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Abstract

Purpose To use absolute pretreatment apparent diffusion
coefficients (ADC) derived from diffusion-weighted MR
imaging (DWI) to predict response to repetitive cTACE for
unresectable liver metastases of colorectal carcinoma
(CRLM) at 1 and 3 months after start of treatment.
Materials and Methods Fifty-five metastases in 34 patients
were examined with DWI prior to treatment and 1 month
after initial cTACE. Treatment was performed in 4-week
intervals. Response was evaluated at 1 and 3 months after
start of therapy. Metastases showing a decrease of >30% in
axial diameter were classified as responding lesions.
Results One month after initial ¢cTACE, seven lesions
showed early response. There was no significant difference
in absolute pretreatment ADC values between responding
and non-responding lesions (p = 0.94). Three months after
initial cTACE, 17 metastases showed response. There was
a significant difference (p = 0.021) between absolute pre-
treatment ADC values of lesions showing response (me-
dian 1.08 x 107> mm?%s) and no response (median
1.30 x 107> mm?/s). Pretreatment ADC showed fair
diagnostic value to predict response (AUC 0.7). Lesions
showing response at 3 months also revealed a significant
increase in ADC between measurements before treatment
and at one month after initial cTACE (p < 0.001).
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Applying an increase in ADC of 12.17%, response at
3 months after initial cTACE could be predicted with a
sensitivity and specificity of 77 and 74%, respectively
(AUC 0.817). Furthermore, there was a strong and signif-
icant correlation (r = 0.651, p < 0.001) between percent-
age change in size after third cTACE and percentage
change in ADC.

Conclusion In patients with CRLM, ADC measurements
are potential biomarkers for assessing response to cTACE.

Keywords Conventional transarterial
chemoembolization (cTACE) - Colorectal cancer
liver metastases (CRLM) - Diffusion-weighted
imaging (DWI) - Apparent diffusion coefficient
(ADC)

Introduction

In 2012, colorectal cancer (CRC) was the third most
common cancer among men and the second most common
among women [1]. The liver is the most common site of
metastases of CRC [2]. Transarterial chemoembolization
(TACE) is a catheter-based regional therapy by interven-
tional radiologists that is mainly used in cases with
advanced hepatic involvement of CRC in a palliative sit-
uation, but has also been used in a neoadjuvant setting
followed by surgical resection or percutaneous thermal
ablation [3].

Assessment of response to TACE is usually performed
by measuring tumor size on MR or CT imaging. In this
context, identifying appropriate functional biomarkers is
clinically important for the prediction of tumor response to
TACE early and accurately, preferably before there is a
morphological detectable change in size. Ultimately, such
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biomarkers may lead to change or cessation of ineffective
therapy in non-responding patients.

One such quantitative biomarker may be the apparent
diffusion coefficient (ADC), which is acquired by using
diffusion-weighted MR imaging (DWI) [4]. The degree of
diffusion is naturally limited by tissue properties, since cell
density and organization as well as microcirculation highly
influence the movements of water molecules. In compar-
ison with extracellular diffusion, intracellular diffusion is
limited by the cell membrane as a natural barrier. Diffusion
is restricted in malignant tumors and abscesses, which
show an increase in cell density, whereas necrotic tissues
and cysts present with unimpeded diffusion. In DWI, dif-
fusion is quantified by calculating the apparent diffusion
coefficient [5, 6]. It has been shown that DWI can be used
to characterize liver lesions when applied in abdominal
imaging [7, 8]. Several studies have also demonstrated the
potential utility of ADC as an indicator of response to
TACE in patients with hepatocellular carcinoma (HCC)
[9, 10] and liver metastases [11-13]. The purpose of our
study was to assess the value of measuring ADC derived
from DWI to evaluate tumor response to lipiodol-based
TACE in patients with colorectal cancer liver metastases
(CRLM).

Material and Methods
Patients

This retrospective study was approved by the local ethics
committee with a waiver for written informed research
consent. The patients’ clinical information was provided by
medical records and by our institute’s database of patients
undergoing interventional procedures. Using DWI, we
retrospectively examined 55 unresectable liver metastases
in 34 patients (mean 1.62 lesions per patient) with CRC
that were treated between April 2010 and November 2015
with conventional lipiodol-based chemoembolization
(cTACE). Patients’ characteristics are summarized in
Table 1. All patients had the primary tumor surgically
removed prior to interventional therapy. In total, 212
chemoembolizations were performed (mean 6.2 procedures
per patient, range 3-16).

