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Randomized controlled trials are investigating the benefit of hepatic

radioembolization added to systemic therapy in the first- and

second-line treatment of patients with colorectal liver metastases

(CRLM). Remarkably, administered activity may still be suboptimal,
because a dose–response relationship has not been defined. The

purpose of this study was to characterize the relationship between

tumor-absorbed dose and response after 90Y radioembolization
treatment for CRLM. Methods: Thirty patients with unresectable

chemorefractory CRLM were treated with resin 90Y-microspheres

in a prospective phase II clinical trial. Tumor-absorbed dose was

quantified on 90Y PET. Metabolic tumor activity, defined as tumor
lesion glycolysis (TLG*) on 18F-FDG PET, was measured at baseline

and 1 mo after treatment. The relationship between tumor-absorbed

dose and posttreatment metabolic activity was assessed per me-

tastasis with a linear mixed-effects regression model. Results:
Treated metastases (n 5 133) were identified. The mean tumor-

absorbed dose was 51 ± 28 Gy (range, 7–174 Gy). A 50% reduction

in TLG* was achieved in 46% of metastases and in 11 of 30 (37%)
patients for the sum of metastases. The latter was associated

with a prolonged median overall survival (11.6 vs. 6.6 mo, P 5
0.02). A strong and statistically significant dose–response rela-

tionship was found (P , 0.001). The dose effect depended
on baseline TLG* (P , 0.01). The effective tumor-absorbed

dose was conservatively estimated at a minimum of 40–60 Gy.

Conclusion: A strong dose–response relationship exists for the

treatment of CRLM with resin microsphere 90Y radioembolization.
Treatment efficacy is, however, still limited, because the currently

used pretreatment activity calculation methods curb potentially

achievable tumor-absorbed dose values. A more personalized
approach to radioembolization is required before concluding on

its clinical potential.
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Radioembolization has become an established treatment for
patients with unresectable chemorefractory colorectal cancer liver
metastases (CRLM). During this treatment, the hepatic arterial vas-
culature is catheterized, and radioactive microspheres are injected
into the bloodstream. The preferential arterial vascularization of liver
tumors induces selective clustering of 90Y-microspheres around
tumors, where they emit tumoricidal b-irradiation while relatively
sparing healthy liver tissue (1).
A beneficial effect on liver disease control has already been

shown in the salvage setting, and large randomized controlled
trials are investigating the role of radioembolization with con-
comitant systemic therapy as first- or second-line treatment (2,3).
Prescribed activity calculations are currently not personalized. For

resin 90Y-microspheres, activity planning is based on the body sur-
face area (BSA) method. This simple method was developed to
calculate safe treatment activities, but it does not incorporate a target
tumor-absorbed dose, nor does it account for interindividual differ-
ences in microspheres distribution. Achievable tumor-absorbed doses
may consequently be suboptimal and impair treatment efficacy.
Moreover, tumor-absorbed dose quantification is scarce, and a

clear dose–response relationship is lacking. Thus, effective tumor-
absorbed dose values remain uncertain (reported range, 66–495
Gy) (4). Better definition of required absorbed tumor doses is
crucial to assess whether the results of large comparative trials
are the best that radioembolization has to offer before concluding
its definitive role in the treatment of CRLM. Furthermore, estab-
lishing the dose–response relationship could stimulate the devel-
opment of personalized methods for optimal prescribed activity
calculation.
The purpose of this study was to assess the relationship between

tumor-absorbed dose and response after resin microsphere 90Y
radioembolization in a prospective phase II clinical trial in pa-
tients with CRLM. Absorbed dose was quantified on posttreatment
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90Y PET, and response was measured by metabolic tumor re-
sponse on 18F-FDG PET.

