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The aim of this work was to develop models for tumor control prob-
ability (TCP) in radioembolization with 90Y PET/CT–derived radiobiologic

dose metrics. Methods: Patients with primary liver cancer or liver

metastases who underwent radioembolization with glass micro-
spheres were imaged with 90Y PET/CT for voxel-level dosimetry

to determine lesion absorbed dose (AD) metrics, biological effective

dose (BED) metrics, equivalent uniform dose, and equivalent uniform

BED for 28 treatments (89 lesions). The lesion dose–shrinkage cor-
relation was assessed on the basis of RECIST and, when available,

modified RECIST (mRECIST) at first follow-up. For a subset with

mRECIST, logit regression TCP models were fit via maximum like-

lihood to relate lesion-level binary response to the dose metrics. As
an exploratory analysis, the nontumoral liver dose–toxicity relation-

ship was also evaluated. Results: Lesion dose–shrinkage analysis

showed that there were no significant differences between model
parameters for primary and metastatic subgroups and that correla-

tion coefficients were superior with mRECIST. Therefore, subse-

quent TCP analysis was performed for the combined group using

mRECIST only. The overall lesion-level mRECIST response rate was
57%. The AD and BEDmetrics yielding 50% TCP were 292 and 441 Gy,

respectively. All dose metrics considered for TCP modeling, including

mean AD, were significantly associated with the probability of re-

sponse, with high areas under the curve (0.87–0.90, P , 0.0001)
and high sensitivity (.0.75) and specificity (.0.83) calculated using

a threshold corresponding to 50% TCP. Because nonuniform AD

deposition by microspheres cannot be determined by PET at a
microscopic scale, radiosensitivity values extracted here by fitting

models to clinical response data were substantially lower than re-

ported for in vitro cell cultures or for external-beam radiotherapy

clinical studies. There was no correlation between nontumoral liver
AD and toxicity measures. Conclusion: Despite the heterogeneous

patient cohort, logistic regression TCP models showed a strong

association between various dose metrics and the probability of

response. The performance of mean AD was comparable to that
of radiobiologic dose metrics that involve more complex calcula-

tions. These results demonstrate the importance of considering TCP

in treatment planning for radioembolization.
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Radioembolization with 90Y microspheres has gained accep-
tance as an alternative to chemoembolization for treatment of
unresectable hepatocellular carcinoma and liver metastases (1).
For glass microspheres, the recommended administered activity
is calculated to deliver 80–150 Gy to the treated lobe while not
exceeding 30 Gy to the lungs (2). This calculation, which depends
only on the treated liver mass and the lung shunt estimated from
pretreatment imaging with 99mTc-macroaggregated albumin
(99mTc-MAA), assumes a uniform activity distribution in liver
without differentiating absorbed doses (ADs) to lesions from those
to parenchyma. Although the current approach to radioembolization
has led to high rates of tumor response with limited side effects,
reported survival is in the range of 8–30 mo (1,3). Thus, there is a
strong incentive to use dosimetry-guided personalized therapy to
achieve more durable responses.
Ultimately, dosimetry-guided treatment planning in radioembo-

lization requires robust relationships between the delivered dose
metrics and pretreatment prediction either by the traditional 99mTc-
MAA study or recent (4) or future developments. However, dose
metrics estimated from posttherapy imaging also have value, poten-
tially as an early predictor of toxicity and response and as a way to
plan subsequent radioembolizations (if a multicycle approach were
to be used) or subsequent external-beam radiation therapy (EBRT).
Furthermore, direct estimates of the delivered dose metrics can be
used to establish the dose–outcome models for future predictive
imaging-based treatment planning, which is the focus of the current
study. Because of the potential for different distributions of the
99mTc-MAA particles and the microspheres due to various factors,
AD estimates from direct 90Y imaging are expected to be more reli-
able for dose–outcome studies. For glass microspheres, some stud-
ies have shown pretreatment 99mTc-MAA imaging–based AD
estimates to be highly predictive of response or survival in hepato-
cellular carcinoma (5,6) whereas others have shown it to be a less
reliable surrogate of the microsphere distribution and delivered ADs
(7,8).
The 2 options for posttherapy imaging in radioembolization,

