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The purpose of this study was to evaluate the role of diffusion-weighted MR imaging (DW-MRI)
in the assessment of treatment response of primary or secondary liver malignancies after
stereotactic radiosurgery (SRS) using robotic radiosurgery. All patients who underwent SRS
therapy for hepatic malignancies who had pre- and post-interventional MR examinations
including DW-MRI at our hospital between 02/2010 and 02/2012 were included. A retrospec-
tive analysis of the institutional imaging database identified 13 patients (4 men, 9 women,
mean age: 66 years) with a total of 14 primary or secondary liver malignancies. Criteria of
tumor response to treatment were a decrease in size and/or loss of contrast enhancement as
assessed with respect to RECIST criteria. Mean apparent diffusion coefficient (ADC) values
for normal liver parenchyma and hepatic masses in each MR examination were calculated
and compared using two-tailed, paired t-test with a significance level of 0.05. Mean ADC val-
ues of liver malignancies were 1.10 = 0.30 X 102 mm?/s, 1.48 + 0.35 X 10~® mm?s and
1.56 + 0.40 X 10-2 mm?s on pre-interventional, the first post-interventional, and the sec-
ond post-interventional DW-MRI. There was a significant increase of ADC values between
the pre-interventional examination and the first and second post-interventional follow-up
exams (p < 0.01 and p = 0.01, respectively). However, there was no statistical difference
between the ADC values of the first and second post-interventional MRI. ADC values of nor-
mal liver parenchyma did not show significant changes in ADC values during pre- and post-
interventional MRI. ADC measurements may allow the evaluation of response to treatment
of hepatic malignancies by SRS. ADC values of liver malignancies increase significantly after
SRS treatment.
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Introduction

Hepatocellular carcinoma (HCC) and secondary liver metastases comprise a large
proportion of malignancies diagnosed in the United States and worldwide (1).
Surgical resection is currently the accepted standard treatment method for poten-
tial cure, demonstrating benefit in overall survival time in primary and second-
ary liver malignancies (2-4). Due to the presence of metastatic disease and/or

Abbreviations: ADC: Apparent Diffusion Coefficient; CT: Computed Tomography; DWI: Diffusion
Weighted Imaging; EPI: Echoplanar Imaging; FLL: Focal Liver Lesion; GD-EOB-DTPA: Gado-
linium Ethoxybenzyl Diethylenetriamine Penta-acetic Acid; HCC: Hepatocellular Carcinoma;
LINAC: Compact Linear Accelerator; MRI: Magnetic Resonance Imaging; MWA: Microwave Abla-
tion; PET-CT: Positron Emission Tomography-Computed Tomography; RECIST: Response Criteria
in Solid Tumors; RFA: Radiofrequency Ablation; ROI: Region of Interest; RT: Radiotherapy; SBRT:
Stereotactic Body Radiation Therapy; SRS: Stereotactic Radiosurgery; VOI: Volume of Interest.
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cardiovascular, pulmonary, or hepatic comorbidities, cura-
tive surgery is only pursued in a minority of patients (5-7).
Therefore, less invasive procedures are needed to offer
treatment options for non-surgical candidates. The most fre-
quently utilized alternatives to surgical resection are thermal
ablation procedures such as radiofrequency ablation (RFA),
microwave ablation (MWA), and laser-induced thermal
therapy (LITT) (8-10).

However, thermoablative procedures have limitations. For
example, the maximum diameter of treatable hepatic malig-
nancies is currently limited to 3cm. Furthermore, malig-
nancies in the vicinity of large blood vessels (that may
impede complete tumor ablation due to heat-sink effects),
bile ducts, or neighboring organs may not be amenable to
thermoablative procedures (11). Therefore, radiation ther-
apy techniques have been increasingly used to treat hepatic
malignancies in the recent past. Stereotactic body radiation
therapy (SBRT) using fewer fractions and more localized
treatment approaches has shown promising treatment effects
in cases that are not otherwise amenable to other treat-
ments (12, 13). The Cyberknife® system is a robotic radia-
tion device characterized by a compact linear accelerator
(LINAC) mounted on a six-axis robotic manipulator. This
system configuration facilitates the tracking of a respiratory
motion dependent, moving target like a liver tumor, allow-
ing real time tracking during the treatment cycle. The sys-
tem also has the capability of applying a local ablative dose
of radiation in just one treatment session for selected liver
lesions (14, 15). Recently a matched-pair analysis compar-
ing RFA and Cyberknife® in colorectal liver metastases
showed a better local progression free survival time in favor
for the Cyberknife® treatment group without a difference in
overall survival (16).

