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Abstract

Purpose To investigate the value of perfusion CT (P-CT)
for early assessment of treatment response in patients
undergoing radiofrequency ablation (RFA) of focal liver
lesions.

Methods and Materials 20 consecutive patients (14 men;
mean age 64 + 14) undergoing P-CT within 24 h after
RFA of liver metastases (n = 10) or HCC (n = 10) were
retrospectively included. Two readers determined arterial
liver perfusion (ALP, mL/min/100 mL), portal liver per-
fusion (PLP, mL/min/100 mL), and hepatic perfusion
index (HPI, %) in all post-RFA lesions by placing a vol-
ume of interest in the necrotic central (CZ), the transition
(TZ), and the surrounding parenchymal (PZ) zone. Patients
were classified into complete responders (no residual
tumor) and incomplete responders (residual/progressive
tumor) using imaging follow-up with contrast-enhanced
CT or MRI after a mean of 57 £ 30 days. Prediction of
treatment response was evaluated using the area under the
curve (AUC) from receiver operating characteristic
analysis.

Results Mean ALP/PLP/HPI of both readers were 4.8/
15.4/61.2 for the CZ, 9.9/16.8/66.3 for the TZ and 20.7/
29.0/61.8 for the PZ. Interreader agreement of HPI was fair
for the CZ (intraclass coefficient 0.713), good for the TZ
(0.813), and excellent for the PZ (0.920). For both readers,
there were significant differences in HPI of the CZ and TZ
between responders and nonresponders (both, P < 0.05).
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HPI of the TZ showed the highest AUC (0.911) for pre-
diction of residual tumor, suggesting a cut-off value of
76 %.

Conclusion Increased HPI of the transition zone assessed
with P-CT after RFA might serve as an early quantitative
biomarker for residual tumor in patients with focal liver
lesions.

Keywords Liver metastasis - Hepatocellular
carcinoma - Radiofrequency ablation - Perfusion
imaging - Computed tomography

Introduction

Local ablation is considered a first-line treatment option for
patients at early stages of hepatocellular carcinoma (HCC)
[1] and a second-line treatment option for patients with
metastatic liver lesions not suitable for surgical therapy [2].
Among the local ablation techniques, radiofrequency
ablation (RFA) has become a popular option for several
reasons: minimal invasiveness with acceptable morbidity,
excellent local tumor control, favorable overall survival
gain, and potential to combine with other treatment options
within a multimodality approach [3]. The delivery of high-
frequency alternating current through the electrodes results
in the heating of the surrounding liver tissue caused for the
friction energy generated by rapidly moving ions. This
phenomenon leads to coagulative necrosis and consecu-
tively cell death [4].

Residual tumor and tumor recurrence, which occurs
more frequently compared to surgery in both HCC [5] and
metastasis [6], are limitations of the technique and should
be detected as early as possible in order to repeat RFA
treatment or to adapt the treatment regime. Delayed
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diagnosis is associated with peripheral regrowth and makes
retreatment difficult due to unfavorable growth patterns [7].

At many institutions, imaging assessment of treatment
response is performed approximately 1 month after the
RFA procedure to avoid normal periablation enhancement
to be mistaken with residual disease [8]. It has been shown
that MRI offers a higher sensitivity than CT (89 vs. 44 %)
in detecting residual disease at approximately 1 month
after RFA [9]. However, MRI shows limited availability
and usefulness in the direct postoperative setting due to
magnet restrictions, small patient bore, and substantial
longer imaging times [10].

Perfusion CT (P-CT) of the liver provides qualitative
and quantitative information about hepatic (micro-)circu-
lation by repetitive sampling of contrast media uptake to
the liver parenchyma at high temporal resolution. Hepatic
perfusion parameters obtained from quantitative analysis,
especially the hepatic perfusion index (HPI), which is
based on the relation between arterial and portal venous
blood flow, were shown to be good biomarkers for the
detection of neoplastic liver disease [11, 12], for the pre-
diction of therapy response [13], and for the assessment of
therapy response [14—16], always within at least 1 month
after treatment.

