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The objective was to perform dosimetry and evaluate dose-
response relationships in newly diagnosed patients with malig-
nant brain tumors treated with direct injections of 13'|-labeled
anti-tenascin murine 81C6 monoclonal antibody (mAb) into sur-
gically created resection cavities (SCRCs) followed by conven-
tional external-beam radiotherapy and chemotherapy. Meth-
ods: Absorbed doses to the 2-cm-thick shell, measured from
the margins of the resection cavity interface, were estimated for
33 patients with primary brain tumors. MRI/SPECT registrations
were used to assess the distribution of the radiolabeled mAb in
brain parenchyma. Results from biopsies obtained from 15 pa-
tients were classified as tumor, radionecrosis, or tumor and
radionecrosis, and these were correlated with absorbed dose
and dose rate. Also, MRI/PET registrations were used to assess
radiographic progression among patients. Results: This thera-
peutic strategy yielded a median survival of 86 and 79 wk for all
patients and glioblastoma multiforme (GBM) patients, respec-
tively. The average SCRC residence time of 131l-mu81C6 mAb
was 76 h (range, 34-169 h). The average absorbed dose to the
2-cm cavity margins was 48 Gy (range, 25-116 Gy) for all
patients and 51 Gy (range, 27-116 Gy) for GBM patients. In
MRI/SPECT registrations, we observed a preferential distribu-
tion of 13'-mu81C6 mAb through regions of vasogenic edema.
An analysis of the relationship between the absorbed dose and
dose rate and the first biopsy results yielded a most favorable
absorbed dose of 44 Gy. A correlation between decreased
survival and irreversible neurotoxicity was noted. A comparative
analysis, in terms of median survival, was performed with pre-
vious brachytherapy clinical studies, which showed a propor-
tional relationship between the average boost absorbed dose
and the median survival. Conclusion: This study shows that
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131l-mu81C6 mAb increases the median survival of GBM pa-
tients. An optimal absorbed dose of 44 Gy to the 2-cm cavity
margins is suggested to reduce the incidence of neurologic
toxicity. Further clinical studies are warranted to determine the
effectiveness of 3'I-mu81C6 mAb based on a target dose of 44
Gy rather than a fixed administered activity.
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In spite of intensive clinical research, the improvement in
survival for patients with malignant glioma has been mini-
mal. The median survival for newly diagnosed and recurrent
glioblastoma multiforme (GBM) patients remains dismal.
More than 90% of all recurrences are adjacent to the site of
origin, indicating that the failure of local tumor control
represents a major factor (/—6). Adjuvant therapies using
advanced radiation delivery methods are under investigation
to increase local tumor control while minimizing damage to
normal brain tissue. Radiosurgery and brachytherapy have
been used to focally escalate the radiation dose for newly
diagnosed GBM patients and as rescue therapy for patients
with recurrent disease (7,8). A randomized clinical trial in
newly diagnosed malignant gliomas performed by the Brain
Tumor Cooperative Group established the efficacy of
brachytherapy (9). The median survival for patients under-
going brachytherapy, radiation therapy, and chemotherapy
was 64 versus 52 wk for those receiving only external-beam
radiotherapy (XRT) and chemotherapy.

Our efforts have focused on administering a tumor-asso-
ciated radiolabeled monoclonal antibody (mAb) directly
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into a surgically created resection cavity (SCRC) to localize
therapy of tumor foci within the tumor resection margins.
We have used the mAb 81C6, a murine IgG,, protein that
binds to an epitope within the alternatively spliced fibronec-
tin type III region of tenascin-C (TN-C), which is an extra-
cellular matrix (ECM) glycoprotein expressed ubiquitously
in high-grade gliomas but not in normal brain (/0,11). This
mAb has previously undergone extensive preclinical and
clinical evaluations (/2—14).

We previously performed a phase I clinical trial to estab-
lish the maximum tolerated dose (MTD) of 3'I-labeled
anti-tenascin murine 81C6 ("3'I-mu81C6) mAb injected
into the intact SCRC of newly diagnosed patients (/4). The
established MTD was 4,440 MBq (120 mCi) of "3!I-
mu81C6 mAb, and delayed neurologic toxicity was dose
limiting. We present the dosimetric, radiographic, and
corresponding dose—response relationships in this phase
II clinical study in newly diagnosed and untreated adult
patients with malignant gliomas. The clinical findings of
this phase II study have been previously described in a
separate study (75).

METHODS AND MATERIALS

Patient Characteristics

Thirty-three patients were treated in this phase II clinical trial:
23 men and 10 woman with an average age of 49 y (range, 19—-69
y). Twenty-seven patients had GBM, 4 had anaplastic astrocytoma
(AA), and 2 had anaplastic oligodendroglioma (AO). All patients
had a Karnofsky Performance Status (KPS) greater than 70, with
a mean of 97. Patients were prescribed an administered dose of
4,440 MB@/20 mg of *'I-mu81C6 mAb based on the MTD pre-
viously determined in a phase I clinical trial (/4). However, 1
patient received a lower administered activity of 1,369 MBq (37
mCi). Twenty-nine patients received conformal fractionated or
hyperfractionated XRT and 4 patients did not receive XRT. All but
5 patients were subsequently treated with adjuvant chemotherapy
that consisted of one or more of the following agents: chloroeth-
ylcyclohexylnitrosourea, temozolomide (Temodar; Schering Co.),
etoposide (VP-16), irinotecan (Camptosar; Pfizer Inc.), and tamox-
ifen. Patients were evaluated every month after adjuvant chemo-
therapy with a complete physical and neurologic examination, a
KPS rating, and MRI with contrast-enhancing media administra-
tion. Patients were monitored for toxicity and response until pro-
gressive disease or death. As of November 2004, 3 patients re-
mained alive (1 GBM, 1 AA, 1 AO) and continue to undergo
periodic follow-up.