MATERIALS AND METHODS

Study Design and Patient Selection

Between November 2011 and August 2014, a prospective, single-
institution, phase II clinical trial (RADioembolization: Angiogenic

factors and Response [RADAR] trial) was conducted. In this trial, 42
patients with unresectable, chemorefractory CRLM underwent

resin 90Y-microsphere (SIR-Spheres; SIRTeX) radioembolization.
All patients were in good clinical condition (World Health Organi-

zation performance score , 2); had adequate liver, renal, and bone
marrow functions; had a liver tumor burden , 70%; and had no other

contraindications for radioembolization. Workup and treatment pro-
tocol were in accordance with current standards of practice and are

described in detail elsewhere (5–7). In brief, multimodality imaging
(18F-FDG PET, multiphasic liver CT, and liver MRI) and laboratory

and clinical examinations were performed during workup. A week
before treatment, patients underwent a standard preparatory angiogra-

phy with the administration of 99mTc-labeled macroalbumin aggre-
gates (99mTc-MAA). During treatment, radioactive 90Y-microspheres

were administered in the same catheter position. Pretreatment dosim-
etry was performed with the BSA method, as per the manufacturer’s

recommendation. With this method, prescribed activity is calculated in
GBq by the following equation: BSA – 0.2 1 fractional tumor burden.

A bremsstrahlung SPECT/CT (in the first 10 patients) or 90Y PET/CT
(n 5 32) was obtained after treatment. At 1-mo follow-up (1m FU) the
18F-FDG PET scan and MRI of the liver were repeated for tumor re-
sponse assessment. The medical ethics committee of the University

Medical Center Utrecht approved this trial. Written informed consent
was obtained from all patients before study entry.

For the current dose–response evaluation, only patients who were
enrolled in the RADAR trial and who underwent an 18F-FDG PET

scan at our institution at baseline and 1m FU, as well as a postra-

dioembolization 90Y PET/CT, were included.
This study is reported according to the Strengthening the Reporting

of Observational Studies in Epidemiology recommendations (8).

Dose–Response Evaluation

Tumor-absorbed dose and metabolic tumor response were assessed

on 90Y PET and 18F-FDG PET, respectively, on a per-lesion basis and

on a per-liver basis for the sum of all metastases.
All PET analyses were performed with ROVER software (ABX

GmBH), which was developed for analysis of 18F-FDG PET scans.
Phantom experiments and clinical patient data were used to validate

quantitative 90Y PET analyses with this software (supplemental data
[available at http://jnm.snmjournals.org]).

The relationship between radiation-absorbed dose and metabolic
tumor response was evaluated with a regression model (see the “Statis-

tical Analysis” section). For this purpose, individual metastases were
automatically defined on the baseline 18F-FDG PET scan in ROVER.

An absolute threshold for activity concentration, based on the aortic
blood-pool activity as recommended by the PET RECIST (threshold 5
2 · mean SUV normalized for lean body mass [SULmean], measured in
the aortic blood pool), and a volume restriction of 5 cm3 or more were

used to delineate solitary metastases with a metabolic activity exceeding
the background activity of the healthy liver (9). Only regions with met-

abolic activity were delineated, thereby excluding non–PET-avid necrotic
tumor cores. The resulting regions of interest were saved. For each tumor,

metabolic activity was recorded as a partial-volume-corrected total lesion
glycolysis (TLG*) value, which was determined by multiplying the met-

abolic tumor volume with its partial-volume-corrected SULmean.

This process was repeated for the 1m FU scan to assess the metabolic

tumor response (change in TLG*) on a per-lesion basis. Care was taken
to record baseline and FU values for the exact same lesions by review-

ing the baseline and 1m FU images side by side. ATLG* value of 0 was
appointed to lesions that were no longer identified at 1m FU, because

the SULmean had fallen below the detection threshold. ROVER classified
multiple lesions as 1 in the case of 1 hot voxel connection. Therefore, in

cases in which separate baseline metastases appeared as fused at 1m FU,
separate volumes were determined for the metastases on MRI of the

liver at 1m FU and multiplied by the mean overall activity value of the
fused metastasis to obtain separate TLG* values.