Moreover, P-CT was shown to be a reproducible method
for treatment assessment 1 month following RFA in HCC
acting as an alternative to standard multiphase CT [17].
However, the diagnostic value of P-CT for early treatment
assessment directly after RFA treatment remains unclear.
The purpose of our study was to determine the value of
P-CT for early assessment of treatment response in patients
undergoing RFA of liver metastases and HCC.

Materials and Methods

This is a retrospective, single-center study including
institutional review board approval. Written informed
consent was waived for all patients.

Patients

A total of 20 consecutive patients (14 men; 6 women; mean
age 64 £ 14 years; range 25-80 years), who were referred
for P-CT after RFA of liver metastases (n = 10/20, 50 %)
or HCC (n = 10/20, 50 %) between February 2012 and
December 2013, were included in this study. All patients
with HCC suffered from liver cirrhosis, whereas all
patients with liver metastases showed no signs of cirrhosis.
The diagnostic of HCC was based on liver biopsy in two
patients and on specific imaging features in patients with
chronic liver disease and liver cirrhosis (arterial enhance-
ment and portal venous wash-out) as defined by the

AASLD [1, 18] in the other 8 patients. The diagnosis of
liver metastases was based on multiparametric MRI with
liver-specific contrast agent in the 10 patients of the
metastasis group. Diffusion restriction and arterial rim
enhancement along with lack of liver-specific contrast
media uptake was considered specific for hypovascular
metastases in patients with histopathological proven col-
orectal (n = 6), small bowel (n = 1), esophagus (n = 1),
and pancreatic (n = 1) cancer. In one patient with
histopathological proven renal cell cancer (n = 1), hyper-
vascular metastases were present showing homogeneous
arterial enhancement along with diffusion restriction and
lack of liver-specific contrast media uptake.

In all patients, P-CT was performed directly after RFA,
with a mean interval between RFA and P-CT of 13 &+ 8.6 h
(range 3-24 h). Response assessment of RFA treatment
was performed according to clinical routine using multi-
phase contrast-enhanced CT in 5 patients and MRI in 15
patients with a mean imaging follow-up of 57 £ 30 days
(range, 17-95 days). Response assessment was performed
based on EASL imaging criteria [19], and patients were
further subclassified into complete responders (complete
response) and incomplete responders (partial response,
stable disease, and progressive disease).

Perfusion CT Data Acquisition

All patients were examined with a 128-slice dual-source
CT (SOMATOM Definition Flash, Siemens Healthcare,
Forchheim, Germany), using the 4D dynamic spiral
acquisition mode with variable pitch [20]. The scan volume
was individually defined for each patient by a supervising
radiologist on the obtained topogram in order to cover the
entire liver. Scan protocol parameters, radiation dose esti-
mates, and the contrast media protocol are provided in
Table 1. An automatic attenuation-based tube voltage
selection was performed for optimizing and lowering the
radiation dose of each CT examination. The selection is
individually tailored for each patient and region to study
according with the attenuation detected in the topogram.
Images were acquired in craniocaudal direction with a
single breath-hold for scan duration of 43 s. When this it
was not possible, the patients were asked to hold breath for
as long as they were capable to and then breathe superfi-
cially until the end of the examination.

