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PURPOSE

We aimed to evaluate whether the perfusion pattern from pretreatment hepatic artery
perfusion scintigraphy (HAPS) in patients with liver malignancies can predict response to
selective internal radiation therapy (SIRT).

METHODS

This retrospective study analyzed 152 consecutive patients treated with yttrium-90 (°°Y) resin
microspheres between April 2015 and July 2017. HAPS using single-photon emission computed
tomography/computed tomography (SPECT/CT) with *™technetium macroaggregated albumin
(**"Tc-MAA) was performed before SIRT. Investigators visually classified perfusion patterns of
tumors as heterogeneous or diffuse in HAPS. Between diffuse and heterogeneous pattern group,
positron emission tomography/computed tomography (PET/CT) and magnetic resonance imaging
(MRI) were performed in third and sixth month after SIRT, and tumor response assessed and
compared by using RECIST 1.1 or mRECIST. Overall survival (OS) and progression-free survival (PFS)
were also compared with Kaplan-Meier/log-rank analyses.

RESULTS

Of 216 SIRT procedures, 172 were classified as heterogeneous and 44 as diffuse. Diffuse ™ Tc-
MAA uptake was associated with longer median OS than heterogeneous (22.2 vs. 14.4 months,
respectively; P = .047). Subsegmental infusion was associated with longer OS than either lobar
or segmental infusion (P = .090). Mean estimated OS was longer in patients with hepatocellular
carcinoma (HCC) (34.2 months) than with colorectal carcinoma (CRC) (16.4 months) (P = .044).
Patients with both diffuse and heterogeneous patterns were able to show complete response
after SIRT. No statistically significant differences were observed between perfusion patterns and
PFS or response rates to SIRT.

CONCLUSION

Although tumor perfusion patterns from preplanning HAPS analyses are useful for estimating
tumor uptake of *°Y, they may not reliably predict hepatic treatment response, as patients with
different perfusion patterns can show clinical response to SIRT.

elective internal radiation therapy (SIRT) with yttrium-90 (°°Y)-labeled micro-

spheres has shown promising results in the treatment of patients with unresect-

able primary and metastatic liver cancer."? SIRT takes advantage of the dual
blood supply of liver; while the normal liver mostly receives blood from the portal
vein, liver tumor neovascularization mainly originates from the hepatic artery. Targeted
administration of °°Y microspheres through the hepatic artery can deliver high doses of
radiation to hepatic tumors with minimal exposure to healthy liver parenchyma.?
Hemodynamic flow within the hepatic arterial system and tumor vasculature affect
microsphere distribution, as well as activity and delivered dose of °°Y.*

Evaluating intratumoral heterogeneity with functional molecular imaging can predict the
behavior of malignant tumors and eventual treatment response. Heterogeneity of uptake
among metastatic lesions is influenced by factors such as cellular hypoxia, necrosis, vascular-
ization, and proliferation—all which affect treatment response.>® Assessment of tumor
perfusion is an essential preparatory step in SIRT to predict Y microsphere distribution.
A pretreatment planning angiography maps the hepatic and tumor vasculature and identifies
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any potential off-target perfusion so that off-
target *°Y uptake can be prevented with
prophylactic vessel embolization.” Subse-
quent hepatic artery perfusion scintigraphy
(HAPS) with ®™technetium macroaggre-
gated albumin (**"Tc-MAA) single-photon
emission computed tomography/computed
tomography (SPECT/CT) imaging is per-
formed to simulate °°Y microsphere injec-
tion. This imaging 1) detects and quantifies
pulmonary shunting, 2) identifies extrahepa-
tic uptake, and 3) determines the tumor-to-
liver uptake ratio (TLR).®"" TLR is defined as
the blood flow distribution ratio between
the tumor and normal liver compartments
and is an index of tumor-targeting
effectiveness.'” Because the size of **"Tc-
MAA particles is comparable to that of
Y microspheres (25-35 microns), they
should be distributed similarly when in-
jected into the hepatic arterial vasculature
and liver tissue, though differences can exist.
This association can indicate the relative
density of the hepatic microvascular struc-
ture and identify the associated areas of
deposition.®® Therefore, distribution of
99mTc-MAA activity is a measure of expected
Y microsphere activity distribution and
thus estimated radiation dose received.
Studies investigating the value of asses-
sing pre-SIRT *"Tc-MAA perfusion patterns
for predicting *°Y distribution/dosimetry and
tumor response had mixed results.”>'> One
study described a semiquantitative imaging
approach involving positron emission tomo-
graphy/computed tomography (PET/CT),

* Post-SIRT dosimetry with bremsstrahlung
SPECT/CT is good complementary
evaluation to confirm HAPS findings.

* The diffuse pattern of HAPS is associated
with higher complete response rate than
heterogeneous pattern. But, it should be
kept in mind that lower stage and smaller
tumors in diffuse pattern group
contributes to this result.

* No significant difference was found
between diffuse and heterogeneous
uptake patterns for overall, objective and
hepatic response rates.