Next, baseline 18F-FDG PET and 90Y PET volumes were loaded into
ROVER and coregistered on the basis of their low-dose CTs, using a

built-in rigid transformation algorithm. The saved tumor regions of
interest were automatically transferred to the 90Y PET volumes after

overlaying on the coregistered 18F-FDG PET volume, enabling recov-
ered activity calculations in Bq/mL for each metastasis (Fig. 1).

A correction factor (branching ratio (10)) was then applied to this
recovered activity to adjust for the difference in specific positron

branching fraction between the isotope selected in the scanner settings

(bx, in our case 89Zr 5 0.2275) and 90Y (b90
Y 5 31.86 · 1026):

Corrected activity 5

�
recovered activity

b90Y

�
· bX:

The corrected activity at the time of 90Y PET acquisition was recalcu-
lated to the corrected activity at the time of treatment by adjustment

for the radioactive decay. Consequently, tumor-absorbed doses were
calculated as follows:

Tumor-absorbed dose  ðGyÞ

5
ð50 Gy · Kg=GBqÞ · ðcorrected activity in GBqÞ

ðregion-of-interest volume in mL · 1:06  g=mLÞ=1; 000:

Liver tumor dose (i.e., tumor-absorbed dose averaged over all liver

metastases) was determined in a similar fashion, using the summed

FIGURE 1. Example of quantitative PET analyses in ROVER. (A) Base-

line 18F-FDG PET scan was used to delineate multiple metastases and

determine the TLG* per metastasis (e.g., 1, 1,042; 2, 496). (B) 90Y PET

scan was used to determine tumor-absorbed dose on a per-lesion basis

(1, 76 Gy; 2, 14 Gy). Metastasis 1 in right hemiliver showed complete

metabolic response at 1 mo after treatment, whereas residual metabolic

activity was present in exophytic growing metastasis 2 in segment 2. (C

and D) Low-dose CTs of the PET scans were used for image registration.
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corrected activity and region-of-interest volume for all liver metasta-

ses within a patient’s liver to fill in the former equation. Total liver
dose (i.e., total absorbed dose in the entire treated liver) was deter-

mined using the net administered activity—calculated by dose cali-
brator measurements of the activity not injected—and the treated liver

volume. The (first) treated liver lobe was included in the analysis in
patients who received treatment of only a single lobe, or sequential

treatment of both lobes.

Scanner Equipment, Acquisition, and Image

Reconstructions

All PET/CT images were acquired on a Biograph mCT time-of-

flight PET/CT scanner with TrueV (Siemens Healthcare). Our
acquisition protocol for 18F-FDG PET scans has been published else-

where and includes daily quality controls (11). The PET/CT scans for
90Y PET quantification were obtained on the day of treatment or the

day after. This acquisition protocol consisted of two 20-min bed po-
sitions. Images were reconstructed with an iterative reconstruction

algorithm, containing point spread function model and time-of-flight
information, using 4 iterations with 21 subsets and a Gaussian post-

reconstruction filter of 5 mm in full width at half maximum. A model-
based scatter-correction method was used. Reconstructed voxel size

was 2 · 2 · 2 cm3. A low-dose CT was acquired for attenuation
correction, using an effective tube current time product of 40 mAs

per rotation, an effective tube potential of 120 kV, and a slice thickness
of 3 mm.

Statistical Analysis

Descriptive analyses were performed to summarize patient demo-
graphics, treatment characteristics, and TLG* and radiation-absorbed

dose values.
A linear mixed-effects regression (LMER) model was fitted to

evaluate the relationship between tumor-absorbed dose and posttreat-
ment TLG* at 1m FU, adjusted for baseline TLG*, on a per-lesion

basis. A more detailed explanation of this method can be found in the
supplemental data.

Metabolic tumor and liver response were defined as a 50% or more
decrease in TLG* at 1m FU for a metastasis or the sum of all liver

metastases in a patient, respectively.
Univariable survival analysis was used to compare estimates in

median overall survival (OS) between patients with and without
metabolic liver response as well as average liver tumor dose . 60 Gy

and , 60 Gy. OS was defined as the interval between treatment and
death or last contact (date of censoring).

