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Radioimmunotherapy for non-Hodgkin’s lymphoma often re-
sults in surprisingly high response rates compared with those
expected from estimated absorbed radiation doses. Several
factors, including radiobiologic response, selective targeting,
and heterogeneous absorbed radiation within the lymphoma,
are likely to contribute to the lack of a dose-response relation-
ship. This article investigates the impact of nodal regression on
absorbed radiation dose and applies a correction factor to
account for its effect. Methods: The radioactivity in and regres-
sion of 37 superficial lymph nodes were measured in 7 non-
Hodgkin’s lymphoma patients treated with 775-3,450 MBg/m?
of 131-Lym-1 monoclonal antibody. Nodal dimensions were
measured with calipers and radioactivity was quantitated using
gamma-camera imaging on multiple days after '¥'I-Lym-1 injec-
tion. Both nodal regression and radioactivity were fit with mono-
exponential functions. Formulas were developed to account for
simultaneous change in nodal mass and radioactivity. All lymph
nodes with size and radioactivity measurements, and exponen-
tial-fit coefficients of determination of >0.8, were included in the
analysis. Results: A 3 orders-of-magnitude node-to-node vari-
ation in initial radiopharmaceutical concentration (MBg/g) was
observed, with the highest concentrations in the smallest
nodes. Reduction in radioactivity as a function of time (biologic
half-life) varied by about a factor of 2. In contrast, the rate of
nodal regression varied by orders of magnitude, from a 14-h
half-time to no regression at all. Five nodes regressed with a
half-time that was shorter than their observed effective radio-
pharmaceutical half-life. Accounting for the effect of nodal re-
gression resulted in dose corrections ranging from 1 (no cor-
rection) to a factor of >10, with 70% of nodes requiring a
correction factor of at least 20% and >50% of nodes requiring
a correction factor of >2. Corrected for nodal regression, 46%
of nodes analyzed had absorbed radiation doses of >10 Gy and
32% had doses of >20 Gy. Conclusion: These results highlight
the importance of accounting for change in mass, particularly
tumor regression, when assessing absorbed radiation dose for
tissues whose mass changes during the time the radiation dose
is being absorbed. The increase in calculated absorbed dose
when this change is considered provides better insight into the
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high nodal response rates observed in non-Hodgkin’s lym-
phoma patients.
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Remarkable improvements in cancer control have been
associated with radioimmunotherapy (RIT) for non-
Hodgkin’s lymphoma (NHL), suggesting that the combina-
tion of radiation and molecular targeting molecules (in this
case, antibodies) is a promising avenue for treating wide-
spread cancerlf. However, some enigmas remain in un-
derstanding how RIT works to improve tumor control. One
feature is the high response rate (nodal regression) for
relatively modest calculated radiation doses, disproportion-
ately better than that associated with similar doses from
external-beam radiatior23). Several biologic explanations
have been put forward to explain these differences, includ-
ing selective targeting of cells responsible for tumor volume
doubling, nonhomogeneous binding throughout the tumor,
targeting of the tumor vasculature, and block of cell cycle
progression&5).

Estimation of radiation dose deposition may also play an
important role. For radiation therapy, radiation is delivered
with external sources, which result in a geometrically de-
termined field of radiation in the area being treated. For a
uniformly dosed volume, which is often the case, the tumor
receives a constant dose, independent of whether it is grow-
ing or shrinking. When radiation is delivered through drug-
based molecular targeting, dosimetry depends primarily on
the concentration of activity in the targeted mass, modified
by transport of radiation energy in or outside the mass. This
results in nonuniform dose deliver)(that changes as a
function of time and tumor variation.

This article reports on an investigation of the possible
contribution of nodal regression to absorbed radiation dose,
differing from the standard dose estimation approach used
for RIT for patients treated with the Lym-1 antibody for
NHL. Lym-1 is a monoclonal antibody that preferentially

No. 8 ¢ August 2003



targets malignant lymphocytes and has been shown to in-
duce therapeutic responses in most patients with NHL and
chronic lymphocytic leukemia (6-9).

