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Abstract

Background: The aim of this study was to investigate the relationship between absorbed dose and response of
colorectal cancer liver metastases treated with [90Y]-resin microspheres and to explore possible clinical and imaging
derived prognostic factors.

Methods: FDG PET/CT was used to measure response of individual lesions to a measured absorbed dose, derived
from post-treatment 90Y PET imaging. Predicted dose was also derived from planning [99mTc]-MAA SPECT data.
Peak standardised uptake value and total lesion glycolysis (TLG) were explored as response measures, and
compared to dose metrics including average dose (Davg), biologically effective dose, minimum dose to 70% of lesion
volume and volume receiving at least 50 Gy. Prognostic factors examined included baseline TLG, RAS mutation
status, FDG heterogeneity and dose heterogeneity. In an exploratory analysis, response and clinico-
pathological variables were evaluated and compared to overall survival.

Results: Sixty-three lesions were analysed from 22 patients. Poor agreement was seen between predicted
and measured dose values. TLG was a superior measure of response, and all dose metrics were significant
prognostic factors, with a Davg of ~50 Gy derived as the critical threshold for a significant response (>50%
reduction in TLG). No significant correlation was found between baseline TLG or RAS mutation status and
response. Measured dose heterogeneity was a significant prognostic factor and when combined with Davg

had a positive predictive value for response >80%. In the exploratory analysis for prognostic factors of
survival, low hepatic tumour burden and mean reduction in TLG >65% were independently associated with
improved overall survival.

Conclusions: Lesions receiving an average dose greater than 50 Gy are likely to have a significant response.
For lesions receiving less than 50 Gy, dose heterogeneity is a significant prognostic factor. Lesions receiving
an average dose less than 20 Gy are unlikely to respond. A reduction in TLG may be associated with
improved overall survival.
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Background
Radioembolisation with yttrium-90 (90Y)-labelled resin
microspheres (SIR-Spheres, Sirtex Medical Ltd, Sydney,
Australia) is a palliative treatment for metastatic colorec-
tal cancer (mCRC) in the liver. Historically, SIR-Spheres
microspheres treatment planning developed as an empir-
ical approach, derived from a combination of patient
body surface area, tumour burden and estimates of
arterio-venous shunting. With recent advances in imaging
hardware and software, it has become possible to image the
therapeutic microspheres in vivo and quantify absorbed
dose to lesions and healthy parenchyma [1, 2]. As a result,
derivation of the relationship between absorbed dose and
response to treatment could see radioembolisation move to
a personalised approach where treatment doses are tailored
to the individual for optimal outcome.
There are several published examples of lesion

absorbed dose measured with 90Y PET being compared
to treatment response [3–12]. Two apparent issues when
considering the existing literature are the limited study
numbers and the discordance between analysis tech-
niques. Additionally, the literature is divided further into
users of glass microspheres (TheraSpheres, BTG Inter-
national Canada Inc., Ottawa, Canada) versus resin
microspheres (SIR-Spheres), which will have inherent
differences in the dose–response profile due to their dif-
ferent specific activity, quantity administered and lodge-
ment pattern. Some studies have combined patients with
different pathological diagnoses to improve statistical
power however it is highly likely that the dose–response
will be pathology dependent [13]. In addition, there is
evidence in the literature that mutant RAS cell lines (so-
called as they were initially identified in “rat sarcoma”
cells) are more radio-resistant compared to wild type
RAS [14, 15]; a difference that has recently been shown
to affect overall survival following radioembolisation
[16, 17], suggesting a more detailed approach to
accurate dose–response profiling is needed.
Traditionally, response has been measured using X-ray

CT to gauge anatomical change in lesion dimensions
(RECIST) [18]. More recently it has been recognised that
metabolic FDG PET imaging may be more suitable to
measure functional response to therapy at an early time
point to allow switching to a more efficacious treatment
[19]. However, even within those studies that use FDG
PET as a biomarker of response, there is little consistency
between time to follow-up imaging and methods of lesion
segmentation and the quantification indice employed.
Furthermore, there is little consensus on the subject of
absorbed dose measures and which metric is most mean-
ingful. The review from Cremonesi et al. provides some
insight into the large variation of factors in the existing
radioembolisation dosimetry literature [20]. The use of
FDG PET to characterise lesions at baseline has also been

recognised as having potential. Recent literature suggests
that baseline TLG may correlate with outcome [9], and in
other pathologies and treatments, intra-tumoural hetero-
geneity of FDG has been demonstrated to be a prognostic
marker and indicator of aggressiveness of disease [21–25].
To our knowledge, this has not yet been investigated for
radioembolisation.
In terms of minimum radiation dose required to effect

treatment, the range is reported as being as large as
<50–495 Gy [20], and methodologies vary. The most
extensive study to date is that from van den Hoven et al.
[9], which included analysis of 133 lesions from 30
patients with unresectable mCRC. The study used
change in FDG PET total lesion glycolysis (TLG) as a
measure of response at 1 month post-treatment with
resin microspheres and reported an effective mean
absorbed dose to be 40–60 Gy. Kao et al. [6] explored
the use of various dose metrics borrowed from external
beam radiotherapy (EBRT) available with the generation
of dose volume histograms (DVHs), such as minimum
dose to 70% of the lesion volume (D70) and lesion vol-
ume receiving at least 100 Gy (V100). For hepatocellular
carcinomas (HCC) treated with resin microspheres, a
complete response was generally achieved for D70 values
greater than 100 Gy based on response from CT or MRI
measures with a median follow-up time of 5.4 months.
Srinivas et al. [11] also reported on the value of 90Y dos-
imetry for HCC lesional assessment, finding a mean
dose of 215 Gy for responders as measured on CT, based
on a cohort of 98 lesions treated with glass micro-
spheres. Most recently, Fowler et al. [10] reported an
average dose of 29.8 Gy and D70 of 42.3 Gy as useful
predictors of response as measured by volumetric MRI
analysis, based on a study of 9 mCRC patients (all treated
with resin microspheres) with response measured at vari-
ous intervals corresponding to ‘standard of care’.
Additional estimates of effective lesion absorbed dose

