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Abstract
Purpose: Competitive radiolabeled antibody imaging can determine the unlabeled intact
antibody dose that fully blocks target binding but may be confounded by heterogeneous tumor
penetration. We evaluated the hypothesis that smaller radiolabeled constructs can be used to
more accurately evaluate tumor expressed receptors.
Procedures: The Krogh cylinder distributed model, including bivalent binding and variable
intervessel distances, simulated distribution of smaller constructs in the presence of increasing
doses of labeled antibody forms.
Results: Smaller constructs G25 kDa accessed binding sites more uniformly at large distances
from blood vessels compared with larger constructs and intact antibody. These observations
were consistent for different affinity and internalization characteristics of constructs. As
predicted, a higher dose of unlabeled intact antibody was required to block binding to these
distant receptor sites.
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Conclusions: Small radiolabeled constructs provide more accurate information on total receptor
expression in tumors and reveal the need for higher antibody doses for target receptor blockade.
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Mathematical model, Tumor antigen

Introduction
Optimal dosing ofmonoclonal antibodies should allow sufficient
exposure for uniformpenetration of tumors, so that no tumor cells
can escape therapy simply due to inhomogeneity of tumor
penetration. Receptor occupancy should be sufficient, both in
number and duration, for tumor cell kill [1].

In vivo imaging is a technique that can be used to non-
invasively evaluate receptor occupancy in all lesions at once.
In a traditional competition experiment (Fig. 1) [2],
competition between labeled antibody and increasing mass
dose of unlabeled antibody in successive cohorts of patients
is used to infer the dosage required for receptor saturation.
However, if the labeled and unlabeled antibodies do not
penetrate uniformly, competition may occur only at acces-
sible sites, while other relevant sites with living tumor cells
may be inaccessible and thus not interrogated (Fig. 2) [2]. In
an attempt to circumvent this issue, the Benhanced compe-
tition experiment (ECEX),^ has been proposed, in which the
labeled moiety is smaller and more diffusible, such that it
can penetrate tumors more deeply and homogeneously

(Fig. 3) [2]. The hypothesis is that a higher dose of
unlabeled antibody may be required to penetrate deeply into
tumors and fully displace a diffusible labeled smaller
construct from less accessible sites [2]. We refer to this
hypothesized phenomenon as the enhanced competition
effect (ECE).

Here, a series of simulation studies were performed to
explore traditional and enhanced competition from a
theoretical standpoint and to answer the following questions:
(1) Can the ECEX be simulated mathematically? (2) Is an
increased dose of antibody required to achieve saturation in
the ECEX, according to the ECE hypothesis? (3) What is the
effect of tumor variables on the result (intervessel distance,
receptor number, internalization kinetics, etc.)? (4) What are
the properties of a small construct that would be needed to
perform such an experiment (size, affinity, etc.)? and (5) Can
this experiment be performed using current technology?.

The simulations utilized parameters derived from the
literature [3–10] and the Krogh cylinder model [11–13],
modified to take bivalent binding of constructs into
account, and to consider a realistic distribution of variable
intervessel distances [14]. Differential equations describing
the transport and kinetics of both unlabeled and competing
labeled construct were solved simultaneously. The

Fig. 1 The traditional competition experiment by imaging. C
capillary, T tumor. The target antigen is represented by blue
arrows. Labeled and unlabeled monoclonal antibodies are
represented by red and green antibody shapes, respectively.
a The first step is baseline imaging of radiolabeled monoclo-
nal antibody. b After the radioactivity in the labeled dose has
decayed, imaging of the radiolabeled antibody is repeated in
the presence of unlabeled monoclonal antibody given
concurrently in increasing mass doses to successive cohorts
of patients. This blocks an increasing number of target
antigen sites depending on the dose. From the mathematical
form of the blockage as a function of dose, the dose that
would give complete blockage is inferred.