In patients who respond to treatment, the size of the
lymph nodes often decreases dramatically over a 1- to 10-d
period. At the same time, the concentration of radioactive
emitter is changing due to pharmacokinetic processes and
physical decay of the radioactive atoms. Traditionally, dose
to lymph nodes (and other organs) is determined by mea-
suring the amount of radioactive emitter through y-detec-
tion with planar or tomographic imaging, then determining
the number of radioactive decays per mass of tissue, and
inferring absorbed radiation dose. If the mass of the host
tissue (in our case, the lymph node) is decreasing, the
assumption of constant mass can result in an underestimate
of the absorbed radiation dose.

MATERIALS AND METHODS

Patients were selected from a group of 51 lymphoma patients
(32 men, 19 women) who entered trials using 131-Lym-1 therapy
(10). Nodal regression was measured after the first treatment, in
the subset of patients for whom caliper measurements of nodal size
and planar images of activity were available for lymph nodes,
measured on multiple days. Seven NHL patients met these criteria.
Patients received 3-Lym-1 doses ranging from 775 to 3,450
MBg/m?. Table 1 summarizes patient characteristics.

This article reports results for relationships between nodal re-
gression and nodal size, pharmacokinetics, and absorbed dose, and
evaluates whether the correction for nodal regression resulted in
radiation absorbed doses more consistent with observed nodal
regression, based on experience with external-beam radiation ther-

apy.

Radiopharmaceutical

Lym-1 is an 1gG2a mouse monoclonal antibody that has a high
affinity against a discontinuous epitope on the B-subunit of the
human leukocyte DR antigen located on the surface membrane of

TABLE 1
Summary of Administered Dose, Number of Accessible
Nodes, Number of Nodes With Activity Measurements,
and Number of Nodes Carried Through Study

Accessible Nodes

Administered nodes with carried

Patient dose Accessible activity through

no. (GBg/m?) nodes* measurements  study?
1 3.15 12 8 7
2 2.85 7 2 2
3 2.92 3 3 3
4 3.45 20 14 14
5 2.68 3 3 2
6 0.78 17 7 6
7 1.03 6 3 3

*Measured with calipers.
THad both activity and caliper measurements and met assess-
ment criteria.
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malignant B-lymphocytes (11,12). Its production, purification, and
preparation for treatment are described elsewhere (10).

Assessment of Nodal Regression

Each lymph node was characterized as an ellipsoid, whose
volume is described by 2 caliper measurements. The largest and
smallest perpendicular dimensions were measured with calipers
for all superficial, enlarged nodes observed in each patient. Nodes
were assumed to be spheric or elongated (the third dimension is
assumed to be the same as the smallest caliper measurement).

All node-size measurements made within the first 10 d of
treatment were included for assessing mass change. The most
recent pretreatment node-size measurement (generally the day of
or day before treatment) was used as the node size at time (t) = 0.
Nodal mass was determined from volume by assuming adensity of
1 g/lcms,

Nodal regression measurements were fit with a monoexponen-
tial function. To assess whether nodal regression was more accu-
rately modeled with an exponential or linear function, the coeffi-
cient of determination (R) was compared for exponential and linear
fits to each node whose regression was evaluated. For the majority
(~80%) of evaluable nodes (R for exponential fit was >0.8), the
exponential fit gave a higher or equal R vaue than the linear fit.
The exponential function was used because it was generally better
than the linear fit and is consistent with simple exponential pop-
ulation growth and reduction.

If nodal regression was not fit by a monoexponential with an R
value of =0.8, it was rejected. This criterion resulted in the
rejection of 2 nodes, both in patient 6: a 17-g initial-mass parotid
node that regressed within 1 d to 11 g and then to 1.6 g by day 9
and a small supraclavicular node (0.1-g initial mass) that grew
between the first and second measurements and then shrunk.
Nodes that were excluded on the basis of an R value had half-lives
of =10d (i.e., they were not shrinking appreciably) or they grew
during the time of observation (negative half-time).

Two nodes (right axilla, patient 7) that coalesced during the
measurement period were not included. For 3 nodes, there were
not enough nonzero mass data points to obtain an exponential fit.
Two of these nodes were associated with measured activity and did
not contribute to estimates of absorbed radiation dose and dose
correction. One inguina node (patient 5) regressed to an immea-
surable mass within 2 d. The effective half-life for its activity was
1 d. Because of the paucity of mass measurement data for this
node, it was not used.