Diffusion-weighted imaging (DW-MRI) is increasingly
used in the abdomen, especially in the liver for detection
and characterization of focal liver lesions (FLL). Malignant
lesions generally show restricted diffusion with high signal
on high b-value diffusion-weighted images and low ADC
values. ADC measurements may also be useful for a quan-
titative analysis of focal liver lesions, since ADC values of
malignant lesions are lower than those of the normal liver
and benign liver lesions. Recent studies have aimed to define
ADC thresholds allowing differentiation between benign and
malignant lesions (17).

Beyond the advantages of DW-MRI regarding the detec-
tion and characterization of FLL, DW-MRI can provide
valuable information in the evaluation of tumor response
to treatment such as radiation therapy, chemotherapy
and local ablation (18-25). Shortly following transarte-
rial chemoembolization (21) and radioembolization (23),
ADC values of hepatocellular carcinoma are increased over
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pre-operative values. These are followed by a substantial
further increase of ADC values due to tumor necrosis and
cystic changes (25).

To the best of our knowledge, no previous reports have eval-
uated the use of DW-MRI in the assessment of the response
of primary or secondary liver malignancies to stereotactic
radiosurgery (SRS) treatment. Therefore, the purpose of this
study was to determine whether tumor ADC values increase
after SRS treatment and to evaluate the role of DW-MRI in
the assessment of treatment response.

Material and Methods
Patients

The study endorsed was performed according to the prin-
ciples of the Declaration of Helsinki and subsequent
amendments (26). Approval of the local institutional ethics
board was waived since all studies were performed within
the framework of established clinical diagnostic workup.
Informed consent to the MRI examination and robotic radio-
surgery treatment was obtained from all patients prior to the
procedure.

Consecutive patients (n = 41) who received SRS for
primary/or secondary liver malignancies and had one pre-
interventional and one post-interventional MRI performed at
our institution between 02/2010 and 02/2012 were included.
A retrospective analysis of the institutional imaging data-
base identified 13 such patients (9 female, 4 male; mean age:
66 years *= 7.3). Patients not fulfilling these criteria were
excluded from this study.

MR Imaging

All patients were positioned supine in a 1.5T MRI system
(Magnetom Avanto, Magnetom Aera Siemens Healthcare,
Erlangen, Germany). A phased-array-coil was utilized for
signal reception. The routine MRI protocol included an
unenhanced Tlw 2D gradient echo (GRE) sequence in-
and out-of-phase, a navigator gated half-fourier acquisi-
tion single-shot T2w FSE (HASTE) sequence without fat
suppression, and a Tlw 3D GRE sequence with fat sup-
pression (VIBE) before contrast administration. Dynamic
contrast enhanced imaging was performed after intravenous
injection of 0.025 mmol/kg gadolinium ethoxybenzyl dieth-
ylenetriamine penta-acetic acid (Gd-EOB-DTPA, Bayer
Healthcare, Berlin, Germany) at a rate of 1-2ml/s followed
by a saline chaser. Images were acquired in the arterial, por-
tal venous (60-80s post-injection), and late venous phases
(120-140s post-injection) with the 3D VIBE sequence.
Hepatobiliary phase images were acquired 20 min following
contrast administration. During the time interval between
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Table 1

Sequence parameters (Magnetom Aera and Magnetom Avanto).