Characteristics of 13l-mu81C6 mAb

81C6 is an IgG,, mAD that binds to TN-C, a tumor-associated
ECM oligomeric glycoprotein that is ubiquitously present in hu-
man gliomas but not present in normal brain. TN-C plays a
significant role in a variety of cellular processes that facilitate
astrocytic tumor cell invasion and migration, endothelial cell
spreading, adhesion, and proliferation (/0,16). Also, the distribu-
tion and intensity of TN-C correlates well with tumor neovascu-
lature with more evident expression in aggressive histotypes and in
those tumors with high proliferation indices (/7-19). Therefore,
the morphologic distribution of TN-C makes it an ideal target in
radioimmunotherapy (RIT) for patients with malignant glioma.

DosMETRY OF '3'I-MUu81C6: PHASE II STUuDY ¢ Zalutsky et al.

The radionuclide 13'T has a physical half-life of 8.04 d, and it is
a B-particle emitter with average and maximum energies of 181.7
and 806.9 keV, respectively. Its main y-emission is 364.5 keV
(81.2%). The 90th percentile distance (Xgp) for 31 B-particles is
0.83 mm in liquid water, making it ideal for delivering highly
localized absorbed doses to the interface of the SCRC and tumor
foci.

The 81C6 mAb was grown in athymic mice in ascites form,
purified over a Sepharose—staphylococcal protein A column fol-
lowed by polyethyleneimine ion-exchange chromatography, and
labeled using a modified IODO-GEN (Pierce Chemical Co.) pro-
cedure. The immunoreactivity of all preparations was >75%, with
>95% eluting on size-exclusion high-performance liquid chroma-
tography with a retention time corresponding to IgG.

Administration of 3'l-mu81C6 mAb

Before RIT, MRI was obtained to document minimal residual
disease of <1 cm and to corroborate the correct placement of the
tip of the catheter within the SCRC. The radiolabeled mAb was
injected into the SCRC via a Rickman reservoir where injections
were performed in a fluoroscopy suite under sterile conditions. A
needle was placed in the Rickman reservoir, and an equivalent
amount of cerebrospinal fluid to the injection volume was with-
drawn from the SCRC to reduce the possibility of cavity rupture.
The administered volume varied between 3.0 and 5.0 mL among
patients. However, for the case of small cavity sizes (<3 mL),
when possible, a maximum amount of cerebrospinal fluid was
withdrawn and a volume between 1 and 2 mL of the antibody was
infused slowly for a period of 5-10 min.

Toxicity Determinations

Patients were monitored for toxicity and response until death.
Four to 6 wk after receiving *'I-mu81C6 mAb therapy, patients
received conformal fractionated or hyperfractionated XRT. There-
after, patients with stable disease and with no grade 3 or greater
hematologic toxicity received chemotherapy for up to 1 y. Patients
were evaluated every month for a period of 1 y and every 3 mo
thereafter. Serious toxicity was assessed using the National Cancer
Institute Common Toxicity Criteria version 2.0 (20). Serious tox-
icity was defined as grade 3 or grade 4 nonhematologic toxicity or
grade 4 hematologic toxicity lasting >28 d. Grade 3 or grade 4
neurologic toxicity consisted of coma, severe confusion, intracta-
ble seizures, severe weakness or paralysis, sensory loss, and severe
coordination problems.

Neuroimaging

MRI of the head was performed to assess radiographic changes
in the cystic cavity and cavity margins. Gadolinium-enhanced
T1-weighted axial MR images (3-mm-thick contiguous slices)
were obtained after surgery, before therapy, immediately after
therapy and discharge from isolation, and on a monthly basis
thereafter for a minimum period of 1 y. MR images were used to
assess radiographic changes, including volume measurements of
the SCRC and enhancing rim. MRI obtained immediately after
131T-labeled anti-tenascin 81C6 mAb administration was used as a
baseline for future comparisons. In this manner, we were able to
assess radiographic changes in SCRC volume and enhancing rim,
albeit without definitive information about pathologic origin.
Whenever possible, 8F-FDG PET images were obtained and
coregistered with MR images for comparison and correlation with
histologic diagnoses after treatment.
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High-Energy SPECT

To assess the spatial distribution of *'I-mu81C6 mAb within
the brain parenchyma, SPECT was performed using a high-energy
rotating collimator as described elsewhere (27). SPECT images
were reconstructed by ordered-subsets expectation maximization
(22) with 2 iterations and 8 subsets. Detector spatial resolution and
spatially varying collimator resolution, but not attenuation, were
modeled within the image-reconstruction, forward-projection
model. Scatter was estimated from a secondary energy window
and incorporated into reconstruction by an additive model. High-
energy SPECT studies were obtained before discharge from iso-
lation and were coregistered with contrast-enhanced axial T1-
weighted MR images of the head using fiducial markers.
Coregistered images were used to assess the distribution of 3'I-
mu81C6 mAD in the SCRC and brain.