Radiation Quantification

Nodal 31 activity was measured by serial planar imaging, using
a Bodyscan camera (Siemens Medical Systems, Inc.), immedi-
ately, 2-6 h, and daily for 7-10 d after administration of 13-
Lym-1. Detailed methods for quantitative imaging have been de-
scribed previously (13,14).

Using a visua boundary, regions of interest (ROIs) that in-
cluded either a single node or localized group of nodes were
converted to percentage injected dose. A reference source with a
known amount of 3! served to calibrate the amount of 3 for
each image. When activity from individual nodes in a group was
not separable in planar images, the measured activity was assigned
to the sum of the masses and, for dose calculations, apportioned to
give a constant activity per initial mass for each node in the group.

In patient 2, 2 nodes with very different masses (47 and 0.5 g)
appeared to have the same initia activity concentration. However,
this was an artifact of how initial activities were obtained: The
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activities for both of these left axillary nodes were measured in a
single ROI and assigned to the sum of their masses. Large and
small nodes were also lumped together in 2 other cases: 2 left
clavicular nodes with masses of 6 and 44 g in patient 4 and 2 right
posterior cervical nodes with masses of 0.5 and 8 g in patient 6. In
all other cases where activity per mass was assigned to a group of
nodes, al nodesin the group were within afactor of 2 in mass. The
result of common activity-concentration assignment to nodes of
very different mass is likely to be an underestimate of the initial
activity concentration in the smaller node and a relatively smaller
overestimate of the initial activity concentration in the larger node.

Because the nodes were superficial (palpable), no attenuation
correction was performed in the conversion of measured counts to
radioactivity in each node, leading to a potential small underesti-
mation of tumor absorbed radiation dose, particularly for larger
nodes.

To assess the accuracy of quantification, biopsy samples were
obtained from 4 nodes 1 or 3 d after administration of 131-Lym-1.
All samples were >0.4 g to reduce the effects of activity hetero-
geneity inside the tumor. 131 concentrations in excised samples
were measured using a calibrated y-well detector and confirmed
the accuracy of gamma-camera image quantification (10).

The time-dependent behavior of activity was characterized us-
ing a monoexponential function fit to data for each node or node
group. All nodes with both measured activity and biologic activity-
decay fits with R >0.8 were used. The R value criterion was met
by al but 1 node-activity measurement set: aleft preauricular node
in patient 1. The activity measurements for the preauricular node
in patient 1 were only available on 3 d and were near the gamma-
camera detection threshold.

Once our observations were confined to the lymph nodes that
passed exponential fit tests for both activity reduction and nodal
regression, 37 nodesin 7 NHL patients were found to be evaluable.
Two patients were injected with relatively lower radiopharmaceu-
tical doses of 775 and 1,030 MBg/m?, whereas 5 patients were
injected with higher radiopharmaceutical doses of 2,680—3,450
MBg/m?. The initial injected activity, for purposes of calculations
made here, was determined as the sum of the injected treatment
dose and the residual amount of activity from any pharmacokinetic
dose. Node-site-specific activity measurements made within the
first 24 h of treatment-dose administration were used for all but 1
patient (patient 6): In this case, the node activities (as afraction of
injected activity) determined from the initial (pharmacokinetic)
dose were used for the earliest (<24 h) time points. The pharma-
cokinetics have been shown to be the same for both levels of
injected radiopharmaceutical (10).

Calculation of Absorbed Radiation Dose
For constant mass, the usual dosimetry assumption, dose was
defined as:

D = S(my) A r e Mdt,
0

where Ag istheinitial activity, my isthe mass of the node, S(my) is
the S factor, or conversion from decays per mass (kBg-h) to
radiation absorbed dose (cGy), \ is the effective decay constant
(radioactive + biologic decay, where the effective half-life was
defined as tg = In (2)/\). Integrating over time resulted in:
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D= % X(m@ —e™),orD= %
where t refers to the time of integration. X(m) refers to the mass X
the S factor. Because X(m) decreased with decreasing mass due to
an increasing amount of B-particle energy leaving the node, it was
included in the time integration when estimating absorbed dose.
The absorbed fraction was estimated from a logarithmic-function
fit to tabulated values (15) by assuming that the absorbed fraction
for an ellipsoid was the same as that for an equal-volume sphere.
The empiric, fitted X(m) function, shown in Figure 1, agreed with
Monte Carlo simulations to within less than 4% for sphere sizes
ranging from 0.01 to 1,000 g. To include the absorbed fraction in
the dose integration, the following equation was used:

X(m) fort = oo,

m(t) = me ¥,

where £ is the nodal regression constant. X(m) was converted to a
function of time, X(t), as follows:

X(m) = mS(m) = 0.0168 In (m(t)) + 0.3857,
X(t) = 0.0168 In (mye ) + 0.3857 = —0.0168¢t + 0.3857.