* Hypervascular tumors are significantly
associated with higher overall, objective
and hepatic response rates than
hypovascular tumors.

* SIRT is a useful option for treating liver
tumors in both diffuse and heterogeneous
activity distribution patterns.

SPECT, and CT scans in patients with liver
metastases from colorectal cancer (CRQ).
Using a cutoff value of 1 for the *"Tc-MAA
TLR, the authors predicted the post-SIRT me-
tabolic response with a sensitivity of 89%,
specificity of 65%, positive predictive value
of 71%, and negative predictive value of
87%."* Another study in patients with meta-
static CRC used magnetic resonance imaging
(MRI) to evaluate the association between
#mTc-MAA uptake and response to SIRT and
found no significant correlation. Because pa-
tients with low *™Tc-MAA uptake showed
significant response to therapy, the authors
advised against excluding patients from SIRT
who lacked scintigraphic  *"Tc-MAA
accumulation.™ A retrospective analysis that
assessed #"Tc-MAA uptake with HAPS in 80
patients with mixed tumor diagnoses re-
ported a correlation between type of perfu-
sion pattern and tumor response, although
response was the sole measure of SIRT
efficacy.”

Considering that tumor vascularization
and the tumor-to-normal arterial blood flow
ratio may vary considerably among patients
and tumor types, heterogeneous treatment
responses and perfusion patterns are ex-
pected. Varied tumor vasculature may result
in heterogeneous or diffuse HAPS perfusion
patterns.’® Hypervascular tumors are ex-
pected to concentrate °°Y microspheres
more efficiently and respond better to SIRT
than hypovascular tumors. However, high
tumor vascularization indicated by HAPS
may not necessarily be a prerequisite for suc-
cessful SIRT, as an inverse correlation be-
tween #"Tc-MAA accumulation and patient

survival has been reported. Extensive tumor
vascularization may be accompanied by par-
ticularly aggressive tumor biology that man-
ifests regardless of tumor dose.'® Thus,
a reliable model to predict SIRT efficacy re-
mains elusive. We hypothesized that hetero-
geneous perfusion of *Tc-MAA may reflect
tumor heterogeneity, which might lead to
different treatment response than diffuse
perfusion reflecting tumor homogeneity.
This study investigated the associations be-
tween tumor perfusion visualized with pre-
paratory HAPS SPECT/CT imaging, patient
survival, and tumor response to SIRT assessed
using  fluorine-18  fluorodeoxyglucose
('®F-FDG) PET/CT and abdominal MRI in
a large population (152 patients and 216
SIRT procedures). We also considered the
role of tumor vascularity and method of
SIRT administration.

Methods

Patients from a single institution treated
with °°Y resin microspheres (SIR-Spheres’, Sir-
tex Medical Limited) between April 2015 and
July 2017 were retrospectively analyzed. Eli-
gible patients had unresectable liver-domi-
nant disease, adequate hepatic reserve
(albumin > 3.0 g/dL, total bilirubin < 2mg/
dL), and Eastern Cooperative Oncology
Group (ECOG) performance status of 0-2. All
patients provided written informed consent
for SIRT. All procedures performed in studies
involving human participants were in accor-
dance with the ethical standards of the in-
stitutional ~ and/or  national  research

committee and with the 1964 Helsinki de-
claration and its

later amendments or

Figure 1. a, b. Tumor perfusion patterns in hepatic artery perfusion scintigraphy (HAPS) single-photon
emission/computed tomography (SPECT/CT) scans: (a) heterogeneous pattern, (b) diffuse pattern

(arrows).
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Table 1. Patient demographics and baseline characteristics stratified according to the liver perfusion patterns detected with HAPS scans in all performed
SIRT procedures

2mMTc-MAA perfusion pattern

Heterogeneous, n = 172 Diffuse, n = 44 P
Age (years), mean = SD 59.5 + 12.2 (1-86) 58.4 + 10.7 (38-75) 562
Sex, n(%) 917
Male 108 (62.8) 28 (63.6)
Female 64 (37.2) 16 (36.4)
Tumor type, n (%) <.001
HCC 52(30.2) 16 (36.4)
CRC 51(29.7) 4(9.1)
CCC 30(17.4) 3 (6.8)
Breast 17 (9.9) 4(9.1)
NET 2(1.2) 12 (27.3)
Stomach 6 (3.5) 2 (4.5)
Pancreas 4(2.3) 1(2.3)
Gallbladder 3(1.7) 0 (0.0)
GIST 2(1.2) 1(2.3)
Hepatoblastoma 2(1.2) 0 (0.0)
Ovarian 2(1.2) 0 (0.0)
Sarcoma 1(0.6) 1(2.3)
Tumor size (cm), n (%) <.001
<2 1(0.6) 2 (4.5)
2-5 63 (36.6) 28 (63.6)
>5 108 (62.8) 14 (31.8)
PVTT 16 (9.3) 2 (4.5) .540
Prior treatment, n (%)
None 33(19.2) 5(11.4)
Surgery 4 (2.3) 0 (0.0)
Chemotherapy 63 (36.6) 7 (15.9)
TACE + RF + MW 12 (7.0) 8(18.2)
SIRT 4(2.3) 1(2.3)
Sorafenib 8(4.7) 3(6.8)
Sorafenib + SIRT 6 (3.5) 1(2.3)
SIRT + TACE + CT 42 (24.4) 19 (43.2)
Tumor markers, mean+SD (range)
AFP (IU/mL)
Baseline? 4179.6 £ 12120.1 (0.20-81846.0) 17381.4 = 60515.6 (0.90-250.413.0) 624
3 months? 6882.7 = 34764.4 1900.3 + 6948.4 (1.40-28807.0) .348
(1.70-247933.0)
CEA (U/mL)
Baseline® 511.2 + 2813.6 (0.57-21054.35) 22.1 £ 67.9 (1.04-284.74) .023
3 months® 789.4 £ 4227.9 (0.64-29146.41) 6.8 +£7.4(1.12-24.57) .026

