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Abstract

Purpose The objective of this study is to evaluate the lesion absorbed dose (AD), biological effective dose (BED), and
equivalent uniform dose (EUD) to clinical-response relationship in lesional dosimetry for I therapy.

Methods Nineteen lesions in four patients with metastatic differentiated thyroid cancer (DTC) were evaluated. The patients
underwent PET/CT imaging at 2 h, 24 h, 48 h, 72 h, and 96 h post administration of ~ 33-65 MBq (0.89—1.76 mCi) of '
before undergoing *'I therapy. The '>*I PET/CT images were used to perform dosimetry calculations for '*'I therapy. Lesion
dose-rate values were calculated using the time—activity data and integrated over the measured time points to obtain AD and
BED. The Geant4 toolkit was used to run Monte Carlo on spheres the same size as the lesions to estimate EUD. The lesion
AD, BED, and EUD values were correlated with response data (i.e. change in lesion size pre- and post-therapy): complete
response (CR, i.e. disappearance of the lesion), partial response (PR, i.e. any decrease in lesion length), stable disease (SD,
i.e., no change in length), and progressive disease (PD, i.e., any increase in length).

Results The lesion responses were CR and PR (58%, 11/19 lesions), SD (21%, 4/19), and PD (21%, 4/19). For CR and PR
lesions, the ADs, BEDs and EUDs were > 75 Gy for 82% (9/11) and <75 Gy for 18% (2/11). The ADs and BEDs were <75 Gy
for SD and PD lesions.

Conclusion By performing retrospective dosimetry calculations for '3'I therapy based on '>*I PET/CT imaging, we evaluated
the correlation of three dosimetric quantities to lesional response. When lesion AD, BED, and EUD values were >75 Gy,
47% (9/19) of the lesions had a CR or PR. The AD, BED, and EUD values for SD and PD lesions were <75 Gy. The data
presented herein suggest that the greater the lesion AD, BED, and/or EUD, the higher the probability of a therapeutic
response to '*'I therapy.
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Introduction

The determination of the optimal amount of the pre-
scribed activity for 13'I treatment of locoregional or dis-
tant metastases of differentiated thyroid cancer remains
controversial, and two approaches exist [1, 2]: empirically
determined fixed activity or a prescribed activity based
on patient-specific dosimetry. The empiric fixed activi-
ties for the treatment of distant metastases have a wide
range: 3.7-11.1 GBq (100-300 mCi) [3]. The dosimet-
ric approach can be further divided into three groups: (i)
the blood (as a surrogate for bone marrow) introduced by
Benua et al. [4] and subsequently refined by others [5, 6];
(i1) the lesional dosimetry approach, such as by Thomas
et al. [7] and (iii) a combination of the two. In regard to
blood dosimetry, Benua [8] developed a protocol to limit
the prescribed therapeutic activity of 13! to an activity that
delivers no more than 2 Gy to the blood with additional
recommendations when diffuse lung metastases were pre-
sent. Thomas et al. [7] calculated the absorbed dose deliv-
ered to the lesions. The Medical Internal Radiation Dosim-
etry (MIRD) Committee methodology [5] calculated the
absorbed dose to the bone marrow itself rather than to the
whole blood compartment and selected upper limits to be
3 Gy (300 rad) and 30 Gy (3000 rad), to the bone marrow
and lungs, respectively.