All analyses were performed with R version 3.1.2 (The R Founda-
tion). A 2-sided P value , 0.05 was considered statistically significant.

RESULTS

Patient Demographics and Treatment Characteristics

Twelve of 42 patients were excluded for the following reasons:
no postradioembolization 90Y PET/CT (n 5 10), baseline 18F-FDG
PET/CT not obtained at our institute (n 5 1), and no 18F-FDG
PET/CT at 1m FU (n 5 1).
Baseline characteristics of the 30 included patients are summa-

rized in Table 1. Mean prescribed 90Yactivity was 1,8276 294 MBq.
In 2 patients (7%), reduction in prescribed activity was necessary
because of a liver-to-lung shunt fraction . 10%. Whole-liver treat-
ment was performed in 25 patients (83%). Only a single lobe was
treated in 3 patients (10%), and 2 patients (7%) were treated with a
sequential lobar approach. The mean net administered 90Yactivity was
1,751 6 331 MBq, corresponding to a mean total liver dose of
50 6 20 Gy (range, 18–109 Gy).

Tumor Dose and Metabolic Tumor Response

A total of 113 metastases were delineated, with a median number
of 3 metastases per patient (range, 1–9). The mean tumor-absorbed
dose was 51 6 28 Gy (range, 7–174 Gy [Table 2]). In 28 patients
(93%), tumor-absorbed dose exceeded 10 Gy in all metastases;
this was 21 (70%) for . 20 Gy, 14 (47%) for . 30 Gy, 6 (20%)
for. 40 Gy, 3 (10%) for. 50 Gy, and 1 (3%) for. 60 Gy. Fifty-two
of 113 metastases (46%) had a metabolic tumor response.
Mean liver tumor dose (averaged over all metastases per patient)

was 57 6 26 Gy (range, 18–109 Gy), corresponding to a mean
tumor–to–total-liver dose ratio of 1.3 6 0.6 (range, 0.5–3.2). Eleven
of 30 patients (37%) had a metabolic liver response.

TABLE 1
Baseline Characteristics (30 Patients)

Characteristic n or mean ± SD

Sex

Male 19 (63%)

Female 11 (37%)

Age (y) 63 ± 12

Liver metastases

Synchronous 24 (80%)

Metachronous 6 (20%)

World Health Organization performance

status

0 16 (53%)

1 13 (43%)

2 1 (3%)

Previous systemic therapy lines

0 0 (0%)

1 12 (40%)

2 11 (37%)

.2 7 (23%)

Received bevacizumab

Yes 17 (57%)

No 13 (43%)

Extrahepatic disease before treatment

Yes 10 (33%)

Lymph node 5

Lung 2

Bone 3

Recurrence (colon/rectum) 3

Other 4

No 20 (67%)

Tumor burden (% of whole liver)

,25% 27 (90%)

25%–50% 3 (10%)

.50 0

Metabolic tumor volume (mL) 301 ± 248

Data in parentheses are percentages. Metabolic tumor volume
is total volume of metastases as delineated on 18F-FDG PET at

baseline.
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Dose–Response Relationship

The relation between tumor-absorbed dose, baseline TLG*, and
posttreatment TLG* was best explained by an LMER model using
a linear function of dose, a quadratic function of baseline TLG*,
and a logarithmic transformation of posttreatment TLG* (log [1m
FU TLG* 1 8]).
A strong and statistically significant dose–response relationship

was found, with the dose effect depending on baseline TLG* (Table
3; Fig. 2). Increasing tumor-absorbed dose values were associated
with better metabolic tumor response (decreased posttreatment
TLG*, Fig. 2A) and metastases with high baseline TLG* required
higher tumor-absorbed doses to show a reduction in metabolic activity
than metastases with lower baseline TLG* (Fig. 2B). By conservative
estimation, at least 40–60 Gy are required to induce a 50% reduction
in TLG* for a metastasis with an average baseline TLG* value.
The model with and without the random patient-level intercept

explained 78% and 56% of the variation in 1m FU TLG*, respectively.
Rerunning the analysis without the fused lesions or without

truncation of baseline TLG* values did not diminish the dose-
response relationship.

