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Abstract
Purpose—Radioimmunotherapy (RIT) using 131I-3F8 injected into cerebrospinal fluid (CSF)
was a safe modality for the treatment of leptomeningeal metastases (JCO, 25:5465, 2007). A
single-compartment pharmacokinetic model described previously (JNM 50:1324, 2009) showed
good fitting to the CSF radioactivity data obtained from patients. We now describe a two-
compartment model to account for the ventricular reservoir of 131I-3F8 and to identify limiting
factors that may impact therapeutic ratio.

Methods—Each parameter was examined for its effects on (1) the area under the radioactivity
concentration curve of the bound antibody (AUC[CIAR]), (2) that of the unbound antibody
AUC[CIA], and (3) their therapeutic ratio (AUC [CIAR]/AUC[CIA]).

Results—Data fitting showed that CSF kBq/ml data fitted well using the two-compartment
model (R=0.95±0.03). Correlations were substantially better when compared to the one-
compartment model (R=0.92±0.11 versus 0.77±0.21, p=0.005). In addition, we made the
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following new predictions: (1) Increasing immunoreactivity of 131I-3F8 from 10% to 90%
increased both (AUC[CIAR]) and therapeutic ratio ([AUC[CIAR]/AUC[CIA]] by 7.4 fold, (2) When
extrapolated to the clinical setting, the model predicted that if 131I-3F8 could be split into 4 doses
of 1.4 mg each and given at ≥24 hours apart, an antibody affinity of KD of 4 × 10−9 at 50%
immunoreactivity were adequate in order to deliver ≥100 Gy to tumor cells while keeping normal
CSF exposure to <10 Gy.

Conclusions—This model predicted that immunoreactivity, affinity and optimal scheduling of
antibody injections were crucial in improving therapeutic index.
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Introduction
Leptomeningeal metastases cause serious neurological complications in the central nervous
system (CNS) and contribute to life-threatening neurological disability [1–3]. It is diagnosed
in 4% to 15% of patients with solid tumors and over 70% of patients with widely
disseminated and progressive systemic cancer [3]. These figures probably underestimate the
prevalence in the cancer population because leptomeningeal metastases are often
microscopic and focal easily missed in autopsy studies [4, 5]. Furthermore, the incidence is
expected to increase as cancer patients live longer and diagnostic tools are made more
sensitive [1, 2]. With limited treatment options, the median survival for patients with
leptomeningeal metastases is still unacceptable, ranging between 4 to 14 months [6–8].

Neuroblastoma (NB) is the most common extracranial solid tumor in children, and accounts
for 6.7% of childhood cancer. The CNS serves as a sanctuary for NB tumor cells and can be
the sole site of disease recurrence [6]. As expected with improved patient survival, the
incidence of leptomeningeal and parenchymal metastases among NB patients has increased
in the past decade. Radioimmunotherapy (RIT) through cerebral spinal fluid (CSF) has been
applied successfully to cancer metastases to the brain and leptomeninges [9, 10].
Monoclonal antibodies (MoAbs) 3F8 and 8H9, targeting tumor-associated antigens (GD2
and B7H3, respectively), have been labeled with 131I and administered into CSF through
Ommaya reservoirs in patients with CNS NB and other metastatic tumors [11]. Phase I/II
clinical trials of RIT with intra-Ommaya (IO) 131I-3F8 and 131I-8H9 were well tolerated and
have been successfully incorporated into a treatment plan with a favorable outcome among
NB patients with CNS relapse [12]. Since the physiology of the CSF space and the
physicochemical properties of MoAbs are well understood, pharmacokinetic modeling of the
RIT applied to CSF could facilitate optimization this treatment modality to improve
therapeutic efficacy.

Several pharmacokinetic models, mostly for intravenous antibodies, have been developed in
humans and animals [13–15]. The CSF compartment differs substantially from the blood/
plasma compartments in several aspects: (1) CSF does not re-circulate (unidirectional flow),
(2) drug concentrations are higher when delivered into the small volume (140 ml of CSF in
contrast to 5000 ml of blood), (3) in contrast to blood, CSF has few to none circulating cells,
and protein levels (e.g. IgG) are nearly a thousand-fold lower, (4) because of the blood brain
barrier, neutralizing antibodies cannot penetrate the CSF.