Generally, a fixed *'I activity is administered on the basis
of disease characteristics and patient age, with the risk of
under- or overtreatment [9]. On the other hand, superiority
of one dosimetric method versus another can be evaluated
if the specific method can be correlated with the treatment
outcome (i.e., patient’s response to therapy) provided that
the dosimetry methodology used is sufficiently accurate and
a favorable absorbed dose—response relationship is estab-
lished. When used prospectively, the dosimetry approach can
enable treatment optimization by maximizing the amount
of activity administered to the patient within the constraints
of toxicity [10], and when performed retrospectively can
allow for the evaluation of tumor dose-response relation-
ships [11-14]. Absorbed dose to target organs and lesions
can be obtained following the classic MIRD absorbed frac-
tion methodology using established phantom models [15]
or a personalized dosimetry approach (e.g., patient-specific
three-dimensional radiobiological dosimetry 3D-RD [16]).
The calculated absorbed dose (AD) for *'T therapeutic activ-
ity amounts can then be correlated with lesion response
using the clinical information acquired before and after
therapy. Radiobiological dosimetry quantities that account
for dose-rate variability and non-uniformity of intra-tumoral
dose distribution, such as the biological effective dose
(BED), and the equivalent uniform dose (EUD), can also be
calculated and correlated with response.
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Studies correlating dosimetrically determined '*'T pre-
scribed activity to treatment outcomes for DTC are very
limited [10, 12—14]. Jentzen et al. [13] assessed the therapy
response above the accepted AD thresholds of lesions and to
explore the relationship between therapy response and mini-
mum absorbed dose of small lesions, while Weirts et al. [13]
assessed the dose—response relationship in a fixed therapeu-
tic ' activity approach using pre-therapeutic '*I PET/CT
lesional dosimetry in a large group of patients. In addition,
lesion AD, BED and EUD were assessed by Hobbs et al.
in one pediatric patient dosimetry study [10]. The objec-
tive of this study is to evaluate the relationship between the
lesional AD, BED, and EUD to clinical response in lesional
dosimetry for '*'I therapy performed based on '**I PET/CT
imaging.

Materials and methods
Patient selection and study overview

Nineteen lesions in four patients diagnosed with meta-
static DTC at MedStar Health Washington Hospital Center
(MWHC) and referred for ' dosimetry are evaluated in this
study. Patients were selected from a previously described
prospective study [17]. All patients underwent '**I PET/
CT imaging over four consecutive days before undergoing
31T therapy. In this study we performed patient and lesion-
specific dosimetry calculations for '*!'I therapy based on the
1241 PET/CT imaging data.

Patient preparation, '2*| PET/CT imaging, and "I
therapy

Patient preparation has been discussed elsewhere [17].
Patient preparation for '>*I PET/CT imaging and '*'I therapy
was done using either intramuscular injections of recombi-
nant human thyroid stimulating hormone (thTSH) on two
consecutive days or thyroid hormone withdrawal (THW) for
4 weeks, Table 1. Specifically, for the latter, the patients dis-
continued taking thyroxine and began liothyronine sodium
(Cytomel®; Pfizer) (25 mg 2-3 times/day for 21 days). After
preparation with either thTSH or THW, the patients were
administered 33—65 MBq (0.80—1.76 mCi) of '2*I orally,
Table 1. PET/CT imaging was performed at 2 h, 24 h, 48 h,
72 h and 96 h post-administration of '2*I. The patients were
imaged using a Philips Gemini TF (Time-of-Flight) PET/CT
camera. Depending upon the acquisition time post adminis-
tration, imaging duration was 2- or 4 min/bed position and
16 bed positions were acquired for the whole body. The PET
images are reconstructed following standard PET recon-
struction techniques as implemented in the Philips Gemini
ToF camera system. The CT attenuation scans are acquired
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Table 1 '?*I diagnostic and
131T therapeutic administered

Patient preparation method for '**I PET/

1297 Activity MBq ~ "3'T Activity MBq (mCi)

s CT imaging and '*' therapy (mCi)
activities
Ptl THW 29 (0.78) 11,803 (319)
Pt2 THW 65 (1.76) 14,726 (398)
Pt3 THW 36 (0.98) 7,326 (198)
Pt4 rthTSH 33(0.89) 6,623 (179)

using 120 keV and 30 mAs; and PET reconstruction is per-
formed using ordered subset expectation maximization-TF
(OSEM-TF) reconstruction with segmented attenuation cor-
rection using the CT data. The sensitivity of the camera was
measured by imaging an '?*I standard of a known activity.