Exploratory Survival Analysis

The median OS was 9.4 mo (95% confidence interval [CI], 5.4–
11.8 mo). Exploratory survival analysis suggested a significant
association between metabolic liver response and OS (log-rank
test, P 5 0.02). The estimated median OS time was 11.6 mo
(95% CI, 11.51–N; n 5 11) and 6.6 mo (95% CI, 4.8–11.7; n 5
19) in patients with and without metabolic liver response, respec-
tively (Fig. 3A). The median TLG* was 987 (range, 256–3,374) at
baseline and 240 (range, 0–1,185) at 1 m after treatment for re-
sponders. In the nonresponders, median TLG* was 2,266 (range,
181–5,891) at baseline and 2,892 (range, 104–7,341) at 1 m after
treatment. Patients with an average liver tumor dose. 60 Gy showed
a trend (P 5 0.05) of longer median OS (Fig. 3B): 5.3 mo (95% CI,
4.4–14.3; n 5 18) versus 11.5 mo (95% CI, 10.6–N; n 5 12).

DISCUSSION

To our knowledge, this prospective study is the first to report a
dose–response relationship in patients with CRLM treated with
90Y radioembolization. With the currently used methods for ac-
tivity prescription, tumor-absorbed doses were unexpectedly
low and showed a strong intrapatient heterogeneity. Our results
show that metastases with a higher tumor-absorbed dose have a
better metabolic tumor response at 1 mo after treatment, a relation
that was more pronounced in metastases with a high baseline
metabolic activity. Furthermore, metabolic liver response was as-

sociated with prolonged OS, which further supports the idea that
tumor-absorbed dose optimization improves patient outcome.
The success of radioembolization as a salvage treatment for

patients with CRLM and other tumor types has brought investigations
to a critical point. Now, several large, multicenter randomized con-
trolled trials are investigating the benefit of adding radioemboliza-
tion treatment to systemic therapy in the first- and second-line
treatment of CRLM (12). These trials have the potential to define
the role of radioembolization in the treatment paradigm for CRLM.
The results of our study are critical for a well-informed interpre-

tation of these trials. For one, prescribed activity calculation methods
are not yet optimized. The BSA method, used for radioembolization
with resin 90Y-microspheres, does not account for liver mass or
expected intrahepatic microsphere distribution. The monocompart-
mental medical internal radiation dosimetry method, recommended
for the use of glass 90Y-microspheres, is only slightly more patient-
specific; it incorporates a target dose for the entire liver and adjusts
for the liver mass. Yet, interpatient variability is neglected with both
methods, as if radioembolization were a 1-size-fits-all treatment.
The results of our study prove this assumption to be false. A

true heterogeneity in absorbed dose distribution exists, between
and within patients. The large SD and wide ranges in tumor-absorbed
doses that we have found on a per-lesion and per-liver basis illustrate
this fact. Furthermore, tumor-absorbed doses observed in our study

TABLE 2
Tumor-Absorbed Dose and Metabolic Tumor Response

Baseline/outcome measure Individual metastases (n 5 113) Sum of all metastases within liver (n 5 30)

Mean tumor-absorbed dose ± SD 51 ± 28 Gy (range, 7–174) 57 ± 26 Gy (range, 18–109)

Median baseline TLG* 177 (range, 28–5,891; IQR, 459) 1350 (range, 181–5,891; IQR, 2,212)

Posttreatment TLG* at 1m FU 115 (range, 0–7,111; IQR, 478) 1,016 (range, 0–7,341; IQR, 2,786)

Metabolic response rate 52/113 (46%) 11/30 (37%)

Tumor-absorbed dose and metabolic tumor response results on level of individual metastases (n 5 113) and for sum of all metastases

per liver (n 5 30). Data are mean ± SD, with range in parentheses; median, with range and interquartile range (IQR) in parentheses; or n,
with percentages in parentheses.