We recently described a simple one-compartment model to explore parameters that could
improve RIT [16]. This model represented the entire CSF space as one compartment, where
CSF was rapidly produced and unidirectionally drained out. Antibodies were assumed to be
evenly distributed and exit with the CSF as the latter was reabsorbed. Of note was the
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discrepancy between actual patient CSF sampling data and model predictions of early post-
injection time points. The high initial antibody concentration was likely a result of its
confinement within the lateral ventricles immediately following injection into the Ommaya
reservoir. Thus, the lateral ventricles serve as reservoirs causing an initial delay in its
distribution to the subarachnoid space. Since the ventricles constitute only 21% of the total
CSF volume, the radioactivity in the ventricles will be slightly higher initially than the
radioactivity in the subarachnoid space [17, 18].

In addition to limitations of data fitting, several critical factors implicated in RIT efficacy
(e.g. immunoreactivity, tumor distribution, and antibody specificity) were not initially
explored [16]. For patients to be eligible for RIT delivered through the CSF, flow study has
to be near normal without obstruction to CSF flow. When the initial one-compartment was
built, it was assumed that tumor cells in this patient population were located primarily in the
subarachnoid space and nearly absent in the ventricles. However, the impact of even a small
percent of tumor cells in the ventricles was not formally tested. This could invalidate many
of the derived predictions.

While in the brain ventricles, antibodies have low penetration into the brain and are
impermeable to the blood-brain barrier [19, 20]. Hence, antibody elimination from the CNS
is assumed to be primarily dependent on the rapid production and the net flow of CSF from
the ventricles to the subarachnoid space. In the subarachnoid space, besides binding to tumor
cells, antibodies are removed from the entire CSF system by the reabsorption of CSF into
dural sinus [21]. In light of these considerations, we constructed a two-compartment
pharmacokinetics model to study antibody clearance, accounting for the ventricular reservoir
and tumor distribution. We verified this new model with an expanded cohort of data from 39
IO-RIT injections administered to 25 patients. We reexamined the two critical therapeutic
end-points, namely the radioactivity concentration curve of the bound antibody
(AUC[CIAR]) and the therapeutic ratio of bound versus free antibody (i.e., AUC[CIAR]/
AUC[CIA]). We used the two-compartment model to examine additional treatment variables
not considered in the model previously described [16].

Methods
In this two-compartment model, antibodies are first introduced into the ventricular
compartment, migrating from ventricles to subarachnoid space as part of CSF bulk flow, and
exiting the ventricles into the subarachnoid space. Our model utilizes the antibody kinetics
we previously proposed [16], which assumed that the antibodies bind to the receptors on
tumor cells lining the surface of the compartment. Assuming even distribution of tumor in
the CSF space, antibody binding was divided accordingly based on the CSF volume.
Nonspecific binding was assumed to occur in both compartments. The total antibody
concentration was divided into immunoreactive and immunononreactive parts. For 3F8
labeled with 131I, ~50% of the antibodies retained immunoreactivity after isotope labeling
[22]. Therefore, 50% of the antibodies introduced into the system were modeled to have
specific GD2 binding kinetics. A schematic of the model is shown in Fig. 1. For definition
of parameters and a detailed description of model specifics, please refer to the Supplement
online.

Model verification was done using an expanded cohort of CSF sampling data on 39 therapy
cycles collected from 25 patients treated with IO-RIT with 131I-3F8 at Memorial Sloan-
Kettering Cancer Center from two separate IO-RIT protocols (ClinicalTrials.gov,
NCT00003022 and NCT00445965). Patients had a histologically confirmed diagnosis of a
high risk or recurrent CNS/ leptomeningeal malignancy known to express GD2. Patients
received 10 mCi 131-I-3F8 per injection (approximate volume 1 ml, 5 mCi/mg 3F8) via an
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Ommaya reservoir using sterile techniques. Serial CSF and blood were obtained for
radioactivity levels at approximately time 0, 5, 15, and 30 minutes, 2–4 hours, 18–24, and
44–48 hours after injections. Data collection was in compliance with the institutional review
board and hospital guidelines. A standard least-squared fit was used for data fitting. Only a
subset of injections had complete data without outliers and enough data points for model
fitting, i.e. 39 of the 74 therapy cycles (25 of the 41 patients). A subset of 32 injections was
used for the comparison between the one-compartment model and the two-compartment
model. For the one-compartment model, CSF clearance rate and CSF volume and tumor
layer (n) were used as adjustable parameters as previously described [16]. For the two-
compartment model, ventricular volume and CSF clearance rate were used as adjustable
parameters, and tumor layer (n) was assumed to be one cell thick.