All patients underwent '3'I therapy after being prepared
with thTSH or THW, depending on the preparation method
used for '?*I PET/CT imaging, Table 1. The '**I PET/CT
imaging time points were used to calculate AD, BED, and
EUD of the 19 lesions as described below. These calcula-
tions were not used in the determination of the administered
activity of the therapeutic '*'I that the patients received dur-
ing treatment.

Dosimetry calculations for tumors

Tumor dosimetry calculations were performed using a
hybrid methodology, where the tumor self-dose rate for
each time point, ¢, was obtained using the MIRD formalism
(MIRD Pamphlet 21) [18], according to the formula:

D (2, tumor) = A(t, tumor) - S(tumor « tumor), (1)

where A is the activity at time point #, and S is the S value,
assumed to be time-independent. The external photon con-
tribution from the remainder of the body to the lesion was
done by measuring the photon contribution of '3'I from the
whole body to a nearby region of background uptake using
Monte Carlo simulation of the registered images.

The tumor time-activity data were obtained following
a previously described quantitative method that corrects
for background and partial volume effects in PET [17, 19].
Tumor contours were drawn using the imaging software
Velocity® with guidance from a nuclear medicine physi-
cian to delineate the lesion on the CT image. The four sub-
sequent PET/CT images are co-registered to the first time-
point CT image using a deformable registration algorithm
available in Velocity software. Tumor contours were drawn
both on the first time-point CT image as well as on each
individual time-point PET image. The registration across
different time-points facilitates superimposing the CT-
drawn tumor volume with the volumes drawn on the PET
images for the same tumor and partially account for the
different positions of the tumors across time-points. The

CT-defined volume was considered as the “real” volume of
the tumor. To account for spill-out, the tumor activity vol-
umes were drawn using a minimum threshold of the maxi-
mum PET value on each PET image. Figure 1a—d shows
examples of tumor contours drawn on the PET images for
Ptl (a—b) and Pt3 (c—d). The lesion activity was calculated
by considering the different activity contributions to the
threshold-based volumes and the CT-defined volume. The
background activity concentration was also measured by
drawing contours on the PET images at specific locations
on the patient's body (i.e., bone, bone marrow and lungs)
according to tumor locations and then multiplying with
the threshold-based contour volume (cm?) to obtain total
background activity in counts. Subsequently, this quantity
was subtracted from the threshold-based volume activity
for the difference of the PET-based and CT-based vol-
umes, i.e.: the background activity in the larger spill-out
region was not added to the lesion activity, only the excess
spill-out activity was added back to the lesion activity.
The resulting estimate of tumor activity at each time-point
was used to generate time—activity curves for each lesion.
Examples of time—activity curves for a CR, PR, SD and
PD tumor are given in Fig. 2. All lesional time—activity
data displayed an uptake phase from the initial time-point
(2 h) up to the 2nd or 3rd time-point (24 h or 48 h) and a
clearance phase beyond 24 h or 48 h up to the last meas-
ured time-point (96 h). The data were fit with hybrid trap-
ezoid-exponential functions and integrated to obtain the
time-integrated activity.

The S values were obtained by fitting the S values from
131 OLINDA/EXM sphere model to a power law formula:

S=a-m’ )

where m is the tumor mass in gram (g). The values for the
parameters were a =108 mGy/MBq-hr-g and b=— 0.97
which were then used for each tumor using the tumor mass.

The dose rate contribution from the whole body was
obtained using 3D RD. The images were registered across
time and a surrogate region of interest (ROI) in a proxi-
mal normal organ with low uptake was chosen for each
tumor. Monte Carlo of the photon component only was
simulated for each time-point and the energy collected in
the ROI and divided by mass to obtain a dose rate for each
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Fig. 1 Examples of tumor contours drawn on the PET images for Pt1-48 h PET image (a), Pt3-72 h PET image (b), Pt3—tumor#2 (c), and Pt3—
tumor#5 (d)
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Fig.2 Examples of time—activity graphs for four tumor cases: CR (a), PR (b), SD (c) and PD (d)
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time-point. These values were used as cross-dose rates for
the tumor. The cross-dose-rate values were then added to
the tumor self-dose-rate to obtain tumor total dose-rate for
each PET time-point. The total dose-rate data were plotted
versus the measured time-points and integrated to obtain
tumor absorbed dose. This integration was done using a
hybrid (trapezoidal + exponential) fit, trapezoidal integra-
tion from O to 24 h or 48 h, and exponential fit beyond 24 h
or 48 h to infinity.