Fig. 2 The traditional competition experiment by imaging,
potentially addressing only the most accessible sites in the
tumor. C capillary, T tumor. The target antigen is represented
by blue arrows. Labeled and unlabeled monoclonal antibod-
ies are represented by red and green antibody shapes,
respectively. The experiment may offer no information about
doses needed to bind antigen deep within the tumor where
neither the labeled or unlabeled antibody penetrate, and
therefore there is no competition occurring. See legend to
Fig. 1 for further explanation of (a) and (b).
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concentrations of free, bound and internalized compounds
were solved as a function of time and distance from the
capillary wall. Three-dimensional surface plots were
generated to display compound penetration into the tumor
interstitial tissue over time.

Materials and Methods

Parameters Used for the Simulation

Four different parameter sets (antibody dissociation constant
(KD), antigen number/cell (Bmax no./cell), and internaliza-
tion half-life) representing antigen and antibody pairs were
used for the mathematical simulations (Table 1). The
parameter ranges are in accord with those reported in the
literature as described below.

Antibody Dissociation Constant

Thurber and Wittrup [3] reported the value as 10−12–10−6 M
(1–10 nM, in general for IgGs). Thus, KD was varied from
0.1 to 10 nM (monovalent affinity).

Antigen Number/Cell

There are several reports on EGFR (the target for cetuximab)
[4] and CD20 (the target for rituximab, ofatumumab, and
obinutuzumab) [5, 6] expression number in cell lines and
human samples. The expression number is variable but
typically ranges between 104 and 105 copies/cell.

Internalization Half-Life

HER2 (the target for trastuzumab) internalization rate (ke) is
reported from 1.6 × 10−3 to 1.6 × 10−4 s−1, corresponding to
ca. 7 to 70 min as internalization half-lives [7, 8]. The
internalization half-life of CD20 measured by rituximab,
ofatumumab, and obinutuzumab is reported between 30 and
7 h [9]. In a study in which internalization of 64Cu-DOTA-
cetuximab was evaluated in EGFR-positive cell lines,
internalization was linear for the first 15–30 min but began
to plateau after approximately 1 h [10]. These results suggest
internalization half-lives of clinically applicable antibodies
are on the order of minutes to hours. Thus, a broad range
from 5 min to 13 h was selected for the internalization half-
life in this simulation study.

Distributed Krogh Cylinder Simulations

Numerical simulations were carried out for both traditional
and enhanced competition using Krogh cylinder geometry
[11] (Fig. 4).

The published Krogh cylinder model [11–13] was
modified to incorporate bivalent binding into the equations
using the effective concentration of the second binding site
to determine the increase in avidity for bivalent compounds.
The differential equations, boundary conditions, and initial
conditions used in the simulations are defined in the
Electronic Supplemental Materials.

Blood pharmacokinetic parameters for each compound
are given in Table 2 and are derived from literature

Fig. 3 The enhanced competition experiment. C capillary,
T tumor. The target antigen is represented by blue
arrows. Labeled small construct (SC) is represented by
red angles. Unlabeled full-length monoclonal antibodies
are represented by the green antibody shapes. a The first
step is baseline imaging or radiolabeled SC. Compared
with the radiolabeled, full-length monoclonal antibody in
Fig. 2a, the labeled SC penetrates the tumor more
thoroughly, including the target antigens deep within the
tumor. b After the radiolabeled SC has been washed out
from the tumor (more rapidly than with full-length mono-
clonal antibody), imaging of the radiolabeled SC is
repeated in the presence of unlabeled monoclonal anti-
body given concurrently in increasing mass doses to
successive cohorts of patients. This blocks an increasing
number of target antigen sites depending on the dose.
Compared with Fig. 2b, we see that binding of the SC
deep within the tumor has revealed that the cold full-
length monoclonal antibody did not block these less
accessible sites, and higher dosages of full-length mono-
clonal antibody may potentially be required to block all
the sites. From the mathematical form of the blockage as
a function of dose, the dose that would give complete
blockage is inferred.

Table 1. Parameters used in mathematical simulations

KD (nM) Bmax no./cell Internalization half-life

Ab1 0.1 18,000 5 min
Ab2 10 36,000 45 min
Ab3 1 60,000 75 min
Ab4 3 150,000 13 h

Ab1–Ab4 are virtual antibodies created using parameters from the literature
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experimental concentration data in %ID/ml units following a
bolus intravenous administration of the compound in mice.
Data points were fit to a bi-exponential model where A is the
fraction of alpha phase clearance, t1/2, alpha is the alpha phase
half-life and t1/2, beta is the beta phase half-life [15–28].