For variable mass, dose was calculated as:

p-’e f & Xty = % f T 0o i),

My
0
Integrated through t = o, this resulted in:

o - e[
Mo | A —§&

aslongas& < \, or the nodal regression half-time was smaller than
the effective (radioactive + biologic decay) half-life. As the nodal
regression half-time decreased, but was still greater than measured
activity-reduction half-life (effective half-life), the absorbed radi-
ation dose integral converged at higher values.

The situation changed if the nodal regression half-time was
shorter than the observed activity half-life (effective half-life). In
this case, which was observed in 5 nodes, the absorbed radiation

14
- 131 y=04528Ln(x)+ 10.425
£
: R2=0.9728
@ 12 ]
£
o
i 11
(6]
< 10
= ]
X
»w 9
8 ] ; , - ,
0.01 0.1 1 10 100 1000
Mass (g)
FIGURE 1. Empiric, analytic fit to Monte Carlo-simulated ab-

sorbed fraction data for water spheres ranging in size from 0.01
to 1,000 g. R? is square of R for fitted curve.
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dose continued to increase with time. When the nodal regression
half-time was shorter than the effective activity half-life, the ab-
sorbed radiation dose was estimated by integrating until the last
nodal mass observation, using the following equation:
A [(X(mo>
= N—E

M (1 _ e%k&_)t))

1-e ™9\ -pt+ 1))]

- 0.0168g( =

where t refers to the total integration time.

Because it was only possible to assess nodal regression up to the
final nodal mass measurement point, dose was determined by
integrating up to the time the final nodal mass measurement, for
the purpose of observing the effect of the absorbed radiation dose
on the fina mass of the node. The rationale for limiting the
integration period for this comparison is that nodal mass could not
be influenced by absorbed radiation dose that would be contributed
after the measurement was made. The choice of integration time
decreased the size of the dose correction for nodal regression by as
much as 66%.

RESULTS

Initial activity concentrations (kBg/g) in lymph nodes
varied significantly, from concentrations of <10 kBg/g to
>10,000 kBg/g. As shown in Figures 2A and B, initial
nodal activity concentration appeared to be more related to

initial nodal mass (Fig. 2B) than to administered activity
(Fig. 2A). X marks in Figure 2 identify pair nodes with
dissimilar masses that were imaged in the same ROI and
assigned the same activity per nodal mass. The effect of this
assignment would be to artificially reduce the activity per
nodal massin the smaller node and increase the activity per
nodal mass in the larger node, but to a smaller extent.
Biologic half-lives ranged from about 1.1 to 2.5 d, with 1
slight outlier (an inguinal nodein patient 4) at 3.5 d, and did
not appear to depend on initial node mass (Fig. 2C). In-
trapatient biologic half-life variation (first through third
quartile range of <0.6 d) was smaller than interpatient
variation (first through third quartile range of 1.3 d).
Figures 2D and 2E show that the noda regression rate
varied widely, with half-timesranging from <0.6 d (faster than
the activity was observed to decrease), observed for 5 nodes, to
no change in mass (infinite half-time), observed for 2 nodes.
Noda regression haf-time is >10 d in al nodes for those
patients treated with 700—1,000 MBg/m? injected activities
and is <10 d for &l except 2 nodes in patients treated with
>2,800 MBg/n?? (Fig. 2D). In contrast, nodal regression half-
time did not appear to depend strongly on the node's initia
activity concentration (Fig. 2E). Wide variations in the rate of
nodal regression were not associated with corresponding vari-
ations in the 131 biologic haf-life in the node (Fig. 2F).
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Figure 3 shows the relationship between nodal regression
and absorbed radiation dose (corrected for nodal regres-
sion), athough it is unclear which of these quantities is
causative, because nodal regression clearly impacts ab-
sorbed radiation dose. The line in Figure 3 shows the result
of a least-squares fit (with P = 0.004) to al nodal data
shown.

