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MINI-REVIEW

Mini-Review: Comprehensive Drug Disposition 
Knowledge Generated in the Modern Human 
Radiolabeled ADME Study

Douglas K. Spracklin1, Danny Chen2, Arthur J. Bergman2, Ernesto Callegari1 and R. Scott Obach1,*

The human radiolabeled absorption, distribution, metabolism, and excretion (ADME) study offers a quantitative and com-
prehensive overall picture of the disposition of a drug, including excretion pattern and metabolite profiles in circulation and 
excreta. The data gathered from the ADME study are highly informative for developing a cohesive strategy for clinical phar-
macology studies. Elements of standard ADME study designs are described. An exciting new development in human ADME 
studies is the application of accelerator mass spectrometry (AMS) as the detection technique for carbon-14, in replacement 
of radioactivity measurements. This technology permits administration of 100-fold to 1,000-fold lower amounts of carbon-14, 
and thus opens the door to the application of new study designs. A new ADME study design, termed the AMS-Enabled Human 
ADME study, is described. In this design, both oral and intravenous administration are assessed in a single clinical study 
with a two-period crossover. In addition to all of the standard ADME study end points (e.g., mass balance and quantitative 
metabolite profiles), the AMS-Enabled ADME study can provide the fundamental pharmacokinetic parameters of clearance, 
volume of distribution, absolute oral bioavailability, and even estimates of the fraction of the dose absorbed. Thus, we have 
entered a new era of human ADME study design that can yield vastly more informative and complete data sets enabling a 
superior understanding of overall drug disposition.

IMPORTANCE OF THE HUMAN ADME STUDY

A quantitative description of the ultimate fate of a new 
molecule in the human body is required for new drug ap-
proval. However, of the many clinical pharmacology studies 
conducted during the development of new medicines, the 
radiolabeled absorption-distribution-metabolism-excretion 
(ADME) study offers the richest dataset to understand how 
the human body handles the drug.1 ADME studies are gener-
ally conducted for drugs under development that are organic 
xenobiotics, whereas for drug candidates that are biological 
macromolecules containing no xenobiotic elements, radio-
labeled ADME studies are often not done. An exception to a 
required ADME study for small organic molecule drug can-
didates is when the entire dose can be accounted for as 
unchanged drug in the urine, and, in such a case, the need 
for the radiolabeled ADME study is obviated. However, this 
is rare and for most new drugs a radiolabeled ADME study is 
an essential component of the suite of clinical pharmacology 
studies included in registration dossiers.

In brief, the human radiolabeled ADME study is typi-
cally conducted by administration of a single dose of drug 
containing a radioactive nuclide followed by collection of 
plasma and excreta samples. Samples are analyzed for both 
total radioactivity and the profile of drug-related material in 
urine, feces, and plasma.2,3 The use of radiolabeled material 
permits quantitative accounting for all drug-related mate-
rial in biological samples by providing a common analytical 

response factor. Note that in commonly used analytical 
methods, such as mass spectrometric, fluorometric, or 
spectrophotometric detection, each analyte (i.e., parent drug 
and individual metabolites), possesses a different inherent 
response factor that is dependent on its chemical structure. 
This necessitates calibration of instrument response using 
authentic standards of each analyte. In contrast, quantita-
tive radiometric detection is dependent only on the specific 
activity of the analytes, which will be constant between par-
ent drug and all metabolites containing the raduionuclide. 
This is especially important for metabolites where synthetic 
standards may not exist. In fact, when using radiometric 
high-performance liquid chromatography (HPLC) analysis, 
the structural identity of the metabolites is not even required 
to characterize their disposition.