TABLE 3
Summary of LMER Model for TLG* at 1 Month After
Treatment as Function of Tumor-Absorbed Dose and

Baseline TLG*

Fixed effects
Direction of
association P

Tumor-absorbed dose Negative 1.9 · 10−7

Baseline TLG* Positive 2.2 · 10−16

Interaction

(dose:baseline TLG*)

Negative 1.4 · 10−3

This table summarizes the most important findings of the LMER

model. Direction of association is shown in this table, instead of
regression coefficients, to simplify interpretation of this complex

model. Negative direction of association for tumor-absorbed

dose, for example, indicates negative regression coefficient,
meaning that increased tumor-absorbed dose is associated with

decreased posttreatment TLG*. Exact P values are given for fixed

effects.
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were relatively low; only 20% of patients had a tumor-absorbed
dose . 40 Gy in all metastases, whereas the dose–response curve
indicated 40–60 Gy as effective values for average metastases. Cur-
rent pretreatment 90Y activity calculations curb the maximum tol-
erable healthy liver tissue dose. As a consequence, a metabolic
tumor response was achieved in less than half of metastases and
metabolic liver response in only one third of patients. Although the
patients in our trial were heavily pretreated salvage patients, this
seems insufficient.
Thus, a more personalized approach to radioembolization is

needed to optimize tumor dose delivery in patients with CRLM.
This requires several changes to the current treatment paradigm.
Using a scout dose of radioactive microspheres during the
preparatory angiography may prove better suited to predict the
therapeutic microsphere distribution than 99mTc-MAA (13). Once
the therapeutic microsphere distribution can be predicted, pretreat-
ment activity calculation can be tailored to the individual patient
with the previously described artery-specific partition model,
yielding a distribution-specific maximum tolerable treatment ac-
tivity (14). Furthermore, different strategies may improve tumor
targeting during the treatment procedure itself, including the use of

a vasoconstrictor or another catheter type to
affect hemodynamics (15,16). A better un-
derstanding of the dose–response relationship
also creates a framework for the measure-
ment of technical success after treatment,
both in clinical practice and in research. If,
for example, posttreatment 90Y PET dem-
onstrates a subtherapeutic tumor-absorbed
dose in a metastasis in clinical practice,
additional treatment with another thera-
peutic modality or selective retreatment
with radioembolization may be considered.
In a research setting, investigators should
implement in vivo dose quantification into
their study protocol and report tumor-
absorbed dose data. This may help inter-
preters to distinguish between suboptimal
tumor response rates due to technical failure
or refractory disease.
Interestingly, we found that the dose

effect is dependent on the baseline TLG*.
To the best of our knowledge, this has not

been reported before. With increasing tumor volume, a homoge-
neous 90Y-microsphere distribution in the tumor compartment
becomes less likely, so a high tumor-absorbed dose may be re-
quired in metastases with a high baseline TLG* to ensure
a minimum dose throughout the entire tumor. In addition, the
aggressive nature of metastases with a high baseline TLG* may
render these tumors less likely to respond to therapy. The depen-
dency of the dose effect on baseline metabolic activity suggests that
1 threshold for an effective tumor-absorbed dose after radioembo-
lization may be too simplistic. Further research has to show whether
our range of effective tumor-absorbed dose values as a function of
baseline metabolic activity can be further refined.
Distinctive strengths of our investigation include the prospec-

tive study design that ensures standardization of study procedures,
the per-lesion basis analyses, the use of an LMER model that
accounts for data clustering, actual quantitative absorbed dose
measurements on 90Y PET, and the use of objective metabolic
tumor response parameters based on 18F-FDG PET.
Previous studies have reported retrospective data to support

a dose–response association for radioembolization treatment
but failed to uncover the nature of this relationship in patients

with CRLM (17–20). Most other dose–
response evaluations in radioembolization
studies either focused on hepatocellular car-
cinoma or used glass 90Y-microspheres. The
dose–response associations derived from
these studies are, however, not directly
comparable to our findings. For one, radio-
sensitivity may be dependent on tumor
type, similar to findings in external-beam
radiotherapy (21). Furthermore, tumor-
absorbed dose values are generally higher
with glass microspheres, but this does not
necessarily imply greater treatment efficacy.
This may be attributed to the fact that glass
microspheres are injected in lower numbers
but with much higher specific activity per
sphere. Furthermore, treatment with resin
microspheres likely results in a combined