DW-MRI Before and After Robotic Radiosurgery in Liver Malignancies

T1w 3D Gradient-echo, fat

T2w Single shot fast saturated (GRE FS) Pre- &
Sequence and parameters spin echo (SSFSE) DW-MRI Dynamic Post-contrast
Parallel imaging 2 2 2
Fat saturation No Yes Yes
Respiratory state Free-breathing Respiratory gated Inspiration
TR (ms) 800 2800 (2300) 3.35
TE (ms) 84 (54) 66 (70) 1.19
TI (ms) - - -
FA (deg) 180 180 15
FOV 380mm 100% 400mm 75% 360mm 75%
(380mm 75%) (400 mm 65%) (400mm 75%)
Matrix 320 X 320 192 X 130 256 X 154
(320 X 189) (192 X 113)
Slice orientation Transverse Transverse Transverse
Slice thickness (mm) 6mm 6mm 3mm
Slice gap (mm) 0.6mm 0.6mm No gap
No. of slices 35 30 64 (56)
Bandwidth (Hz/pixel) 710 (446) 1370 450
k-space sampling Linear All k-space lines are Line by line,
measured in one TR time to center 6.5s
Acquisition time ok ok 215 (19s)
b-value (s/mm?) - 50, 800 -

##% Acquisition time is dependent on the individual patient’s respiratory rate.
Parameters of Magnetom Avanto 1.5 T deviating from those of the Magnetom Aera are delineated parenthetically in bold.

the late venous and hepatobiliary phase images, high-reso-
Iution navigator-gated T2w FSE images with fat saturation
and diffusion weighted images were acquired. Diffusion
weighted imaging (DWI) was performed with a single-shot
SE echoplanar imaging (EPI) sequence with b-values of 50
and 800 s/mm?. Detailed sequence parameters are provided
in Table I.

Robotic Radiosurgery

The treatment of liver malignancies was performed with the
Cyberknife® robotic radiosurgery system (Accuray, Sunny-
vale, CA). This is the only radiation technology currently
available that is capable of real-time tumor tracking, thus
facilitating evaluation of malignancies that move with
respiration. Before treatment, fiducial gold markers were
implanted percutaneously under CT-fluoroscopic guidance
by an experienced interventional radiologist. These mark-
ers are required to provide motion tracking of lesions which
are affected by respiratory motion (27). The 3D target vol-
ume was identified on both contrast-enhanced CT (arte-
rial and portal venous phase) and MRI scans which were
fused for optimal target definition. A safety margin of 6 mm
was added to the tumor diameter in all three dimensions to
account for microscopic tumor spread. 26 Gy were applied
in one fraction to the 70% isodose line resulting in a maxi-
mum tumor dose of over 30 Gy in the center of the lesion.

Radiation was performed with a 6 MV compact LINAC
mounted on a six-axis robotic manipulator. The position of
the LINAC was corrected in real time during the treatment
on the basis of the position of the gold markers detected
by two X-ray detectors arranged orthogonally to each other
and infrared markers on the patient’s chest tracked continu-
ously with external cameras. This allowed for compensation
of changes in the position of the irradiated volume caused
by breathing. The radiation beam itself could be directed
from a multitude of angles around the patient (i.e. more than
1500 directions).

Image Evaluation

All MRI data were reviewed by two radiologists in consensus
(Observer 1 and 2 with 7 and 8 years experience in abdomi-
nal MRI). On each MR examination the number and location
(liver segment) of each lesion treated by robotic radiosurgery
were recorded.

Response to Treatment: The size of each lesion was meas-
ured on each T1-weighted post-contrast image of the liver
on the pre-intervention as well as the first and second post-
intervention MRI’s. The evaluation of treatment response
was based on the vascularity and on the size of the lesion on
follow-up imaging.
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ADC Measurements: ADC maps were generated from
DW-MR images. ADC values of normal liver parenchyma
and of the hepatic malignancies were calculated. For ADC
measurements of normal liver parenchyma, a region of inter-
est (ROI) was placed in the normal liver on the ADC maps.
This ROI was drawn as large as possible while avoiding
intrahepatic vessels, bile ducts, and regions of motion arti-
fact. For ADC measurements of the lesions, freehand ROIs
were drawn around the lesions using SyngoVia (Siemens
Healthcare, Forchheim, Germany). The ROI drawing was
performed in consensus by the two observers. First, free-
hand ROIs were drawn over the entire tumor as visualized
on the image with the greatest diameter on T2-weighted and
diffusion-weighted images (b-value of 800 mm?/s). Then, this
ROI was copied and pasted into the same slice of the ADC
map. The corresponding ADC values were used for statistical
analysis.

Reference Standard: Clinical and surgical records were
collected by a third radiologist with 5 years of experience
in body MRI. Following the image evaluation sessions, the
three radiologists reviewed all MRI examinations, further
follow-up cross-sectional imaging (CT, PET-CT), and clini-
cal records in order to establish a consensus diagnosis.