There is no specific regulatory requirement as to when the 
ADME study should be conducted during clinical development 
other than prior to the initiation of large scale and long dura-
tion clinical trials. In the 2012 European Medicines Agency’s 
guidelines on drug interactions, it is stated that “the results of 
the mass-balance study should generally be available before 
starting phase III.”4 It is often understood that having this infor-
mation will enable a robust discussion with regulators prior to 
phase III regarding the clinical pharmacology studies needed 
to be conducted before the new drug can be registered as a 
commercially available therapy. These can include drug-drug 
interaction studies and studies in various special popula-
tions (e.g., studies evaluating the impact of pharmacogenetic 
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variants of drug disposition proteins, studies in subjects with 
organ impairment, and others). Knowing the complete human 
metabolite profile can also be important when planning 2-year 
carcinogenicity studies in laboratory animals (typically mice 
and rats) that are done in parallel with phase III clinical trials 
so that assurance can be provided that the animals undergo-
ing this evaluation will have been exposed to the metabolites 
to which humans are exposed. Because of the power of the 
knowledge gained in the human ADME (especially using a 
study design described later in this paper), it is advantageous 
to conduct the study early enough that such knowledge can 
be leveraged for decision making and planning of other clin-
ical studies. Qualitative analysis of plasma samples from 
first-in-human studies for circulating metabolites (a.k.a. me-
tabolite “scouting”) can yield data that may trigger planning 
of an earlier human ADME study. Nevertheless, most drug 
development programs conduct this study only after observ-
ing positive signs of efficacy with a proof of concept study 
in a targeted patient population—either a disease-modifying 
outcome or a surrogate marker. This timing balances clinical 
enablement for candidates that have a greater likelihood of 
success vs. not wasting efforts conducting ADME studies for 
those candidates that will ultimately fail.

Briefly, the knowledge gained from an oral ADME study 
includes:

1. Percentages of the total drug-related material in cir-
culation comprised by the drug and each metabolite;

2. Percentages of the drug-related material excreted 
in urine and feces, and the percentages that parent 
drug and each metabolite comprise of the total dose 
excreted;

3. Chemical structures of major metabolites in plasma 
and excreta; and

4. A lower limit estimate of the amount of drug absorbed 
by measurement of total radioactivity recovered in 
urine.

The quantitative profile of metabolites in the excreta is 
used to develop an understanding of the mechanism(s) of 
clearance. By determining the structures of metabolites, a 
metabolic scheme can be constructed. This scheme can 
be coupled with in vitro metabolism data wherein each 
metabolic pathway is attributed to one or more drug-me-
tabolizing enzymes. This knowledge of the fraction 
metabolized by various enzymes offers insight used to de-
sign the most appropriate drug-drug interaction (with the 
new drug as “victim”), pharmacogenetic, and special pop-
ulation studies, as well as used in conjunction with other 
clinical pharmacology and in vitro studies in construction of 
a full physiologically-based pharmacokinetic model of the 
drug. The knowledge gained from the ADME study builds 
on previous knowledge obtained in earlier clinical pharma-
cology and in vitro metabolism and transporter studies, 
either by refining that knowledge with greater granularity or, 
in some cases, uncovering new and unanticipated aspects 
of drug disposition, such as the identification of a previ-
ously unknown metabolic pathway.

The quantitative profile of metabolites in circulation 
addresses two potential issues: (i) the potential for the 

presence of pharmacologically active metabolites, and (ii) 
the need for ascertaining that laboratory animal species 
used in toxicological evaluation of the drug were ade-
quately exposed to human metabolites. To the first point, 
metabolites in circulation can possibly possess similar 
activity to the parent compound.5 The radiometric pro-
file will yield relative abundances of metabolites to parent 
drug and mass spectral data will offer an indication of the 
degree of similarity of chemical structure between metab-
olites and the parent drug. Although structural similarity 
does not mean that a metabolite will be pharmacologically 
active, the likelihood is greater and it is advisable that cir-
culating metabolites of structure similar to the parent drug 
(e.g., metabolites arising by hydroxylation, heteroatom de-
methylation, dehydrogenation, and others) be evaluated for 
activity at the target receptor or enzyme. If a circulating 
metabolite is active, contributes to ≥  50% of the overall 
pharmacologic activity,6 it will need to be monitored in clin-
ical and toxicity studies and be evaluated for drug-drug 
interactions. Regarding the second issue, metabolites in 
safety testing guidance dictates that metabolites reaching 
a threshold abundance (identified as ≥  10% of the total 
drug-related material in human plasma by area under the 
curve (AUC), irrespective of activity) must also be present 
in the plasma of laboratory animal species used in toxi-
cology studies at equal or greater exposure levels to be 
adequately assessed for safety risk.7 If they did not achieve 
such levels in animals, follow-up is required to gather data 
for a risk assessment for the specific metabolite in ques-
tion. It should be noted that the boundary of 10% of total 
drug-related material is offered as a general guidance and 
that for some metabolites, such as ether or quaternary 
ammonium glucuronides, there can be greater tolerance. 
For other metabolite types that have been associated with 
toxicity, such as acyl glucuronides, the tolerance could be 
stricter. As with any safety risk assessment, the dose level 
and absolute exposures should be considered.