The beta phase half-life for the affibody is notably longer
than the other smaller molecular weight scaffolds and
appears to be due to a small amount of material that remains
in the blood for an extended period of time [17, 18].

To simulate tumors with a distribution of vessel distances,
the results from Krogh cylinder model simulations were
weighted with the following weighting factors (R = 50 μm,
0.05; R = 100 μm, 0.2; R = 150 μm, 0.7; and R = 300 μm, 0.05)
informed from Lauk et al. [14]. For sub-saturating antibody
doses, the penetration distance is smaller than the Krogh
cylinder radius and the antibody does not interact with the outer
Krogh cylinder boundary. However, as saturation is
approached, the antibody reaches the Krogh cylinder boundary
and this is conceptually when the vessel distance terms start to
interact. It is important to include varying radii to most
accurately represent the in vivo scenario especially when
considering doses that span sub-saturating to saturating levels.
All simulations reported herein assumed simultaneous injec-
tion of labeled and unlabeled constructs.

Results
Traditional competition simulations showed that unlabeled
antibody competes with radiolabeled antibody only for
binding sites close to the capillary wall (Fig. 5a, arrows)

under conditions of sub-saturation. In an analogous simula-
tion with all parameters equal except for the radiolabeled
construct molecular weight (and parameters impacted by
molecular weight), a 2-kDa peptide shows significantly
increased penetration away from the capillary compared
with the unlabeled antibody (Fig. 5b, arrows). These results
demonstrate that the ECEX can be mathematically simu-
lated. Plots showing the separate free, monovalently bound,
bivalently bound, and internalized compound species for the
results presented in Fig. 5 are shown in Supplementary
Fig. S1.

Mathematical simulations of ECEXs were performed for
multiple Bsmall constructs^ including 80 kDa minibody,
50 kDa diabody, 25 kDa scFv, 7 kDa affibody, and 2 kDa
peptide constructs to investigate the effect of molecular
weight on tumor penetration and ECE (Supplementary
Fig. S2). These simulations suggest that a molecular weight
of 25 kDa or below is required for sufficient tumor
penetration for enhanced competition.

In an attempt to (1) observe the effect of an increased
dose of unlabeled antibody on imaging signal at one time
point and (2) compare different molecular weight constructs,
the optimal imaging time for each construct was defined as
the time at which the tumor signal minus the blood signal
was maximal. Using this optimal imaging time point for
each construct, a single plot with the traditional dose
escalation experiment and ECEXs with the different sized
constructs was constructed (Fig. 6, Ab1 and Ab3; Supple-
mentary Fig. S3, Ab2 and Ab4). An increased dose of
antibody is required to achieve saturation in the ECEX for
the affibody and 2 kDa peptide for Ab1, Ab2, Ab3, and
Ab4, documenting the ECE for these four different virtual
antibodies. Results shown are with a 1-μg (0.04 mg/kg) dose
of radiolabeled construct. Similar results were observed for
10 μg (0.4 mg/kg) and 100 μg (4 mg/kg) (data not shown).
The magnitude of the ECE is defined as the ratio of the
unlabeled antibody dose required for 99 % saturation by the
ECEX and the unlabeled antibody dose required for 99 %
saturation by traditional competition. The ECE magnitude
may be compared for the four different virtual antibodies by
comparing the saturation points for the labeled antibody
versus labeled peptide in Fig. 6b, d and Supplementary
Fig. S3 (arrows) and ranges between approximately 2- and
10-fold for the antibody parameters studied here. In other
words, the use of a traditional competition experiment could
indicate saturation at a dose 2- to 10-fold lower than actually
required for saturation as identified by ECEX. The ECE
magnitude is determined by an interaction of multiple
variables, with an overall trend towards a larger ECE in
the presence of higher antigen density, high binding affinity,
and more rapid internalization rates. Simulations were
performed for Ab4 varying each of these parameters
individually to validate these trends (data not shown).