Dosimetry

Absorbed dose estimates to the 2-cm cavity margins, bone
marrow, and whole body (WB) were performed based on the
methods previously described by Akabani et al. (/3,14,23).
Briefly, a 2-compartment system was used to describe the phar-
macokinetics of 31I-mu81C6 mAb, where the first compartment is
the SCRC and the second compartment is the WB. Serial WB
scintigraphic images were used to assess the SCRC and WB
clearance, where the clearance data from the SCRC and WB were
fit to the functional solutions of a serial 2-compartment model and
were expressed as:

Agere(t) = Aoe’("ﬂﬂ\sazs)r

Nscre
Ayp(t) = Ay )\vwzi (e

~Nscret — e Ayt ) e At
5
- )\SCRC

Eq. 1

where A, is the initial administered activity, N, is the physical
decay constant of '3'I, and Agcrc and Ay are the biologic clearance
constants for the SCRC and WB, respectively. The residence time
for the SCRC (15cgrc) and WB (1) were estimated from these
clearance curves. The WB absorbed dose was estimated as:

Dys = Ay(TysS(WB<—WB) + T4 S(WB<SCRC)), Eq. 2

where S(WB<-WB) and S(WB<-SCRC) are the corresponding S
values that are dependent on effective body weight. Absorbed dose
estimates for bone marrow were based on time—activity measure-
ments of 3T in blood acquired immediately after administration,
where a reduction factor of 0.3 was used to assess the dose
contribution from blood to bone marrow (/3). Dose contributions
from sources located in the SCRC and WB were also added. Thus,
the absorbed dose to bone marrow was estimated as:

Dy = 0.3Dgjp0q + Ag(TypS(BM<—WB) + T5crceS(BM<—SCRC)),
Eq. 3

where the S values to bone marrow from sources located in the
SCRC, S(BM<«—SCRC), and WB S(BM<WB) were 8.6 X 107 and
1.3 X 107*c¢Gy MBq~!' h™!, respectively. Absorbed doses to other
organs and tissues have been addressed in a previous study (/3).

To understand the effects of 3'I-mu81C6 mAb on normal brain
toxicity and tumor control, and resultant changes in MR images, it
is important to determine the absorbed doses as a function of depth
from the SCRC interface. T1-weighted contrast-enhanced axial
MR images of the patient’s head were obtained before therapy and
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immediately after discharge from isolation to assess any potential
acute radiographic changes. MR images were used to generate a
3-dimensional reconstruction of the head, and the volume of the
SCRC was calculated using image analysis software. This volume
was used to estimate the initial activity concentration in the SCRC
at the time of administration.

We performed the dosimetry of the cavity margins using quan-
titative SPECT and the 3-dimensional discrete Fast Fourier Trans-
form (FFT, *) convolution method for 3! as described in detail
elsewhere (23). Briefly, the dose rate to any given region within
the brain is given by:

DBrain = d(ral) * K(r)a Eq 4

where a(r,t) represents the activity distribution within the brain,
including the SCRC, as measured by SPECT, and K(r) represents
the dose convolution kernel for the radionuclide '3'I, which was
estimated by means of Monte Carlo methods (23). The total
absorbed dose is then estimated as:

w© B3

DBrain(r) = f DBrain(r)dt = f a(r!t) * K(}’)dt, Eq 5
0 0

however, assuming no significant changes in activity distribution,
the absorbed dose can be expressed as DXIT. = d(r) = K(r), where
a(r) is the cumulated activity concentration within the brain, in-
cluding the SCRC. A 2-cm region of interest around the SCRC was
then drawn to assess the average absorbed dose to the cavity

margins D¢y, given as:

_ f DBmin(r)dv

v = [ dov > Eq. 6

DXRT where

and the total absorbed is given as D% = D), + DXET,

DZXRI"is the dose delivered during XRT.

RESULTS

Distribution of mAb in SCRC and Brain Parenchyma

To assess the spatial distribution of 3'T-mu81C6 within
the brain parenchyma, high-energy SPECT was performed
using a high-energy rotating collimator. SPECT images
were registered with axial T1-weighted contrast-enhanced
MR images that showed the effect of peritumoral vasogenic
brain edema before therapy in the distribution of the radio-
labeled mAb beyond the cavity interface. We analyzed the
distribution of *'I-mu81C6 mAb in 18 patients, of whom 9
(8 GBM, 1 AO) showed an activity distribution beyond the
cavity interface following the patterns of vasogenic edema.
In some patients, this distribution extended beyond the 2-cm
cavity margins. On the other hand, we observed that, in 9
patients without vasogenic edema, the activity distribution
was well confined within the cavity. Distribution of 3'I-
mu81C6 mAD beyond the cavity interface was observed in
all patients with brain vasogenic edema independent of
cavity size. The ratio of average activity concentration in the
2-cm cavity margins and activity concentration in the SCRC
was 0.26 (range, 0.11-0.38) and 0.05 (0.03—0.08) for pa-
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tients with and without vasogenic edema, respectively. A ¢
test with unequal variances showed this difference to be
statistically significant (P < 0.05). Therefore, at the mac-
roscopic level, patients with vasogenic edema had approx-
imately 5 times higher activity concentrations within the
2-cm cavity margins than those without vasogenic edema.
As an example, Figure 1 shows a comparison of the activity
distribution in selected patients with and without brain
vasogenic edema. These in vivo results are consistent with
previous in vitro studies, which have shown that when the
blood-brain barrier (BBB) is disrupted, compounds distrib-
ute into regions of edema (24,25).