STANDARD RADIOLABEL ORAL ADME STUDY 
DESIGN AND EXECUTION

There are three main steps of the standard (i.e., doses of ra-
dioactivity in the range of 20–100 µCi) human ADME study:

1. Pre-study activities: including synthesis and manu-
facture of the radioactive drug, and the conduct of 
a quantitative whole-body autoradiography (QWBA) 
study in a rodent species;

2. Clinical portion: dosing and sample collection with 
real-time quantitation of carbon-14 in excretory and 
plasma samples;

3. Analysis: quantitative HPLC profiling of metabolites 
and metabolite structure elucidation in excretory and 
plasma samples.

Pre-study activities
Preparation of the dose. The human ADME study 
activities begin long before any dosing is performed.2 
The first endeavor is the preparation of radiolabeled 
drug, which typically takes several months. The identity 
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and site of incorporation of the radionuclide must be 
carefully selected so that the label is not lost as a small 
portion of the drug through metabolism. Thus, carbon-14 
is almost always selected over hydrogen-3 (the latter label 
can be lost though tritium exchange or simple oxidation 
reactions), and the position of the carbon-14 must be 
part of the core structure of the molecule. For drugs 
that are cleaved into two substantial portions, it may be 
necessary to make two labeled materials with carbon-14 
on each portion and conduct two ADME studies so that 
each portion of the drug can be monitored. Precursor 
reagents and chemistries for radiosynthesis are much 
more limited than standard synthesis, thus the synthetic 
route for preparation of the radiolabeled material will 
likely need to be designed anew and cannot merely mirror 
the process route that has already been established for 
making the drug. Furthermore, although not stated as a 
regulatory requirement, many human ADME studies utilize 
radiolabeled drug prepared under (good manufacturing 
practices). This adds considerably to the time needed, 
documentation, and qualification of synthetic reagents, 
and hence cost, and it is a point of debate (beyond the 
scope of this paper) as to whether such stringency is of 
any scientific value for a single-dose study conducted in 
a well-controlled clinical environment. Furthermore, this 
is especially notable when considering doses of <  1  µCi 
used in the accelerator mass spectrometry (AMS)-Enabled 
Human ADME study design described later. Most important 
is establishing the radiopurity and specific activity of the 
material. In most cases, the selection of the total dose 
(radiolabeled drug + unlabeled drug) is typically similar to 
the pharmacologic dose and is based on the clinical safety 
profile of the administered drug. For most ADME studies, 
the radiolabeled material must be diluted with unlabeled 
material to match the correct total dose level to be 
administered with an appropriate amount of radioactivity. 
It is critical to ensure that this combination of labeled 
and unlabeled material is homogeneous, because the 
quantitation will be done using radiometric measurements. 
Mixing radiolabeled material with unlabeled material to the 
desired specific activity needs to be done in a solution step 
during the radiosynthetic process (either at some point in 
the synthesis or as the final crystallization step). Mixing 
solid radiolabeled material with solid unlabeled material 
and dosing as a nonhomogeneous solid or suspension 
can yield aberrant results and can invalidate a study. 
If the material is dosed in a solution, then the issue of 
mixing unlabeled and labeled is solved. Additionally, the 
material must be formulated as necessary, based on the 
pharmaceutical characteristics of the drug.