CA 19-9 (ng/dL)

1 58 « February 2022 - Diagnostic and Interventional Radiology Guney et al.



Table 1. Patient demographics and baseline characteristics stratified according to the liver perfusion patterns detected with HAPS scans in all performed
SIRT procedures (Continued)

#MTc-MAA perfusion pattern

Heterogeneous, n = 172 Diffuse, n = 44 P
Baseline® 8456.9 + 35505.9 82.7 + 124.9 (0.80-465.60) 342
(0.80-200.300.0)
3 months® 1715.8 + 7816.2 (0.80-66.820.0) 54.0 + 56.5 (0.80-168.90) .168

?HCC and CCC patients.

PCCC patients only.

HAPS, hepatic artery perfusion scintigraphy; SIRT, selective internal radiation therapy; Tc-MAA, technetium macroaggregated albumin; HCC, hepatocellular carcinoma; CRC,
colorectal cancer; CCC, cholangiocellular carcinoma; NET, neuroendocrine tumors; GIST, gastrointestinal stromal tumor; PVTT, portal vein tumor thrombosis; TACE, transarterial
chemoembolization; RF, radiofrequency ablation; MW, microwaves; CT, computed tomography; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen; CA 19-9, carbohydrate

antigen 19-9.

Table 2. SPECT/CT pretreatment planning measures stratified according to the liver perfusion
patterns detected with HAPS scans performed before all SIRT procedures

LSF (%)

TLR

Y-90 activity (mBq)

Tumor absorbed dose (Gy)

Normal parenchyma-absorbed dose (Gy)

Lung absorbed dose (Gy)

6.8 = 5.12 (0-20)

1.78 + 1.86 (0-6)
1221.0 + 569.8 (370-3700)
191.0 £ 70.4 (54-404)
46.6 = 11.7 (14-75)
4.11 +4.63 (0.3-24)

4.98 + 3.84 (0-16)
1.99 + 2.06 (0-5)
1054 + 488.4 (370-2997)
250.6 + 78.8 (106-400)
55.9 £ 11.9 (36-83)
2.34+1.72(0.3-8.3)

SPECT/CT, single-photon emission computed tomography; HAPS, hepatic artery perfusion scintigraphy; SIRT,
selective internal radiation therapy; LSF, lung shunt fraction; TLR, tumor-to-liver ratio.

comparable ethical standards. For this type
of study, formal consent is waived. This study
was approved by Ethical Committee of our
instution (31.08.2018/80).

All patient cases were reviewed prior to
treatment by an interdisciplinary tumor
board that included a medical oncologist,
gastroenterologist, interventional radiolo-
gist, radiation oncologist, surgeon, and nu-
clear medicine expert. Before SIRT, all
patients underwent routine laboratory ana-
lyses, including a complete blood count
and tests for liver and renal function and
coagulation. Levels of disease-specific
tumor markers were measured for primary
liver malignancies; markers included alpha-
fetoprotein (AFP) for hepatocellular carci-
noma (HCC) and carbohydrate antigen 19-
9, AFP, and carcinoembryonic antigen for
cholangiocellular carcinoma (CCC).

Pretreatment planning angiography and
HAPS SPECT/CT

HAPS SPECT/CT was performed in all pa-
tients following the standard pretreatment
hepatomesenteric angiography and C-arm
cone-beam CT to assess tumor vasculature.®
The *"Tc-MAA (Pulmocis’, IBA Molecular)

(10-90 um particles) was prepared immedi-
ately before the scan and injected into
a hepatic artery branch feeding the target
region through a percutaneous catheter.
The injection activity, concentration, and
final volume were 148 MBq (4 mCi),
100,000 particles/mL, and 4 mL, respec-
tively. SPECT/CT imaging acquisition was
started within 45 minutes of the *"Tc-MAA
injection. Oral sodium perchlorate was ad-
ministered before the procedure to avoid
formation of *"Tc-MAA degradation-re-
lated artifacts that could potentially gener-
ate false activity."” Uptake of #"Tc-MAA was
captured with a dual-head gamma camera
equipped with low-energy, ultra-high-
resolution collimators (Symbia T16, Siemens
Healthcare). SPECT acquisition parameters
were peak energy 140 keV (window: 20%),
step-and-shoot protocol, and 25 s/projec-
tion at 256 x 256 matrix. CT acquisition
parameters were 10 mm axial sampling,
140 kpV, 2.5 mA, and 256 x 256 matrix size.