The same therapeutic endpoints were applied to both models [16]. Briefly, the time-
dependent quantity of radioactivity of antibodies bound to receptors on the tumor cells
(AUC[CIAR]) was used to represent the successfully targeted RIT. Maximizing AUC[CIAR]
will maximize cytotoxic effect on tumor cells. The therapeutic ratio is the ratio of
AUC[CIAR] to the AUC of free flowing (unbound) antibodies in the CSF space (i.e.
AUC[CIA]). Maximizing therapeutic ratio will minimize normal tissue toxicity. We studied
the impact on these two endpoints when variations were made in tumor antigen density,
tumor distribution in the CSF space, antibody dosage, antibody affinity, percent
immunoreactivity of MoAb, nonspecific binding, and isotope half-lives. Information on
model specifics, parameter values, and calculation of radiation absorbed dose is found in
Supplement. Certain parameters (e.g. ventricular volume, CSF volume, CSF flow rate) were
kept constant during optimization calculations; average literature values for these parameters
were used.

Results
Data fitting

CSF sampling data from 39 therapy cycles administered to 25 patients were fitted using the
two-compartment model. The model showed good correlation to the patient data (average
correlation coefficient 0.95±0.03 (range from 0.88–0.995). The average computed value for
ventricular volume and CSF clearance rate were 26.3±1.0 mL and 15.9±6.8 mL:/hour,
respectively. These values were comparable to the published values of 30 mL for ventricular
volume and 20 mL/hour for CSF clearance rate [17, 19]. Data fitting for a representative
patient is shown in Fig. 2a. A comparison of fit between one-compartment model (average R
= 0.77±0.21) and two-compartment model (R = 0.92±0.11) was performed using data from a
subgroup of 32 injections from 24 patients (p=0.005). As shown in Fig. 2b, the two-
compartment model consistently provided better correlation than the one-compartment
model.

Effects of isotope half-life, specific activity of antibody, and immunoreactivity on
therapeutic ratio

Different isotopes including yttrium-90, iodine-131, lutetium-177, and actinium-225 are
being used for radioimmunotherapy (RIT) using MoAb. In addition to half-life, specific
activity and immunoreactivity can vary when different isotopes are labeled onto the same
antibody. Figure 3a summarizes the half-life, percent immunoreactivity, and specific activity
for each of the radiolabeled 3F8 forms. Iodination modifies tyrosine while DOTA chelates
affect lysine residues. In 3F8 there were 7 tyrosines and 1 lysine within the CDR regions of
both heavy and light chains. Iodinated 3F8 generally yielded a 50% immunoreactivity. It is
reasonable to expect that immunoreactivity of 3F8 after DOTA modification be superior
over that of 3F8 following iodination. Hence, we assumed percent immunoreactivity of 50–
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65% for yttrium-90 and lutetium-177 labeled 3F8 based on published values for other
antibodies [23, 24]. Figure 3b shows the therapeutic ratio predicted by the model when these
isotopes were used. The therapeutic ratio was greatly influenced by an increase in
immunoreactivity, while half life and specific activity had much less effect.

Immunoreactivity had strong impact on both therapeutic endpoints: (1) AUC[CIAR] and (2)
therapeutic ratio

At low antibody dose (0.2 mg per injection), immunoreactivity alone had substantial impact
on AUC[CIAR] (Fig. 4a) and therapeutic ratio (Fig. 4b). When immunoreactivity increased
from 10% to 90%, both the AUC[CIAR] and therapeutic ratio increased by 7.9 fold. At
higher antibody dose (e.g. 2 mg per injection), increasing immunoreactivity from 10% to
90% improved the therapeutic ratio and the AUC[CIAR] by only 3.4 fold. Here both the
therapeutic ratio and AUC[CIAR] tended to plateau when immunoreactivity was >50%.