Conduct of a QWBA study in rodents. In order to dose 
humans with typical 20–100 µCi amounts of carbon-14, a 
tissue distribution study must be conducted in an animal 
species (usually rats) to make estimates of exposure to 
radioactivity in tissues of humans (a.k.a. dosimetry). For 
example, if the drug of interest binds and is retained in a 
specific tissue (e.g., melanin binding for basic drugs in 
ocular microstructures is commonly observed), then the 
amount of radioactivity that may be administered may 

need to be correspondingly decreased. In extreme cases, 
if the tissue residence of radioactivity is extensive and 
prolonged, the amount of radioactivity that can be safely 
dosed to humans may be too small to practically carry 
out the study. Limits on human exposure to radiolabeled 
materials are described and vary with the organ being 
exposed (most are 3 rem).8

Clinical portion
Successful human radiolabeled ADME studies begin with 
meticulous laboratory and clinical practices when carrying 
out the dosing and sample collection. Calculations done 
regarding mass balance, excretion, and the percentage 
that each metabolite comprises of the dose all derive from 
an accurate determination of the dose delivered to each 
study subject. The nominal (i.e., intended) dose is less im-
portant than knowing exactly the amount of radioactivity 
that was actually administered. After dosing, excreta are 
collected as quantitatively as possible, as any missed ex-
creta will compromise assessment of mass balance. Blood 
is also sampled from study subjects using a pharmacoki-
netic sampling scheme that may be more extended than 
typical in anticipation of the possibility of metabolites with 
elimination half-lives longer than the parent drug. Routine 
safety monitoring is also done mostly in a precautionary 
measure because by the time the ADME study is performed 
the safety profile of the single dose level used in the study 
is well-established. To ensure proper and complete collec-
tion of excreta, study subjects need to remain in the clinical 
facility for the duration of the sample collection intervals. 
However, to enable timely subject release, measurements 
of radioactivity in excreta need to be done on an ongoing 
basis to determine when discharge criteria are met (i.e., 
total excretion exceeds a pre-agreed value; e.g., 90–95%) 
or the rate of excretion decreases to be under a pre-agreed 
threshold (e.g., 1% per day). There can be instances in 
which excretion occurs at an extremely slow rate and this 
precludes keeping study subjects in the clinical facility until 
acceptable mass balance is achieved. In such instances, 
subjects can be dismissed from the clinical facility and re-
called at future dates when excreta can be collected over a 
predefined period (i.e., 1 day). Data gathered in this fashion 
can be modeled to estimate the rate of excretion and pro-
jection of mass balance. Mass balance in and of itself is not 
a parameter that offers much toward the understanding of 
the drug and is mostly a value used in making other calcu-
lations (such as amount of each metabolite as % of dose), 
nevertheless it can be disconcerting when a good mass 
balance is not achieved. There are practical limitations to 
the thoroughness that excreta can be collected and an 
analysis of past studies suggests that when > 85% recov-
ery is obtained, the study can be considered successful.9 
Values marginally below that will require scrutinization of 
the dosing and sample collection procedures and devel-
opment of a plausible explanation of why higher balance 
was not achieved. However, a well-executed study with re-
coveries below 85% will raise questions as to whether a 
substantial portion of the dose is sequestered in the body 
and whether there are any safety considerations of such a 
phenomenon.
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Metabolite profiling and identification
Plasma and excreta samples are analyzed using HPLC in 
line with high-resolution mass spectrometry and radio-
metric detection, or the latter is done off-line by collecting 
fractions from the HPLC and analyzing these fractions 
for radioactivity. The radioactivity measurements yield 
the fraction that each metabolite comprises of the total 
drug-related material. Mass spectrometry (MS) offers 
some informative insight regarding the structure of a me-
tabolite, but alone does not unambiguously prove the 
structure in most instances. From the MS data, one can 
determine the type of chemical modification(s) that have 
occurred, and fragmentation data can point to the region 
of the drug molecule that has been modified. Proof of the 
chemical structure requires other information, such as 
comparison of chromatographic and spectral properties 
with a synthesized authentic standard of the metabolite, 
or isolation of the metabolite for analysis by 1D and 2D nu-
clear magnetic resonance spectroscopy. Drug metabolism 
scientists who carry out the metabolite profiling portion of 
the human ADME study will strive to account for as much 
of the drug-related material and identify as many of the 
metabolites as possible, but there are practical limita-
tions. Metabolites present at > 10% of dose in excreta or 
drug-related material in plasma should always have struc-
tures definitively identified. When the metabolite profile is 
highly complex with numerous metabolites (e.g., > 20) at 
low levels, it can be challenging to determine structures for 
much of the drug-related material because there will not be 
enough mass of each metabolite to carry out the needed 
spectral characterization.