Tumor and treatment area volumes were
calculated from angiogram and SPECT/CT
fusion images using OsiriX MD software
(Pixmeo SARL), which allowed investigators
to manually select regions of interest (ROI).

Total tumor volume for each patient was
calculated as the sum of the volumes of all
selected lesions. Treatment area volume
corresponded to **"Tc-MAA distribution
area, defined as the sum of the tumor area
and the normal parenchyma area with
2mTc-MAA uptake. In necrotic tumors, vo-
lume of the area of low uptake was not
analyzed.

HAPS images were evaluated visually by
one of the authors, and tumor perfusion
pattern was classified as heterogeneous or
diffuse (Figure 1). In diffuse patterns, MAA
particles are distributed almost uniformly
within the treatment area, including the
tumor, with no hypoactive areas. In con-
trast, heterogeneous patterns show a less-
uniform distribution, often with hypoactive
areas.

SIRT and postprocedure treatment
response evaluation

The partition model was used to cal-
culate °°Y activity and the dose to ad-
minister to each patient.”®'® SIRT was
performed in accordance with standard
methods.?

In accordance with procedure standards,
2Y microspheres were infused through the
hepatic artery using three different ap-
proaches: lobar, segmental, or subsegmental
(via direct tumor-feeding vessels).® Subseg-
mental therapy was performed in patients
with  solitary lesions to allow *°Y
microsphere delivery. Segmental infusion
was performed in patients with a tumor
(either primary or metastatic) localized in
a distinct liver segment supplied by a single
segmented branch of the hepatic artery,
which was identified and catheterized. In pa-
tients with bilobar disease, each lobe was
treated sequentially at 4- to 6-week intervals
to maintain a degree of functional capacity in
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Figure 2. a-d. Overall survival. (a) A diffuse perfusion pattern was associated with a longer median OS
than a heterogeneous pattern (P =.047). (b) There was no statistical difference between heterogeneous
and diffuse patterns in terms of progression-free survival (P = .743). (c) The median OS associated with
subsegmental infusion was greater than the median OS for either lobar or segmental infusion (P =.090).
(d) Patients with HCC had a longer mean OS than those with CRC (P = .044). CRC, colorectal cancer; HCC,
hepatocellular carcinoma; MAA, macroaggregated albumin; OS, overall survival.

the contralateral lobe. These patients were
assessed 4 weeks after the first Y micro-
sphere administration to decide whether to
proceed with the second treatment.

Postprocedure *°Y-bremsstrahlung SPECT/
CT scan was performed with medium-energy
all-purpose collimators (energy window, 160
keV + 30%; matrix, 128 x 128; 6°steps; 40 s/
frame) and reconstructed using an iterative
method. Attenuation correction was applied
to both *™Tc-MAA and *°Y SPECT/CT.

After SIRT, all patients were prescribed
a proton pump inhibitor and steroid, analge-
sic, and antinausea drugs. Because Y is
a pure beta emitter, isolation for radioprotec-
tion was not necessary after treatment.
Although the radiation hazard presented by
patients to other people is very low, traces of
2Y can be detected in urine; all patients
received complete instructions about radia-
tion safety precautions.

Patient follow-up

To evaluate therapy response 3 and 6
months after SIRT, patients underwent he-
patocyte-specific, contrast-enhanced MRI
(Ingenia 3.0T MR System, Philips; and
Signa HDi EchoSpeed 1.5T, GE Healthcare)
and '8F-FDG PET/CT (Biograph 6, Siemens
Medical Systems). The findings acquired
with third and sixth months imagings
were compared with initial '®F-FDG PET/
CT and contrast-enhanced MRI according
to therapy response criteria.

The European Organization for Research
and Treatment of Cancer criteria (EORTC)
and Response Evaluation Criteria in Solid
Tumors (RECIST) were used to assess tumor
response to SIRT in '®F-FDG PET/CT images
based on baseline-chosen, lesion-specific
ROIs observed on each scan.?' The RECIST
version 1.1 or modified RECIST criteria were
used to evaluate tumor response in MRI
images of hypovascular and hypervascular
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tumors. Hypervascular tumors have in-
creased intensity on arterial- or portal-
phase images on dynamic contrast-
enhanced MRI.

Because distant metastases can occur
during follow-up despite a primary tumor
response, multiple response endpoints
were considered. Objective response was
evaluated only in treated lesions, whereas
overall response was analyzed in both he-
patic and extrahepatic lesions. Hepatic re-
sponse was evaluated in all lesions in both
liver lobes, regardless of treatment with
SIRT.