Effect of antibody dose and antigen density on AUC[CIAR] and therapeutic ratio
The effect of antibody dose on the therapeutic endpoints is dependent on the antigen density.
As shown in Fig. 5a and b, at high antigen density (5.73 × 1014 antigens/mL), decreasing
dosage could increase the therapeutic ratio up to 2.3 fold. However, the downside was a
decrease in AUC [CIAR] by as much as a 1,000 fold. For example, decreasing dosage from 2
mg to 0.5 mg or from 2 mg to 0.1 mg increased therapeutic ratio by 1.76 and 2.17 fold,
respectively. However, AUC[CIAR] decreased by 56% and 89%, respectively. At lower
antigen density, decreasing antibody dosage did not significantly improve the therapeutic
ratio, even though AUC[CIAR] still decreased substantially. At antigen density of 1010

antigens/ml, decreasing the dosage from 2 mg to 0.0001 mg increased the therapeutic ratio
by merely 3 × 10−5, but decreased the AUC[CIAR] by 7,000 fold.

Antibody schedule and split dosing influenced therapeutic endpoints
Antibody dose of 2 mg can be given as a continuous infusion or as split doses. Increasing
the antibody infusion time from 0 hour (a single bolus) to continuous infusion over 12 hours
showed very little improvement in the therapeutic endpoints, with AUC[CIAR] increasing by
13% and therapeutic ratio by 15% (Supplementary Figure 1A). When infusion time was
extended from 12 hours to 72 hours, AUC[CIAR] increased by 39%, and therapeutic ratio
increased by 54%. Further lengthening the infusion time from 72 hours to 168 hours had
little effect on AUC[CIAR] and therapeutic ratio. Changing infusion time from a single bolus
to continual infusion over one week gave a maximum increase in therapeutic ratio of 2.1
fold, and AUC[CIAR] of 1.6 fold.

When the 2 mg antibody dose was split into 1 mg doses and given at increasing time
intervals from 0 hour (single bolus) to 24 hours, both therapeutic ratio and AUC[CIAR]
increased by 1.4 fold (Supplementary Figure 1B). Increasing the time interval further from
24 hours to 72 hours only increased therapeutic ratio and AUC[CIAR] by 3.6%. Similarly,
when divided into four 0.5 mg doses, increasing the time interval from 0 hour to 24 hour
increased both therapeutic ratio and AUC[CIAR] by 1.75 fold. Further lengthening the
infusion from 24 hours to 72 hours only increased therapeutic ratio and AUC[CIAR] by 3.7%
(Fig. 5b).

Effect of antibody affinity on therapeutic endpoints
Antibody affinity is a major contributing factor for successful delivery of RIT. However,
improving the affinity of an antibody beyond 0.1 nM range can be technically challenging.
We therefore use the model to derive treatment parameters in order to deliver a dose of ≥100
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Gy to tumor cells while minimizing bystander radiation to CSF space to <10 Gy, i.e.
achieving a therapeutic ratio >10.

In order to achieve this objective using one single intra-Ommaya antibody injection, the
equilibrium constant (koff/kon) needs to be improved from 10−8 M to 2 × 10−10 M, a 50 fold
improvement in KD. At such high antibody affinities, the antibody dose could be reduced
from 2 to 0.4 mg, resulting in an increase of therapeutic ratio from 4.6 fold to 147.8.
However, the same objective could be achieved even if KD could not be improved by ≥10
fold, as long as one split the antibody injection into two doses given ≥36 hours apart. Two
injections of 0.8 mg each, at an antibody affinity of 1 × 10−9 M could achieve a therapeutic
ratio of 34.1, while delivering over 100 Gy to tumor cells. Similarly, when the KD is 4 ×
10−9 M, 4 injections of 1.4 mg each could achieve a therapeutic ratio of 10.1. The predicted
values of tumor doses and therapeutic ratios corresponding to each dosage and affinity are
tabulated in Table 1.