¢TACE Technique

All TACE procedures were performed by an interventional
radiologist with 20 years of experience. Following local
anesthesia, the superficial femoral artery was catheterized
using the Seldinger technique [14]. Under angiographic
guidance, a 4-French catheter (Cobra, Terumo, Tokyo,
Japan) was introduced into the celiac trunk and advanced

into the hepatic artery and further into segmental arteries
that supplied the targeted lesion. This was followed by the
administration of a mixture of chemotherapeutics and
embolic materials [15]. For exclusion criteria for cTACE,
see Table 2.

At our institute, we use a combination of the following
three chemotherapeutics in cTACE: mitomycin C (Medac
8 mg/m?, Germany), irinotecan (Campto 150 mg/m?, Pfi-
zer Pharma, Germany) and cisplatin (Cisplatin Teva
35 mg/mz, Teva, Germany). This is followed by
embolization with a maximum dose of 10 ml ethiodized oil
(Lipiodol, Guerbet, France) and 200450 mg of degradable
starch microspheres (EmboCept 200 pm; PharmaCept,
Germany) until stasis of blood flow in tumor-feeding
arteries is observed under fluoroscopic control. This lipi-
odol-based chemoembolization is also referred to as con-
ventional transarterial chemoembolization (cTACE) [16].

Imaging and Treatment Protocol

All patients received a minimum of three repetitive cTACE
treatments in 4-week intervals. All imaging studies were
obtained using a 1.5-Tesla MRI (Magnetom Espree, Sie-
mens, Germany) scanner. Pretreatment imaging was per-
formed with unenhanced and contrast-enhanced T1- and
T2-weighted images. Plain MRI scans (T1-weighted spin-
echo (SE) and T1-weighted gradient echo (GRE) sequen-
ces) were obtained before every subsequent procedure.
Additionally, axial diffusion-weighted MR imaging was
performed with a breath-hold technique with b-values of
50, 400 and 800 s/mm?> (repetition time = 950 ms, echo
time = 82 ms, slice thickness = 6 mm, field of
view = 380 ms and matrix size 91 x 192) prior to cTACE
and at one month after initial cTACE. ADC values were
extracted from ADC maps by manually drawing regions of
interest around individual lesions. These ADC maps were
automatically generated by the PACS workstation, which
has been reported to be as accurate as a dedicated spe-
cialized workstation [17]. Percentage changes of ADC
values between measurements were calculated. On the
pretreatment images, a maximum of two target lesions per
patient were identified that were suitable for repeated DWI
measuring. As patients with a large number of metastases
could potentially cause statistical bias, a maximum of two
metastases per patient were evaluated. Only liver metas-
tases larger than 1 cm in axial diameter were included.
Whenever possible, the largest lesions were selected.
Metastases that were located close to each other were
excluded as confluence of lesions under therapy can limit
accurate measurement of size [18]. Lesions in the left lobe
of the liver, located close to blood vessels or showing
artifacts in DWI or on ADC maps, were avoided for
analysis as this can restrict accurate ADC measurements
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Table 1 Summary of patients’ Patient characteristic Value
characteristics. cTACE —
lipiodol-based transarterial Number of patients 34
chemoembolization Number of examined lesions 55
Mean age in years (range) 63.1 (41.9-82.5)
Sex—m/f 16/18
Location of primary tumor
Sigmoid 8
Colon 18
Rectum 8
Total number of liver metastases
1or2 6
3or4 4
5 or more 24
Location of liver lesions—unilobar/bilobar 2/32
Extrahepatic metastases prior to cTACE—yes/no 8/26
Chemotherapy prior cTACE—yes/no 33/1
Median overall survival calculated from first cTACE in months 27.8
Median progression-free survival calculated from first cTACE in months 10.3

Table 2 Exclusion criteria for cTACE

Tumor load of more than 70% of the liver parenchyma

Poor general condition (Karnofsky <70%)

Poor hepatic synthesis (serum albumin <2.0 mg/dl, INR >1.5)
High total bilirubin serum levels (>3 mg/dl)

Renal failure (serum creatinine level >2 mg/dl)