Calculation of lesion biological effective dose (BED)

The BED was calculated as implemented in 3D-RD
patient-specific dosimetry software [10, 16, 20-22]. The
BED has been defined as [23, 24]:

BED=D<1+®-D>

a/p

where a and f are the linear-quadratic radiobiological
parameters [25], D is the absorbed dose, and G(7) is the Lea-
Catcheside factor [26, 27]. G(T) is given as:

3

G(T) = é : / D(r)dt / D(w) - e * ™ dw @)
0 0

where w and ¢ are integration variables, y is the repair rate
for DNA damage assuming exponential repair. For a piece-
wise defined function and analytical formula cannot be
established for the BED as it is time-dependent and depends
on the full knowledge of the dose-rate function from time
0 to the desired time-point; however, the BED can be cal-
culated numerically [20, 21]. First, the G(T) factor for each
lesion was calculated in 3D RD. Then, the calculated AD
values and G(T) per lesion were used in Eq. 3 to obtain
lesion BED. The radiobiological parameters (a, f and pu)
depend on many clinical and methodological factors and
the selection of accurate values for a, # and a/f ratio is piv-
otal for a reliable estimate of radiation response [28]. These
parameters should be selected based on tumor site, histology
and the applied linear quadratic model [28]: @ and S, repre-
sent the intrinsic radio-sensitivity of the irradiated cells (i.e.
cells with a higher a and f are more sensitive to radiation).
The ratio of the two parameters, a/f, is a measure of the
fractionation sensitivity of the cells: cells with a higher a/f
are less sensitive to the sparing effect of fractionation [28].

For a thyroid cancer-originated tumor, these values have
been determined as: @ =0.365 Gy~! and #=0.028 Gy~
[16, 29, 30]. Therefore, the a/f ratio used for the BED
calculation in this study was ~ 13.04 Gy. The repair rate
(u) was taken to be 1.3 [16, 31].

Calculation of lesion equivalent uniform dose (EUD)

The EUD is a radiobiological derived dosimetric param-
eter intended to reflect the impact of non-uniform tumor
absorbed dose (or BED) distributions on tumor control,
accounting for the spatial non-uniformity of the relevant
dosimetry quantity [32]. Radiobiological modeling was
introduced by incorporating models derived from the linear
quadratic equation [32]. The BED accounts for differences
in dose-rate and the EUD accounts for the impact of spatial
distribution on response. These models are implemented in
3D-RD by calculating absorbed dose rate images for each
time-point rather than the integrated absorbed dose from the
time-integrated activity map [32].

Using the dose-rate data, G(T) factors, and BED values
calculated for each lesion as described above, we performed
Monte Carlo simulations for spheres the size of the tumors
to obtain EUD for a specific sphere mass/volume, assum-
ing uniform activity distribution. The Geant4 toolkit [33]
developed for nuclear physics research was utilized for this
Monte Carlo simulation. The uniform activity simulations
result in non-uniform dose distribution with a decreasing
dose towards the edge of the tumors. This edge effect is a
real consequence of energy deposition as opposed to the
artificial edge effect from misallocation of activity from the
partial volume effect. The energy was binned as a function
of radial distance from the center of the sphere and the dose
for each bin calculated. The BED for each bin was calcu-
lated using the same G-factor as for the entire tumor, i.e.:
pharmacokinetics were assumed to be uniform for the entire
tumor. The EUD for the tumor/sphere was then calculated by
summing the bin BED values (BED,) weighted by bin mass
(m;) using the following formula:

N —aBED;,

- me i

EUD = —lln<2'_1N—) (5)
* zi:1 m;

where m is the mass of tumor i and BED is the calculated
BED for tumor i, « is the radiobiological parameter — radio-
sensitivity per unit dose (1/Gy).