Tumor distribution and nonspecific binding had little effect on therapeutic endpoints
The impact of tumor cells in the ventricles was tested in our model by assigning a percent of
the total tumor load to the ventricles. It was reasonable to assume that too many tumor cells
in the ventricles would cause obstruction to CSF and disqualify patients from enrollment
onto these treatment protocols. Hence, the maximum percent of total tumor load assigned to
the ventricles was assumed to be ≤5%. As tumor load was increased from 0% to 5%, both
therapeutic endpoints decreased by only 4%. In addition to ventricular tumor load, the
impact of nonspecific binding of antibodies to normal brain tissue was also tested. The
percent of nonspecific binding relative to total binding was assumed to be ≤10%. A change
in nonspecific binding from 0% to 10%did not impact either AUC[CIAR] or the therapeutic
ratio.

Discussion
Once cancer metastasizes to the central nervous system, CSF is a natural conduit for further
dissemination to the leptomeninges and other parts of the brain. Antibody-based therapy
delivered through the CSF has potential for tumor control. GD2 is an adhesion molecule
abundant on NB. It is also widely expressed among melanoma, small cell lung cancer, bone
or soft tissue sarcoma, retinoblastoma and brain tumor [25], with limited expression in
normal tissues, except neurons, skin cells and pain fibers. This antigen is genetically stable,
rarely down-regulated, and not easily released from the cell membrane. Scintigraphy studies
using radiolabeled MoAb confirms excellent tumor targeting [25]. At least two antibody
families have been tested clinically, i.e. murine antibody 3F8 [26] and chimeric 14.18 [27].
Intra-Ommaya 131I-3F8 was successfully tested in delivering RIT through the CSF [11], and
a single-compartment pharmacokinetic model was developed to study CSF RIT [16].
Ch14.18 consists of the variable region of murine MoAb 14.18 and the constant regions of
human IgG1-K [28]. In a recent randomized phase III trial, the combination of intravenous
ch14.18 with GM-CSF and IL-2 improved survival among high risk NB patients in
remission undergoing stem cell transplant (ClinicalTrials.gov NCT00026312) [29].

In this report, the two-compartment model showed convincing fit to the actual CSF
clearance data in a cohort of 25 patients receiving IO 131I-3F8. This was especially evident
for the initial radioactivity values after each injection, with a much better data fitting than
the corresponding values predicted by the one-compartment model. This discrepancy was
due to the assumption in the one-compartment model that antibodies distributed evenly
through the entire CSF space (ventricles and subarachnoid space) immediately after
infusion. In contrast, the two-compartment model took into account the flow of antibodies
would be delayed in the ventricular reservoir before entering into the subarachnoid space.
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The one-compartment model predicted that the optimal half life of the isotope for RIT to be
64 hours, and half life beyond 64 hours did not significantly improve therapeutic ratio [16].
However, other parameters such as immunoreactivity and specific activity and antigen
density must also be considered. Furthermore, the biological effect of radiation from
different isotopes varies depending on the type of radioactive particles emitted and their
respective energy levels (see footnote) [30]. Simulations of the combined effects of these
isotope-dependent parameters suggest that only immunoreactivity has a significant effect on
the therapeutic endpoints for isotopes with half-lives longer than 64 hours.

Analysis on the effect of immunoreactivity on the therapeutic ratio showed a linear
relationship at low antibody dosage, with less obvious improvements when the dose was
higher. This suggests that lower antibody dosage was necessary to achieve the benefit from
higher immunoreactivity. This prediction is now being explored using 8H9, which has
≥90% immunoreactivity at a specific activity of 50 mCi/mg of 131I (ClinicalTrials.gov
NCT00089245).