90Y PET and bremsstrahlung SPECT, are both challenging, but
PET is generally considered to have higher quantitative accuracy,
especially if Monte Carlo–based scatter correction (9,10) is not
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available for SPECT. For glass microspheres, there have been a
few recent reports on dose–response relationships using 90Y PET/
CT–derived AD estimates (11–14), but only one of these studies
considered radiobiology (14). The importance of accounting for
the biological effects of dose rate and dose nonuniformity using
the biological effective dose (BED) and the equivalent uniform
dose (EUD) has been demonstrated (14,15). The objective of our
study was to develop tumor control probability (TCP) models using
AD, BED, and EUD metrics derived from an optimized 90Y PET/
CT–based 3-dimensional dosimetry protocol. Additionally, we pre-
sent an exploratory investigation of the association between non-
tumoral liver AD and liver toxicity.

MATERIALS AND METHODS

Study Population and Treatment

Patients with primary and secondary intrahepatic malignancies

scheduled to undergo 90Y radioembolization with glass microspheres
(TheraSphere; BTG International Ltd.) at the University of Michigan

Medical Center were recruited for 90Y PET/CT imaging and retrospec-
tive dosimetry. The study includes all patients treated between January

2015 and March 2018 who met the selection criteria (well-defined le-
sions. 2 cm3, ability to undergo imaging, follow-up at the University of

Michigan, and informed consent). The patient and lesion characteristics
for the 28 lobar treatments (89 lesions) are summarized in Supplemental

Table 1 (supplemental materials are available at http://jnm.snmjournals.
org). The standard guidelines (2) to deliver 80–150 Gy to the treated

liver were followed by the treating radiation oncologist, with empiric

adjustments within this range based on liver condition, lung shunt, and disease
type. The administered activity ranged from 0.5 to 5.8 GBq, and the specific

activity of the microspheres at the time of administration ranged from
approximately 144 to 1,456 Bq/sphere. The study was approved by the

institutional review board, and all subjects signed an informed consent form.

90Y PET/CT Imaging and Quantification

Images were acquired on a Siemens Biograph mCT PET/CT

scanner with an acquisition time of about 30 min to cover the entire
liver and part of the lung. Time-of-flight PET reconstruction with

resolution recovery used 1 iteration, 21 subsets of 3-dimensional
ordered-subset expectation maximization, and a 5-mm gaussian

postprocessing filter. The PET matrix size was 200 · 200 with a pixel
size of 4.07 · 4.07 mm and a slice thickness of 3 mm. The CT was

performed in low-dose mode (120 kVp; 80 mAs) during free breath-

ing. The CT matrix size was 512 · 512 with a pixel size of 0.97 ·
0.97 mm and a slice thickness of 2 mm. Since the 90Y PET image was

directly available in units of Bq/mL, further calibration factors were
not needed for quantification. Volume-dependent recovery coefficients

(RCs) were used for mean-value partial-volume correction in volumes
of interest because there is currently no well-validated practical method

for voxel-level partial-volume correction (16).

Phantom Studies to Determine Reconstruction Parameters

and RCs

To determine optimal reconstruction parameters under realistic condi-
tions, a 90Y-filled torso phantom with a liver compartment (;1,200 mL)

and 3 lesion inserts (29-mL ellipsoid, 16-mL sphere, and 8-mL sphere)
was scanned for about 30 min. The insert-to-liver uptake ratio was about

5:1–6:1, and the lung shunt was 5%. The total activity in the phantom
was 1.9 GBq, and the activity concentrations were 6.0–7.3 MBq/mL in

the inserts and 1.2 MBq/mL in the liver minus the inserts, which are
clinically relevant conditions considering previous reports (6,17) and the

uptake values for the patients in the current study. Both noise (SD
divided by the mean in a uniform region of liver background) and activity

recovery (PET-estimated activity divided by true activity) were considered

when reconstruction parameters were selected. An additional phantom

study with 2-, 4-, 8-, 16-, 29-, and 113-mL spheres and a sphere-to-
background ratio of 9:1 was performed to generate the RC-versus-volume

curve for patient studies. Additionally, we evaluated the quantification
accuracy of the liver phantom with and without application of RCs.