Overall Survival and Dosimetric Correlations

The average SCRC volume among all patients was 10.7
cm? (0.5-30.5 cm?), whereas 7 patients had SCRC volumes
below 5.0 cm?3. The average SCRC residence time of 13-
mu81C6 mAD for all 33 patients was 76 h (range, 34—-169
h). The average absorbed dose to the 2-cm cavity interface
from B-mu81C6 mAb among all patients and GBM pa-
tients who received XRT was 48 Gy (range, 25— 116 Gy)
and 51 Gy (27—116 Gy), respectively. The initial average
dose rate to the 2-cm cavity interface among all patients was
0.68 Gy h™! (range, 0.26—-1.8 Gy h™!). However, 2 patients
received absorbed doses to the 2-cm cavity margins in
excess of 110 Gy because of their small cavity size. Ex-
cluding these 2 patients, the average absorbed dose from
BIT-mu81C6 mAb among the 24 GBM patients was 45 Gy
(range, 27-77 Gy) and the average initial dose rate was 0.63
Gy/h (range, 0.26—1.13 Gy/h). Table 1 provides a summary
of the dosimetric results for patients with tumors of all
pathologies and corresponding survival and related toxicity.
The median survival among all patients and GBM patients
was 87 wk (95% CI, 61-122 wk) and 79 wk (95% CI,
55—116 wk). Four GBM patients did not receive XRT.
Excluding these 4 GBM patients, the average absorbed dose
to the 2-cm-thick cavity interface from *'T-mu81C6 mAb

was 44 Gy (range, 27-77 Gy) and the median survival for
these 24 patients was 79 wk.

Hematologic Toxicity and WB and Bone Marrow
Dosimetric Correlations

Grade IV hematologic toxicity developed in 13 patients, and
the average WB and bone marrow dose for these patients was
71 cGy (range, 40-94 cGy) and 94 cGy (range, 67-111 cGy),
respectively. On the other hand, the average WB and bone
marrow dose for the patients without grade IV hematologic
toxicity was 53 cGy (range, 14-96 cGy) and 78 cGy (range,
33-100 cGy), respectively. A Student ¢ test with unequal
variances showed a statistical significance between the 2
groups based on the WB dose (P < 0.01). However, there was
no correlation between bone marrow dose and hematologic
toxicity (P > 0.05).

Neurotoxicity and Dosimetric Correlations

Thirteen patients (12 GBM, 1 AO) had grade 3 or grade
4 irreversible neurologic toxicity (Table 1). The average
absorbed dose and initial average dose rate to the 2-cm-
thick margins from 3'I-mu81C6 mAb were 56 Gy (range,
32-116 Gy) and 0.77 Gy/h (0.4-1.8 Gy/h), respectively.
However, 3 of these 13 patients (patients 9, 28, and 29) had
small cavity volumes (=5 cm?), and extensive vasogenic
edema with radiographic changes developed immediately
after B'1-mu81C6 mAb administration; these patients did
not receive XRT. Therefore, these 3 patients were not
considered in the following analysis. Among all patients
who received ¥'T-mu81C6 mADb and XRT, the total average
absorbed dose to the 2-cm cavity margins was 107 Gy
(range, 92-136 Gy).

The median survival for GBM patients in this group (n =
10) was 73 wk (95% CI, 47-116 wk). In contrast, there were
19 patients (14 GBM, 4 AA, 1 AO) who had grade 1
through grade 4 reversible neurologic toxicity. These pa-
tients received an average absorbed dose and average initial

FIGURE 1.

DosMETRY OF '3'I-MUu81C6: PHASE II STUuDY ¢ Zalutsky et al.

Effect of vasogenic edema in distribution of 3'l-mu81C6 mAb in brain parenchyma. MRI (left) and coregistered
MRI/SPECT (right) images of patients with vasogenic edema (A-C) and without vasogenic edema (E-G). Average activity ratio
between 2-cm cavity margins and SCRC was 0.26 (0.11-0.38) for patients with vasogenic edema, whereas the ratio for patients
without vasogenic edema was 0.05 (0.03-0.08). Thus, activity concentrations within regions of vasogenic edema were a factor of
5 higher than in those regions without vasogenic edema. D and H represent a 3-dimensional maximume-intensity-projection view
of activity distribution for patients described in C and F, respectively.

1045



TABLE 1
Absorbed Dose Estimates, Survival, Neurologic and Hematologic Toxicity, and Biopsy Results for 33 Patients with
Newly Diagnosed Gliomas Treated with 131l-mu81C6 mAb