have been made based on dosimetry performed on the
99mTc-macroaggregated albumin (MAA) planning study,
done prior to treatment. However, the literature is
divided as to whether or not the MAA SPECT is a suit-
able predictor of subsequent therapeutic microsphere
lodgement [6, 26, 27]. Confounding factors may be the
placement of the catheter, delivery technique, flow
dynamics and differing lodgement patterns due to vari-
ation in particle shape and size, as well as vascular
changes that may occur between the time of work-up
and therapy.
The mechanism by which the microspheres lodge in

the vasculature and the corresponding heterogeneity of
radiation dose has been implicated as an additional chal-
lenge in radioembolisation dosimetry. It is recognised
that this heterogeneity leads to a greater sparing capacity
of normal liver and thus tolerance of higher average
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doses due to the non-uniformity of the dose pattern
[28, 29]. Fowler et al. acknowledged the importance of
considering DVHs as opposed to just average lesion dose
in order to take into account, to some extent, the hetero-
geneity in dose delivery across the lesion [10]. This has
been further confirmed by Pasciak et al. [30] who recently
found a correlation between D70 and microsphere density,
and also found that an increase in average tumour dose
could compensate for poor uniformity effects.
This retrospective study investigates the dose–re-

sponse relationship in the treatment of mCRC with 90Y
resin microspheres, exploring the effectiveness of various
dose and response metrics, as well as the impact of a
range of prognostic factors available at baseline from
both imaging and clinical data.

Methods
Patient selection
Thirty-six consecutive mCRC patients treated with resin
microspheres between July 2011 and June 2016 were
identified retrospectively. Eligibility for therapy included
histologically confirmed mCRC, hepatic dominant dis-
ease, unresectable and progressive disease despite
chemotherapy, preserved liver function (defined as bili-
rubin <34 μmol/L, albumin >30 g/L, INR < 1.1) and a
pulmonary shunt fraction on MAA SPECT not exceed-
ing 20%. Survival analysis was performed on 32 patients
(one patient was lost to follow-up and three patients re-
ceived repeat radioembolisation therapy at a later date)
with exploratory analyses performed to determine pre-
dictors of survival. Table 1 summarises the patient
characteristics.
Complete imaging sets suitable for lesional analysis were

available in 22 patients. An individual complete imaging
set consisted of baseline FDG PET/CT (acquired ≤ 28 days
prior to radioembolisation), 90Y PET/CT (acquired within
24 h of radioembolisation), and follow-up FDG PET/CT
(acquired ≤ 80 days post-radioembolisation). Lesions were
considered analysable if they were FDG-avid and could be
defined as a discrete volume on the baseline FDG PET
study (as opposed to a contiguous mass of lesions), of at
least 5.0 cm3 [31]. Up to five lesions (defined as the five
with the highest standardised uptake value (SUV))
from any single patient were considered. Three pa-
tients had chemotherapy between radioembolisation
and follow-up FDG PET/CT yet were include for
statistical power.

Image analysis
All imaging data were acquired on a Siemens Biograph
mCT-S (64) PET/CT system (Knoxville, TN, USA) with
time-of-flight (ToF) capabilities (550 ps timing reso-
lution), 21.8 cm axial field of view and 78 cm crystal ring
diameter. Standard OSEM reconstruction was used in

conjunction with ToF modeling and point spread func-
tion recovery. Baseline and follow-up FDG data were
acquired according to our ‘low-dose protocol’, as two
6 min frames over the liver and reconstructed with 3i21s
and a 5 mm Gaussian filter. All 90Y PET data were

Table 1 Characteristics of study cohort at baseline (n = 32)

Characteristic n (%) unless
indicated otherwise

Age in years, median (range) 63 (37–86)

Sex

Male 23 (72%)

Female 9 (28%)

BMI, median (range) 26 (20–38)

Primary site

Colon 23 (72%)

Rectum 9 (28%)

Definitive treatment to primary tumour 26 (81%)

Hepatic tumour burdena, median (range) 9 (1–46)

Hepatic tumour burdena > 25% 4 (13%)

Extrahepatic metastasesb 23 (72%)

Location of extrahepatic metastases

Lungs alone 13

Lung and lymph nodes 2

Lymph nodes alone 5

Other 3

Prior therapies

Lines of chemotherapy
1

9 (28%)

2 22 (69%)

Anti-VEGF/EGFR mAb 28 (88%)

Hepatic resection 11 (34%)

RFA/SBRTc to liver 2 (6%)

Isolated liver oxaliplatin 1 (3%)

Radiotherapy to extrahepatic sites 6 (19%)

RAS mutation statusd

Wild type 14 (44%)

Mutant 10 (31%)

Unknown 8 (25%)

Treatment to both liver lobes 19 (59%)

Prescribed amount of 90Y for treatment in GBq,
median (range)e

1.68 (0.42–2.08)

Time to follow-up FDG PET/CTe in days,
median (range)

56 (38–80)

aAs measured by the MeVis® radiological service (MeVis Medical Solutions AG,
Bremen, Germany), based on contrast enhanced CT performed at the time of
baseline FDG PET/CT
bDetected on FDG PET/CT
cRFA, Radiofrequency ablation; SBRT, stereotactic body radiation therapy
dKRAS/NRAS where tested
eFrom sub-cohort of 22 patients with analysable lesion data only
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acquired as two 10 min frames over the liver, and recon-
structed with 1i21s with no filtering for quantitative pur-
poses. The MAA planning SPECT/CT data were
acquired on either a Siemens’ Intevo-6 or Symbia. T16
system, with low energy parallel hole collimators and
underwent standard CT-based attenuation correction
during reconstruction. Due to the location of the angiog-
raphy suite adjacent to the nuclear medicine depart-
ment, acquisition was performed immediately (in all
cases within 1 h) following implantation to avoid break-
down of the 99mTc-MAA in vivo.
All data analysis was performed on a DOSIsoft® system