Nodal regression resulted in substantial revisions in ab-
sorbed radiation dose estimates, with corrections ranging in
magnitude from 1 (no correction) to a factor of >5 for
nodes with regression half times less than the activity ef-
fective half-life, and even larger adjustments (factors of
5.7-166) for the fastest-regressing nodes. Figure 4 com-
pares revised absorbed radiation dose and the absorbed
radiation dose that was predicted with no correction for
nodal mass regression. Corrected radiation dose values are
uniformly greater than uncorrected ones.

Figure 5 shows the relationship between nodal regression
half-time and the magnitude of the dose correction. Doses
were determined by integrating to t = o, and the 5 fast-
regressing nodes were not included. Datafor all patientsfell
into the same pattern, with the radiation dose correction
increasing dramatically with increasing nodal regression
rate. Accounting for the effect of nodal mass regression
resulted in dose corrections ranging from 1 (no correction)
to afactor of >10, with 70% of nodes requiring a correction
factor of at least 20%, and >50% of nodes requiring a
correction of afactor of =2. The apparent asymptotic value
of dose correction factor at about 2 d reflects the consistency
of the 131 effective half-life, as the dose correction factor
approaches infinity as the mass-regression haf-life ap-
proaches the 131 effective half-life. For comparisons shown
in Figures 4 and 5, doses are determined by integrating to
t = o, and the 5 fast-regressing nodes are not included, as
their doses did not converge with time. Correction factors
for the 5 fast-regressing nodes, even when integrated
through only the time until the final measurements, ranged
from 5.7 to 166.

1,000.0 .
g o Pt1
i o
c  100.0 .
S o
§ T N
- O <
gg 10.0 : .
S5
g8< 10
z
0.1 ‘ , o
1 100 10,000 1,000,000

Corrected absorbed radiation dose (cGy)

FIGURE 3. Greater corrected absorbed radiation doses were
generally associated with shorter nodal regression half-times.
Line shows least-squares fit, which has P = 0.004. Pt = patient.
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FIGURE 4. Corrected and uncorrected absorbed radiation
dose. Dose correction generally increases with increasing ab-
sorbed radiation dose. Plot does not include nodes whose
regression half-time was shorter than activity effective half-life.
Plot does include line of identity for corrected and uncorrected
absorbed radiation dose. Pt = patient.

To estimate dose—response, nodal response was defined
as.

(last nodal mass measurement)
(initial nodal mass measurement) *

nodal response = 1 —

Although this does not represent the enduring response of
the lymph node, it serves as a short-term measure of re-
sponse to radiation. A value of 1 means that the nodal mass
decreased to 0, whereas avalue of 0 means that there was no
regression. Nodal response, which represents a non-time—
dependent fina mass, is different than nodal regression
half-time, which represents the rate at which the node re-
gressed. Figure 6A shows that nodal response follows a
more noticeable trend toward increasing response at in-
creased absorbed radiation doses when corrected radiation

6
T

— o t
‘8 5 - a Pt3r
B Ce o Pt4
S 4 o Pt5 ]
= e} Pt6
51 (n]
L [ D aPt7
536
S I
o B (s
3 24 o
o [ o o

1 L o .IOM 8. " - o

1 10 100 1,000
Nodal regression half time (d)

FIGURE 5. Correction factor for absorbed radiation dose re-
sulting from nodal regression. Plot does not include nodes
whose regression half-time was shorter than 31| effective half-
life. Pt = patient.
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FIGURE 6. Nodal regression compared with uncorrected

(black symbols) and corrected (red symbols) absorbed radiation
dose (A) and dose correction factor (B). In A, uncorrected dose
is shown with black symbols and corrected dose with red
symbols, and red line shows least-squares fit (P = 0.005) to
nodal regression vs. corrected absorbed radiation dose. Ab-
sorbed radiation dose was calculated by integrating only to final
measurement time. Pt = patient.