Sex SCRC Adm. ) Toxicity
Patient and Age Weight volume activity DYY Doy DET DX¥ Dws Dy Survival ——— =
no. Dx race (y) (kg) KPS (cmd VE (MBqg) (Gy/h) (Gy) (Gy) (Gy) (cGy) (cGy) (wk) NT HT Biopsy
1 GBM MW 44 92 100 125 — 4440 056 45 63 108 46 84 79 S @3 3
2 GBM MW 47 83 100 8.6 - 4440 066 52 63 115 46 81 87 S 3
3 GBM MW 38 81 80 138 — 4440 054 43 60 103 77 99 41 4
4 GBM FW 56 68 100 23.3 - 4440 043 34 59 93 63 85 61 D@im 3
5 GBM MW 43 77 90 264 - 4,440 041 32 59 92 76 96 116 D@,im) 4 T
6 GBM FB 48 79 70 8.5 - 4440 066 52 59 111 81 100 304 4 RRT
7 GBM FW 39 66 100 7.2 - 4440 070 55 58 113 65 85 148 D@,im 3 R
8 AA MW 39 81 100 138 - 4400 052 29 60 89 62 83 291* 3
9 GBM FW 58 72 80 21 - 4440 113 73 — 73 43 72 39 3
10 GBM FW 35 61 100 8.7 - 4440 065 50 59 110 79 89 268* D @4) 4 R
11 AA MW 19 88 100 129 - 4440 056 38 64 102 48 81 89 3 T
12 GBM MW 36 98 100 55 — 4440 077 40 59 99 68 94 113 4
13 GBM MW 53 88 100 20.5 - 4440 045 58 60 118 53 99 95 D (1) 4 T
14 GBM MW 51 77 100 2.9 - 4,440 1.01 45 61 106 77 88 123 4 RRT
15 GBM MW 55 84 100 3.8 — 4440 09 35 75 110 40 68 172 D@,im 4 R
16 GBM MW 60 75 100 2.2 - 4440 112 46 65 111 37 64 35 D (3) 3
17 GBM MW 50 97 100 17.9 + 4440 048 42 60 102 25 73 55 D@,im) 3 T
18 AA MW 38 69 100 9.4 — 4440 063 25 61 86 69 78 219 D (2 3
19 GBM MW 49 76 100 10.9 - 4440 060 45 59 105 55 83 52 D@,im 3 T+R
20 AO MW 68 81 100 5.5 + 4440 077 50 64 114 56 83 95 D@im 3
21 AA MW 46 81 100 5.2 — 4440 079 27 63 90 74 85 58 D (3) 4 T
22 GBM FW 47 71 100 8.0 - 4,440 0.67 42 60 102 56 78 77 D@im 3 RT
23 GBM FW 59 71 100 10.0 — 4440 062 45 60 105 94 101 65 D@irm) 4 R
24  GBM MW 60 72 100 8.1 + 4,440 067 34 60 94 48 71 73 D@,im 3 R
25 GBM MW 38 83 100 16.3 — 4440 050 34 60 94 84 101 144 3
26 GBM MW 55 105 100 16.3 el 4,440 5 0.50L.011:39.L.160 99 51 91 126 3
27  AO FW 35 54 100 122 - 4440 057 51 — 51 96 96 230 D@2 3
28 GBM MW 63 70 80 1.2 + 4440 135 116 — 116 44 78 24 AS,D 3
(3, i)
29 GBM MW 53 90 100 0.5 + 4440 180 113 — 113 74 97 97 ASD 4 T
3, im
30 GBM FW 65 70 100 121 - 4440 057 77 60 137 67 102 47 D@im 4
31 GBM MW 54 108 100 43 + 1369 026 42 60 102 14 34 50 3
32 GBM MW 52 72 100 305 + 4440 038 65 60 125 67 112 109 4
33 GBM FW 54 76 100 13.0 + 4,440 056 27 60 87 52 75 27 3

*Censored (alive).

Dx = diagnosis; VE = vasogenic edema; Adm. activity = administered activity; D& =
total dose from RIT and XRT; Dys = WB dose; Dgy = bone marrow dose; NT = neurotoxicity; HT =

&7 = dose from XRT; DEF =

maximum initial dose rate; D¢y = dose from RIT;

hematologic toxicity (grade: 1, 2, 3, or 4); S = subacute; D = delayed (grade: 1, 2, 3, or 4; irr = irreversible); T = tumor; R = radionecrosis;

A = acute.

dose rate to the 2-cm-thick cavity margins of 44 Gy (range,
25-73 Gy) and 0.64 Gy/h (range, 0.26-1.13 Gy/h), respec-
tively, and a total absorbed dose, including XRT, of 97 Gy
(range, 51-125 Gy). The median survival for this GBM
group with reversible neurotoxicity was 98 wk (range,
39—126 wk) (95% CI, 39—126 wk), respectively. The
results from this analysis are in accordance with our previ-
ous findings from our phase I clinical trial in which we
found that absorbed doses and initial dose rates to the 2-cm
cavity margins higher than 50 Gy and 0.6 Gy h™!, respec-
tively, resulted in a higher probability of radiation injury
(14). Figure 2A shows the Kaplan—Meier survival plots for
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all patients and GBM patients and Figure 2B shows the
Kaplan—Meier survival plots for GBM patients with revers-
ible and irreversible neurologic toxicity. The median age
among GBM patients with reversible and irreversible neu-
rotoxicity was 51 y (range, 35-60 y) and 53 y (range,
39-65 y), respectively; thus, there was no correlation be-
tween irreversible neurotoxicity and age. Moreover, the
preferential distribution of the radiolabeled mAb through
regions of vasogenic edema led to immediate radiographic
changes in only 4 of 9 patients; however, symptomatic
changes were observed only in patients 28 and 29 due to
small cavity sizes that generated dose rates higher than 1 Gy
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FIGURE 2. (A) Kaplan-Meier survival plot for all patients (n = 33) and for GBM patients (n = 27). Median survival for all patients

and GBM patients was 89 wk (95% CI, 61-113 wk) and 79 wk (95% CI, 52-113 wk), respectively. (B) Kaplan-Meier survival plot
for GBM patients with reversible or irreversible neurotoxicity. Median survival for GBM patients who received XRT with reversible
(n = 14) and irreversible neurotoxicity (n = 10) was 98 wk (95% ClI, 39-126 wk) and 73 wk (95% CI, 47-116 wk), respectively.

h~!. There was no significant statistical correlation between
expression of vasogenic edema at the time of therapy and
neurologic toxicity. Also, there was no statistical significant
difference in the median survival among GBM patients with
and without vasogenic edema.