(Cachan, France). Baseline FDG PET/CT, quantitative
90Y PET (see [32]) and follow-up FDG PET/CT studies
were co-registered to the baseline contrast-enhanced
CT. Where available (19 of the 22 patients), the
planning [99mTc]-MAA SPECT/CT data were also
co-registered.
Quantitative 90Y PET data were used to generate treat-

ment dose maps in units of Gy, derived through kernel-
based convolution (DOSIsoft®), and DVHs for analysis.
Predicted dose maps from the MAA SPECT were also
generated, assuming an identical mapping of radioactiv-
ity distribution between the MAA and therapeutic
microspheres, and that the complete prescribed amount
of radioactivity would be delivered at treatment. Lesions
were defined on the baseline FDG using semi-automatic
detection followed by a 30% thresholding within the
bounded volume. Lesion volumes were propagated on
to the co-registered MAA predicted dose map and
90Y treatment dose map. Each lesion was located on
the follow-up FDG PET, and if still detectable above
background liver was re-defined, or if no longer detectable,
was assigned a volume of 0 cm3.
The contrast-enhanced CT was used to define whole

liver, before subtracting the sum of all FDG-defined
metastases, to attain a volume of interest representing

healthy liver. This volume was also propagated on to
each of the dose maps.
Parameters of interest for each lesion were:

– Baseline FDG: SUVpeak (defined as the highest
average of a 1mL spherical kernel centred on voxels
within the lesion VOI), FDG heterogeneity
(defined as the coefficient of variation (CoV) within
the lesion VOI), total lesion glycolysis (TLG);

– MAA-predicted dose map: mean absorbed dose
(Davg), minimum dose to 70% of the lesion volume
(D70), lesion volume receiving at least 50 Gy (V50),
biologically effective dose (BED [20]);

– 90Y treatment dose map: Davg, D70, V50, BED and
dose heterogeneity within the lesion (CoV);

– Follow-up FDG: SUVpeak and TLG.

The Davg, D70, V50 and BED of healthy liver were also
recorded.
Treatment response was measured as both the change

in SUVpeak and the change in TLG. Lesions were further
categorised according to definitions of complete meta-
bolic response (CMR: 100% reduction in TLG, i.e.
lesions not visible above background at the time of
follow-up), partial metabolic response (PMR: a reduction
of TLG between 50% and 100%), stable metabolic
disease (SMD: lesions that had a TLG change by less
than ±50%), and progressive metabolic disease (PMD:
more than a 50% increase in TLG). A significant
response was classified as a reduction of at least 50% in
TLG between baseline and follow-up (i.e. CMR + PMR).
Figure 1represents a flow chart of cohort classification
used for analysis.
Due to trends seen in the data and suggestions of

both a critical threshold and effects of heterogeneity
in the literature, the analysis was further divided be-
tween lesions receiving above and below an average

Fig. 1 Flowchart representing the patient cohort for analysis and categorisation definitions
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dose of 50 Gy. For Davg <50 Gy, the CoV of absorbed
dose was used to predict response, based on a threshold
CoV derived from the mean of responders versus non-
responders.

Statistical analysis
Statistical analyses were performed using SPSS (ver-
sion 24, SPSS Inc.) and SAS (version 9.4). Signifi-
cance of prognostic factors was tested using
univariate binary logistic regression with a 95% confi-
dence interval (CI) to establish those parameters
which had a p value of less than 0.05 for predicting
a significant TLG response. Those parameters with a
p value of 0.2 or less were retained in the multivari-
ate model. A multivariate backward stepwise likeli-
hood ratio regression analysis was performed,
excluding parameters with high collinearity (Davg,
D70, V50 and BED), verified by consideration of both
clinical factors and correlation coefficients. Four sep-
arate backward elimination procedures including each
of the collinear variables in turn were performed to
establish the best fitting model and identify signifi-
cant predictors of response. Multivariate analysis was
repeated on each sub-group of lesions that received less
than 50 Gy and greater than 50 Gy (average).
Overall survival was estimated by the Kaplan-Meier

method, and curves were compared using the log-rank
test. Univariate and multivariate analyses were per-
formed on both patient cohorts (entire cohort n = 32
and sub-cohort n = 22) using the variables hepatic
tumour burden, presence of extrahepatic disease, age,
gender, primary site of disease, resection of primary
tumour, body mass index (BMI) and RAS mutation
status using the Cox proportional-hazards ratio. Con-
tinuous variables were assessed as quartiles by event and
optimal cut-points were explored using R version 2.15.0
(2012-03-30). On the sub-cohort of 22 patients included
in the dose–response analysis, change in mean TLG
after radioembolisation was also included in the univari-
ate and multivariate analyses.

Results
Patients
Twenty-three men and 9 women were included in the
study. Seventy-two percent had a primary colon tumour,
and 28% had a primary rectal tumour. Eighty-one percent
had previous definitive therapy to the primary tumour
with either surgical resection or chemo-radiotherapy. Four
patients had hepatic tumour burdens > 25% as measured
by MeVis, and 23 patients (72%) had evidence of extrahe-
patic disease on baseline FDG PET/CT, predominantly
involving the lungs. The majority of patients had re-
ceived two lines of chemotherapy (69%) including
bevacizumab or cetuximab (88%). Thirty-one percent

were RAS mutation positive. Median follow-up was
9 months (range 1–62).

Dose–response measures
Across the 22 patients included in the lesional analysis,
the average absorbed dose to healthy liver was 23.4 Gy
(range: 3.9–48.5 Gy). No incidents of radioembolisation-
induced liver disease (REILD) [33] were reported. Of the
63 lesions analysed, 67% demonstrated a significant
response to therapy, and 89% of lesions achieved a result
of SMD or better. Table 2 demonstrates the results for
each category of responders. Figure 2 represents a com-
parison between the mean absorbed dose measured in
each response category, for the different dose metrics
considered. A significant difference between all investi-
gated dose metrics of responding lesions and non-
responding lesions was found (Table 3).
Figure 3a represents the ratio of measured to pre-

dicted Davg values, through comparison of the MAA
and 90Y data. On average, the measured Davg was found to
be 1.32 times higher than that which was predicted at the
time of work-up (median = 0.93, range 0.02–12.27).
Figure 3b shows the change in ratios for different response
groups, demonstrating a trend towards an increased
90Y-to-MAA factor for improved response. Of the le-
sions analysed, 40% had a 90Y defined absorbed dose
that differed by more than 50% of that which was
predicted by the MAA.
Figure 4 is a comparison of SUVpeak and TLG as re-

sponse measures (4a, b), as well as a comparison of Davg

and D70 as dose metrics (4a, c).