Quantitative Perfusion Analysis

Processing and analysis of all data was performed on a
standard workstation using dedicated software (syngo.via,
VBI10A, Siemens) and application (syngo.via, CT Body
Perfusion, Siemens). Despite the single breath-hold proto-
col proposed, this is not easily executed by patients, so
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Table 1 Perfusion CT and Parameters

contrast media injection

protocol Scan width (cm)

Scan delay (s)

N° scans

Scan length (mm)

Cycle time (s)

Image thickness (mm)
Mean examination time (s)
Scan direction

Tube current (mAs/rot)
Tube voltage (kV)

Slice acquisition (mm)
Contrast material dosage (mL)

Iodine concentration (mg L/mL)

Dose length product (mGy x cm)

Effective dose estimation (mSv)
Contrast flow (mL/s)

Contrast

14.8-18.2

5

12

14.8-23.2
1.5

4

43.94
Craniocaudal
175/125
70-100

128 x 0.6
60

370
878-1030
32-45

4

Ultravist®, Bayer HealthCareSchering AG, Berlin, Germany

automatic motion correction and noise reduction algo-
rithms were applied. A region of interest (ROI) was auto-
matically placed in the abdominal aorta and was manually
placed in the portal vein and the cortex of the kidney to
measure the arterial and portal venous input according to
the maximum slope model [21]. Color-coded parametric
perfusion maps including the arterial liver perfusion (ALP,
in mL/min/100 mL), portal venous liver perfusion (PLP, in
mL/min/100 mL), and hepatic perfusion index (HPI, ALP/
(ALP + PLP), in %) maps as well as a temporal maxi-
mum intensity projection (MIP) serving as anatomical
reference were generated serving for further analysis.
Two blinded and independent readers (both with 4 years
of experience in abdominal radiology) performed the per-
fusion measurements on the ALP maps by placing a free-
hand volume of interest (VOI) covering: A, the central
necrotic zone only (CZ); B, the necrotic and surrounding
transition zone (TZ); and C, all three zones including the
central necrotic, transition, and adjacent liver parenchyma/
peripheral zone (PZ). Each VOI was primarily drawn on
the APL map, slice by slice, until covering the entire zone
(see Fig. 1). Afterward, the system automatically copied
the VOIs in the same position to the PLP and HPI maps.

Statistical Analysis

Data were reviewed descriptively, and mean values with
standard deviations were calculated. To evaluate the
interreader agreement, intraclass correlation coefficients
(ICC) were calculated for all perfusion parameters. An ICC
less than 0.69 was defined as poor, ICC between 0.70 and
0.79 as fair, ICC between 0.80 and 0.89 as good, and ICC
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greater than 0.9 as excellent agreement [22]. Multivariate
T test for independent samples was performed to test for
significant differences in ALP, PVP, and HPI values
between complete and incomplete responders. Diagnostic
accuracy of quantitative assessment for detection of early
treatment response was studied with receiver operating
characteristic (ROC) analysis, determining the area under
the curve (AUC). P values <0.05 were considered statis-
tically significant. All statistical analyses were performed
using commercially available software (SPSS, release 22.0,
Chicago, IL USA).

Results
Patients

P-CT was successfully performed in all 20 patients without
adverse events. Except of one patient (late CM inflow),
both the arterial and portal venous phases of liver perfusion
could be covered in all patients. Accordingly, calculation
of the ALP was successful in 20/20 (100 %) patients,
whereas PLP and HPI maps were available in 19/20 (95 %)
patients. Fourteen of the 20 patients (70 %) were classified
as complete responders and five (30 %) as incomplete
responders to RFA, according to the findings on imaging
follow-up.

Perfusion CT Analysis

Interreader agreement of all perfusion parameters (ALP/
PLP/HPI) was fair for the CZ (ICC, range 0.713-0.747)
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Fig. 1 A 62-year-old male patient with liver cirrhosis and HCC in
segment 2 treated with RFA. Arterial liver perfusion (ALP) maps in
the axial (A), coronal (B), and sagittal (C) planes were used to
determine volume of interests (VOIs) within the posttreated lesion.
Two readers delineated the central necrotic (VOI 4), the transition

and good for the TZ (ICC, range 0.789-0.819). For the PZ
interreader agreement was excellent for ALP (ICC, 0.941),
fair for PLP (ICC =0.701), and good for HPI
(ICC = 0.858).