Neuroimaging Observations

MRI and '8F-FDG PET studies were used to follow the
effects of ¥'T-mu81C6 mAb therapy and for achieving a
better understanding of delayed tissue radiation necrosis
(26). We evaluated the changes induced by "'T-mu81C6
mADb using MRI with coregistered PET (MRI/PET) on 32
patients. In these patients, an enhancing rim was observed
on T1-weighted contrast-enhanced MR images within 4 wk
after therapy that corresponded to coagulative necrosis.
Vasogenic edema surrounding the SCRC was the most
significant effect after *'I-mu81C6 mAb therapy and it
resolved or was reduced to a minimum level within 2 mo
after therapy. However, in some patients with irreversible
neurotoxicity, vasogenic edema expanded once again and
continued, and corticosteroids were necessary to alleviate
neurologic symptoms.

Histopathologic correlation with initial biopsy samples
showed that neovascularization, hyalinization of vascular
walls, and gliosis were found in the periphery of the area
where infiltration of macrophages to the necrotic area was
well observed; moreover, further examination showed that
sites at which the vascular walls were found to have acute-
stage fibrinoid necrosis also showed coagulative necrosis.
This uniform enhancing rim on T1-weighted MR images
presented 'SF-FDG activity levels between those generally
observed in white and gray matter and it was not necessarily
associated with tumor progression.

DosMETRY OF '3'I-MUu81C6: PHASE II STUuDY ¢ Zalutsky et al.

We reviewed sequential registered MRI/PET studies
from 10 patients that were correlated with the biopsy diag-
nosis after treatment. The rim of '*F-FDG accumulation was
seen on the first posttreatment scan obtained 1-3 mo after
therapy and persisted unchanged over the 2- to 26-mo
follow-up period. Pathologically, the nonmalignant rim was
associated with a marked increase of macrophage infiltrates.
However, in those patients with biopsy-proven tumor pro-
gression, nodularity of the rim was indicative of tumor
progression (Fig. 3). These observations demonstrate that a
rim of '8F-FDG accumulation observed after administration
of B3'1-mu81C6 mAb therapy is independent of the presence
of malignant disease. However, malignant progression or
recurrence is strongly suggested by the development of new
intense hypermetabolic nodularity within the rim of '3F-
FDG accumulation (27).

Histopathology and Dosimetric Correlations

Twenty stereotactic biopsy samples were obtained from
15 patients. These biopsy samples were obtained from re-
gions of new enhancement and high hypermetabolic activity
as suggestive of tumor progression using registered
PET/MR images at the first sign of symptomatic progres-
sion. Multiple biopsy samples were obtained at different
time points from 3 patients (Table 1). We classified the
results of these biopsies as tumor (T), tumor and radione-
crosis (T + R), and radionecrosis (R). The first biopsies
among all 15 patients were as follows: 6 biopsies were
found to be tumor, 8 biopsies were found to be radionecro-
sis, and 1 was found to be a combination of tumor and
radionecrosis. The average absorbed dose and average ini-
tial dose rate to the 2-cm cavity margins from 3'I-mu81C6
mADb for those patients with radionecrosis was 47 Gy
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FIGURE 3. Sequential registered MRI/
PET images from patient 15, who received
35 Gy to 2-cm cavity margins with an initial
dose rate of 0.9 Gy h='. A uniform rim in
MRI was observed 1 mo after therapy and
persisted unchanged over 59 wk with min-
imal vasogenic edema and minimal 18F-
FDG accumulation. Subsequently, grade llI
irreversible neurologic toxicity developed
and, 118 wk after therapy, a biopsy sample
was obtained, which indicated radionecro-
sis. However, 177 wk after therapy, new
intense 8F-FDG hypermetabolic nodulari-
ties and MRI enhancements with extensive
vasogenic edema were observed on regis-
tered MRI/PET images, indicative of tumor
progression.

(range, 34-55 Gy) and 0.66 Gy/h (0.62—0.70 Gy/h), respec-
tively. For those patients with tumor only, the average
absorbed dose and average initial dose rate was 39 Gy
(range, 2658 Gy) and 0.54 Gy/h (range, 0.41-0.71 Gy/h),
respectively. However, patient 29 was not considered in this
analysis because tumor recurrence was >2 cm away from
the margins of the SCRC and was considered to be multi-
focal. The initial biopsy of patient 22 showed radionecrosis;
however, a second biopsy after 45 wk established recurrent
tumor and disease progression. Similarly, the first and sec-
ond biopsies of patients 6 and 14 revealed radionecrosis,
whereas a third biopsy obtained after 43 and 17 wk, respec-
tively, showed tumor progression. Five patients with biop-
sy-proven radionecrosis and grade IIT or grade IV delayed
irreversible neurologic toxicity received an average ab-
sorbed dose and dose rate of 42 Gy/h (range, 34-55 Gy/h)
and 0.71 Gy/h (0.62—0.90 Gy/h), respectively. Three pa-
tients with biopsy-proven tumor and tumor plus radionecro-
sis had grade III irreversible neurologic toxicity.