FIGURE 2. Dose–response curves estimated by LMER model. (A) Illustration of relationship

between tumor-absorbed dose (x-axis) and metabolic tumor response (y-axis, 1m FU TLG*:

baseline TLG*) for a metastases with a mean baseline TLG* value (black line). Blue lines indicate

associated 95% CI bands. By conservative estimation, at least 40–60 Gy is required for a 50%

TLG* reduction (intersection of black line and upper 95% CI line with dotted reference line).

(B) Added color grading in this illustration indicates how the dose–response curve differs for

other levels of baseline TLG* (increasing from green to orange and red). With increasing absorbed

dose, metabolic tumor response is more likely, but with increasing baseline TLG* (i.e., color

grading) tumor response is less likely. Metastases with high baseline TLG* value need to absorb

higher radiation dose to achieve same metabolic tumor response as metastases with lower

baseline TLG*.

FIGURE 3. Survival curves stratified on metabolic liver response and average liver tumor dose.

(A) Patients with (blue line) metabolic liver response (50% decrease in TLG* at 1 mo after treat-

ment) showed significantly longer median OS than nonresponders (red line). (B) Patients with

average liver tumor dose exceeding 60 Gy (blue line) showed trend of longer median OS than

those with lower liver tumor dose (red line).
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embolic and radiation effect, whereas glass microspheres rely much
more on radiation alone.
Our study has several limitations. First, the number of study

patients was limited, and substantial interpatient heterogeneity
existed despite similar tumor types and disease stages. Therefore,
the variation explained by the LMER model heavily depended on
the random intercept. Consequently, our model’s ability to predict
metabolic tumor response on the basis of tumor-absorbed dose
may be limited in an external dataset. Furthermore, it seems
reasonable to assume that the observed tumor response is a conse-
quence of absorbed radiation doses, because all patients had con-
firmed progressive disease at the time of inclusion in our study,
no competing therapies were given, and we adjusted for baseline
TLG*, which contains information about the volume and metabolic
activity of individual metastases. Nonetheless, we cannot rule out
potential confounding by tumor biology. Second, we measured only
tumor response at 1m FU. Third, because the found dose–response
relationship was specific for resin 90Y-microsphere radioemboliza-
tion in salvage patients with CRLM, validation in other disease
stages, tumor types, and type of microspheres is required. Fourth,
the generalizability of TLG* values is limited. They are not a bi-
ologic constant but depend on the use of specific hardware, image
acquisition, and reconstruction protocol and image analysis soft-
ware for 18F-FDG PET scans. Fifth, the coregistration of the
baseline 18F-FDG PET and 90Y PET images was challenging,
and small registration errors are currently unavoidable.
With the increasing application of radioembolization as a treat-

ment for CRLM, and a gradual shift toward earlier disease stages,
it is of paramount importance to critically reflect on the current
status of this technique and acknowledge aspects that are in need
for optimization. These aspects need to be improved to enable a
personalized approach to radioembolization that aims for maximum
treatment efficacy while respecting safety concerns. The limitations
of current radioembolization practice should also be considered
when interpreting the results of large randomized controlled trials.

CONCLUSION

A strong dose–response relationship exists for the treatment of
CRLM with resin microsphere 90Y radioembolization. Treatment
efficacy is, however, still limited, because the currently used pre-
treatment activity calculation methods curb potentially achievable
tumor-absorbed dose values. A more personalized approach to
radioembolization is required before concluding on its clinical
potential.
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