Mean size of treated lesions was 22.6 mm =+ 9.3 (range
5-35 mm). Mean ALP/PLP/HPI values (mean of both
readers) were 4.5/17.2/57.2 in CZ, 8.8/18.8/62.4 in TZ, and
20.9/30.8/60.4 in PZ. Mean perfusion parameters of each
reader in regard to the three ablation zones are given in
Table 2.

There was a significant difference between ALP
(P = 0.000) and PLP (P = 0.004) but not for HPI (0.511)
of the three zones (see Table 2). Both ALP and PLP were
lowest in the CZ (ALP, 1.94-9.55 mL/min/100 mL; PLP,
2.92-23.27 mL/min/100 mL), and significantly higher in
the TZ (ALP, 3.99-14 mL/min/100 mL; PLP,
3.32-65.49 mL/min/100 mL) and PZ (both, P < 0.05).

[6]\VOI
=12)XO! ‘

-

VGl

zone (VOI 5), and the surrounding parenchymal zone (VOI 6). The
three VOIs were automatically copied to the maximum intensity
projection image for anatomical reference (D) as well as the venous
liver perfusion and hepatic perfusion index maps (not displayed) for
perfusion analysis

Early Treatment Assessment

Complete responders showed a mean ALP/PLP/HPI of 4.8/
18.3/58.2 for the CZ, 9.9/19.5/63.4 for the TZ and 20.8/
30.6/60.9 for the PZ, whereas incomplete responders
showed a mean ALP/PLP/HPI of 5.2/5.6/73.6 for the CZ,
11.2/8.2/77.2 for the TZ and 21.8/25.3/65.4 for the PZ. HPI
was significantly lower in complete responders as com-
pared to incomplete responders for both the CZ and TZ
(both, P < 0.05), whereas all other parameters showed no
significant difference between the two groups (all,
P > 0.05). ROC analysis showed an AUC for prediction of
residual tumor of 0.911 (95 % CI 0.739-1) for HPI of the
CZ and 0.956 (95 % CI 0.853-1) for HPI of the TZ, sug-
gesting tumor response at a cut-off value below 73 % for
the CZ and 76 % for the TZ (Fig. 2). Two representative
image examples are provided in Figs. 3 and 4.
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Table 2 Quantitative perfusion CT parameters of both readers derived from different tumor areas

P value

Parenchymal zone

Transition zone

Central zone

Reader 2

Reader 1

Reader 2

Reader 1

Reader 2

Reader 1

0.000

20.5 £+ 8.9 (7.6-25.6)

42 + 1.4 (2.4-7.6) 9.1 + 4.4 (22-16.5) 854 2.3 (47-142) 212 + 8.5 (10.9-41.8)

4.7 £ 2.6 (1.26-11.5)

Arterial liver

perfusion (mL/
min/100 mL)

Portal liver

0.044

19.1 £ 13.9 (9.1-27.8) 18. £ 19.2 (2.9-46.3)  30.5 £+ 18.1 (15.8-35.6) 30.9 £+ 17.0 (8.2-40.0)

17.0 £ 19.5 (1.6-68.5)

17.4 £ 28.3 (8.3-65.1)

perfusion (mL/
min/100 mL)
Hepatic perfusion

59.0 £ 15.6 (15.2-84.4) 59.9 £ 16.7 (18.6-79.3) 64.8 £ 14.3 (20.8-86.8) 59.9 £ 12.0 (45.3-74.7) 60.9 £+ 13.0 (41.6-67.8) 0.511

55.3 £ 19.1 (7.8-80.5)

index (%)
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Fig. 2 Receiver operating characteristic (ROC) analysis of hepatic
perfusion index (HPI) (central vs. transition zone) for assessment
early treatment response. Univariate analysis distinction complete
from incomplete responders to RFA. HPI of the central zone (CZ) and
the transition zone (TZ) was the only perfusion parameter showing
significant differences between complete and incomplete responders
to RFA (both, P < 0.05). ROC analysis showed an area under the
curve for depiction of residual tumor of 0.911 (95 % CI 0.739-1) for
the CZ and 0.956 (95 % CI 0.853-1) for the TZ, suggesting complete
response at a cut-off value below 73 % for the CZ and 76 % for the
TZ