Complete or partial portal vein thrombosis

Presence of ascites

Respiratory or cardiovascular failure

[19]. Of the identified target lesions, ADC values and
maximum axial diameters were recorded. Axial diameter
was measured on T1-weighted images. Response to treat-
ment was evaluated on a lesion-by-lesion basis by
recording percentage change in size at two points of our
study: at one month after the beginning of cTACE and at
one month after third cTACE (3 months after initial ther-
apy). Evaluation of response at one month after third
cTACE was chosen as the literature review suggests that
metastases targeted by repetitive cTACE show maximum
response following third session [20]. For the purpose of
our study, lesions that showed a decrease of >30% in axial
diameter were categorized as responding lesions, while all
other metastases were classified as non-responding lesions.

Statistical Analyses

All statistical analyses were performed using the “Statis-
tical Package for the Social Science statistics” version 23.0
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(SPSS Statistics, IBM, USA). P values <0.05 were con-
sidered statistically significant. The Mann—WhitneyU Test
was used to compare pretreatment ADC values between
lesions showing response and no response following
cTACE therapy. ADC values before and after treatment
were compared using the Wilcoxon signed-rank test. To
evaluate percentage changes of ADC values between
responding and non-responding lesions, independent two-
sample ¢ test was applied.

Spearman rank and Pearson correlation coefficients
were used to assess the correlation between size and ADC
values. Results of correlation analysis were evaluated
according to Evans [21]. Receiver operating characteristic
(ROC) curve analyses were used to determine whether
pretreatment ADC values or change of ADC values can
predict response to cTACE at 1 and 3 months after initial
cTACE.

Results
Pretreatment Values

Fifty-five liver lesions in 34 patients were identified to be
suitable for therapy monitoring with DWI. Pretreatment
median size of evaluated lesions was 34.1 mm (range
12.6-156.8, mean 41.11, SD 25.57). Median ADC prior to
therapy of all examined lesions was 1.16 x 107> mm?*/s
(range 0.65-3.17, mean 1.36, SD 0.51). There was a poor
correlation between pretreatment size and pretreatment
ADC values (r = 0.141, p = 0.303).
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Results After First cTACE

One month after initial cTACE, response and ADC values
were evaluated. Forty-eight lesions showed no response,
while seven lesions showed early response. Mean per-
centage change in size for all lesions showed a decrease of
5.33% (SD 21.47, median decrease 1.64). Non-responding
lesions showed a mean increase in diameter of 0.16% (SD
16.76, median increase 0.18). Responding lesions showed a
mean decrease in diameter of 42.96% (SD 7.44, median
decrease 40.86). There was no significant difference in
absolute pretreatment ADC values of lesions exhibiting
response (median 1.13 x 1073 mm2/s, mean 1.21, SD
0.16) and no response (median 1.17 x 10~ mm?/s, mean
1.38, SD 0.54) at one month after first cTACE (p = 0.94).
ROC analysis showed an area under the curve (AUC) of
0.491 for using pretreatment ADC to predict response at
one month, which indicated no predictive value. Correla-
tion between absolute pretreatment ADC values and per-
centage change in metastases size at one month following
c¢TACE was also poor (r = 0.195, p = 0.153). In addition
to the evaluation of treatment response, ADC values of
liver lesions were also obtained at one month following
first cTACE. Responding lesions showed a median ADC of
1.53 x 1072 mm?%/s (mean 1.61, SD 0.18) and non-re-
sponding lesions a median ADC of 1.31 x 10~ mm?s
(mean 1.43, SD 0.50). These absolute values showed no
statistically significant difference (p = 0.177). Percentage
changes in ADC values were also calculated. In non-re-
sponding lesions, a mean increase of 6.39% (SD 22.29,
median increase 0.51) was observed, whereas responding
metastases showed a mean increase of 26.59% (SD 16.44,
median increase 16.62) in ADC values. There was a sta-
tistically significant difference between these two groups
(p = 0.017). Additionally, there was a moderate but sig-
nificant correlation (r = 0.556, p < 0.001) between per-
centage change in size and percentage change in ADC
values, with lesions presenting with a greater increase in
ADC values showing better response to cTACE.