Liver and Lesion Segmentation

Liver segmentations performed on diagnostic-quality contrast-enhanced

baseline CTor MRI for radioembolization planning were made available
to our study, and lesions were manually segmented on these scans by a

radiologist specializing in hepatic malignancies. The diagnostic scan
was then rigidly registered to the CT portion of the 90Y PET/CT scan,

and the contours were transformed with some adjustment of location
when misregistration was evident (MIM Software, Cleveland, OH). In

some cases in which the lesions were well visualized on the non-contrast
low-dose CT portion of the PET/CT scan, they were directly defined on

this CT scan to minimize misregistration effects. Up to 5 (largest) lesions
were segmented per patient, excluding those smaller than 2 mL, consid-

ering the PET spatial resolution and sensitivity to misregistration errors.
Nontumoral liver was defined as the total liver volume minus the lesion

volumes.

Dosimetric Covariates: AD, BED, EUD, and Equivalent

Uniform Biological Effective Dose (EUBED)

Voxel-level dosimetry was performed with our dose-planning-
method Monte Carlo code (18), with the PET activity map (reconstructed

image resampled to match CT size and coregistered) coupled with

FIGURE 1. 90Y PET/CT liver phantom results. (A) Noise and activity

recovery at 1, 2, and 3 iterations (21 subsets) of 3-dimensional ordered-

subset expectation maximization with time of flight, resolution recovery,

and with and without 5-mm gaussian postprocessing filter. (B) Coronal

slice at different iterations. (C) PET/CT corresponding to reconstruction

parameters selected for patient study (1 iteration, 21 subsets with filtering).
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the CT-derived density map as the input. The dose-rate map was

converted to an AD map accounting for physical decay. The voxel-
level BED was calculated from differential dose–volume histograms

(19):

BEDi 5 Di 1
D2

i
a
b

�
�

l

l1m

�
; Eq. 1

where Di is the AD at voxel i, l is the physical decay constant

(0.0108/h), m is the cell repair constant (0.462/h), and a/b (10 Gy)
is the ratio of radiosensitivity parameters typical for tumors.

The dose metrics that were considered included lesion mean AD
and mean BED (average of voxel-level values) and minimum delivered to

a certain percentage xx of the lesion (denoted as ADxx or BEDxx), in
increments of 10%. The relative volume that received at least a certain

amount of AD or BED (denoted as Vxx) was also determined for the
range 50–500 Gy, at intervals of 50 Gy. Additionally, EUD and EUBED

were calculated as (5)
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where a is the radiosensitivity, the sum is over tumor voxels (i), and

Nvox is the total number of tumor voxels. We considered a range of a
values (0.1–0.0001 Gy21) to cover the range reported in the literature

when estimated from fitting clinical data (5,14,19–21).
In addition to the lesion AD metrics, the mean AD to the non-

tumoral liver was also calculated.

Shrinkage Assessment and Response Classification

Lesion level shrinkage (percentage reduction in largest diameter

relative to baseline) on contrast-enhanced CT or MRI using RECIST
and modified RECIST (mRECIST) (22) at first follow-up was assessed

by a radiologist. Lesion response was classified as responding (com-

plete or partial response) or nonresponding (stable or progressive
disease). RECIST evaluation was possible for all lesions (n5 89), whereas

mRECIST evaluation was possible for only a subset (n 5 42) because
arterial-phase images were not available or there was no enhancement

in the arterial phase.

Lesion-Level Dose–Response Analysis

Dose–Shrinkage Analysis. First, we investigated the correlation between
RECIST or mRECIST lesion shrinkage at first follow-up and mean AD,

mean BED, ADxx, BEDxx, and Vxx. This analysis was performed for
the 2 subgroups (primary and metastases) and the entire cohort.

TCPAnalysis. The TCP models were fit using the various dose metrics
as the covariate and using the binary tumor level response classification at

first follow-up as the outcome. This analysis was performed for the entire
cohort as 1 group and for mRECIST, based on the findings of the dose–

shrinkage analysis. The models used a logit link, which is a statistical
function commonly applied to relate one or more covariates to the prob-

ability of a binary event that has been proposed for EBRT (23). Here, a
generalized linear mixed-model approach was used with a random in-

tercept term bk to include patient-level random effects to account for
possible correlation between multiple lesions within the same patient.

The TCP for the jth lesion for patient k was expressed as

TCPjk 5
eb01bk1b1 �ADjk

11 eb01bk 1b1 �ADjk
; Eq. 4

with the dose metric under consideration replacing AD. For the EUD

covariates, to choose the optimal a, EUD and EUBED for each lesion
was first calculated using Equations 2 and 3 for the range of discrete a

values. For each a, the maximum-likelihood values of b0 and b1 (the
slope and intercept of the logistic regression model, respectively) were

calculated using standard methods. The a that maximized the likelihood
(or equivalently, minimized the 22log[likelihood]) was reported.