TECHNOLOGY ADVANCE: THE “ACCELERATOR MASS 
SPECTROMETRY ENABLED HUMAN ADME STUDY”

AMS is a technique that has been available for decades to 
sensitively measure specific isotopes. In the past, AMS in-
struments were very large, complex, expensive, and were 
only located at large national laboratories where operators 
were highly trained experts. However, over the past de-
cade, instrumentation has been modified to be smaller and 
specialized to measure carbon-14. More facile combustion 
methods to prepare samples for AMS analysis can replace 
tedious sample graphitization to reduce cost and time.10,11 
For use in human ADME studies, AMS can be leveraged 
and its exquisite sensitivity permits the administration of 
much lower quantities of carbon-14. This is because AMS 
measures carbon-14 by MS and not radioactivity. Instead of 
typical doses of 20–100 µCi in a human ADME study, when 
using AMS as the detection and quantitation technique, 
doses of 0.1–1 µCi (3.7–37 kBq) can be used and still yield 
reliable measurements. Although there can be advantages 
of using less radioactivity (lower radioactive exposure to 
study subjects, and reduced cost of waste) the greatest 
advantage offered using AMS is in the design of more in-
formative ADME studies. Additionally, the very low amounts 
of radioactivity used in this study reduces the exposure to 
humans so significantly that it obviates the need for prereq-
uisite QWBA animal studies to estimate dosimetry. Many 
standard oral-dose human carbon-14 ADME studies have 

now been reported, wherein AMS is used as the measure-
ment approach in place of liquid scintillation counting, and it 
can be concluded that AMS as applied to ADME has evolved 
from a niche technology used in special circumstances to a 
mainstay approach. A discussion of the technical aspects of 
AMS analysis are beyond the scope of this paper and the in-
terested reader is referred to other papers on this topic.11–13

The AMS-Enabled Human ADME study consists of a 
two-period, fixed sequence, crossover design (Figure 1). 
Period 1 consists of a standard ADME study protocol. A 
pharmacologically relevant oral dose is administered, albeit 
with material of a much lower carbon-14 content suitable for 
analysis by AMS (0.1–1 µCi instead of 20–100 µCi). Excreta 
are collected with an intent to assess mass balance. Blood 
is collected and plasma harvested to determine the phar-
macokinetics of total carbon-14 and parent drug. These 
matrices are analyzed as above to determine the identities 
and chemical structures of metabolites. However, the HPLC 
eluent is also fractionated and the fractions are analyzed by 
AMS to generate a carbon-14 chromatogram from which 
quantities of each metabolite can be determined. The com-
plexity of the AMS technique, as currently done, precludes 
evaluating the metabolite profile of every individual sample. 
Thus, pools of each matrix are constructed across sampling 
times and across the individual subjects yielding three in-
jections: one plasma, one urine, and one fecal homogenate. 
Thus, although the differences in metabolite profiles among 
individual subjects in the study are no longer captured, 
ADME studies, in general, are not powered to robustly eval-
uate interindividual variability. Instead, variability in exposure 
to and/or excretion of specific metabolites (i.e., pharmaco-
logically active or metabolites exceeding the metabolites 
in safety testing guidance threshold) can be followed up in 
larger numbers of individuals in other clinical studies using 
standard bioanalytical methods, as needed.