Statistical analysis

Analyses were performed using the IBM
SPSS Statistics Solution, version 20.0 (IBM)
software package. Progression-free survival
(PFS) and overall survival (OS) were calcu-
lated from the first HAPS procedure date
for all patients, considered as the baseline
date. Categorical variables were expressed
as numbers and percentages, and contin-
uous variables as mean and standard
deviation or median and range, where ap-
propriate. The chi-square test and Mann-
Whitney U test were used to compare ca-
tegorical and continuous variables, respec-
tively. For comparison of categorical
variables, Fisher exact test was applied if
the expected cell count was small. For sur-
vival analysis, OS was calculated using the
Kaplan-Meier method, and the Log rank
test was used to compare Kaplan-Meier
curves. The threshold for statistical signifi-
cance for all tests was P < .05.

Results

Overall, 216 HAPS/SIRT procedures were
performed in 152 patients. Table 1 repre-
sents the characteristics of patient group
according to the liver perfusion patterns in
HAPS (Table 1). Patients had an ECOG per-
formance status of 0 (n = 127, 83.6%) or 1
(n = 25, 16.4%). Twenty-four SIRT proce-
dures were performed in patients with
HCC and portal vein tumor thrombosis
(PVTT); follow-up data were available for
18/24 patients. The HAPS pretreatment
planning measures were determined and
stratified by perfusion pattern (Table 2).

Four patients were not treated because
they had LSF > 20% and were excluded
from analyses. Overall, 14 lobar, 92 seg-
mental, and 110 subsegmental *°Y infusion
SIRT procedures were performed. To in-
crease the tumor-to-liver dose ratio, 12/92
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Table 3. MAA perfusion pattern and MRI results or treatment type

MAA perfusion pattern

Heterogeneous Diffuse  Total

MRI pattern Hypervascular ~ Count 106 32 138
% within MRI pattern 76.8 23.2 100

% within MAA pattern 61.6 72.7 63.9

Hypovascular ~ Count 66 12 78
% within MRI pattern 84.6 15.4 100

% within MAA pattern 384 27.3 36.1

Total Count 172 44 216
% within MRI pattern 79.6 20.4 100

% within MAA pattern 100 100 100

Treatment type  Lobar Count 13 1 14
% within treatment type 929 7.1 100

% within MAA pattern 7.6 23 6.5

Segmental Count 74 18 92
% within treatment type 80.4 19.6 100

% within MAA pattern 43.0 40.9 42.6

Subsegmental  Count 85 25 110
% within treatment type 77.3 227 100

% within MAA pattern 494 56.8 50.9

Total Count 172 44 216
% within treatment type 79.6 20.4 100

% within MAA pattern 100 100 100

MAA, macroaggregated albumin; MRI, magnetic resonance imaging.

patients who received radiation segmen-
tectomy underwent protective coil emboli-
zation of the subsegmental branches
supplying the normal parenchyma before
SIRT. No patients showed any extrahepatic
leakage during SIRT. We also performed
right lobar treatment in 6 patients in
whom the tumor covered almost the entire
right lobe.

The mean interval between HAPS and SIRT
was 11.7 + 6 days (0-34), and mean follow-up
time after SIRT was 12.1 + 7.8 months
(0.5-32.8). Twelve (7.9%) patients died before
3 months, and 32 (21%) patients died be-
tween the 3-month and 6-month follow-ups.

Heterogeneous and diffuse *"Tc-MAA up-
take patterns were observed in 172 (79.6%)
and 44 (20.4%) procedures, respectively. Es-
timated median OS for the heterogeneous
pattern subgroup was 14.4 months (95%
confidence interval [CI], 10.48-18.32) and for
the diffuse pattern subgroup was 222
months (95% Cl, 13.96-30.44) (P = .047)

(Figure 2a). No statistically significant differ-
ences were observed between perfusion pat-
tern and PFS (P = .743) (Figure 2b).

Median OS estimated for the three dif-
ferent infusion methods was 12.6 months
(95% Cl, 6.5-18.8) for lobar, 12.7 months
(95% Cl, 9.8-15.6) for segmental, and 19.1
months (95% Cl, 14.3-23.9) for subsegmen-
tal (P=.090) (Figure 2c). When the OS of the
two most frequently encountered tumor
types was analyzed, median OS could not
be estimated for CRC because fewer than
half of patients with CRC had died before
the end of the follow-up period. We there-
fore compared the mean OS between the
two groups, which was 34.2 months (95%
Cl, 26.9-41.5) in patients with HCC and 16.4
months (95% Cl, 13.1-19.7) in patients with
CRC (P = .044) (Figure 2d).

Tumor vascularity analysis of MRl images
of all 216 procedures revealed 138 (63.9%)
hypervascular and 78 (36.1%) hypovascular
perfusion patterns (Table 3).