Nontumoral Liver AD–Toxicity Analysis

Laboratory liver function test results and ascites classification

before treatment and 3 and 6 mo after treatment were used to assess

FIGURE 2. Two patient examples showing lesion and nontumoral liver segmentation on baseline MR (A) or CT of PET/CT (B). PET/CT-derived dose

maps with isodose contours and dose–volume histograms (top row) and RECIST/mRECIST-based response assessment (bottom row) are also

shown. In A, lesion-level classification was stable disease (nonresponding) according to RECIST but partial response (responding) according to

mRECIST. In B, classification was stable disease according to both criteria. Not all lesions are shown.
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liver toxicity. The correlation between these levels and nontumoral

liver mean AD was evaluated. In addition, the association between
nontumoral liver AD and ascites classification and Common Terminology

Criteria for Adverse Events toxicity classification was also assessed.

Statistical Methods

For lesion dose–shrinkage analysis, linear mixed models were con-
structed with the dose metrics as the covariate and continuous shrinkage

as the outcome. Patient-level random-intercept terms were included to
account for possible correlation between multiple lesions within the

same patient. Separate models were fit for primary liver cancer versus
liver metastases and for shrinkage based on RECIST and mRECIST.

Interaction terms were examined for statistically significant differences
to determine whether primary and metastatic liver cancer populations

could be combined for analysis. The profile likelihood approach (24)
was used to select the ADxx, BEDxx, and Vxx predictors that gave the

best correlation over the range of values considered.
The TCP model parameters were determined by the maximum-

likelihood approach that maximizes the probability of predicting the
response using Equation 4. TCP model calibration was visually assessed

by comparing model-predicted probabilities with observed proportions
of response in dose quartiles (dose metrics were considered as continuous

variables in the actual analysis; discretization is only for visual represen-
tation of the TCP curves). To quantify the predictive power of the TCP

models for discriminating among responding versus nonresponding
lesions, we calculated the area under the receiver-operating-characteristic

curve (AUC). A predicted probability of greater than 50%, which
corresponds to a dose threshold of 50% TCP, was used for calculating

sensitivity and specificity.
Multiple linear regression models and logistic regression models

were used to model the effects of nontumoral liver AD and cirrhosis
on the change in liver function tests and on the change in toxicity

grade, respectively. All statistical analysis was performed using R,
version 3.4.2, and SAS, version 9.4.

RESULTS

Phantom

In the liver phantom study, both increasing the number of iterations
and turning off gaussian smoothing increased the noise substantially
with only a small gain in activity recovery (Fig. 1). Therefore, 1
iteration (21 subsets) with smoothing (Fig. 1C) was selected for
the patient studies. With these parameters, the RCs were 30%,
47%, 60%, 68%, 75%, and 84% going from the smallest to the
largest sphere in the multisphere phantom. The activity quantifi-
cation errors for the liver, 29-mL insert, 16-mL insert, and 8-mL
inserts of the liver phantom were 8%, 21%, 27%, and 30%, respec-
tively, without RCs and 1%, 5%, 5%, and 14%, respectively, when
volume-dependent RCs were applied. These results generally agree
with the quantification accuracy demonstrated in past 90Y PET/CT
phantom studies (25).

Lesion Uptake and Dosimetry

The lesion and liver segmentation, dose map, and dose–volume
histograms are shown in Figure 2 for 2 example cases. Considering
all lesions, the median uptake was 5.4 MBq/mL (range, 0.02–28.0
MBq/mL) and the lesion–to–nontumoral treated liver uptake concen-
tration ratio was 4.2 (range, 0.02–39.1). Considering all lesions, the
median AD was 268 Gy and the median BED was 404 Gy (summary
statistics for all dose metrics are in Supplemental Table 2).

Lesion Shrinkage and Response Rate

Lesion-specific response rates were 27% as assessed by RECIST
for all 89 lesions and 57% by mRECIST for the subgroup of 42

lesions that had the required images for mRECIST analysis (RECIST
response in this subgroup was 31%). Figure 2 shows examples of
response assessment by RECIST and mRECIST.