Lesional response prognostic factors
Figure 5 considers the variation in Davg for each
response category with differing RAS status. The differ-
ence between the mean Davg of responders with wild
type and mutated RAS was not found to be significant.
However, the average dose in non-responding lesions
(SMD + PMD) was significantly higher in lesions of
mutated RAS status (p = 0.046).

Table 2 Response rates of lesions for different 90Y absorbed dose
metrics, where dose values are presented as Gy ± stdev

Davg D70 V50 BED

PMD
(n = 7)

22.3 ± 20.1 10.9 ± 11.1 12.8 ± 16.6 24.2 ± 22.5

SMD
(n = 14)

28.8 ± 19.7 16.2 ± 14.2 19.9 ± 22.7 31.5 ± 22.9

PMR
(n = 14)

49.2 ± 22.7 31.7 ± 16.7 38.8 ± 24.5 55.8 ± 28.6

CMR
(n = 28)

52.1 ± 18.5 35.2 ± 15.1 43.6 ± 25.8 59.0 ± 22.9

Total
(n = 63)

42.9 ± 22.8 27.5 ± 17.4 33.9 ± 26.3 48.3 ± 27.4
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The results of the univariate analysis can be seen in
Table 4. All parameters were found to be significant
when predicting response, except for baseline volume
(p = 0.287) and baseline TLG (p = 0.715) (see Fig. 6a).
This was also the case upon univariate analysis in the
sub-group of lesions that received less than 50 Gy
(average) only.
Aside from the four dose metrics, absorbed dose CoV

was the parameter found to have the strongest associ-
ation with lesion response in the univariate analysis
(p = 0.001). When absorbed dose CoV was adjusted
for FDG CoV and Davg, the association remained sta-
tistically significant (p = 0.017). Davg also remained a
significant predictor of TLG response (p = 0.012)
when adjusted for dose CoV and FDG CoV. Figure 6b
demonstrates a clear increase in dose CoV in lesions
that resulted in PMD or SMD when compared to
those that demonstrate PMR or CMR. Considering
the analysis of lesions receiving less than the 50 Gy
threshold, dose CoV was the only significant predictor

of response, whereas no variables were found to be
significant prognostic factors for lesions receiving
greater than 50 Gy.
Fifty-four percent of lesions in the sub-50 Gy cohort

still had a significant response. We assumed all lesions
receiving above 50 Gy would have a significant response,
and those receiving less than 50 Gy may respond
depending on absorbed dose CoV and whether or not it
was above or below the mid-point between the mean of
responders and non-responders (derived threshold =
0.79). A significant response was correctly predicted in
91% of >50 Gy cases (21/23 lesions), based on dose in-
formation alone. In the <50 Gy cases, the use of the
above absorbed dose CoV cut-off predicted response
correctly in 75% of cases (30/40 lesions). Notably, dose
CoV also had the same success rate in predicting re-
sponse for >50 Gy lesions (83% positive predictive value

Fig. 2 Dose curves for each category of response for Davg, D70, V50
and BED. Error bars represent the 95% CI for Davg

Fig. 3 a The ratio of true (90Y) to predicted (MAA) mean absorbed
dose across all lesions. Horizontal dashed lines represent a ±50%
difference. An outlier with a ratio value of 12.3 was excluded for
visual purposes. b The mean ratio of true (90Y) to predicted (MAA)
lesion absorbed dose for each response category. Dashed line
represents a ratio of 1.0

Table 3 The mean dose (Gy ± stdev) corresponding to responding
and non-responding lesions for each of the investigated metrics,
including the p value from the two-sided t test of significance
(set at 0.05)

Davg D70 V50 BED

Responders
(n = 42)

51.1 ± 19.7 34.0 ± 15.5 42.0 ± 25.2 58.0 ± 24.6

Non-responders
(n = 21)

26.6 ± 19.6 14.5 ± 13.2 17.5 ± 20.7 29.1 ± 22.5

p value 1.8 × 10−5 6.0 × 10−6 2.9 × 10−4 3.0 × 10−5
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Fig. 4 (See legend on next page.)
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over entire lesion cohort). For the two lesions in the
>50 Gy cohort that did not respond significantly, one of
which was wild type and the other mutant RAS, none of
the derived prognostic factors could correctly predict
this outcome. This indicates that other clinical factors
not explored in this work may need to be considered.
The supplementary figure attached to this article pro-
vides an example of clinical case studies representing
each of the categories discussed in this investigation
(Additional file 1). That is, lesions receiving a high dose
and demonstrating a significant response; lesions receiv-
ing a low dose and demonstrating a poor response; le-
sions receiving a medial dose with a low CoV and
demonstrating a significant response; lesions receiving a
medial dose with a high CoV and demonstrating a poor
response; and lesions demonstrating a poor response
despite a high dose being received.

Exploratory survival analysis
In the entire study cohort (n = 32), the median overall
survival after SIR-Spheres therapy was 11.3 months
(95% CI 5.3–15.9 months). In univariate analyses,
overall survival was significantly associated with hep-
atic tumour burden (p < 0.0001) and presence of ex-
trahepatic disease (p = 0.03, Fig. 7) but not age, gender,

primary site of disease, resection of primary tumour, body
mass index or RAS mutation status (p = 0.06). After
adjusting for extrahepatic disease and RAS mutation
status, we found strong evidence of an independent effect
of hepatic tumour burden on risk of mortality (HR 1.08,
95% CI 1.03–1.12, p = 0.0009). The presence of extrahe-
patic disease on multivariate analysis was not statistically
significant (p = 0.06). Median overall survival in the lowest
quartile of hepatic tumour burden (<6.9%) was 15.5 months
compared to 3.7 months in the highest quartile (≥15.1%).
In determining an optimal cutpoint, a hepatic tumour
burden of 12% was found to have the highest log-
rank statistic of any cut point (HR 8.24, 95% CI
2.43–27.94, p < 0.0001, Fig. 8).
In the sub-cohort of patients with data sets available

for lesional dose–response analysis (n = 22), reduction in
TLG after SIR-Spheres therapy assessed as quartiles was
associated with improved overall survival on univariate
analysis (p = 0.039). A cut point of −65% was found to
have the highest log-rank test statistic (HR 3.66, 95% CI
1.07–12.53, p = 0.028, Fig. 9). Patients with a mean TLG
reduction greater than 65% had a median overall survival
of 20.6 months versus 9.6 months in those patients with
a lower TLG reduction. Mean TLG reduction as cat-
egories of >65% versus lower remained independently
associated with overall survival on multivariate analysis
(HR 5.10, 95% CI 1.23–21.21, p = 0.025).