Results After Third cTACE

One month after third cTACE (3 months after initial
cTACE), response was again evaluated. Thirty-eight
lesions showed no response, while 17 lesions showed
response. Mean percentage change in size for all lesions
showed a decrease of 4.05% (SD 42.68, median decrease
7.62). Non-responding lesions showed a mean increase in
diameter of 16.73% (SD 33.58, median increase 11.49).
Responding lesions showed a mean decrease in diameter of
50.51% (SD 14.85, median decrease 48.62). There was a
statistically significant difference between absolute pre-
treatment ADC  values of responding (median

1.08 x 1073 mmz/s, mean 1.13, SD 0.20) and non-re-
sponding (median 1.30 x 107> mm?%s, mean 1.46, SD
0.57) lesions at 3 months after initial cTACE (p = 0.021).
With an AUC of 0.7 in the ROC analysis, pretreatment
ADC was identified as a fair predictor of response at
3-month follow-up.

Percentage changes between pretreatment values and
ADC values after first cTACE were also compared for
lesions exhibiting response at 3 months, which showed a
statistically significant difference (p < 0.001) (Fig. 1).

Percentage change in ADC values showed an AUC of
0.817, indicating a good predictive value for response at
3 months. A cutoff value of percentage change was chosen
that yielded maximal sensitivity and specificity. An
increase of 12.17% between pretreatment ADC values and
ADC values at one month after first cTACE had 77%
sensitivity and 74% specificity to predict response fol-
lowing three sessions of cTACE (Fig. 2).

Correlation between pretreatment ADC values and
percentage change in metastases size at 3 months was
weak but significant (r = 0.281, p = 0.038). There was a
strong and highly significant correlation (r = 0.651,
p < 0.001) between percentage change in size at 3 months
following initial cTACE and percentage change in ADC
values (Fig. 3).

3,54 () ADC prior to first TACE
[ ADC after first TACE
07 O7
3,0
254
2,0
52
*
1,54 59
860
=
53
(o]
05

T
non-responding lesions

T

responding lesions

Fig. 1 Absolute pretreatment apparent diffusion coefficients (ADC)
and ADC values at one month following initial lipiodol-based
transarterial chemoembolization (cTACE) of liver metastases show-
ing response (n = 17) and no response (n = 38) at 3 months after
initial cTACE. Difference of pretreatment ADC values of responding
and non-responding lesions was statistically significant (p = 0.021).
Increase in ADC in responding lesions was also significant
(p < 0.001). ADC measured in 10> mm*/s
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Fig. 2 Receiver operating characteristic (ROC) analysis for predict-
ing response in lesions at 3 months after initial ¢cTACE with
percentage change in ADC values. An area under the curve (AUC)
of 0.817 indicated a good predictive value. A threshold of an increase
of 12.17% in change of ADC values yielded 77% sensitivity and 74%
specificity to predict response in targeted lesions
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Fig. 3 Percentage change of size in liver metastases 3 months after
initial cTACE and percentage change in ADC values. Line through
y-axis (—30) separates responding from non-responding lesions. Line
through 12.17 on x-axis indicates threshold to predict response with
77% sensitivity and 74% specificity. Graph also shows linear
regression between percentage change in size and percentage change
in ADC (percentage change of size = 6.99 — (1.23 x percentage
change of ADC); r = 0.651, p < 0.001
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Discussion

This study was carried out to investigate the diagnostic
value of ADC measurements in order to predict and
monitor response of CRLM to cTACE treatment. In this
study, we further defined a predictive relationship between
pretreatment ADC and CRLM response to cTACE as well
as the mirroring of CRLM changes throughout treatment in
corresponding ADC changes. Thus, our data demonstrate
that ADC values can be used for monitoring the response
of colorectal carcinoma liver metastases to cTACE.

Recently, several studies have been conducted address-
ing the role of DWI in predicting response to systemic and
locoregional chemotherapy in patients with different tumor
entities. Liver tumors usually present with more restricted
diffusion than physiological liver parenchyma [8, 22]. With
regard to this observation, it has been investigated whether
tumors with more restricted diffusion (lower ADC values)
prior to treatment exhibit better response to interventional
therapies than others. Kokabi et al. [23] demonstrated that
response at 1 and 3 months after drug-eluting bead
chemoembolization of unresectable hepatocellular carci-
noma could be predicted with high sensitivity and speci-
ficity for lesions with pretreatment ADC values of
<0.83 x 107* mm?s. The value of pretreatment DWI to
predict response in CRLM has also been examined for
systemic chemotherapy, indicating that lower pretreatment
ADC values are associated with a better response [4, 24]. A
rationale for this observation is that high ADC values
indicate extended necrosis with consecutive poor perfu-
sion, making such lesions less susceptible to chemotherapy
[23, 25, 26]. To the best of our knowledge, so far there
have been no studies assessing DWI as a tool to evaluate
tumor response in patients with CRLM undergoing
cTACE. In our study, pretreatment ADC values could not
be identified as a reliable predictor of response at 3 months
(AUC 0.7) (Fig. 4).