The majority of procedures (172/216) were
associated with heterogeneous perfusion
patterns. Diffuse pattern was least common
with lobar treatment and most common with
subsegmental treatment (Table 3). The per-
centage of solitary lesions (rather than multi-
focal) was higher in patients who underwent
subsegmental (45.5%) and lobar (42.9%) pro-
cedures compared to segmental proce-
dures (18.5%).

Of the 152 patients, 137 (90%) and 88
(56%) had imaging data available at the 3-
and 6-month follow-ups, respectively. Dif-
fuse and heterogeneous perfusion patterns
were associated with different response
rates. The diffuse pattern was associated
with a significantly higher complete re-
sponse (CR) rate than the heterogeneous
pattern with both PET/CT and MRI, and at
both the 3- and 6-month assessments
(P < .05 for all comparisons; Figure 3). MRI
evaluations at 3 months showed a higher
partial response (PR) rate in patients with
a heterogeneous pattern than in those with
a diffuse pattern (58.6% vs. 40.0%; P = .038;
Figure 3c).

Overall, no statistically significant differ-
ences were observed between heteroge-
neous and diffuse perfusion patterns for
objective, overall, and hepatic responses
rates (CR + PR + stable disease [SD]) (Fig-
ure 3). Despite receiving higher °°Y
radiation activity (33.0 + 154 vs.
28.5 + 13.3 mCi), patients showing hetero-
geneous HAPS perfusion patterns had
lower tumor-absorbed doses than patients
with diffuse patterns (191.1 = 70.4 vs.
250.6 + 78.8 Gy, respectively; Table 2). This
difference in lower absorbed dose was sta-
tistically significant (P < .001).

Of 18 analyzed patients with HCC and
PVTT, 1 had CR (based on both PET/CT
and MRI results), 13 had PR, 2 had SD, and
2 had progressive disease (not shown).

Hypervascular tumors were significantly
associated with higher objective, overall,
and hepatic response rates than hypovas-
cular tumors, as observed in both 3- and
6-month PET/CT and MRI follow-up results
(P < .05 for all but one comparison; Table 4).

Figure 4 shows an exemplary case of
a patient with CRC who showed a het-
erogeneous perfusion pattern with
a complete metabolic response at 3
months after SIRT. A bremsstrahlung
image acquired after SIRT (Figure 4d) de-
monstrates a discrepancy with the HAPS
image acquired before SIRT (Figure 4c).
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Figure 3. a-d. Objective response rates obtained with PET/CT (a, b) and MRI (c, d). 3 (a, ¢) and 6 (b, d)
months after SIRT. (e, f): Hepatic (e) and overall (f) response rates obtained with PET/CT 3 months after
SIRT. Results are shown for the subgroup populations with heterogeneous and diffuse *"Tc-MAA
perfusion patterns in HAPS imaging results. Objective, overall, and hepatic response rates

(CR + PR + SD) and relative P values associated with heterogeneous and diffuse perfusion patterns are
shown below each histogram. CR, complete response; HAPS, hepatic artery perfusion scintigraphy;
MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography;
PR, partial response; SD, stable disease; SIRT, selective internal radiation therapy; **"Tc-MAA,
%mtechnetium macroaggregated albumin.’P < .05.

Fatigue, pain, nausea, vomiting, and
fever were the most common adverse
effects after treatment and were experi-
enced in most patients to varying de-
grees. No grade 3 and 4 toxicities were

observed at the 3-month follow-up. In
addition, no patients demonstrated
any features of radiation-induced liver
disease. No pulmonary toxicity was
reported.
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Discussion

In this retrospective analysis, we evaluated
the association between *"Tc-MAA uptake
patterns observed in pre-SIRT HAPS scans
and posttreatment OS, PFS, and tumor re-
sponse assessed with MRI and "8F-FDG PET/
CT scans. We examined the correlation be-
tween perfusion pattern and factors such as
Y infusion method and tumor vascularity.

We found that a diffuse perfusion pat-
tern was significantly associated with
longer median OS than a heterogeneous
pattern (P =.047). However, no other sta-
tistically significant association between
perfusion and treatment efficacy (ie, PFS
and objective, overall, and hepatic re-
sponse rates) was observed. This suggests
that although perfusion of *°Y may influ-
ence treatment outcome, it is not the
only factor determining treatment re-
sponse. Our results are consistent with
a previous retrospective analysis in 80
patients with primary and metastatic
liver tumors,’ which found that diffuse
or heterogeneous " Tc-MAA HAPS perfu-
sion patterns were a good predictor of
early response to SIRT. The authors re-
ported that a diffuse pattern was asso-
ciated with better tumor response.’”
However, OS and PFS were not evaluated,
and the body surface area (BSA) formula
was used to calculate ®°Y activity and ad-
ministered dose. The commonly used BSA
formula postulates that BSA correlates
with the size of each patient’s liver and
tumor burden, but it neglects variabilities
in tumor vascularity and tumor-to-normal
ratio among patients.'®'? In this study, we
calculated dose and activity of *°Y using
the partition model, a more accurate and
personalized method based on Medical
Internal Radiation Dose principles. This
model hypothesizes that three distinct
vascular compartments (lungs, tumor,
and uninvolved liver parenchyma) can
be partitioned during °°Y microsphere
infusion.’®' We considered the partition
model a more appropriate method to cal-
culate °°Y activity and dose according to
the predicted microsphere distribution
based on °"Tc-MAA HAPS scans.

