers and directly address three of the 
five- dimensional elements of R&D productivity advocated 
by the truth- seeking model of Morgan et al., identifying 
the right molecular target, right tissue target, and right 
patient population.12,112 All phases of the drug develop-
ment process have, of course, truth- seeking objectives, 
however, progression- seeking incentives may introduce a 
bias in favor of progression rather than termination in a 
case where the evidence was in favor of termination but 
not unequivocal. Incentives can be material and psycho-
logical. Progression may be rewarded by specific compen-
sation and career advancements as well as by emotional 
gratification by the success, or lack of failure, of the prod-
uct of one's work. Such cultural dynamics may counter 
one of the most meaningful potential benefits of phase 
0, namely, the early termination of nonviable candidates. 
In a progression- seeking culture, there is no incentive to 
identify drugs that are less likely to succeed when rewards 
are attributed to progress and associated with compli-
ance with preset timelines. If an organization's priority is 
to advance the most promising drug candidates, it must 
cultivate an ethos that rewards evidence as much as mile-
stones. A top- down perspective evaluating overall pipeline 
success instills a culture that allows failure as an accept-
able, and, in the right scenarios, a desirable outcome. For 
phase 0 trials to be impactful, teams must understand that 
short- term loss may drive long- term positive effects.

Adoption of phase 0 may be enhanced by cultures 
that are receptive to innovation in drug development ap-
proaches, methodologies, and applications. However, self- 
imposed conservatism by sponsors of drug development 
often discourages exploration of such innovations. In the 
exploratory IND guidance of 2006, the FDA was keen to 
emphasize that the regulatory framework has consid-
erable flexibility and that sponsors often do not take ad-
vantage of that flexibility and provide more supporting 
information than is required by the regulations.14 More in-
formation means more resources and more time spent on 
generating additional data and preparing the regulatory 
package, often exposing animals and humans to unneces-
sary testing and risks, instead of using the same time and 
resources to advance more promising drug candidates. 
There should be a balance of pragmatism (goal- oriented 
drug development) and innovation- driven development, 
whereby novel approaches are progressively tested and 
applied until validated or refuted.

Another important dichotomy of drug development 
culture is that between drug- centered development and 
process- centered development. In the drug- centered ap-
proach, the developmental program adapts to and reflects 
the unique characteristics of the test article, creates the 
developmental program around it, addresses essential 
unknowns, and capitalizes on strategic opportunities. In 
“process- centered” development, the drug is fit, or forced, 
into an existing process with little flexibility and adaptabil-
ity to any unique challenges or opportunities presented by 
the test compound. Process- centered development also 
misses the opportunity to benefit from process innova-
tions that could be used to extract more data and more 
knowledge from the drug. Drug- centered development 
cultures will be those most likely to consider, apply, and 
benefit from phase 0 approaches.

Modern drug development is increasingly complex and is 
therefore increasingly dependent on cross- disciplinary and 
cross- functional collaborations. This is particularly evident 
in drug- centered development where the unique features 
of the drug and the unique circumstances of development 
may call for specialized expertise, such as biomarker devel-
opment, use of sensitive bioanalysis tools, radiolabeling, 
and bespoke statistical and study design approaches. Such 
collaborative and versatile application of biological science 
knowledge and expertise is likely to extract and exploit the 
developmental potential of drug compounds more ade-
quately and is especially relevant to application of phase 0 
approaches because of their inherent range of application 
and required specialized expertise.

It is important that phase 0 program management 
does not “fall between the cracks” of preclinical and clin-
ical development teams’ management responsibilities. 
Who takes ownership, who accepts the risks, and who 
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pays for phase 0 programs should be decided in advance 
by the leadership. It would seem sensible that phase 0 
would be under the remit of those who oversee the en-
tire pipeline because the benefits of phase 0 approaches 
will be primarily appreciated on the level of the pipeline. 
To launch a phase 0 program at the pipeline level, such 
cross- functional teams must be developed with a shared 
vision in mind. The organization's own obstacles to both 
a changed mindset and an adaptive clinical trial design 
must be identified and included in the advanced plan-
ning discussed. Accountability for objectives, timelines, 
and expenses should be evaluated in this same top- down 
fashion so progress is not impeded by uncertainty or in-
sufficient authority at the grass roots level. If directives ac-
company drug development goals, the fear of failure can 
be removed.