Lesion-Level Dose–Response Results

Interaction terms of the separate dose–shrinkage models for
patients with primary and metastatic lesions revealed no signifi-
cant differences in any of the examined AD and BED metrics (Fig. 3;
Supplemental Tables 3 and 4). Thus, we focused on combined
models containing a common intercept and slope for both patient
populations.
Increasing AD and BED metrics correlated significantly with

increasing tumor level shrinkage as assessed by RECIST or mRECIST
for all dose metrics except one (Supplemental Table 2). For all
metrics, the correlation was substantially higher for shrinkage based

FIGURE 3. Lesion AD–shrinkage relationship separated by lesion type

with RECIST assessment (linear mixed model, R2 5 0.16 for primary,

R2 5 0.05 for metastasis) (A) and mRECIST (linear mixed model, R2 5
0.19 for primary, R2 5 0.60 for metastasis) (B). Results for all AD and

BED metrics are presented in Supplemental Tables 3 and 4.
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on mRECIST than for shrinkage based on RECIST. This is also
evident in Figure 3 for AD. Therefore, we focused additional mod-
eling on response as assessed by mRECIST. Furthermore, for liver
lesions after radioembolization, the suitability of mRECIST over
RECIST is generally accepted (5,26).
The ADxx, BEDxx, and Vxx that provided the best shrinkage

model fit were AD30, BED50, V500 for AD and V500 for BED.
For the various dose metrics, the mean values and ranges for respon-
ding versus nonresponding lesions and the associated P values are
given in Supplemental Table 5.

TCP Model Results

The results from the logit TCP fit are given in Table 1. Univariate
logistic regressions with nearly all dose metrics showed significantly
increased odds of response with increasing dose. For EUD metrics,
results are shown for a range of a values included in the 95%
confidence interval for a. Figure 4 shows the model-predicted prob-
ability of response as a function of the dose metric plotted alongside
observed proportions of response in dose quartiles (quartiles used for
visual representation only). The model predictions agree well with
the observed proportions for all metrics. Results were similar for the
other metrics of Table 1.

Nontumoral Liver AD–Toxicity Results

The median nontumoral liver AD was 38 Gy (range, 8–63 Gy)
for patients with cirrhotic livers and 51 Gy (range, 10–83 Gy) for
patients with no cirrhosis. Toxicity data were available for 24 of
28 therapies at approximately 3 mo and 22 of 28 at approximately
6 mo. Three patients were excluded from the analysis because
their toxicities were not attributable to 90Y. No grade 4 toxicities
were observed. New grade 3 toxicity was observed at 3 mo (as-
partate aminotransferase [0/21 patients], alanine aminotransferase

[0/21 patients], alkaline phosphatase [1/21 patients; cirrhotic liver],
and bilirubin [2/21 patients; both cirrhotic]) and at 6 mo (aspartate
aminotransferase [0/19 patients], alanine aminotransferase [0/19
patients], alkaline phosphatase [0/19 patients], and bilirubin [2/19
patients; 1 cirrhotic]). Moderate ascites was observed in 3 of 21
(2 cirrhotic) patients at 3 mo and 1 of 19 (cirrhotic) patients at
6 mo. There was no statistically significant correlation between
nontumoral liver AD and the liver function test levels, Common
Terminology Criteria for Adverse Events classifications, or ascites
classification, controlling for cirrhosis.

DISCUSSION

Quantitative 90Y imaging is challenging; hence, we first per-
formed clinically relevant phantom studies to determine recon-
struction parameters for our patient studies and to validate the
quantification. Whether the liver relative calibration used by some
others (5,26) or directly using the activity from the PET image, as
in the current work, is more accurate needs further investigation.
The relative quantification assumes negligible extrahepatic depo-
sition of microspheres and requires accurate measurements of the
90Y vial/residual activity, which can be challenging, but directly
using the activity from the PET image can have biases associated
with complexities of imaging at the low 90Y PET count-rates (25).
In the current study, anatomic lesion segmentation was used, be-
cause although emission image–based segmentation can be used
to identify the tissue with the highest concentration of microsphere
deposition, this tissue does not necessarily coincide with the lesion.
In a study by Chiesa et al. (5), 99mTc-MAA SPECT thresholding–
based segmentation resulted in a 50% TCP of 560 Gy whereas the
corresponding value for CT-based segmentation was 390 Gy. The
mean AD corresponding to 50% TCP in our study (292 Gy) is