Statistical Analysis

For statistical analysis of baseline patient characteristics and
changes of ADC over time, standard statistical software was
utilized (SPSS software, Version 18, IBM, Seattle, WA).
Mean ADC values for normal liver parenchyma and hepatic
lesions of each MRI examination were calculated and com-
pared using a two-tailed, paired r-test with a significance
level of 0.05.

Results
Reference Standard

The consensus review of T2w, DW-MRI, CE-T1w images
along with clinical and surgical records found a total of 14
hepatic liver malignancies which were treated by SRS: 3
were HCC, 11 were metastases. All fourteen malignancies
were pathologically proven. One lesion was located in liver
segment 2 and 6, respectively. Two lesions were located in
segment 4b, 5 and 7; three malignancies were located in seg-
ment 4a and 6, respectively. Baseline patient and lesion char-
acteristics are given in Table II.

All patients had undergone MR imaging, including DWI,
with a mean of 24.6 = 14.8 days (range, 2-59) before SRS
treatment. The first post-procedural MR examination was
carried out in all 13 patients with a mean of 77.6 = 28.3
days (range, 15-119) after SRS. The second post-procedural
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Table IT
Patient characteristics.

Age (MV = SD) 66.3 = 7.4
Gender
Male 6 (46.2%)
Female 7 (53.8%)
Total 13
Tumor Type
HCC 3(21.4%)
Colorectal metastasis 7 (50%)
NET metastasis 1 (7.1%)
CCC metastasis 1(7.1%)
Breast metastasis 1(7.1%)
Pancreas metastasis 1(7.1%)

MR examination was obtained in 12 patients at a mean of
238.4 £ 129.4 days (range, 142-609) following SRS.

Response of Treatment: 13 of 14 treated lesions showed
a decrease in size. The mean size of the malignancies
was 3.2 = 1.7cm on the pre-interventional MR imag-
ing, 2.4 = 1.3cm on the post-interventional imaging, and
2.2 £ 0.9cm on the second post-interventional imaging. In
total, there was a decrease in size of more than 30% (mean
decrease 68.75%), which fulfils the criteria of partial response
with respect to RECIST criteria (28).

One of 14 lesions did not show a decrease in size. However,
on the dynamic MRI and in the follow-up imaging there was
no further detectable vascularity of the lesion. The other 13
lesions still demonstrated enhancement on post-interven-
tional MR images.

ADC Measurements: Mean ADC values of the nor-
mal liver parenchyma were 1.19 = 0.19 X 10~ mm?s,
1.16 = 0.21 X 10 3mm?/s, and 1.16 * 0.16 X 10~ 3>mm?/s
on pre-interventional, first post-interventional, and second
post-interventional DW-MRI, respectively. There were no
statistically significant differences in normal hepatic paren-
chymal ADC values between these three examinations
(p > 0.05).

Mean ADC values of liver malignancies were 1.10 =
0.30 X 107*mm?s, 1.48 * 0.35 X 103 mm?s, and 1.56 =
0.40 X 1073mm?%s on the pre-interventional, first post-
interventional, and second post-interventional DW-MRI,
respectively. There was a statistically significant increase
of ADC values between the pre-interventional examination
and the first and second post-interventional follow-up exami-
nations (p < 0.01 and p = 0.01, respectively) (Figures 1
and 2). However, there was no significant difference between
ADC values of liver malignancies on the first and the sec-
ond follow-up MR examination (p = 0.57). ADC values are
given in Table III.
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(A) (B)

(E)

Figure 1: 67 year old male with hepatocellular carcinoma. The pre-interventional axial contrast-enhanced T1-weighted image (hepatobiliary phase)
(A) shows a hypointense lesion (arrows) compatible with hepatocellular carcinoma (HCC). In addition to this lesion (arrow head) a smaller second lesion was
identified and diagnosed as a hemangioma. The HCC shows restricted diffusion with high signal on axial DW-MR image b = 800s/mm? (B) and dark signal
on ADC map (C). The pre-interventional ADC value of the HCC was 0.77 X 1073mm?/s. After Cyberknife therapy, the HCC exhibited a decrease in size with
perilesion edema on the axial contrast-enhanced T1-weighted image (hepatobiliary phase) (D). On the axial DW-MR image b = 800 s/mm? (E), the HCC
demonstrated isointense signal to liver and predominantly hyperintense signal with a hypointense rim on the ADC map (F) indicating less restricted diffusion
compared to the pre-interventional image. The post-interventional ADC value of the HCC was 1.58 X 107*mm?s.