The greatest advantage of using AMS in the human 
ADME study is that it enables the addition of a second 
period wherein the same subjects are administered an in-
travenous microdose of carbon-14 labeled material. With 
intravenous administration, the fundamental and important 
pharmacokinetic parameters clearance and volume of dis-
tribution can be calculated. Combining these data with the 
data from period 1 permits estimation of fraction of dose 
absorbed. Importantly, in period 2, the same dose is admin-
istered orally (no carbon-14) and at approximately the time 
of the oral time of maximum plasma concentration (Tmax) 
an intravenous microdose of carbon-14 labeled material is 
administered. This is done because the total amount of ma-
terial in the intravenous dose is very low (in the range of 1 µg 
or less). However, unlike other microdose studies in which 
pharmacokinetic data at the low doses may not scale to 
those measured following higher doses,14 this study design 
is not prone to that problem because there is still the appro-
priate total mass of material in the body from the nonlabeled 
oral dose. Calculation of clearance, volume of distribution, 
and absolute bioavailability requires the measurement of 
the drug in plasma following the intravenous doses by first 
separating it from its metabolites by HPLC and then quanti-
tating it using AMS. For oral bioavailability, the parent drug 
in plasma measured by AMS is used to calculate the AUCIV 
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and the parent drug measured in the same plasma sam-
ples from period 2 by a standard analytical method (e.g., 
HPLC-MS) is used to calculate AUCPO. The ratios of these 
two AUC values, corrected for the differences in intravenous 
and oral doses, is used to calculate the oral bioavailability. 
Although the use of AMS to make estimates of oral bioavail-
ability15 and absorption16 have occurred, examples of the 
use of this approach for a combined study that truly evalu-
ates all four of the letters in the ADME acronym have only 
recently appeared in the literature.17,18

Estimation of the fraction absorbed (Fa) can be made by 
comparing the total carbon-14 excreted in urine following 
the two dose routes using the following ratio3,16,17:

It should be noted that some assumptions and approxi-
mations require acceptance to make this estimate (listed in 

Table 1). In addition, it assumes that overall mass balance is 
the same following each route of administration and, if this is 
not the case, the ratio will need to be corrected for any differ-
ence. If urinary total radioactivity is low, the estimate made in 
this manner may be prone to greater experimental variability. 
Alternately, comparison of unchanged parent drug in feces 
after intravenous and oral administration can be leveraged to 
make an estimate of Fa. When unchanged drug is observed 
in feces following oral administration, it could be due to ei-
ther unabsorbed material or drug that is absorbed but then 
secreted back into the gut via bile or intestinal secretion. 
Unchanged drug in feces following intravenous administra-
tion can help demonstrate whether biliary clearance and/or 
intestinal secretion mechanisms contribute to the observa-
tion of drug in feces following oral administration. For any of 
these methods estimating Fa, there are assumptions needed 
regarding specific phenomena that could undermine the es-
timate, such as the presence of enterohepatic recirculation, 
presystemic metabolism in gut lumen, and others. However, 

Fa=
% of carbon-14 dose in urine (oral dose)

% of carbon-14 dose in urine (intravenous dose)

Figure 1 Study Design of the accelerator mass spectrometry (AMS)-Enabled Human absorption, distribution, metabolism, and 
excretion (ADME) study. This is an open-label fixed sequence crossover study in which subjects receive a single oral administration 
of a clinically relevant dose level of a drug with a total amount of carbon-14 of 0.2–1 µCi in period 1. Blood samples are collected 
to obtain the pharmacokinetics of unchanged drug and total carbon-14. Excreta samples are collected daily and total carbon-14 is 
measured to determine mass balance. After a suitable washout period, the second period is conducted with the same subjects. An 
oral dose of unlabeled drug is administered at the same dose level as in period 1 but with no carbon-14. This is followed by intravenous 
administration of labeled drug at time of maximum plasma concentration using the same amount of carbon-14 as was given orally in 
period 1. Blood and excreta samples are collected and analyzed similarly to period 1.
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if both estimates are made and offer agreement, then there 
may be greater confidence in the estimate of Fa. Thus, using 
this design, the AMS-Enabled Human ADME study offers a 
comprehensive picture of the overall pharmacokinetics and 
disposition of the drug. It should be noted that the oral dos-
age form used in ADME studies is frequently a solution or 
suspension. Thus, the estimates for Fa made using this ap-
proach may be different from the absorption of the drug in its 
final product form (e.g., tablets with various excipients) for 
which dissolution characteristics can be different.

CONSTRUCTION OF THE MASS BALANCE MODEL

The data from the human ADME study, when combined with in 
vitro metabolism and transport data, can be used to develop 
a total mass balance model of drug disposition (Figure 2). 
The elements of this model begin with an estimate of the 
fraction of the oral dose that is absorbed. First-pass hepatic 
extraction is estimated from the hepatic clearance as com-
pared with hepatic blood flow, whereas the difference among 
the absorption, oral bioavailability, and hepatic extraction is 

Table 1 Assumptions and considerations required when using the ratio of urinary excreted carbon-14 after oral and intravenous administration 
to estimate fraction absorbed

Assumption Reason

No metabolism in GI lumen with the metabolites absorbed and renally 
cleared.