FUTURE DIRECTIONS, BEST 
PRACTICES,  AND POLICY 
RECOMMENDATIONS

The phase 0 field continues to evolve through research 
into the science, methodologies, and applications.6 These 
efforts are mostly those of individual research opera-
tions, such as those of the drug development industry or 
academic programs. However, the field could gain consid-
erable benefit from concerted and comprehensive multi- 
stakeholder efforts including the support of regulators, 
policy- makers, and industry and academic leadership. For 
example, regulators could consider minimizing the extent 
of GMP and good laboratory practice standards required 
for the preparation of the various phase 0 packages so as 
to be commensurate with the extent of exposure to the test 
article and any associated risks. Any progress made by in-
dividual research entities could be integrated to drive re-
vised guidelines. It has been more than a decade since the 
last internationally harmonized regulatory guidance on 
the topic,16 or since a study by a consortium of drug devel-
opment entities collaborated to advance knowledge in this 
space.114,115 The next steps in the evolution of this space, 
such as comparative phase 0/phase I studies and identifi-
cation of research and technological priorities, could be 
undertaken by a consortium of multiple stakeholders, in-
cluding drug sponsors, operators, regulators, professional 
organizations, patients, advocacy groups, and other non-
profit organizations.

It is important that sponsors of drug development 
work together to enhance the testing, validity, utility, 
and applicability of phase 0 approaches. Sponsors could 
initiate and take part in validation and generalization ef-
forts by sharing data about prior studies and their costs. 
One straightforward and relatively inexpensive way to 

generate valuable controlled data about phase 0 validity 
is to add a cohort of microdose exposure to otherwise 
routine phase I studies. Phase 0 data would then be pro-
cessed by a group blind to the results of the phase I and 
phase II data in case the phase 0 studies are conducted 
in patients. The ability of the phase 0 data to predict the 
results of the phase I and phase II studies and gener-
ate the same developmental decisions would then be in-
dependently assessed. This will allow expansion of the 
experience with these approaches to a range of develop-
mental scenarios. Such concerted data generation efforts 
will expand the phase 0 knowledge base to more thera-
peutic targets, drug classes, and patient populations, and 
increase the familiarity and comfort of sponsors with 
these approaches and the confidence of using them in 
stand- alone FIH studies.

While the field awaits the more definitive data, espe-
cially on applications in a range of developmental sce-
narios, and on the economic value of routine application, 
phase 0 should, at a minimum, be considered routinely 
in all drug development programs as early as feasible in 
the preclinical stage, preferably 1.5– 2 years prior to an-
ticipated entry into phase I testing. This will allow for 
sufficient preparation for these studies to take place and 
time to extract their resource- sparing developmental 
benefits.17 Finally, professional and advocacy nonprofit 
organizations should work to dispel common miscon-
ceptions about phase 0 among sponsors, operators, pa-
tients, policy- makers, and the public at large (Table 6).

CONCLUSIONS AND SUMMARY

Phase 0 approaches are informative and feasible and have 
the potential to shorten drug development timelines and 
reduce attrition and expenses in drug development. Phase 
0 can be integrated seamlessly into existing drug develop-
ment strategies and, when initiated sufficiently in advance, 
can produce valuable information for developmental de-
cisions ahead of traditional approaches, without delaying 
any eventual progress to mainstream clinical develop-
ment, while using about a fraction of the resources. Phase 
0 programs have several design and logistical features that 
constitute advantages over a traditional development ap-
proach, primarily the ability to enter directly into patient 
testing in FIH studies, test oral drugs intravenously, si-
multaneous administration of multiple test compounds 
(cassette microdosing), and ITM. Logistical and economic 
advantages include the ability to enter into human test-
ing with a fraction of the risk, time, and resources, and 
produce data that could considerably increase the value 
of test compounds earlier, in a safer manner for research 
subjects, and with less expense.
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