Figure 4 presents a scatter plot of the first biopsy results
showing the relationship between biopsy outcome on initial
dose rate and average absorbed dose to the 2-cm cavity
margins (average boost absorbed dose) delivered by 3'1-
mu81C6 mAb. An optimal absorbed dose is defined as that
dose which maximizes tumor control while minimizing the
induction of radiation necrosis. We observed that the min-
imal absorbed dose for tumor control was approximately 42
Gy, whereas the median absorbed dose among patients with
radionecrosis was 44.8 Gy, which is within the initial esti-
mate of 44 Gy established previously in our phase I clinical
trial (/4). Moreover, this estimate is in agreement with the
average absorbed dose of 44 Gy for patients in whom
reversible neurologic toxicity developed.

1048

Patterns of Failure and Reoperation

Of the 27 GBM patients, 1 patient was found to be free of
tumor recurrence. Of the remaining 26 patients, local tumor
progression developed in 23 patients, as defined by the
development of new nodularities within 2-cm margins on
MRI, hyperintense '*F-FDG accumulation, and biopsy cor-
roboration when possible. Distant multifocal disease devel-
oped in 2 patients. Only 1 patient underwent another oper-
ation for mass effect. As a whole, local recurrence
comprised the major cause of failure in GBM patients
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FIGURE 4. Scatter plot of biopsy results and neurologic tox-
icity among GBM tumor patients as function of average ab-
sorbed dose D¢, and maximum dose rate DT to 2-cm cavity
margins. T = tumor; RN = radionecrosis; DN = delayed neu-
rotoxicity and grade 1, 2, 3, or 4; irr = irreversible.
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(23/27, 85%), which is similar to that observed in brachy-
therapy.

DISCUSSION

Understanding the therapeutic efficacy and deleterious
effects of *'I-mu81C6 mAD therapy on normal brain tissue
is of significance in the design of future treatment protocols
with this promising agent. However, the sequence of events
leading to the development of radiation injury and the
minimum absorbed doses and dose rates required to induce
these detrimental changes while maximizing tumor control
are poorly understood. Our observations demonstrate that,
similar to brachytherapy, the absorbed dose and dose rate
appear to play a significant role in the development of
normal brain injury, which can lead to either reversible or
irreversible neurotoxicity.

Experimental and clinical data have demonstrated that, in
general, the biologic effects of radiation injury in brain
tissue diminish with decreased dose rate (28). Therefore, the
same radiobiologic processes that are important for the
biologic effects seen after fractionated XRT, radiosurgery,
and brachytherapy should also be important for !3II-
mu81C6 mAb therapy. Such processes include, but are not
limited to, intrinsic cellular radiosensitivity, early sensitivity
versus late-reacting normal tissue, repair of sublethal and
potentially lethal damage, tumor invasiveness and cell pop-
ulation kinetics, cell cycle progression and redistribution,
and reoxygenation (29).

Similar to brachytherapy, high-absorbed doses delivered
at very low dose rates (<0.4 Gy/h) produce very restricted
areas of necrosis with surrounding edema that resolve with
time; however, early tumor progression was the resulting
endpoint (28). Conversely, doses higher than 50 Gy delivered
at high dose rates (>0.6 Gy/h) result in profound, irreversible
changes, the extent of which depends on the dose and volume

of brain tissue irradiated (28). Mild symptomatic radiation
necrosis may be treated with corticosteroid therapy; however,
more severe and irreversible radionecrosis frequently requires
reoperation to relieve symptoms and decrease the need for
corticosteroids. Because the brain is so inefficient in removing
necrotic tissue, clinical detrimental symptoms are regularly
progressive if reoperation is delayed, where the mass of ne-
crotic tissue and the rim of damaged normal brain tissue lead
to factors that alter BBB function, which incites brain vaso-
genic edema. Reoperation and removal of necrotic tissue may
result in a better quality of life and improvement in survival.

Similar to our previous phase I clinical study (/4), the
initial dose rate appears to play a major role in the devel-
opment of radiographic enhancement and the corresponding
symptomatic radionecrosis after therapy with 3'I-mu81C6
mADb. In this phase II study we observed again that absorbed
doses higher than 50 Gy and dose rates higher than 0.6 Gy
h~! resulted in radionecrosis in first-time biopsies, which is
within the range of 0.3—0.6 Gy/h established by Leibel et
al. for high-dose-rate brachytherapy (28). Furthermore, clin-
ical studies using radiosurgery and high-dose-rate brachy-
therapy have shown a proportional relationship between the
boost absorbed dose and the median survival for treatment
of newly diagnosed GBM patients. Figure 5 presents a plot
of median survival as a function of the average boost
absorbed dose for different clinical studies, including our
phase I and phase II clinical trials (/,3—7,9,30-34). We
observed an asymptotic median survival of approximately
86 wk for boost doses higher than 50 Gy among brachy-
therapy studies and 92 wk for RIT for absorbed doses higher
than 80 Gy (35). This limiting effect in median survival can
be explained as brachytherapy irradiates equally both nor-
mal tissue and tumor tissue with a very steep dose gradient;
thus, normal brain tissue damage represents the major lim-
iting factor in this adjuvant therapy strategy, leading to high

DosMETRY OF '3'I-MUu81C6: PHASE II STUuDY ¢ Zalutsky et al.