Pre-therapy and follow-up clinical evaluations

The pre-therapy lesion length measurements were per-
formed using information from either the CT scan of the
'] PET/CT or the '"*F-FDG PET/CT. The CT scan was
an attenuation CT for the '?*I PET/CT or either a diagnos-
tic or an attenuation CT for the '®F-FDG PET/CT. After
131 therapy, lesion length measurements were performed
using either a follow-up chest CT w/ contrast or the CT
of the follow-up 'F-FDG PET/CT scan. Pre-therapy and
follow-up scans were evaluated according to a modified
Response Evaluation Criteria in Solid Tumors (RECIST).
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According to RECIST 1.1 [34, 35], the target lesions (TL)
are categorized as: complete response (CR: disappearance
of all TL), partial response (PR: at least 30% decrease in
sum of the diameters of TL using the baseline sum of the
diameters of TL), progressive disease (PD: at least 20%
increase in the sum of the diameters of TL taking as ref-
erence the smallest sum of the diameters of TL recorded
since treatment started and also appearance of one or more
new TLs) or stable disease (SD: neither sufficient shrink-
age to qualify for PR, nor sufficient increase to qualify for
PD). The modification of the RECIST 1.1 criteria for this
study consisted of the following: CR if the lesion was not
visualized on the follow-up scan; PR if the lesion had any
decrease in length or longest diameter, SD if the lesion had
no change in length, and PD if lesion had an increase in
length. This modification was adopted because the major-
ity of the lesions were pulmonary metastases and typically
smaller than the 1 cm measurement that is required by the
RECIST criteria. PET response criteria in solid tumors
(PERCIST) were not performed for response evaluation.
The original prospective study forming the source
of this analysis of the data presented herein as well as
this study itself was approved by the MedStar Health

Table 2 Lesion length change pre- and post-therapy

Institutional Review Board, and all patients signed a writ-
ten informed consent.

Results

A total of 19 lesions/tumors were identified: 9, 2, 4, and 4
lesions in these four patients, respectively. Patients’ ages
were 47, 30, 63 and 62 years old. Patients are labeled as
Pt1-Pt4. The '**I administered activity for each study and the
administered activity for ' therapy are listed in Table 1.
Histology type, localization of lesions, lesion diameter/
length changes before and after therapy are given in Table 2.
Lesion length decreased for Ptl in the follow-up scans for
all lesions, which were labeled as PR or CR (lesion no
longer seen on the follow-up scan). The CT images for Pt2
(2 lesions) acquired before and after therapy demonstrated
a decrease in length for one lesion and no change for the
2nd lesion. Pt3 follow-up scans showed a decrease in lesion
size for one lesion and no change for the remaining lesions.
Lastly, Pt4 exhibited an increase in length for all lesions on
the follow-up scan compared to the pre-therapy scans.
Patients 1-3 had a successful and/or stable response to
therapy—complete response (CR), partial response (PR)

Patient Histology type Localization of metastases Tumor # and Pre-therapylesion  Post-therapy lesion Change in lesion
response label length®* (mm) length® (mm) length post-therapy
Ptl FTC Pulmonary 1-PR 5.0 42 -028
2-PR 5.4 5 -04
3-PR 59 52 -0.7
4-PR 5.0 35 -15
5-CR 4.6 0 —-4.6
6-CR 9.6 0 -9.6
7-CR 5.9 0 -59
8-PR 5.7 5.5 -02
9-CR 32 0 -32
Pt2 PTC Pulmonary 1-PR 6.3 5.6 -0.7
2-SD 5.0 5.0 0
Pt3 FTC Bone and bone marrow 1-SD 3.0 3.0 0
2-PR 4.0 33 -0.7
3-SD 3.0 3.0 0
4-SD 5.0 5.0 0
Pt4 PTC Pulmonary 1-PD 18 37 +19
2-PD 6.2 13 +6.8
3-PD 10.8 18.5 +7.7
4-PD 6.5 9.3 +2.8