TABLE 1
Results from Logit TCP Models

Dose metric −2logL AUC 50% TCP 90% TCP Sensitivity Specificity Dose metric P

Mean dose 394.2 0.884 292 Gy 554 Gy 0.750 0.889 0.014

AD30 395.7 0.896 354 Gy 650 Gy 0.792 0.833 0.012

V500 (AD) 388.4 0.872 18% 51% 0.750 0.889 0.109

EUD, a 5 0.0001 Gy−1 394.2 0.882 291 Gy 552 Gy 0.750 0.889 0.014

EUD, a 5 0.0002*Gy−1 394.1 0.880 290 Gy 551 Gy 0.750 0.889 0.014

EUD, a 5 0.0005 Gy−1 394.2 0.877 286 Gy 546 Gy 0.750 0.889 0.014

EUD, a 5 0.002 Gy−1 395.5 0.873 269 Gy 520 Gy 0.750 0.826 0.014

Mean BED 409.8 0.869 441 Gy 953 Gy 0.760 0.889 0.007

BED50 399.7 0.896 406 Gy 840 Gy 0.750 0.889 0.008

V500 (BED) 389.0 0.866 33.2% 79% 0.875 0.833 0.074

EUBED, a 5 0.0001 Gy−1 397.8 0.903 463 Gy 890 Gy 0.750 0.889 0.008

EUBED, a 5 0.0005*Gy−1 396.2 0.903 442 Gy 856 Gy 0.750 0.889 0.009

EUBED, a 5 0.0008 Gy−1 396.6 0.905 427 Gy 832 Gy 0.750 0.889 0.009

EUBED, a 5 0.002 Gy−1 398.6 0.884 380 Gy 754 Gy 0.750 0.826 0.009

*Maximum likelihood value of a.

−2logL 5 log likelihood.

All AUCs were statistically significant, with P , 0.0001; 50% and 90% TCP are value of dose metric corresponding to 50% and 90%
predicted TCP, respectively. Dose metric P is P value of dose metric from logistic model. Sensitivity and specificity were calculated using

50% TCP as cutoff for predicted response. Supplemental Table 6 shows results corresponding to full range of a values tested.
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between the value reported by Chiesa et al. and the 160 Gy reported
by Kappadath et al. (26) using bremsstrahlung SPECT/CT–based
estimates in hepatocellular carcinoma. The differences in the imag-
ing modalities and activity quantification procedure, as well as in the
patient populations, potentially contribute to the observed differ-
ences. Because of the importance of considering safety in treatment
planning, our dose–toxicity findings for the nontumoral liver in just
24 patients need to be confirmed with a larger cohort. Past studies on
hepatocellular carcinoma treated with glass microspheres have re-
ported both the presence (5) and the lack (26) of a dose–toxicity
relationship.
The suitability of the logit function for describing tumor dose–

response relationships was evident from the high AUC, sensitivity,
and specificity of Table 1 and the good visual agreement of the fits
of Figure 4. Although the logit model has no radiobiologic basis, it
uses a variable function to approximate the sigmoidal response
function potentially caused by tumor variations in radiosensitivity,
clonogen number, experimental uncertainty, and other factors. An-
other TCP model used in EBRT, the radiobiologic Poisson cell
survival model (27), is based on the assumption that all clonogenic
cells need to be eradicated for tumor control. The basic Poisson
model allows for the statistical variation in clonogen cell kill
(allows for the sigmoidal shape to a limited extent) but does not
allow for expected tumor property variability and measurement
errors present in clinical data. Thus, this model is not expected
to fit the data as well as the logit function. We initially explored

other models (Supplemental Fig. 1; Sup-
plemental Table 7) but found that the logit
model performed better. For EBRT, more
sophisticated models have been proposed
(27,28) to overcome the limitations of the
basic Poisson model, and investigation of
such models for radioembolization will be
the focus of a future study.
In our study, the macroscopic intralesion