(A) (B)

(D) (E)

Figure 2: 70 year old female with rectal adenocarcinoma metastases to the liver. The pre-interventional axial contrast-enhanced T1-weighted image (portal-
venous phase) (A) shows a hypointense lesion with rim enhancement (arrows) compatible with a hypovascular metastasis. The metastasis shows restricted
diffusion with high signal on axial DW-MR image b = 800 s/mm? (B) and intermediate to dark signal on ADC map (C). The pre-interventional ADC value of
the metastasis was 1.20 X 107*mm?s. After Cyberknife therapy, the metastasis decreased in the size from 4.2cm to 3.6cm on the axial contrast-enhanced
T1-weighted image (liver-specific phase) (D). The metastasis showed a loss of signal compared to the pre-interventional DW-MR image b = 800 s/mm? (E),
and predominantly hyperintense signal on the ADC map (F) indicating loss of restricted diffusion compared to the pre-interventional image. The post-
interventional ADC value of the HCC was 1.61 X 107 mm?s.
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Table IIT
Results of the ADC analysis (Mean Value = Standard Deviation).

Measurement 1:
Before SRS

Measurement 2: First
follow-up after SRS

Measurement 3: Second
follow-up after SRS

1.10 = 0.30

p-value between measurement 1 and 2:
<0.01

1.48 = 0.35

1.56 = 0.40

p-value between measurement 2 and 3:
0.57

p-value between measurement 1 and 3:
<0.01

Discussion

The goal of this study was to investigate ADC value changes
in malignancies treated by robotic radiosurgery. Our results
show that the mean ADC values of liver malignancies
increase significantly after SRS treatment. Therefore DW-
MRI may be a useful adjunct to evaluate the tumor response
of liver lesions treated by SRS. Robotic stereotactic radio-
therapy such as robotic radiosurgery is a relatively new treat-
ment option for primary or secondary liver malignancies, and
is particularly useful when standard treatment options such
as surgery or local ablative therapies are not feasible. Good
response rates and tolerance in terms of hepatic function have
been reported (16, 29-31).

The early determination of response to local therapies such
as SRS is crucial with respect to evaluation of the treatment
success. Early determination of treatment response helps
minimize the unnecessary use of chemotherapeutic agents,
and aids in planning reintervention or additional treatments
if needed. This allows for improved management of the dis-
ease, and yields important information regarding prognosis
and patient quality of life.

Assessment of response to an anti-cancer treatment is
usually based on tumor size on cross-sectional imaging.
The Response Evaluation Criteria in Solid Malignancies
(RECIST) criteria is the most commonly used evaluation
tool (28, 32, 33). However, the exact lesion size may be
difficult to measure due to wide interobserver variability
in estimating the exact boundary of the lesion (33). In liver
tumors, especially in HCC, it can take several months before
there is significant change in tumor size following local ther-
apy (34). Furthermore, necrotic or fibrotic tumor changes
may not be accurately detected or differentiated from resid-
ual tumor by imaging, resulting in underestimation of treat-
ment response (33). This is especially the case after local
or targeted tumor therapy (35, 36). After chemoemboliza-
tion, there seems to be a discrepancy between the reduction
in tumor size seen on imaging and the degree of necrosis at
histopathology (21, 37).

DW-MRI is based on the motion of water molecules in
the extracellular space, and provides visualization of

Brownian molecular motion (18). There is a negative cor-
relation between the degree of restriction of water diffusion
in biologic tissue and the tissue cellularity and integrity of
cell membranes (38-40). Therefore, DW-MRI provides
qualitative and quantitative information regarding tissue cel-
lularity and the integrity of cell membranes. Intralesional
cystic or necrotic changes result in less diffusion restriction
since water molecules are able to move freely (25, 41). With
advances in MR hardware, sequence design, and reconstruc-
tion, DW-MRI is increasingly used in the liver not only for
detection and characterization of focal liver lesions but also
for the monitoring of treatment response of hepatic tumors.