Discussion

Several studies have investigated the role of P-CT for
evaluation of tumor response to various therapies in a
variety of neoplasms [23, 24] including HCC
[15, 16, 25-27] and liver metastases [13]. Moreover,
radiation-free imaging techniques like MRI [28] and CEUS
[29] have been showing promising results in regard to
response evaluation to RFA. However, to the best of our
knowledge, there are no data so far evaluating the treat-
ment response to RFA immediately after therapy (within
first 24 h) for both metastases and HCC. Our study shows
that early treatment assessment of RFA is feasible and
reproducible between different readers using the applied
P-CT protocol. Except one patient with late contrast media
inflow, probably due to low cardiac output, arterial and
portal liver perfusion maps as well as hepatic perfusion
index maps could be calculated in all patients. A total of
three different perfusion zones could be distinguished on
perfusion maps in both RFA-treated HCC and liver
metastases, including a central necrotic, a transitional, and
a peripheral/parenchymal zone. The zonal distribution
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Fig. 3 A 78-year-old female patient with liver cirrhosis and HCC
treated with RFA and showing complete response. Contrast-enhanced
MR image performed before RFA A shows the arterialized HCC in
liver segment 8. Maximum intensity projection of the liver B derived
from perfusion CT (P-CT) performed 3 h after RFA shows a
hypodense lesion surrounded by a thin hyperdense rim corresponding
to central necrosis and surrounding reactive hyperperfusion. Arterial
liver perfusion (ALP) map C shows no arterial perfusion in the central

visualized directly after treatment reflects the expected
necrotic changes from the high temperature produced by
alternating high-frequency current of the unipolar electrode
[30]. Accordingly, ALP and PLP gradually increased from
the CZ to the TZ and PZ, reflecting the differences in
viable tissue. The PZ, which is not primarily treated and
likely to show reactive hyperperfusion, revealed signifi-
cantly higher ALP and PLP as compared to both other
zones. The parallel increase of ALP and PLP in all three
zones results in similar HPI values and thus in poor zonal
differentiation on HPI maps.

In comparison, when evaluating residual tumor, the HPI
reflecting the ratio of ALP with total tumor perfusion plays
an important role in distinguishing complete from incom-
plete responders to local therapy. Previous studies could
show that an increased HPI at greater than 1 month after
treatment with TACE or RFA is suggestive for residual
tumor in patients with HCC. It remains unclear, however, if
P-CT at 1 month after RFA provides added value for
treatment assessment compared to standard multiphase CT,
which most probably provides the same or similar infor-
mation on presence of residual tumor [17].

Our results are consistent with recent publications
showing an increased HPI in incomplete responders to

zone (dark blue), low ALP in the transition zone (light blue), and
hyperperfusion in the peripheral (parenchymal) zone (light green).
The portal liver perfusion (PLP) map D shows the absence of PLP in
all three zones, whereas the hepatic perfusion index (HPI) map
E shows a slightly increased (red) HPI in the transition zone (56 %)
indicating complete response (cut-off, HPI 73 %). Follow-up MR
imaging 3 months after RFA F confirmed the P-CT diagnosis
showing no residual tumor

RFA [17]. In contrast to the previous study, however, our
data suggest that the increase in HPI—probably caused by
the presence of residual tumor cells—can already be
detected immediately after RFA using P-CT. Accordingly,
HPI might serve as a biomarker for very early treatment
assessment replacing standard multiphase CT or P-CT at 1
month or later after RFA [31]. Residual tumor components
are most probably located in the periphery of the RFA
center, which equals the “transition zone” between central
total tumor necrosis and surrounding healthy liver tissue.
Accordingly, our results show that HPI measurements of
the TZ are best suited for early treatment assessment
showing a high AUC of 0.984, slightly outperforming the
AUC of the CZ (0.953). The slight differences in AUC
might be due to a better interreader agreement of perfusion
measurements in the TZ as compared to the CZ or the
higher probability of residual tumor cells in the TZ due to
the lower heat propagation to this area. In this context, our
data implicate that a HPI >73 % (both, CZ and TZ) is
suggestive for tumor residual or incomplete response.