AD nonuniformity is included (Fig. 2), but
microscopic dose nonuniformity due to non-
uniform microsphere deposition is not, as it
is well beyond the spatial resolution capabil-
ities of PET. The a value derived from clinical
radioembolization data has been described as
an ‘‘apparent’’ a (5) and is expected to be
substantially lower than either the value
corresponding to in vitro studies (0.1–0.43
Gy21) (29,30) or the value extracted from
clinical EBRT data (0.01 Gy21 for hepato-
cellular carcinoma) (21), for which the
dose distribution is uniform. This discrep-
ancy is evident in 2 past studies (5,19) and
in our results, where the observed a values
consistent with a good fit were in the range
of 0.0001–0.002 Gy21. Low apparent ra-
diosensitivity implies high apparent EUD
metrics as observed in our study. Further-
more, EUD metrics and TCP model fits
will depend on imaging modalities and pa-
rameters, which are a focus of an ongoing
investigation (31). In a recent study, d’Abadie
et al. (14) used minimal smoothing of PET
data to better represent the underlying activity
distribution to reconcile differences in ob-

served dose–outcome relationships for resin versus glass micro-
spheres. Another factor that affects the AD distribution is the method
used for voxel-level dosimetry. When low-resolution emission im-
ages are used as the activity map, whether it is more accurate to
assume local energy deposition or to include electron transport (as
with Monte Carlo) depends on multiple factors, including resolution,
voxel size, and image noise, which is particularly relevant for low-count
90Y PET (32,33).
The value of radiobiologic dose metrics over AD for dose–outcome

assessment has been demonstrated in limited studies in internal
therapy (14,15). In our study, although EUBED best discriminated
between responding and nonresponding lesions (AUC, 0.90), all
the considered dose metrics, including AD, performed well (AUC,
.0.87). This result is explained by the nearly linear relationship
between AD and the other dose metrics observed for the best fit to
our data (Fig. 5). The points that deviate substantially from a linear
relationship are mostly at very high values of the dose metrics,
where there was good response. Furthermore, at the low a values
observed, EUD mathematically approximates AD even for high
ADs. If the imaging system has sufficient resolution to resolve
microscopic nonuniformities, these results may not hold.
Limitations of the current study include the small sample size,

because of which we limited our analysis to lesion-level response
instead of patient-level response and analyzed data from only the
first follow-up to minimize loss to follow-up. Although, ideally,
multiple follow-up points should have been used, studies have

FIGURE 4. Logit model TCP predictions (black curves) compared with observed response

proportions (green squares) by dose quartiles. Blue asterisk indicates observed binary response

for each lesion. Pink shaded region shows 95% confidence interval for model, and green lines

indicate score-based 95% confidence intervals for observations.
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shown that application of mRECISTas early as 1–3 mo after therapy
may be a reliable predictor of outcome and survival after chemo-
embolization and radioembolization in liver malignancies (34,35). A
potential confounding factor that was not investigated is the impact
of variability in microsphere specific activity (Bq/sphere) at the time
of administration. It has been suggested that variability affects the
distribution of the spheres at the microscopic level and therefore the
efficacy and toxicity (36). Another limitation was the heterogeneous
patient population. Although we found no significant differences in
model parameters between patients with primary lesions and patients
with metastatic lesions, this could be because the study was not
powered to detect such differences. However, the data did suggest
that it was reasonable to fit combined models to all patients, as we
did, which allowed more efficient and precise parameter estimates.
In addition to analyzing survival data, we will seek—with the accrual
of more patients—to further investigate whether separate models are
needed for the primary and metastatic groups.

CONCLUSION

In this heterogeneous group of patients, the logit regression
TCP model with EUBED showed the best discrimination between
responding and nonresponding lesions, but the mean AD, which is
relatively simple to estimate in a clinical setting, also performed
well, with comparable AUC. These results derived from 90Y PET/
CT imaging–based dosimetry should motivate further development
of reliable surrogate pretherapy imaging procedures that accurately
predict lesion dosimetry for using TCP in treatment planning.
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KEY POINTS

QUESTION: Can lesion dose metrics derived from quantitative

posttherapy PET/CT imaging, including metrics that account for

radiobiology, be used to accurately predict tumor control in 90Y

microsphere radioembolization?

PERTINENT FINDINGS: Logistic regression TCP models were

developed to fit clinical dose–response data from patients with

liver malignancies treated with 90Y radioembolization. For the

subset of 42 lesions with mRECIST response available, all dose

metrics that were considered were significantly associated with

the probability of response, with AUC greater than 0.87, sensitivity

greater than 0.75, and specificity greater than 0.83.

IMPLICATIONS FOR PATIENT CARE: The good association

between tumor dose metrics and response demonstrates the

importance of considering TCP in treatment planning to improve

the efficacy of the treatment in future patients.
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