Antigen density should dictate the antibody dose required to optimize intrathecal RIT. When
tumor (and antigen) density is low, a smaller antibody dose should be adequate to eliminate
the tumor cells while minimizing the collateral damage to the bystander cells. Analysis
using the two-compartment model showed that decreasing dosage only slightly improved the
therapeutic ratio at high antigen density. Furthermore, this increase in therapeutic ratio was
accompanied by a reduction in the AUC[CIAR]. When there was less antigen, lowering the
antibody dose did not provide any significant benefit to therapeutic ratio, although
AUC[CIAR] was greatly reduced. The implications are: (1) lowering antibody dose to adjust
for the diminishing number of tumor cells is not beneficial, and (2) lowering the dosage
alone has no overall benefit, since improvements in therapeutic ratio is negated by the
reduction in AUC[CIAR].

An optimal schedule for IO RIT is emerging from these optimization studies. A continuous
infusion of the 2 mg dose over a short period of time (<24 hours) only slightly improved the
therapeutic endpoints over bolus injections. However, if the same dose was given over a
slightly longer period of time from 24 hours up to 72 hours, both therapeutic endpoints
could improve. Beyond 72 hours, the AUC[CIAR] did not improve further although
therapeutic ratio continued to rise. Alternatively, splitting the 2 mg dose into smaller
injections could yield similar results, e.g., two 1 mg doses or four 0.5 mg doses. Here, the
optimal time interval between successive doses appeared to be 24 hours, regardless of the
number of doses or the quantity of antibodies in each dose. These findings were consistent
with the predictions using the one-compartment model [16].

Both the one-compartment model and the two-compartment model established antibody
affinity as the major factor in maximizing therapeutic endpoints. Based on the two-
compartment model, antibody affinities corresponding to KD values of 2 × 10−10 M or
better, were necessary if a single bolus was used, irrespective of antibody dose between 0.2
mg and 2 mg. Compared to the KD of 4 × 10−9 M for 3F8, this required a 50 fold
improvement in antibody affinity. Alternatively, if four 1.4 mg doses of antibodies with the
current 3F8 affinity was given 24 hours apart, the same therapeutic goal could be achieved.

In conclusion, as antibodies gained increasing acceptance in cancer therapy, their well-
known physicochemical properties, ease of genetic engineering and facile production will
provide opportunities for RIT to a variety of human cancers metastatic to the LM and CNS,
as long as there is no obstruction to CSF flow. As new novel radioisotopes and their
microdosimetry become available, further improvement in the pharmacokinetic modeling of
CNS RIT modality should refine this emerging therapy to fit the clinical context.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Flow chart of the two compartment model showing the movement of immunoreactive and
immuno-nonreactive antibodies from the site of injection in the ventricular compartment
into the subarachnoid compartment and clearing out of the cerebral spinal fluid
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Fig. 2.
Comparison of model prediction to experimental data obtained from CSF sampling. a
Comparison of model predictions to patient data. The patient received 2 mg dose at specific
activity of 5 mCi/mg. The antigen density was fixed at 2.865 × 1014 antigens/ml. The
ventricular volume and the clearance rate were fitted to be 25 ml and 18 ml/hour,
respectively. b Comparison of data fitting between 1-compartment model and 2-
compartment model. The dose administered was 3.54 mg at specific activity of 5 mCi/mg.
The antigen density was 2.865 × 1014 antigens/ml. The ventricular volume was 40 ml and
the clearance rate 20 ml/hour
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Fig. 3.
Therapeutic ratio corresponding to 3F8 labeled with different isotopes. Half life, percent
immunoreactivity, and specific activity were varied as detailed in a. a Specific activity,
immunoreactivity and half life for radiolabeled 3F8. b Therapeutic ratio corresponding to
3F8 labeled with different isotopes
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Fig. 4.
Increasing percent immunoreactivity can increase AUC[CIAR] and therapeutic ratio. Graphs
of AUC[CIAR] (Fig. 3a) and therapeutic ratio (Fig. 3b) vs. percent immunoreactivity at 0.2
mg (low dose) and 2 mg (high dose)
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Fig. 5.
Surface representation of the effect of dosage and antigen density on AUC[CIAR] and
Therapeutic ratio. a Surface Representation of Combined Effect of Dosage and Antigen
Density on Therapeutic Ratio. b Surface Representation of Combined Effect of Dosage and
Antigen Density on AUC of Bound Antibody
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