This could yield an overestimate of Fa because metabolites generated in 
the lumen would be included as absorbed drug.

No first pass intestinal enterocyte metabolism of drug with instantaneous 
secretion of metabolites into the lumen.

This could yield an underestimate of Fa because some of the parent drug 
that was absorbed orally into enterocytes was metabolized and the 

metabolite secreted. (Thus, the estimate of Fa is truly an estimate of the 
composite Fa · Fg).

No first pass intestinal enterocyte metabolism of drug coupled with first 
pass biliary secretion of these metabolites that are ultimately excreted in 
feces (and not reversibly converted back into parent drug in the lumen).

This could yield an underestimate of Fa because some of the parent drug 
that was absorbed orally into enterocytes was metabolized and the 

metabolite was extracted by the liver and secreted in bile before reaching 
the kidney.

There is enough excretion of drug-related material in the urine that 
reliable and accurate measurements of total urinary carbon-14 can be 
obtained.

If 14C is very low in urine, variability could be greater and Fa estimates will 
be less precise.

Fa, fraction absorbed; GI, gastrointestinal.

Figure 2 Mass balance model of total drug disposition. From the accelerator mass spectrometry (AMS)-Enabled Human absorption, 
distribution, metabolism, and excretion (ADME) study, a picture of the total disposition of the drug can be constructed. This is coupled 
with in vitro metabolism and transport data, along with other clinical pharmacology studies that quantitatively describe specific 
clearance routes (e.g., drug interaction studies with specific probe inhibitors).
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attributed to intestinal first-pass extraction (which itself is not 
directly measurable). Using in vitro drug metabolism data 
(as well as hepatic uptake transport data when necessary) 
contributions to first-pass extraction and systemic hepatic 
clearance can be attributed to individual enzymes. Finally, 
the amount of the dose as unchanged drug in urine and feces 
following intravenous administration can be used to estimate 
renal clearance and biliary clearance. However, for the lat-
ter, it cannot be truly discerned whether the drug is cleared 
through the bile or by active transport secretion by the in-
testine. Direct measurement of biliary clearance in humans 
would require the quantitative collection of bile and measure-
ment of drug and this cannot be readily done in humans. It 
has been reported that sampling of human bile during an 
ADME study can be done using the Enterotest device,19 how-
ever, this will only offer a “snapshot” of drug-related material 
in human bile and does not represent a quantitative collec-
tion of bile. There may also be cases in which parent drug 
is glucuronidated, metabolites are secreted into the bile and 
hydrolyzed back to parent drug in the gastrointestinal tract. 
Substantial extrahepatic metabolism, if not accounted for, 
will confound construction of a mass balance model.

Once constructed, the mass balance model can be 
leveraged in developing full physiologically-based phar-
macokinetic models of the drug, which, in turn, can inform 
a clinical pharmacology study strategy with a quantita-
tive description of overall drug disposition.20 Appropriate 
clinical pharmacology studies can be planned to evaluate 
the effect of other drugs on the pharmacokinetics of the 
drug of interest, impact of genetic polymorphisms of drug 
metabolizing enzymes and transporters, changes in drug 
disposition under various disease states (e.g., hepatic 
impairment, renal impairment, etc.), effects of age, and 
possibly others. Overall, the mass balance model is es-
sential in “telling the complete story” of what happens to 
the drug in the human body. This knowledge enhances the 
drug development process and ultimately the safe use of 
the drug in the clinic.

CONCLUSIONS

Among clinical pharmacology studies, the human ADME 
study offers the most complete picture of how a new drug 
is handled by the human body. Using carbon-14 labeled 
drug, all of the drug-related material can be quantita-
tively monitored. AMS offers an exciting new tool that 
has opened the possibility of more comprehensive ADME 
evaluations because it facilitates the use of intravenous 
microdosing of carbon-14 labeled drugs. Pharmacokinetic 
parameters that are unobtainable if only oral administra-
tion is done are now readily obtained in the same study. 
With a complete and quantitative understanding of the me-
tabolite profile a total mass balance model of a new drug 
can be constructed.
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