absorbed doses (red symbols) are used. The red line shows
a least-squares fit (P = 0.005) to noda response versus
corrected dose data. A least-squares fit to nodal response
versus uncorrected dose data had a 30% smaller slope with
P = 0.15 and is not shown. Dose corrections are greatest for
those nodes with the highest response (Fig. 6B). For both
Figures 6A and 6B, absorbed radiation dose was cal culated
by integrating only to the final nodal mass measurement
time. The rationale for this is that measured nodal mass
regression is not impacted by absorbed radiation dose that
has not been delivered yet. Nodes whose absorbed radiation
dose diverged with time, requiring a fixed integration inter-
val to obtain a finite value for absorbed radiation dose, are
each marked with an X. Limiting the dose integration time
to the final mass measurement resulted in a maximum dose
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correction factor of 2.5 (excluding the 5 fast-regressing
nodes). In contrast, the maximum dose correction (exclud-
ing the 5 fast-regressing nodes) for integration to t — o
is5.

Figure 7, which demonstrates the impact of nodal size
and injected activity on corrected absorbed dose, shows that
nodes with the highest radiation doses were small in size
(Fig. 7A), which increased the initial 13! activity concen-
tration, and were located in a patient who received a high
injected activity (Fig. 7B), which presumably increased the
rate of nodal regression.

In summary, initial 13! activity concentration depended
on initial nodal mass, with higher concentrations in smaller
nodes, but not on injected activity (Figs. 2A and 2B). The
rate of nodal regression (measured as the nodal regression
half-time) depended on injected activity, but not strongly on
initial activity concentration or initial nodal mass.

The lymph nodes with the highest doses were small in
size and were located in a patient who received a high
injected activity. In fact, al nodes with absorbed radiation
doses of >700 cGy were in the high-administered-activity
group, had mass regression half-times of <10 d, and had
initial masses of <24 g, as demonstrated in Figure 7 (nodal
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FIGURE 7.

Nodes with highest doses were small in size (A),

which was consistent with higher initial '3l activity concentra-
tion, and were located in patients who received high adminis-
tered activities (B). Pt = patient.

1327



regression haf-timeis shown in Fig. 3). Asshown in Figure
2A, administered activity and initial 131 concentration in an
individual node are not clearly related to each other.

DISCUSSION

Although the absorbed radiation doses (23—4,260 cGy)
reported for RIT for NHL have been in the range for
yielding atherapeutic response for this highly radiosensitive
malignancy, therapeutic response (16—18) has often seemed
disproportionately greater than expected when compared
with responses from doses of external-beam radiation in
patients (1,18,19).

In animal models, RIT has been shown to be more
effective, less effective, or as effective as equivalent doses
of external-beam radiation therapy (2). In general, tumors
with a good repair capacity, as evidenced by a large shoul-
der on the radiation survival curve, tended to have a signif-
icant dose rate effect. This was probably also modified by
tumor doubling time (2,5). In addition, other factors such as
cell cycle redistribution with accumulation of cells in the
G,/M phase, targeting of arapidly proliferating subpopula-
tion of well-oxygenated and accessible tumor cells, effects
of tumor blood flow or vasculature, rapid reoxygenation of
hypoxic cells, effects on repair and repopulation, and radi-
ation- or antibody-induced apoptosis may explain, in part,
the increased efficacy of RIT compared with fractionated
external-beam radiation therapy (3).

There can be significant discrepancies between macro-
scopic and microscopic absorbed radiation dose because of
the heterogeneity of radioisotope distribution in the lymph
node (20—22). In quantitative autoradiography experiments,
Griffith et al. (23) correlated film density with correspond-
ing microthermoluminescent dosimeters, measuring ab-
sorbed dose heterogeneity of up to 400% for 131-Lym-1
monaoclonal antibody in Raji B-cell lymphoma xenografts.
Roberson and Buchsbaum (24) combined 3-dimensional,
serial-section autoradiographs with estimates of energy loss,
dose-rate dependence, hypoxic fraction, and cell prolif-
eration to reconcile external-beam radiotherapy and RIT
(within measurement uncertainties) for LS174T human co-
lon cancer xenografts treated with °Co single-fraction ex-
posure and 131-labeled 17-IA monoclonal antibody therapy.