In a study by Kamel et al. hepatocellular carcinoma dem-
onstrated a significant increase in ADC values (from
1.5 X 1073 mm?s to 1.8 X 107> mm?s) after transarterial
chemoembolization (21). Although mean ADC values of liver
malignancies in our study were lower, we could also nev-
ertheless demonstrate a significant increase in ADC values
from 1.10 X 103 mm?/stoupto 1.56 * 0.40 X 1073 mm?/s
after treatment. In terms of explaining variations between
our data and the study of Kamel e al., technical factors
such as differences in DW-MR image acquisition technique,
the different MR scanners utilized, and the different types
of treatment performed could certainly play a role. Anzidei
et al. similarly found ADC values of colorectal liver metas-
tases to increase significantly after chemotherapy and antian-
giogenetic treatment (24). Deng et al. also demonstrated that
ADC values of hepatocellular carcinoma (HCC) increased
significantly after Yttrium-90 radioembolization (23). The
increase of ADC values may be attributable to therapy-
induced necrotic or cystic tumor changes (25).

The therapeutic mechanism of percutaneous (e.g. RFA) or
transarterial (e.g. chemoembolization, radioembolization)
treatments mentioned above cannot be directly compared to
radiation therapies such as Cyberknife®. This is because SRS
does not cause acute necrosis, but results instead in tumor
cell death which may last weeks or even months following
therapy. These features make early follow up MRI imaging
particularly difficult to interpret.

Two studies have evaluated DWI in patients with liver malig-
nancies treated by radiotherapy. The feasibility of using
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changes in ADC values as a surrogate for tumor response
to radiotherapy was demonstrated by Eccles ef al. in 11
patients treated with six-fraction conformal liver RT (42).
Median ADC in treated tumor volumes of interest (VOI)
progressively increased from pre-treatment scans to scans
performed during weeks 1 and 2 of RT, to scans performed
1 month following RT. Early increases in mean ADC corre-
lated with a higher radiation dose and an increased likelihood
of response. Tumor response to brachytherapy of colorec-
tal liver metastases was assessed by DWI in a study with
30 patients undergoing single-fraction *Ir-high-dose-rate
brachytherapy (43). Pre-treatment DWI and post-treatment
imaging was performed two days and three months follow-
ing therapy. Compared with baseline ADC measurements,
mean ADC of treated malignancies decreased by 11.4% two
days after treatment, but increased by 28.6% three months
after the therapy, a finding consistent with our results. These
studies indicate that DWI may be able to accurately assess
tumor response to conformal radiotherapy and brachytherapy
in hepatic cancer.

In addition to CT and MRI, hybrid-modalities such as PET-
CT may also serve as methods to evaluate success rates of
robotic radiosurgery. PET-CT enables both anatomic and
metabolic evaluation of malignancies, allowing comparison
of pre- and post-treatment metabolism (44). However to date,
no report has been published on the feasibility of PET-CT
in the evaluation of robotic radiosurgery treatments in liver
malignancies. Thus, we would currently suggest that MRI
with DWI is the most suitable imaging modality in the pre-
procedural planning and post-procedural follow-up of liver
tumors to be treated with robotic radiosurgery.

Our study has several limitations. This was a pilot study to
demonstrate feasibility of DW-imaging in the follow-up after
Robotic radiosurgery. Therefore we did not analyze the dif-
ference between responders and non-responders to the treat-
ment. This would not have been possible due to the relatively
small patient cohort. In addition we did not evaluate possible
technical artifacts (e.g. motion artifacts) or artifacts due to
morphologic heterogeneity of the tumor (tumor structure or
hemorrhage), and there was no confirmation of post-proce-
dural results through histopathological examinations. This
would not have been ethically feasible due to the invasive-
ness of a liver biopsy. Furthermore the evaluation of the
images and the ADC measurements were done in consensus.
Additional studies may be useful to assess intra- and inter-
observer variability of results.

Further, larger studies with long-term follow-up correlation
are necessary to confirm the results herein. However, on the
basis of this work, it appears DW-MRI may serve as a use-
ful tool for the follow-up evaluation of local tumor response
after SRS of primary and secondary liver malignancies.
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