Although heterogeneity of tumors has
been demonstrated to predict treatment
failure and drug resistance,®> our results
included many instances in which pa-
tients with heterogeneous perfusion pat-
terns, such as patient case 1 (Figure 4),
showed positive responses to SIRT. We
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Table 4. Objective, overall, and hepatic response rates associated with hypervascular and hypo-

vascular tumors

Objective response® (CR + PR + SD), n (%)
3-month follow-up

PET/CT

MRI

6-month follow-up

PET/CT

MRI

Overall response® (CR + PR + SD), %
3-month follow-up

PET/CT

Hepatic response© (CR + PR + SD), %
3-month follow-up

PET/CT

118 (95.9) 52 (86.7) .031
112 (92.6) 49 (83.1) .051
68 (93.2) 18 (72.0) .011
70 (90.9) 21 (84.0) 457
89 (71.8) 31 (50.8) .005
93 (75.0) 31 (50.8) .001

“Response in treated lesions.
PResponse in both hepatic and extrahepatic lesions.

“Response in entire liver (both treated and untreated lesions).
CR, complete response; PR, partial response; SD, stable disease; PET/CT, positron emission tomography/computed

tomography; MRI, magnetic resonance imaging

believe that patients should not be dis-
qualified for SIRT solely based on perfu-
sion pattern shown during preplanning
HAPS analyses.

The largest subpopulation in the study
had HCC. The benefits of SIRT in patients
with HCC and PVTT have been demon-
strated in two randomized controlled trials
and one large retrospective analysis, in
which higher tumor response rates (CR or
PR), PFS and time to progression, and OS
were compared in patients treated with
SIRT or sorafenib.?2* In our study, we
showed that SIRT is an effective treatment
option in patients with HCC and tumor-
related PVTT, classified as advanced HCC
Barcelona Clinic Liver Cancer stage
C. Irrespective of tumor HAPS perfusion
pattern, 16/18 patients with HCC and
PVTT responded to SIRT.

Cumulative OS was almost twice as long
in patients with HCC versus those with CRC
(Figure 2d). This may be because patients
with HCC who are candidates for superse-
lective embolization naturally have better
prognoses than those with metastatic re-
fractory CRC who have already undergone
several previous cycles of chemotherapy.
Likewise, subsegmental treatment resulted
in longer median OS than lobar or segmen-
tal treatment, although the difference was
not statistically significant (P = .090) (Fig-
ure 2c¢). Livers undergoing lobar infusion
might be more likely to show

heterogeneous distribution because they
are more likely to contain multifocal tu-
mors, whereas a subsegmental injection
would most likely generate a diffuse pat-
tern. Patients who undergo subsegmental
infusion likely had a solitary lesion at base-
line, whereas a larger number of segments
were likely involved when lobar or segmen-
tal infusions were required. Indeed, the per-
centage of solitary lesions was higher in
patients who underwent subsegmental
treatment versus segmental treatment
(45.5% vs. 18.5%). As a result, it is natural
to detect diffuse perfusion pattern and to
obtain better prognosis rates with subseg-
mantal infusions due to lower stage disease
and smaller tumor dimension. Therefore,
this can be evaluated as selection bias for
study group.

Despite receiving a higher *°Y radiation
dose than patients with a diffuse perfusion
pattern, patients with a heterogeneous per-
fusion pattern showed a lower tumor-
absorbed dose (Table 2). This may be be-
cause lesions that showed a heterogeneous
pattern were more multifocal than those
with a diffuse pattern and were treated
more favorably using lobar or segmental
(=1) *°Y SIRT instead of superselective sub-
segmental treatment. The rest of the dose
may be absorbed by the normal parench-
yma between multiple lesions.

The type of HAPS perfusion pattern is not
the only parameter that affects clinical

outcomes of SIRT; other factors to consider
include the relationship between tumor
biology and vascularity, functional integrity
of uninvolved hepatic parenchyma, and re-
lative radiosensitivities of the tumor and
normal liver. The radiation dose adminis-
tered, tumor hemodynamics, and vascular-
ity are among the main factors that affect
tumor response to SIRT.* Although tumor
vascularity and degree of *™Tc-MAA up-
take in pre-SIRT HAPS images cannot en-
tirely explain SIRT efficacy, we reported
significantly higher response rates in hy-
pervascular tumors than in hypovascular
tumors at both 3- and 6-month posttreat-
ment time points and with both PET/CT
and MRI imaging modalities.