While the antibody exhibited the largest magnitude tumor
%ID/g, the 2-kDa peptide exhibited lower background and a
higher tumor to background ratio, with background defined

Fig. 4 Schematic of Krogh cylinder geometry with cylindrical
tumor capillaries surrounded by cylindrical tumor interstitial
tissue. The Krogh radius R is the capillary to capillary half-
distance.

Table 2. Molecular weight and blood pharmacokinetic parameters for each
construct

Parameter Antibody Minibody Diabody scFv Affibody Peptide

MW (kDa) 150 80 50 25 7 2
A 0.47 0.4 0.94 0.8 0.998 0.998
t1/2, alpha (h) 7.3 0.657 0.37 0.05 0.244 0.138
t1/2, beta (h) 271 5.23 7.1 3 23.1 5
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as %ID/g present in an antigen-negative tumor (Fig. 6b, d;
Supplementary Figs. S3b and S3d). A higher affinity peptide
may improve the tumor %ID/g magnitude, especially for
lower antigen density levels.

Discussion
A variety of biophysical properties of tumors and antibodies
work against homogeneous penetration [1]. Tumors have
elevated interstitial pressure which collapses lymphatic
vessels and results in transport mediated by diffusion only.
This is secondary to disorganized, tortuous blood vessels
with high permeability, including leakiness for proteins, as
well as compromised lymphatic drainage. These factors lead
to high oncotic pressure, drawing in more fluid and raising
the interstitial pressure. Interstitial pressure is higher for

larger tumors [29], meaning that small tumors in preclinical
murine models may not fully reflect the effect of high
interstitial pressure observed in the clinic.

Based on the high interstitial pressure, antibody transport
is mediated by diffusion only with little to no convective
transport. In addition, the tumor extracellular matrix has high
content of extracellular matrix proteins such as collagen,
which slows diffusion [1]. To fully penetrate, the antibody
molecules must diffuse halfway to the nearest blood vessel.
While this is likely possible for the Baverage^ intervessel
distance, intervessel distances in tumors are highly variable
within individual tumors [14]. The time to diffuse varies as
the square of the distance: diffusing twice as far takes four
times as long.

Antibodies diffuse more slowly than small molecule
drugs and nutrients because they have a larger molecular

Fig. 5 Nanomolar concentration of labeled construct, unlabeled antibody, and merged plot (from left to right, respectively) for
simulated a traditional competition experiment and b enhanced competition experiment. Concentration plotted as a function of
time and distance from the capillary wall (0 = adjacent to capillary). Labeled 10-μg Ab3 (ared) or labeled 1-μg 2 kDa peptide
(bred) co-injected with unlabeled 10-μg Ab3 (blue) in a mouse. The human dose would be approximately 3000-fold higher.
Vascularity parameter R = 300 μm. Concentration at a distance from the capillary wall is higher for the labeled small construct,
as expected (compare arrows in (a) and (b).
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radius [1]. In addition, they carry surface charges and
migration can be slowed by non-specific electrostatic
interactions with charged elements of the stroma. Moreover,
binding to their target as well as internalization can restrict
their progress into the tumor. This phenomenon has been
termed the Bbinding site barrier^ [30]. Mathematical model-
ing indicates that antibodies should bind tightly enough to
allow cell kill but no tighter, as excessively tight binding
may compromise their mobility and penetration [1, 31].
Even in small murine tumors, inhomogeneous penetration
has been experimentally demonstrated, and it appears to be a
particular concern when affinity for the target is high [32].

At very long distances from blood vessels, small
molecule nutrients and oxygen may not diffuse to the
location either, and these zones will be necrotic. But in
between the limit of therapy diffusion and the more distant
limit of small molecule and oxygen diffusion, there may be
zones containing living tumor cells that escape therapy.

Limited penetration of tumors may be modulated to a degree
by co-administration of peptides such as IRGD, a strategy
which may be of importance for antibody-drug conjugates
which must be delivered at low dose due to inherent toxicity;
however, penetration of tumors at low antibody dosage is
still quite limited, even in murine tumors with co-
administration of IRGD [33].