Discussion
All dose metrics display a consistent slope and the
expected sigmoidal relationship (Fig. 2). The standard
deviation on dose measures for the PMD lesions is much
larger than other response categories, suggesting there

(See figure on previous page.)
Fig. 4 The dose–response for all lesions follows the expected relationship when measuring response with change in TLG (R = 0.61, when fitted with a
function of the form: y ¼ 100� ae�bx ) (a); this relationship is not demonstrated when change in SUVpeak is used to measure response (R = 0.33) (b).
Using D70 instead of Davg as the metric slightly improves the correlation further (R = 0.63) (c). A 50 Gy cut-off (dashed line) corresponds to a significant
response in all but two lesions (a)

Fig. 5 Average lesion doses corresponding to each response category,
separated for lesions of wild type and mutated RAS status. The shaded
regions represent the interquartile (IQ) range, with the solid line
representing the median value. Mild outliers (circle) are points which lie
greater than 1.5 times the IQ range from the upper (3rd) or lower (1st)
quartile. Extreme outliers (asterisk) are points which lie greater than
three times the IQ range from the upper (3rd) or lower (1st) quartile

Table 4 Univariate (unadjusted) logistic regression and
multivariate (adjusted) backward stepwise likelihood ratio
regression of factors associated with significant lesional
response (*)

Independent
variable

p value

Unadjusted Adjusted

All lesions <50 Gy >50 Gy

D70 0.0002*

V50 0.001*

Davg 0.0004* 0.039* 0.259 0.604

BED 0.001*

FDG COV 0.050* 0.291 0.422 0.719

Dose COV 0.001* 0.017* 0.005* 0.868
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Fig. 7 Kaplan-Meier plot of patient survival by presence or absence of extrahepatic disease on FDG PET/CT prior to radioembolisation. Patients
with presence of extrahepatic disease had lower overall survival (p = 0.03 by log-rank test)

Fig. 6 Baseline TLG (a) and Absorbed dose CoV (b) of lesions within each response category
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may be additional prognostic factors when considering
which lesions will not respond. A critical average dose of
~50 Gy is consistent with other reports of effective dose
for mCRC lesions responding to radioembolisation [9, 34].
Given given that our institution uses the MAA plan-

ning procedure in the capacity that is recommended by
the supplier in the context of the modified BSA method,
the results (Fig. 2) do suggest caution in tailoring treat-
ments based on MAA localisation and quantification.

Furthermore, the fact that the ratio of 90Y-to-MAA dose
in lesions consistently increases with improved response
(Fig. 3a) may suggest that our prescribed 90Y activities
are underestimating the optimal dose. Similar results
demonstrating inconsistency between MAA and micro-
sphere distributions have been reported [26, 27], al-
though similarities have been demonstrated in HCC
lesions [6, 35], which is a generally more vascular
pathology.

Fig. 9 Kaplan-Meier plot of patient survival by mean TLG reduction after radioembolisation analysed in categories of >65% vs. lower. Patients
with TLG reduction >65% had improved overall survival compared to those with lower TLG reduction (p = 0.028 by log-rank test)

Fig. 8 Kaplan-Meier plot of patient survival with patients dichotomised into low (≤12%) and high (>12%) hepatic tumour burden groups as
measured by MeVis. Patients with hepatic tumour burden ≤12% had improved survival compared to those with higher hepatic tumour burden
(p < 0.0001 by log-rank test)
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Figure 4 indicates that TLG corresponds better to the
dose given compared to SUVpeak, which demonstrates
no strong trend in the data, and thus may be a more
appropriate metric to use in practice (Fig. 4a, b).
SUVpeak was chosen due to its robustness as a quantitative
metric, as opposed to SUVmax or SUVmean, which may
suffer from spurious single pixel fluctuations or partial
volume effects, respectively. The use of D70 as a dose
metric may be more optimal than Davg when comparing
to response, as seen by a tighter clustering of points
around the curve; however, the difference is subtle. The
data (Fig. 4a) suggest that the Davg threshold of 50 Gy is
applicable when predicting lesions that will respond to
radioembolisation with resin microspheres. Furthermore,
the data also suggest that lesions receiving less than 20 Gy
will not respond to treatment.
A larger cohort is needed to draw significant conclu-

sions about the role that mutant RAS may play in radio-
resistance of lesions to radioembolisation. The data in
Fig. 4a demonstrates some outliers of mutant RAS status
at high dose levels. Figure 5 also suggests that mutant
RAS lesions remain at only PMD/SMD/PMR status des-
pite much higher median doses in these categories when
compared to wild type lesions, supported by the signifi-
cantly higher doses seen in non-responding lesions of
mutated RAS status. This may indicate that additional
factors other than dose play a role when determining
whether or not a mutant RAS lesion will respond. This
may include the amount and timing of prior chemother-
apy, including the use of anti-EGFR monoclonal anti-
bodies, all of which may potentially radio-sensitise
tumours. Both mutant RAS and wild-type lesions had the
same rate of response when considered separately (~65%).
The lack of a significant relationship between baseline