Another explanation is dose estimation: Generally, ab-
sorbed radiation dose estimates assume that initial mass is
unchanged during the decay of the activity. For some cir-
cumstances, the mass of the target tissue or normal organs
does not change substantially during the time period when
most of the absorbed radiation dose is being delivered.
However, for the 86% responders in a maximum tolerated
dose, toxicity, and efficacy trial of 131-Lym-1, nodal regres-
sion was observable within days and usually maximized
within 1 wk after a therapy dose (6). Under these circum-
stances (rapid tumor regression), it would seem necessary to
account for the changing activity concentration. Indeed, the
work herein corroborates this speculation.
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Our analysis showed that accounting for the effect of
nodal mass regression resulted in dose corrections ranging
from 1 (no correction) to afactor of >5, with 70% of nodes
requiring a correction factor of at least 20% and >50% of
nodes requiring a correction factor of =2. The size of the
dose correction factor depended strongly on the rate at
which nodal regression occurred, with faster regression
corresponding to asymptotically higher absorbed radiation
dose correction factors (Figs. 5 and 6B). Five nodes re-
gressed so rapidly that their corrected dose no longer con-
verged with time, leading to dose correction factors, even
when bounded to the last mass-measurement time point, of
5.7-166. Corrected for mass regression, 46% of all nodes
analyzed had absorbed radiation doses of >10 Gy and 32%
had doses of >20 Gy.

Three quantities impacted the equation of absorbed radi-
ation dose to a lymph node: the initial 13! activity concen-
tration in the node, the 13 biologic half-life, and the nodal
regression half-time. We found that 2 of these quantities, the
initial 13! activity concentration in the node and the nodal
regression half-time varied by orders of magnitude from 1
node to another, both between patients and within an indi-
vidual patient. In contrast, the 31 biologic half-life was
much more consistent, varying by only a factor of about 2
for al but 1 measurement, and were even more consistent
for nodes within a patient.

The orders-of-magnitude node-to-node variation in 13
activity concentration in the node (Fig. 2) resulted in awide
range of initial activity concentrations and absorbed radia-
tion doses delivered to patient nodes, independent of
whether the patient was treated in the high- or low-admin-
istered-dose group. The impact of node-to-node variation is
evident by comparing Figures 2A and 2B: Figure 2A, plot-
ting administered activity per patient surface area, shows a
clear bimodal distribution of activities, whereas Figure 2B
shows a continuous range of node-specific initia activity
concentrations.

The question is: Why is the measured activity reduction
rate (biologic half-life) independent of wide variations in
nodal regression rate, as shown in Figure 2F? This appears
to mean that nodes whose masses regress hold onto the
radiopharmaceutical (in terms of concentration) better than
those that do not regress. The effect is most apparent in the
5 nodes whose regression time constant is actually shorter
than the effective half-life (reflecting both pharmacokinetics
and physical radionuclide decay). In these nodes, the activ-
ity concentration actually increases with time. Figure 2F
shows that the noda regression for the fastest-regressing
nodes is actually not an aberration but is simply the end of
a continuum of observed regression half-times. One addi-
tional clue is that the nodal regression half-time is influ-
enced by the amount of administered activity (Fig. 2D).

If nodal regression was simply related to absorbed radi-
ation dose, the nodes with the highest absorbed radiation
doses would have aso had the greatest amounts of regres-
sion. Although this relationship was present, as Figure 6A
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shows, it was not uniformly so. In addition to radiobiologic
considerations, one possible reason is that our final mass
observations may have stopped too early in some instances:
The final mass was measured only 3-9 d after the treatment,
limited by the fact that patients were treated with multiple
radiopharmaceutical injections, so mass measurements at
extended times would have included further radiation doses.
The improvement in apparent dose-response that we ob-
served when radiation dose was corrected for nodal regres-
sion is consistent with more recent reports on improvements
in tumor dose—response (25) as well as dose—+esponse re-
lationships in normal tissue damage (26).

CONCLUSION

The results reported here highlight the importance of
accounting for mass changes in assessing absorbed radiation
dose for nodes (or other tissues) that regress soon after
treatment starts. Accounting for the effect of nodal regres-
sion resulted in absorbed radiation dose corrections ranging
from 1 (no correction) to a factor of >10, with 70% of
nodes requiring a correction factor of at least 20%, and
>50% of nodes requiring a correction factor of =2. Cor-
rected for mass regression, 46% of all nodes analyzed had
absorbed radiation doses of >10 Gy and 32% had doses of
>20 Gy.
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