FTC follicular thyroid carcinoma, PTC papillary thyroid carcinoma)

The pre-therapy lesion length measurements were performed using information from either the CT scan of the '**I PET/CT or the '®F-FDG

PET/CT

bAfter '3'I therapy, lesion length measurements were performed using either a follow-up chest CT w/ contrast or the CT of the follow-up '®F-

FDG PET/CT scan
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and/or stable disease (SD), while Pt4 had 100% progressive
disease (PD). The total response rate (CR, PR) in 4 patients
(19 lesions) was 58% (11/19 lesions). The lesion volumes
as determined by the CT-drawn VOI in four patients ranged
from 0.06 to 46.9 ml. A total of 95 contours were drawn for
the 5 PET/CT time-points and 19 lesions. The AD delivered
to the lesions determined to be CR and PR ranged from 18.3
t0 953.4 Gy, and the AD that the SD lesions received ranged
from 3.3 to 33.8 Gy. AD values for Pt4 lesions (progressive
disease patient) ranged from 11.1 to 71.6 Gy.

The AD per unit administered activity (AA) of BT and
the calculated lesion AD, BED and EUD values are given
in Table 3. Figures 3, 4 and 5 show the calculated AD, BED
and EUD per lesion versus lesional response, respectively.

Of those CR and PR lesions, the ADs, BEDs and EUDs
were > 75 Gy for 82% (9/11) and <75 Gy for 18% (2/11) of
lesions. Of those SD and PD lesions, the ADs, BEDs and
EUDs were <75 Gy for all eight lesions.

Discussion

This study is significant for four reasons.

First, this is the largest study to date comparing CT-
based responses of distant metastases of DTC (e.g., primar-
ily pulmonary) to absorbed dose, biological effective dose

Table 3 Calculated tumor absorbed dose per unit administered activ-
ity (AD/AA) of 1317 and total absorbed dose, biological effective dose
and equivalent uniform dose per lesion

Tumor Lesional AD/AA AD (Gy) BED (Gy) EUD (Gy)
# response (mGy/
label MBq)

1 PR 7.3 86.3 119.3 78.0
2 PR 16.7 197.2 400.5 204.0
3 PR 20.8 2449 488.0 248.0
4 PR 16.2 190.6 380.4 199.0
5 CR 80.8 953.4 3923.6 1710.0
6 CR 24.8 292.7 402.6 236.0
7 CR 41.3 486.8 767.6 427.0
8 PR 11.1 131.0 156.0 103.0
9 CR 16.4 193.9 374.0 194.0
1 PR 1.2 18.3 20.5 18.7
2 SD 23 33.8 41.5 322
1 SD 1.1 7.8 8.1 8.0
2 PR 52 38.1 44.3 394
3 SD 0.5 33 34 34
4 SD 2.1 15.6 16.0 15.8
1 PD 4.9 32.1 49.1 333
2 PD 10.8 71.6 73.5 53.9
3 PD 1.7 11.1 12.4 11.8
4 PD 2.3 14.9 19.1 17.4
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Fig.3 Absorbed dose versus lesion response

and equivalent uniform dose delivered from dosimetrically
guided administered therapeutic activity of *'I therapy
with the lesional dosimetry performed based on '**I PET/
CT imaging. Jentzen et al. [14] reported absorbed dose ver-
sus clinical response in 59 lesions in 17 patients. However,
the metric for their clinical response was whether or not
the lesion was detectible on follow-up '?*I or '*'T diagnos-
tic scans, and they acknowledged that this had a potentially
significant limitation of failing to image a lesion that may
still be present when its uptake is simply below the detection
of the PET scanner. Wierts et al. [14] evaluated absorbed
dose response in 47 patients using '>*I PET/CT dosimetry;
however, their clinical response criteria were also whether or

Biological Effective Dose vs Lesional Response
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Equivalent Uniform Dose vs Lesional Response
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Fig.5 Equivalent uniform dose versus lesion response

not the lesion was detectable on follow-up '2*I or 131 diag-
nostic images. In addition, the patients only received empiric
therapeutic administered activities of 3.0+ 1.0 GBq. Hobbs
et al. [11] compared '>*I PET-based dosimetry to clinical
outcomes based on '**I PET/CT imaging, but this was only
performed in one pediatric patient.