To the best of our knowledge, this is the first study
evaluating the interreader agreement of perfusion mea-
surements for tumor response assessment after RFA treat-
ment. In our study, two independent readers performed
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Fig. 4 A 78-year-old male patient with liver cirrhosis and a HCC in
liver segment 5. Contrast-enhanced MR image performed before RFA
A shows the arterialized HCC. Maximum intensity projection of the
liver B derived from perfusion CT (P-CT) performed 24 h after RFA
shows a hypodense lesion surrounded by a hyperdense rim corre-
sponding to central necrosis and surrounding reactive hyperperfusion.
Arterial liver perfusion (ALP) map C shows residual moderate ALP
in the central and transition zone (arrow, light blue) and

VOI measurements of three different parenchymal zones,
which could be distinguished on ALP maps. Compared to
another study evaluating interreader agreement for 2D
assessment of perfusion parameters in HCC in general, ICC
values were substantially higher in our study (0.26—0.59 vs.
0.70-0.94) ranging from moderate to excellent depending
on the zone [32]. These differences in interreader agree-
ment are most likely related to the zonal distribution of
ALP after RFA, which serves as an anatomical landmark
for VOI placement as well as the 3D volumetric approach
applied in our study, which does better reflect tumor
inhomogeneity compared to a 2D approach. Interestingly
interreader agreement was best for the PZ but still good for
the TZ, which is probably related to the delineation of each
zone. This is well reflected in perfusion parameters, which
increase substantially from the TZ (partial necrosis) toward
the PZ (reactive hyper perfusion), but show only minor
differences between the central (necrotic) and the TZ.
Some limitations of our study should be acknowledged.
First of all, the small number and heterogeneity of our
study population consisting in patients suffering from both
HCC and metastases. However, our study shows that per-
fusion changes seen after RFA treatment are fairly
unspecific showing a zonal anatomy and ALP increase in
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hyperperfusion in the peripheral (parenchymal) zone (light green).
The portal liver perfusion (PLP) map D shows the absence of PLP in
all three zones, whereas the hepatic perfusion index (HPI) map
E shows an increased (red) HPI in the central (82 %) and transition
(76 %) zone indicating incomplete response (cut-off, HPI 76 and
73 %, respectively). Follow-up MR imaging 2 months after RFA
F confirmed the P-CT diagnosis showing nodular contrast enhance-
ment within the ablation zone consistent with residual tumor

both tumor types. Moreover, HPI reflects the biological
behavior of both HCC and metastases, which show an
increased arterial blood supply in relation to the portal
venous input, resulting in a relative arterialization of
residual tumor components. Second, our reference standard
relied on a single short-term imaging follow-up (mean
57 days), which did not allow for evaluation of long term
tumor recurrence and patient survival. The large range of
follow-up dates has to also be acknowledged. Finally,
further prospective studies are needed to confirm our
findings and the HPI cut-off value for distinguishing
responders from nonresponders.

Conclusion

In conclusion, P-CT performed within 1 day after RFA of
malignant focal liver lesions might allow for the quanti-
tative assessment of zonal perfusion changes with good
interreader agreement. Increased arterial perfusion of the
transition zone as assessed by the hepatic perfusion index
has the potential to serve as an early imaging biomarker for
residual tumor. However, further studies are needed to
corroborate our findings.
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