120 12) XAT: Walker etal, 1978 | FIGURE 5. Regression analysis (95% Cl)
1b) XRT: Laterra et al., 2004 | Detween average boost absorbed dose and
16) XRT: Jerermic et al, 2001 median survival for newly diagnosed GBM
100 ' v patients receiving XRT and radiosurgery,
N 1d) XRT: Anders et al,, 2000 | brachytherapy, or RIT. Among the different
—; 2) RS: Shrieve et al., 1999 clinical studies, including ours, an fasymp—
= totic increase in median survival as a function
g 80 %) BT Wen etal, 1994 of average boost absorbed dose after XRT
2 4) BT: Gutin et al., 1991 was observed. Dose estimates for Riva et al.
? 5) BT: Prados et al., 1992 (35) were based on an average residence
& 60 6) BT: Sneed et al., 1996 time of 82 h, average cavity size of 19 cm?,
3 and 5 courses of 13I-BC2 and BC4 mAbs for
> 7) BT: Chang et al.,, 2003 a total administered activity of 9,250 MBq.
40 4 8) RIT: Riva et al,. 1997 This relationship among studies confirms the
relevance of limiting the absorbed dose to
96%:3";: Phase!’vm‘muswfi tumor foci to minimize normal brain tissue
abani et al., 2000 injury and maximize tumor control. Reopera-
20 ‘ ‘ - tion rates were between 40% and 60%
0 20 40 60 80 100 gbih?s'zifé’f sell, "1 muBico among brachytherapy studies, whereas rate
Average boost absorbed dose (Gy) for RIT using '3'I-mu81C6 mAb was 3%.

RS = radiosurgery; BT = brachytherapy.
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reoperation rates and late adverse events. Conversely, the
major advantage of RIT is the potential for the radiolabeled
mADb to bind and irradiate preferentially microscopic tumor
foci surrounding the cavity while sparing normal brain
tissue more efficiently. Nonetheless, we observed that our
phase I and phase II studies followed the same trend as
brachytherapy. However, for those patients with reversible
neurotoxicity, we estimated a median survival of 98 wk;
consequently, careful control of the radiation dosage to
avoid the onset of irreversible neurotoxicity may be the key
factor in maximizing survival using this therapeutic ap-
proach. Dosimetric analysis of initial biopsy samples re-
sulted in an optimal absorbed dose of 44 Gy, which maxi-
mizes the tumor control while minimizing the induction of
radionecrosis by limiting the total absorbed dose to the 2-cm
cavity margins to <110 Gy after XRT is administered.

The increased accumulation of mu81C6 mAb around
regions of vasogenic edema was observed on registered
MRI/SPECT images. The presence of vasogenic edema is
consistent with the fact that high-grade malignant gliomas
have the ability to disrupt the tight junctions of endothelial
cells by secreting soluble factors, such as cell-adhesion
molecules and matrix-degrading proteases, leading eventu-
ally to changes in the ECM composition and consequent
BBB disruption (36). The production of certain ECM mol-
ecules—for example, hyaluronic acid, galectins, chon-
droitin sulfate, TN-C, and the aquaporin-4 (AQP4) pro-
tein—is increased in high-grade gliomas and they positively
correlate with the migration of glioma cells and production
of brain vasogenic edema (37). The overexpression of these
ECM molecules correlates with increased tumor malig-
nancy and migratory activity, where these molecules may
produce a preferential pathway for tumor cell migration
(38,39). Thus, the production of vasogenic edema leads to
the formation of a barrier for blood-borne chemotherapeu-
tics that constrains their diffusion process into the brain
parenchyma.

In physical terms, these ECM-modifying factors have
been shown to increase the physical parameters o (extra-
cellular space volume fraction), \ (tortuosity), and k' (non-
specific uptake, s~!), which govern the trafficking and dif-
fusion of compounds (24,25). Such physical changes lead to
an increase in the apparent diffusion coefficient, which is
observed in diffusion-weighted images (40,41), and could
explain the observed preferential distribution of mu81C6
mAb through regions of vasogenic edema at the time of
administration. However, the lack of data regarding the
microscopic distribution of PB'T-mu81C6 mAb within the
brain parenchyma did not permit us to determine the het-
erogeneities in its distribution and corresponding doses
among the different brain tissue structures (tumor foci and
normal tissue structures and vascularity). We anticipate a
higher absorbed dose delivered to these tumor foci where
TN-C is restricted to the perivascular regions around imma-
ture blood vessels and within the fibrillar areas with a
netlike diffusive pattern (10,16).
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CONCLUSION

Our results highlight the palliative character of actual
radiation therapy, including RIT, in the treatment of high-
grade malignant gliomas. However, as established by our
phase I and phase II studies, 3'I-mu81C6 mAD is signifi-
cantly associated with an increase in the median survival in
patients with high-grade gliomas with minimal reoperation
rates. We also observed the preferential distribution of the
radiolabeled mAb through areas of vasogenic edema at the
time of therapy, irrespective of cavity size, and observed
that irreversible neurotoxocity, regardless of its etiology, is
a key predictor of survival. We estimated an optimal target
dose of 44 Gy to the 2-cm cavity margins, and further
clinical studies are warranted to prove the effectiveness of
achieving this target dose rather than administering a fixed
activity. Further questions that remain to be addressed for
this therapy strategy include the effect vasogenic edema
before 3'1-mu81C6 mAB therapy, dose fractionation and
escalation, induction of vasogenic edema, tumor control and
progression, onset of tissue radionecrosis, and overall me-
dian survival.
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