Second, we evaluated not just one, but three dosimetric
quantities (i.e., absorbed dose, biological effective dose, and
equivalent uniform dose). Tumor response to dose depends
on a variety of different factors and parameters, including
dose rate and heterogeneity of dose, which are not accounted
for in an absorbed dose fraction method which only provides
the mean absorbed dose [36]. The BED is the dosimetric
quantity that accounts for dose rate and; normal organ tis-
sue responses have been shown to correlate better with BED
than absorbed dose [37, 38]. A biological quantity such as
the BED that incorporates dose rate effects in tumors will
likely provide better correlation than the absorbed dose. The
EUD represents a single dose value for a non-uniform BED
distribution in a region or organ.

Third, we used a methodology for activity quantification
in small volumes. The availability of patient-specific 124
PET/CT imaging data provided a framework for performing
quantitative tumor activity measurements, which is essential
for the accuracy of the dosimetric calculations. This, com-
bined with the activity quantification method, potentially
improves the accuracy of the absorbed dose calculations.
In turn, the tumor AD and dose-rate values derived from
the lesion activity measurements are directly related to the
accuracy of BED and EUD calculations.

Finally, this study helps further establish a stronger
relationship of absorbed dose to clinical response that is
needed for the clinical implementation of patient-specific

@ Springer

pre-treatment planning for '*'I therapy for DTC [11-14,
39]. It has been shown previously that retrospective dosim-
etry calculations can help establish dose-response relation-
ships [11-14, 39]. Dewaraja et al. [11] demonstrated the
importance of 3D calculation and radiobiologic modeling
when estimating absorbed dose to predict patient outcome
in patients receiving '*!I-tositumomab for the treatment of
refractory B cell lymphoma. Maxon et al. suggested that
initial '3'I treatments resulting in absorbed doses of at
least 300 Gy (30,000 rad) to thyroid remnants and 80 Gy
(8000 rad) to metastases were associated with a significant
increase in the rate of response to therapy. In a study with
85 patients, Maxon et al. [40] reported that a uniformly
good response should be possible if a minimal tumor dose
of 8000 to 10,000 cGy (rad) could be achieved. Jentzen et al.
[13] performed a retrospective analysis of the > imaging
data to assess the therapy response above the accepted AD
thresholds and to explore the relationship between therapy
response and minimal lesional AD. For lesions > 0.8 ml, the
response rate for thyroid remnants matched well with histori-
cal data derived using '3'I scintigraphy imaging, whereas the
response rate for lymph node metastases was not as high as
expected [13]. Wierts et al. [14] found a statistically signifi-
cant dose-response relationship for both thyroid remnants
and metastases using pre-therapeutic '**I PET/CT lesion
dosimetry. Except for the small lesions (<0.15 ml), the
lesional AD of completely responding lesions was signifi-
cantly higher than that of incompletely responding lesions
[14]. The corresponding lesional AD threshold value maxi-
mizing correct complete response prediction was 90 Gy
for remnants and 40 Gy for metastases [14]. Hobbs et al.
[10] demonstrated a real-time treatment planning using 3D
RD using sequential '?*I PET/CT imaging and providing
more detailed information regarding potential efficacy and
toxicity, underlining the importance of performing patient-
specific radiobiological dosimetry to establish correlations
between dosimetric quantities and patient’s response to ther-
apy. In our study, 82% (9/11) of the CR and PR lesions had
an absorbed dose of >75 Gy (8000 rad), Fig. 3. All progres-
sive and stable lesions received < 75 Gy. We submit—and as
one would expect—that there is a greater probability that a
DTC lesion will respond when the absorbed dose as well as
the biological effective and equivalent uniform doses deliv-
ered to the lesion are higher.