TLG and response was unexpected, given recent findings
in the literature [9]. This may be due to the smaller co-
hort for analysis in this study. Additionally, an analysis
of tumour-to-liver ratio (leasion SUVpeak: healthy liver
SUVmean) demonstrated no significant correlation with
response. Of interest, however, was the significance of
FDG CoV and absorbed dose CoV as prognostic factors.
FDG CoV has been recognised as a potential prognostic
factor in various pathologies, with one paper suggesting
it is more significant than traditional measures such as
SUV and TLG [25]. To our knowledge, this has not yet
been explored in the realm of radioembolisation and
may warrant further investigation in a larger study popu-
lation. It is recognised however that CoV is a limited
way of evaluating tumour heterogeneity, and other forms
of analysis, such as entropy measures, may be more ap-
plicable for future work.
Absorbed dose heterogeneity is a commonly acknowl-

edged issue associated with radioembolisation due to its
vascular embolic localisation mechanism, particularly in

comparison to traditional methods of irradiation employ-
ing EBRT. It has been recognised that this dose heterogen-
eity in healthy liver can be an advantage; however, we are
unaware of any measure of lesion dose heterogeneity be-
ing linked quantitatively to response in radioembolisation.
This clearly has relevance for the use of glass versus resin
microspheres, due to differences in specific activity and
therefore different sphere density during treatment, which
has a known effect on the dose coverage [30]. The use of
CoV as a metric may be advantageous, as it was recently
indicated that although measures such as D70 can be use-
ful in indicating dose heterogeneity, the slope of the DVH
also appears to be important [10]. Furthermore, the effects
of inhomogeneity may be overcome by a large average
dose [30]. Dose CoV was found to be significantly higher
in those lesions that did not respond, and may offer
insight as to why some lesions receiving a comparably low
average dose still demonstrate a CMR. Reasons for
increased heterogeneity of dose across a lesion will relate
to the vascular pattern of the lesion and its size, as well as
the amount of administered activity. No lesion receiving
less than 20 Gy (average) had a significant response,
implying that the radioactivity available to the lesion was
not sufficient, regardless of homogeneity of coverage.
Our data suggest a prediction of mCRC lesion

response may be made immediately after radioembolisa-
tion using 90Y PET-derived dosimetry. If imaging indi-
cates a lesion has received greater than 50 Gy (average)
then there is a high probability that it will have a signifi-
cant response to treatment. This is supported by the lack
of significance of any variables when statistical analysis
was done in this cohort alone. If a lesion receives less
than 50 Gy (average) then the absorbed dose CoV should
be considered in order to predict response, based on its
high significance in statistical modeling. We found that a
CoV cut-off of 0.79 had a positive predictive value of 75%
in ‘low dose’ lesions. Using this approach, a combination
of both average lesion dose and dose CoV had a positive
predictive value of 83% for the entire lesion cohort. In
addition, lesions receiving less than 20 Gy (average) are
unlikely to respond regardless of CoV. Opportunity exists
to explore methods to enhance lesional absorbed dose
such as the concomitant use of drug therapy which may
radiosensitize tumours (e.g. chemotherapy +/− anti-EGFR
monoclonal antibodies or bevacizumab). Further trials
may also warrant the investigation of additional SIRT,
radiofrequency ablation or stereotactic body radiation
therapy (SBRT) to these under-treated lesions.
In the exploratory analysis of prognostic factors for sur-

vival (n = 22), reduction in mean TLG was associated with
prolonged overall survival supporting recent data [9]
which suggests optimisation of tumour dose–response
can improve patient outcomes. This warrants validation in
large prospective studies. Furthermore, the survival
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analysis highlights the equal importance of correct patient
selection for treatment. In our entire study cohort
(n = 32), most of whom were refractory to chemotherapy,
high hepatic tumour burden was associated with a poor
prognosis. In addition, there was a trend towards worse
overall survival in patients with presence of extrahepatic
disease however this did not retain significance in the
multivariate analysis. These findings are supported by the
recent data from the SIRFLOX study, which evaluated the
addition of SIR-Spheres microspheres to first line chemo-
therapy in patients with mCRC [36]. The careful selection
of patients for radioembolisation based on clinical param-
eters will help to maximise therapeutic benefit. Optimal
clinical parameters, however, need to be defined in further
research.

Conclusions
There are many prognostic factors, both clinical and
image-based, that may be significant when evaluating
mCRC lesional response to SIR-Spheres treatment.
Absorbed dose derived from 90Y PET imaging post-
therapy is a good predictor of response, and lesions receiv-
ing an average dose greater than 50 Gy are likely to have a
significant response to treatment. For lesions receiving less
than 50 Gy, the heterogeneity of dose may be an import-
ant factor in predicting outcome. An average dose less
than 20 Gy indicates that lesions are unlikely to have a
significant response. Baseline clinical factors (including
hepatic tumour burden and presence of extrahepatic
disease) and an early reduction in TLG at follow-up may
be prognostic for overall survival and warrant further
prospective research.

Additional file

Additional file 1: Figure S10. Case studies representing each of the
scenarios discussed in the manuscript with regards to lesional dose–response:
high average dose (>50 Gy) achieving a CMR (a); intermediate average dose
(20–50 Gy) with a low dose CoV achieving a PMR (b); intermediate average
dose (20–50Gy) with a high dose CoV achieving SMD (c); low average dose
(<20 Gy) achieving PMD (d); and the anomaly of a high average
dose (<50 Gy) resulting in only SMD (e). Each row represents a
transverse slice through the baseline FDG PET (left), 90Y PET derived
dosemap (centre), and follow-up FDG PET (right). The crosshairs identify the
lesion of interest. (ZIP 529 kb)

Abbreviations
BED: Biological effective dose; CMR: Complete metabolic response;
COV: Coefficient of variation; CT: Computed tomography (X-ray);
D70: Minimum dose to 70% of a volume; Davg: Average dose; DVH: Dose
volume histogram; FDG: Fluorodeoxyglucose; MAA: Macroaggregated
albumin; mCRC: Metastatic colorectal cancer; OSEM: Ordered subset
expectation maximisation; PET: Positron emission tomography;
PMD: Progressive metabolic disease; PMR: Partial metabolic response;
RAS: Rat sarcoma; RECIST: Response evaluation criteria in solid tumours;
REILD: Radioembolisation-induced liver disease; SMD: Stable metabolic
disease; SPECT: Single photon emission computed tomography;
SUV: Standardised uptake value; TLG: Total lesion glycolysis; ToF: Time of
flight; V50: Volume receiving at least 5 Gy

Acknowledgements
K Willowson is funded through an ARC Linkage Grant, in association with
Sirtex Medical Limited. A Hayes and D Chan received funding from Sydney
Vital. Sydney Vital is a recipient of funding from the Cancer Institute New
South Wales (CINSW) through the Translational Cancer Research Centre
programme.