Penetration and receptor occupancy are functions of mass
dose, and this implies a need to optimize dosing for antibody
drugs [2]. While methods exist for determining optimal dose
for antibody therapy, each has limitations. Given inhomo-
geneous penetration, it cannot be assumed that pharmacoki-
netic blood levels reflect concentrations within tumors, or
even that the tumor itself is Bwell mixed,^ with a single
uniform concentration. Antibodies are highly specific and
often relatively well tolerated, such that it is not possible to
define a Bmaximum tolerated dose.^ Pharmacodynamic
studies of post-therapy tumor tissues may perhaps allow

Fig. 6 Normalized (a, c) and non-normalized (b, d) tumor %ID/g for radiolabeled construct and increasing unlabeled antibody
(a, b Ab1; c, d Ab3) dose for simulated enhanced competition experiment. Normalization is to the value in the absence of
competing unlabeled antibody. Distribution of intervessel distances is as informed from (14), 1 μg 111In-labeled construct for a
25-g mouse, equivalent to 2.8 mg for an average 70 kg human. The ECE is manifest for the peptide, which requires a higher
unlabeled antibody dose to be fully displaced compared with the dose of unlabeled antibody required to displace labeled
antibody (arrows in (b) and (d)). Dotted lines indicate uptake in an antigen negative tumor with equivalent intervessel distance
distribution.
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dose optimization. However, it is difficult to obtain post-
therapy tissues in clinical practice. Moreover, the degree of
pharmacodynamic effect corresponding to maximal efficacy
is often unknown. Finally, pharmacodynamic assays of
tumor tissue will be subject to sampling error in the face
of spatial inhomogeneity.

Here, we simulate an enhanced competition experiment, a
competition assay in which a labeled small moiety is used to
assess receptor occupancy of a larger full-length antibody.
The data from these simulations support the hypothesized
ECE. While the advantages of low molecular weight
constructs (e.g., peptides, affibodies, and other scaffolds
G25 kDa) in penetrating into solid tumors was previously
known, the current simulations detail the consequences of
this fact in the context of a competitive binding experiment
for dose determination. Importantly, a higher dose of
unlabeled intact antibody was required to block small
construct binding to target receptors, which suggests that
the ECEX approach may provide a more accurate assess-
ment of the dose required for complete receptor coverage at
all locations within the tumor. The implication is that current
antibody dose determination paradigms could lead to
incomplete target binding and therefore tumor escape at less
accessible intratumoral locations. The ECE is seen at sites
where the intervessel distance exceeds the median distance
traveled by the unlabeled antibody.

The dose of naked antibody required to optimally treat
solid tumors is complex and dependent on a range of factors
including receptor expression levels, antibody mechanism,
and toxicity from antibody treatment [34]. In the absence of
dose-limiting toxicity (which is often the case for naked
antibodies, as compared with antibody-drug conjugates), the
optimal dose for therapeutic effect may be closely linked to
the receptor saturating dose. Thus, identification of this dose
level is critically important for clinical development [1, 2].

Molecular imaging of antibody uptake in tumors has
emerged as a key strategy in defining receptor occupancy in
tumors and has been applied in multiple clinical trials [34].
However, imaging of an intact antibody can take over a
week for optimal visualization of tumor uptake. ECEX has
been proposed as a strategy for quickly identifying receptor
occupancy in tumor and for identifying a dose which can
penetrate to less accessible sites [2]. The data from this study
shows the potential and challenges of this approach.

The penetrance of intact antibody into the center of tumors is
restricted by factors including vascularity and blood flow, distance
between vessels, interstitial pressure, and necrosis [29–32]. The
ECEX approach shows the advantage of using low molecular
weight constructs that have the potential for deeper penetrance into
tumor.Byusingintactantibodyforcompetitionwithlowmolecular
weight constructs, the areas of tumor which cannot be reached by
intactantibody,canbeidentified.Thishasimplicationsforeffective
therapy of tumors with intact antibodies and may identify tumors
where escape from therapy due to incomplete biodistributionmay
occur. For areas of tumorswith greater than themedian intervessel
distance, theremay be points within the diffusion range of oxygen

and small molecule nutrients but not within the diffusion range of
full-length monoclonal antibodies given at conventional dosages.
Higherdosagesmayinsomeinstancesberequiredtoestablishsteep
concentration gradients to enable diffusionof full-lengthmonoclo-
nal antibodies beyond their usual range.