Buijs et al. [13] observed that there is a significant
increase in ADC values of liver metastases from breast
cancer targeted by TACE. Similar findings were reported in
different hepatic metastases treated with systemic
chemotherapy [24].

Several studies showed an association between the
increase in ADC values and the degree of necrosis in
histopathological analysis of HCC following therapy with
TACE [9, 27]. Schmeel et al. [12] evaluated the change of
ADC values of colorectal cancer metastases after selective
internal radiation therapy (SIRT). With a sensitivity of 94%
and a specificity of 82%, an increase of >22% of ADC
allowed the identification of patients with above-average
overall response. In our study, lesions exhibiting response
at 3 months after initial cTACE showed a statistically
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Fig. 4 Metastases in liver segment VII/VIII showing no response at
one and 3 months after initial cTACE. The lesion demonstrated with a
baseline ADC value of 1.24 x 10~> mm?/s. Following first cTACE,

significant increase in ADC values between pretreatment
measurements and measurements at one month after initial
chemoembolization (p < 0.001). The sensitivity and
specificity of predicting response at 3 months after initial
cTACE were 77 and 74%, respectively (AUC 0.817), if
lesions showed an increase in ADC of >12.17% at one
month following first cTACE (Fig. 5). Percentage change
in size at 3 months following initial cTACE and percentage
change in ADC values also showed a strong and significant
correlation (r = 0.651, p < 0.001).

Despite  DWI’s promising potential in predicting
response to systemic and locoregional chemotherapy in
patients treated for a variety of tumor entities, there are still
several issues that need to be addressed. In a study con-
ducted on hepatic metastases treated with systemic
chemotherapy, Deckers et al. [18] reported that ADC val-
ues showed a great variability between repetitive mea-
surements. The authors also showed that the average
changes in ADC values of responding lesions were of
smaller magnitude compared with the measurement error
of liver DWI, making ADC values an unreliable predictor

DWI

the ADC increased by 5.65%. Diffusion-weighted image was
obtained by using a b-value of 50 s/mm>

of response. Calculating a normalized ADC by dividing the
ADC of lesions through the ADC of normal liver par-
enchyma also did not minimize the variability between
measurements. Obviously, reproducibility of ADC mea-
surements of liver lesions has to be ensured in order to
become a biomarker of treatment response. Additionally,
comparability of studies examining DWI is somewhat
lacking, as ADC values underlie variability depending on
used MRI scanner and software. Furthermore, no accepted
standards for measurements and analysis of ADC mea-
surements have been established, and diffusion-weighted
MR imaging is not broadly available routinely in many
cancer centers [19, 28]. Our study had limitations that
should be considered. We realize that choosing up to two
metastases of the same patient potentially constitutes a
bias, as related metastases potentially react similar to
treatment compared to lesions in a different patient. In
future studies, liver metastases that are not subject to
cTACE in the same patients could be monitored for
changes in ADC values in order to form an internal control
group. A major limitation of our study was its retrospective
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prior to
cTACE

one month after
first cTACE

one month after
third cTACE

Fig. 5 Metastases in liver segment IV showing response at 3 months
after initial cTACE. The lesion demonstrated with a baseline ADC
value of 1.02 x 107>mm?%s. Following first ¢cTACE, the ADC
increased by 33.82%. Diffusion-weighted image was obtained by

design; prospective studies should try to confirm and fur-
ther evaluate our promising results.

Also, such studies should try to incorporate histological
analysis of treated liver metastases in order to further
evaluate the association of necrosis and ADC values and its
changes during cTACE therapy. In conclusion, we
demonstrated the potential use of ADC measurements
derived from DWI as a biomarker for assessing response to
cTACE in patients with CRLM.
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