This study has multiple limitations including a small
number of patients, a modest number of target lesions, the
use of modified RECIST criteria to evaluate response, and
the quality of the available clinical response based on imag-
ing and history. Other limitations include the non-availa-
bility of the status of the lesions prior to therapy, albeit the
fact that the patient was referred for I therapy implies that
some, if not all lesions, were progressing. Another limita-
tion is that this study did not correlate untoward effects to
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absorbed dose delivered to normal organs. Finally, limita-
tions on absorbed dose calculations include the large uncer-
tainties in volume of interest delineation that may directly
propagate to the uncertainties in measuring the tumor activ-
ity in small volumes (i.e. < 10 ml [41]), and the accuracy of
the activity measurement is directly related to the accuracy
of the absorbed dose and other quantities, such as BED and
EUD. The lesion size and the accuracy of activity measure-
ment are especially important in the EUD calculation and its
utility as a dosimetric quantity for correlating dosimetry in
radiopharmaceutical therapy with treatment response. More
specifically, activity is not accurately quantified at the voxel
level, an admission exemplified by the methodology used to
quantify the tumor activities. The consequences are that the
tumor activity was assumed to be uniform and consequently
that the EUD only accounted for edge-effect non-uniform-
ities of BED and could not include any non-uniformity of
activity effects.

Further studies are needed to determine and help estab-
lish a minimum AD, BED, and/or EUD value that must be
delivered to various DTC distant metastases from a single
therapeutic administration of '3'I to achieve complete or
partial response.

This study further cautions practicing physicians in
assuming that “less is more”. In other words, one should
not assume that by administering less therapeutic admin-
istered activity of '3'T with the admirable intent of reduc-
ing side effects one will maintain equal clinical effective-
ness. “Less-is-more” administered '3'T activity only applies
when the administered activity is still delivering a minimum
therapeutic absorbed dose such as at least 80 Gy (8000 rad)
to a metastasis. When one is reducing the administered
empiric activity of 13!, such as to 3.7 GBq (100 mCi) and
even as low as 1.1 GBq (30 mCi), there is an ever-increas-
ing likelihood that the absorbed dose delivered will not be
therapeutic. When the absorbed dose delivered is less than
80 Gy (8000 rad), there may indeed be less side effects but
with reduced clinical effectiveness. In addition, the prac-
ticing physician should not conclude de facto that a lack
of response, such as to activities of 5.5 GBq (150 mCi) or
even 7.4 GBq (200 mCi) of 13'I, is indicative of radioiodine
refractory disease [42]. Rather, the lack of response may be
a result of insufficient administered T activity.

To conclude, this study emphasizes the necessity of
patient-specific dosimetry as predictor of therapeutic
response in patients with metastatic DTC prior to treat-
ment with '*'I. To be administering empiric activities of
311 of 3.7 GB (100 mCi), 5.55 GBq (150 mCi), 7.4 GBq
(200 mCi) or even more may not only be insufficient, but
a waste of resources and money while achieving nothing
but increased side effects. We should change our mantra for
determining administered activity of > for treatment of
DTC metastases from “less-is-more-empiric-activities” to

“patient-specific-dosimetrically guided activities” and pref-
erably to “lesion-specific and organ-specific dosimetrically
guided activities.”

Summary

This study correlated lesion-specific clinical response of
differentiated thyroid cancer metastases to absorbed dose
delivered to the specific metastases with the absorbed dose
based on (1) the patient’s therapeutic administered activity
of 1311, (2) five-point '**I PET/CT scans and quantitation, (3)
radiobiological dosimetric quantities of BED, and EUD in
addition to absorbed dose calculations, and (4) an activity
quantification method for small volumes/lesions.

For 82% (9/11) of lesions with complete remission or par-
tial response, the calculated AD, BED and EUD values were
greater than 75 Gy. The AD, BED, and EUD values for the
stable and progressive disease lesions were less than 75 Gy.
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