The parameters used for these simulations were based on
published literature of antibody: receptor binding interac-
tions that are typically observed for antibodies that have
shown efficacy in the clinic (e.g., trastuzumab and
cetuximab). Interestingly, a high receptor number on tumor
cells, rapid internalization and high binding affinity all
contributed to the ECE effect, which is consistent with the
known higher and more heterogeneous uptake in tumor of
antibodies that have these characteristics [2].

The implementation of an ECEX approach for clinical
trials will face challenges, despite the advantages demon-
strated in this simulation study. The small construct must be
shown to bind to the same epitope as the antibody so that
they can mutually displace each other. In these simulations,
we assumed the small construct to have the same affinity as
the full-length antibody. It may be challenging to engineer
smaller constructs with low nanomolar affinities due to
conformational requirements. A relatively large mass dose of
unlabeled antibody (on the order of 1–10 g in the clinic, see
Fig. 6; Supplementary Fig. S3) will be required to saturate
binding sites in the tumor based on these results. This could
pose challenges in terms of both cost and protein load. In
addition, although relatively high tumor to background ratios
will be achievable with low molecular weight constructs
in vivo, the difference in tumor uptake between construct
alone, uptake with a sub-saturating dose of intact antibody,
and uptake following blocking with a saturating dose of
intact antibody may be challenging to detect in smaller
tumors as the projected tumor %ID/g is lower with small
constructs compared with intact antibodies (Fig. 6b, d). The
benefit of the ECEX requires that we be able to see residual
signal present when a dose of unlabeled intact antibody is
given that would have appeared to be saturating in a
traditional competition experiment but is actually sub-
saturating in the ECEX. Radiolabeling with PET tracers (as
opposed to SPECT) would provide improved lesion detec-
tion and quantitation for this approach in clinical studies [34,
35]. A paired-agent imaging approach [36], with co-
administration of non-specific and specific labeled con-
structs, with dual-isotope SPECT or sequential imaging PET
could be used to improve assessment of receptor occupancy
with ECEX. Contrast-enhanced CT or MR could be
considered to estimate lesion vascular density to support
assessment of receptor occupancy with ECEX.

In addition to mass dose, penetration and receptor
occupancy are functions of time post-administration. One
consideration that was not explored here is a delay between
cold antibody and radiolabeled imaging agent administra-
tion. Because smaller constructs exhibit faster tissue pene-
tration and have faster clearance, co-administration with
unlabeled antibody may result in higher tumor signal than
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would be measured if there was a time delay to allow for
more antibody penetration into the tumor.

The results presented here have limitations and caveats of a
theoretical study. In particular, the isolated Krogh cylinder
representation of the tumor does not capture diffusion of
molecules from areas of high vascular density (e.g., small Krogh
cylinder radii) to areas of lowvascular density (largeKrogh radii).
The simulated results are consistent with published literature on
the in vivo properties of low molecular weight constructs and
penetrance into solid tumors [15]. The simulation utilizes the
Krogh cylinder model [11], and the application to ECEX follows
similar principles to those employed in evaluating the impact of
antibody construct size on tumor uptake [15]. Further assessment
of the validity of this approachwill be best addressedwith in vivo
experimentation and ultimately in human trials.

Conclusions
Regarding the questions posed in the BIntroduction,^ this
simulation study has demonstrated that (1) The ECEX can
be simulated mathematically. (2) Radiolabeled low molecu-
lar weight constructs, due to their more optimal tumor
penetration, reveal the need for higher doses of intact
antibody for complete receptor occupancy. Incomplete
receptor occupancy at less accessible sites may lead to
tumor escape from therapy. (3) Increased receptor density,
fast internalization, and high binding affinity contribute to a
larger ECE effect. (4) Low molecular weight constructs
(G25 kDa), that have the potential for deeper penetrance into
tumor, are most optimal for ECEX. (5) The difference in
imaging signal between sub-saturating and saturating anti-
body doses in the presence of labeled small constructs is
small and may be challenging to detect in vivo using current
clinical imaging technology. These results will inform the
design of future in vivo studies aimed at determining the
optimal dose of antibody for oncology therapeutic trials.
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