Authors’ contributions
KW led the study design, performed data analysis, and was the primary
manuscript producer. AH collected clinical parameters and performed the
clinical cohort analysis, helped with statistical analysis and manuscript
preparation. DC aided in database management, derivation of clinical
parameters, statistical analysis advice and manuscript review. MT aided in
study design and manuscript production. EB aided in study design, advised
on clinical protocols and aided in manuscript production. RM, NP and SC
provided input on study design and clinical protocols and manuscript
review. DB facilitated overall study concept and design, advised on data
analysis techniques and aided in manuscript preparation. All authors read
and approved the final manuscript.

Competing interests
M Tapner is an employee of Sirtex Medical Limited. K Willowson receives
funding from Sirtex Medical Limited through a research agreement with the
University of Sydney.

Ethics approval and consent to participate
All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. For a retrospective study of
this type formal consent was not required locally.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Medical Physics, School of Physics, University of Sydney,
Camperdown, NSW, Australia. 2Department of Nuclear Medicine, Royal North
Shore Hospital, St Leonards, NSW, Australia. 3Research and Development,
Sirtex Medical Limited, North Sydney, Australia. 4Department of Radiology,
Royal North Shore Hospital, St Leonards, NSW, Australia. 5Department of
Medical Oncology, Royal North Shore Hospital, St Leonards, NSW, Australia.
6Sydney Medical School, University of Sydney, Camperdown, NSW, Australia.
7Faculty of Health Sciences, University of Sydney, Camperdown, NSW,
Australia.

Received: 3 April 2017 Accepted: 12 May 2017

References
1. Lhommel R, Goffette P, Van Den Eynde M, Jamar F, Pauwels S, Bilbao JI,

et al. Yttrium-90 TOF PET scan demonstrates high-resolution biodistribution
after liver SIRT. Eur J Nucl Med Mol Imaging. 2009;36:1696.

2. Lhommel R, van Elmbt L, Goffette P, Van den Eynde M, Jamar F, Pauwels S,
et al. Feasibility of 90Y TOF PET-based dosimetry in liver metastasis therapy
using SIR-Spheres. Eur J Nucl Med Mol Imaging. 2010;37:1654–62.

3. D'Arienzo M, Chiaramida P, Chiacchiarelli L, Coniglio A, Cianni R, Salvatori R,
et al. 90Y PET-based dosimetry after selective internal radiotherapy
treatments. Nucl Med Commun. 2012;33:633–40.

4. Chang TT, Bourgeois AC, Balius AM, Pasciak AS. Treatment modification of
yttrium-90 radioembolization based on quantitative positron emission
tomography/CT imaging. J Vasc Interv Radiol. 2013;24:333–7. doi:10.1016/j.
jvir.2012.12.005.

5. Ng S, Lee V, Law M, Liu R, Ma V, Tso W, et al. Patient dosimetry based on
90Y PET imaging. J Appl Clin Med Phys. 2013;14:212–21.

6. Kao Y-H, Steinberg JD, Tay Y-S, Lim GKY, Yan J, Townsend DW, et al. Post-
radioembolization yttrium-90 PET/CT-part 2: dose–response and tumor
predictive dosimetry for resin microspheres. EJNMMI Res. 2013;3:57. doi:10.
1186/2191-219x-3-57.

Willowson et al. EJNMMI Research  (2017) 7:46 Page 12 of 13

dx.doi.org/10.1186/s13550-017-0292-1
http://dx.doi.org/10.1016/j.jvir.2012.12.005
http://dx.doi.org/10.1016/j.jvir.2012.12.005
http://dx.doi.org/10.1186/2191-219x-3-57
http://dx.doi.org/10.1186/2191-219x-3-57


7. D'Arienzo M, Filippi L, Chiaramida P, Chiacchiararelli L, Cianni R, Salvatori R,
et al. Absorbed dose to lesion and clinical outcome after liver
radioembolization with (90)Y microspheres: a case report of PET-based
dosimetry. Ann Nucl Med. 2013;27:676.

8. Bourgeois AC, Chang TT, Bradley YC, Acuff SN, Pasciak AS. Intra-procedural
90Y PET/CT for treatment optimization of 90Y radioembolization. J Vasc
Interv Radiol. 2014;25:271–5.

9. van den Hoven AF, Rosenbaum CENM, Elias SG, De Jong H, Koopman
M. verkooijen H, et al. Insights into the dose–response relationship of
radioembolization with resin 90Y-microspheres: A prospective cohort
study in patients with colorectal cancer liver metastases. J Nucl Med.
2016;57:1014–9.

10. Fowler KJ, Maughan NM, Laforest R, Saad NE, Sharma A, Olsen J, et al. PET/
MRI of hepatic 90Y microsphere deposition determines individual tumor
response. Cardiovasc Intervent Radiol. 2016;39:855–64.

11. Srinivas SM, Natarajan N, Kuroiwa J, Gallagher S, Nasr E, Shah SN, et al.
Determination of radiation absorbed dose to primary liver tumors and
normal liver tissue using post-radioembolization 90Y PET. Fron Oncol. 2014;
doi: 10.3389/fonc.2014.00255.

12. Walrand S, Lhommel R, Goffette P, van den Eynde M, Pauwels S, Jamar F.
Hemaglobin level significantly impacts the tumor cell survival fraction in
humans after internal radiotherapy. EJNMMI Res. 2012;2:20–8.

13. Lausch A, Sinclair K, Lock M, Fisher B, Jensen N, Gaede S, et al.
Determination and comparison of radiotherapy dose responses for
hepatocellular carcinoma and metastatic colorectal liver tumours. Br J
Radiol. 2013;86:20130147.

14. Gupta AK, Bakanauskas VJ, Cerniglia GJ, Cheng Y, Bernard EJ, Muschel RJ,
et al. The ras radiation resistance pathway. Cancer Res. 2001;61:4278–82.

15. Bernard EJ, Stanbridge EJ, Gupta S, Gupta AK, Soto D, Bakanauskas VJ, et al.
Direct evidence for the contribution of activtaed N-ras and K-ras oncogenes
to increased radiation resistance in human tumour cell lines. Cancer Res.
2000;60:6597–600.

16. Janowski E, Timofeeva O, Chasovskikh S, Goldberg M, Kim A, Banovac F,
et al. Yttrium-90 radioembolization for colorectal cancer liver metastases in
KRAS wild-type and mutant patients: Clinical and ccfDNA studies. Oncol
Rep. 2017;37:57–65.