Radiation segmentectomy is often used
to treat liver tumors with unfavorable loca-
tion or large size that prevents resection or
ablation.?® Radiation segmentectomy mini-
mizes the volume of normal tissue exposed
to radiation and maximizes the tumor-
delivered *°Y dose. A dose restriction for
normal liver parenchyma is not required
when using this method. There is little pub-
lished evidence on *°Y microspheres and
radiation segmentectomy. In our study, 93
patients underwent radiation segmentect-
omy, and all showed good treatment
responses, even in patients with heteroge-
neous perfusion.

SIRT has been shown to effectively
downstage patients with different primary
tumors or liver metastases for subsequent
transplantation®® or surgical resection.” In
our study, SIRT was successfully used as
a bridge to transplantation in three pa-
tients with HCC, and as a bridge to resec-
tion in two patients with HCC. SIRT was
effective in downstaging tumors for resec-
tion and transplantation in patients with
diverse tumor perfusion patterns.

We evaluated intratumoral heterogene-
ity visually from MAA perfusion patterns
and classified each pattern as heteroge-
neous or diffuse. Some other interesting
quantitative approaches are available to
measure heterogeneity in metastatic tu-
mors. For example, FDG metabolism can
be used to generate a heterogeneity
index by measuring the maximum or aver-
age standardized uptake value (SUVmax or
SUVmean).?® In our study, '®F-FDG PET/CT
facilitated the selection of patients for sur-
gical resection or liver transplantation,
though it was only used after SIRT. In addi-
tion to radiological images of the abdomen
that evaluate treatment response after
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Figure 4. a-d. Patient case: A 59-year-old woman with colorectal cancer in segment 2. (a) '*F-FDG PET/CT
demonstrates dense FDG uptake in a peripheral rim and a central necrotic ametabolic area (arrow). (b)
3-month follow-up '®F-FDG PET/CT image shows complete metabolic response. (c) HAPS SPECT/CT fusion
images acquired before SIRT showing a heterogeneous perfusion pattern in a metastatic lesion in segment
2 with linear MAA uptake in segment 4A (thick arrow) but faint MAA uptake in the center of the tumor (thin
arrow). (d) Bremsstrahlung image acquired after SIRT does not show linear MAA uptake in segment 4A but
shows high microsphere distribution in the center of the tumor (thin arrow).

locoregional therapy of liver tumors,
whole-body scans with '8F-FDG PET/CT
can also detect extrahepatic metastases
and inform treatment decisions, such as
addition of systemic therapy. Distant me-
tastases can occur during follow-up despite
a primary tumor response, even in patients
with HCC, which has a low incidence of
extrahepatic metastasis.?® This occurred in
3 of 68 patients with HCC. Additionally, two
patients with liver tumor progression after
SIRT developed extrahepatic metastases.
'8F-FDG PET/CT uptake may be able to
identify patients with HCC who are more
likely to have a poor prognosis.
Post-therapeutic dosimetry with brems-
strahlung SPECT/CT is a good complemen-
tary evaluation to confirm MAA findings.
Because it corresponds to the real distribu-
tion of the therapeutic agent, it may more

accurately reflect the true dose and can be
used to define tumoral threshold doses and
liver maximal tolerated dose. However,
both the heterogeneous distribution of mi-
crospheres within the intrahepatic vascula-
ture and the anatomic attenuation of the
broad energy spectrum of secondary
bremsstrahlung x-ray radiation could limit
the value of post-therapy bremsstrahlung
scans in evaluating microsphere localiza-
tion. Resulting HAPS images and brems-
strahlung images may be discordant, and
dosimetry based on pretreatment images
may not reflect the true exposure after
SIRT. In our study, a discrepancy between
imaging methods was observed in several
patients, as demonstrated in patient case 1
(Figures 4c and 4d). The slight difference in
particle sizes between *"Tc-MAA and
Y microspheres, differences in catheter
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tip position and radiopharmaceutical reflux
to peripheral vascular structures causing
imaging artifacts during pretreatment
planning angiography and SIRT might also
contribute to calculation inconsistencies.

There are some limitations in the study.
First, it is a nonrandomized retrospective
study and there is no internal control
group. Second, it is single-center study.
Although our hospital is a tertiary care re-
search hospital, it reflects the results of only
one center. Third, our study group consists
of patients of various disease stages and
pathological types. Therefore, it has
a heterogeneous cohort. Lastly, due to
being a tertiary care hospital, the medical
data of some patients who were referred
from other institutions were absent.

In conclusion, tumoral lesions character-
ized by diffuse *"Tc-MAA uptake in HAPS
SPECT/CT images were associated with
longer median OS after *°Y SIRT than tumors
with heterogeneous uptake, though no sig-
nificant differences were observed in tumor
response rates between subgroups with dif-
fuse and heterogeneous perfusion. Despite
a statistically significant difference in OS be-
tween patients with diffuse and heteroge-
neous patterns, the number of patients with
diffuse pattern was relatively small (44/216,
20.4%). Thus, SIRT remains an option regard-
less of MAA perfusion pattern. Nevertheless,
assessment of tumor perfusion may still be
useful to evaluate response to therapy.
Further analyses are needed to better un-
derstand the full relation between these
parameters and tumor biology.
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