17. Magnetta MJ, Ghodadra A, Lahti SJ, Xing M, Zhang D, Kim HS. Connecting
cancer biology and clinical outcomes to imaging in KRAS mutant and wild-
type colorectal cancer liver tumors following selective internal radiation
therapy with yttrium-90. Abdominal Radiology. 2016:1–9. doi:10.1007/
s00261-016-0875-8.

18. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, Rubinstein L,
et al. New guidelines to evaluate the response to treatment in solid tumors.
J Natl Cancer Inst. 2000;92:205–16.

19. Szyszko T, Al-Nahhas A, Canelo R, Habib N, Jiao L, Wasan H, et al.
Assessmnet of response to treatment of unresectable liver tumours with
90Y microspheres: value of FDG PET versus computed tomography. Nucl
Med Commun. 2007;28:15–20.

20. Cremonesi M, Chiesa C, Strigari L, Ferrari M, Botta F, Guerriero F, et al.
Radioembolization of hepatic lesions from a radiobiology and dosimetric
perspective. Front Oncol. 2014;4:210.

21. Kim DH, Jung JH, Son SH, Kim CY, Hong CM, Oh JR, et al. Prognostic
significance of intratumoral metabolic heterogeneity on 18F-FDG PET/
CT in pathological N0 non-small cell lung cancer. Clin Nucl Med. 2015;
40:708–14.

22. Soussan M, Orlhac F, Boubaya M, Zelek L, Ziol M, Eder V, et al. Relationship
between tumor heterogeneity measured on FDG-PET/CT and pathological
prognostic factors in invasive breast cancer. PLoS One. 2014;9(4):e94017.
doi:10.1371/journal.pone.0094017.

23. Son SH, Kim D-H, Hong CM, Kim C-Y, Jeong SY, Lee S-W, et al.
Prognostic implication of intratumoral metabolic heterogeneity in
invasive ductal carcinoma of the breast. BMC Cancer. 2014;14:1–11.
doi:10.1186/1471-2407-14-585.

24. Yang Z, Shi Q, Zhang Y, Pan H, Yao Z, Hu S, et al. Pretreatment 18 F-FDG
uptake heterogeneity can predict survival in patients with locally advanced
nasopharyngeal carcinoma——a retrospective study. Radiat Oncol. 2015;10:
1–8. doi:10.1186/s13014-014-0268-5.

25. Bundschuh RA, Dinges J, Neumann L, Seyfried M, Zsoter N, Papp L, et al.
Textural parameters of tumor heterogeneity in (1)(8)F-FDG PET/CT for
therapy response assessment and prognosis in patients with locally
advanced rectal cancer. J Nucl Med. 2014;55:891–7.

26. Knesaurek K, Machac J, Muzinic M, DaCosta M, Zhang Z, Heiba S.
Quantitative comparison of yttrium-90 (90Y)-microspheres and
technetium-99m (99mTc)-macroaggregated albumin SPECT images for
planning 90Y therapy of liver cancer. Technol Cancer Res Treat. 2010;9:
253–61.

27. Wondergem M, Smits M, Elschot M, de Jong H, Verkooijen H, van den
Bosch M, et al. 99mTc-macroaggregated albumin poorly predicts the
intrahepatic distribution of 90Y resin microspheres in hepatic
radioembolisation. J Nucl Med. 2013;54:1294–301.

28. Hogberg J, Rizell M, Hultborn R, Svensson J, Henrikson O, Molne J, et al.
Heterogeneity of microsphere distribution in resected liver and tumour
tissue following selective intrahepatic radiotherapy. EJNMMI Res. 2014;4:48.

29. Walrand S, Hesse M, Jamar F, Lhommel R. A hepatic dose-toxicity model
opening the way toward individualized radioembolization planning. J Nucl
Med. 2014;55:1–6.

30. Pasciak AS, Bourgeois AC, Bradley YC. A microdosimetric anaysis of
absorbed dose to tumor as a function of number of microspheres per unit
volume in 90Y radioembolization. J Nucl Med. 2016;57:1020–6.

31. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to PERCIST:
evolving considerations for PET response criteria in solid tumours. J Nucl
Med. 2009;50:122S–50S.

32. Willowson K, Tapner M, Team TQI, Bailey D. A multicentre comparison of
quantitative 90Y PET/CT for dosimetric purposes after radioembolisation
with resin microspheres. Eur J Nucl Med Mol Imaging. 2015;42:1202–22.

33. Gil-Alzugaray B, Chopitea A, Inarrairaequi M, Bilbao JI, Rodriguez-Fraile M,
Rodriguez J, et al. Prognostic factors and prevention of radioembolization-
induced liver disease. Hepatology. 2013;57:1078–87.

34. Willowson K, Tapner M, Bailey DL. The QUEST study: correlating metabolic
response with 90Y PET dosimetry for the treatment of metastatic liver
cancer with radioembolisation. Eur J Nucl Med Mol Imaging. 2015;41:S240.

35. Garin E, Lenoir L, Rolland Y, Edeline J, Mesbah H, Laffont S, et al. Dosimetry
based on 99mTc-macroagrregated albumin SPECT/CT accurately predicts
tumor response and survival in Hepatocellular Carcinoma patients treated
with 90Y-loaded glass microspheres: Prelimenary results. J Nucl Med. 2012;
53:255–63.

36. van Hazel GA, Heinemann V, Sharma NK, Findlay MP, Ricke J, Peeters M,
et al. SIRFLOX: randomized phase III trial comparing first-line mFOLFOX6
(plus or minus bevacizumab) versus mFOLFOX6 (plus or minus
bevacizumab) plus selective internal radiation therapy in patients with
metastatic colorectal cancer. J Clin Oncol. 2016;34:1723–31.

Willowson et al. EJNMMI Research  (2017) 7:46 Page 13 of 13

http://dx.doi.org/10.3389/fonc.2014.00255
http://dx.doi.org/10.1371/journal.pone.0094017
http://dx.doi.org/10.1186/1471-2407-14-585
http://dx.doi.org/10.1186/s13014-014-0268-5

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient selection
	Image analysis
	Statistical analysis

	Results
	Patients
	Dose–response measures
	Lesional response prognostic factors
	Exploratory survival analysis

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Competing interests
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

