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Abstract: To investigate the value of a simplified intravoxel inco-

herent motion (IVIM) analysis for evaluation of therapy-induced tumor

changes and response of breast cancer liver metastases (mBRC) under-

going radioembolization.

In 21 females (mean age 54 years, range 43–72) with mBRC tumor

size changes and response evaluation criteria in solid tumors (RECIST)

response to 26 primary radioembolization procedures were analyzed.

Standard 1.5-T liver magnetic resonance imaging including respiratory-

gated diffusion-weighted imaging (DWI) with b0¼ 0 s/mm2, b1¼ 50 s/

mm2, b2¼ 800 s/mm2 before and 6 weeks after each treatment was

performed. In addition to the apparent diffusion coefficient

(ADC)(0,800), the estimated diffusion coefficient D0 and the perfusion

fraction f0 were determined using a simplified IVIM approach. For each

radioembolization, the 2 largest treated metastases (if available) were

analyzed. Lesions were categorized according to size changes into

group A (reduction of longest diameter [LD]) and group B (LD increase)

after 3 months. Radioembolization procedures were further categorized

into ‘‘response’’ (partial response and stable disease) and ‘‘nonre-

sponse’’ (progressive disease) according to RECIST after 3 months.

ADC and D0 are given in 10�6 mm2/s.

Forty-five metastases were analyzed. Thirty-two lesions were cate-

gorizedasA;13asB.Before therapy,group Alesionsshowedsignificantly

larger f0-values than B (P¼ 0.001), but ADC(0,800) and D0 did not differ.

After therapy, ingroup A lesions theADC(0,800)- and D0-values increased

and f0 decreased (P< 0.0001); in contrast in group B lesions f0 increased

(P¼ 0.001). Groups could be differentiated by preinterventional f0 and by

changes of D0 and f0 between pre and postinterventional imaging (area
c, Carsten Meyer, ig, MD,
uk, MD, and Petra Mürtz, PhD

showed a larger increase in responders compared with nonresponders

(P¼ 0.013 and P¼ 0.001, respectively). After therapy f0-values

decreased significantly in responders (P¼ 0.001). Good to excellent

prediction of long-term RECIST response was possible by therapy-

induced changes in LD, D0, and f0 (AUC 0.903, 0.879, and 0.867,

respectively).

A simplified IVIM model-based analysis of early post-treatment DWI

can deliver additional information on tumor size changes and long-term

RECIST response after radioembolization of mBRC. The estimated

perfusion fraction f0 is better suited for response assessment than the

conventional ADC(0,800) or D0. This can be useful to guide further

treatment strategy.

(Medicine 95(14):e3275)

Abbreviations: ADC = apparent diffusion coefficient, BSA =

body-surface-area, CR = complete response, CT = computed

tomography, D = true diffusion coefficient, D� = pseudo-diffusion

coefficient, D0 = estimated diffusion coefficient, DWI = diffusion-

weighted imaging, f = perfusion fraction, f0 = estimated perfusion

fraction, FDG = fluorodeoxyglucose, IVIM = intravoxel incoherent

motion, LD = longest diameter, mBRC = metastasized breast

cancer, MRI = magnetic resonance imaging, PD = progressive

disease, PET = positron-emission tomography, PR = partial

response, RECIST = response evaluation criteria in solid tumors,

ROC = receiver operating characteristic, ROI = region of interest,

SD = stable disease, SPECT/CT = single photon emission

computed tomography/computed tomography, Tc99m-MAA =

Technetium-99m-macroaggregated-albumin.

INTRODUCTION

T here are several imaging-based approaches to assess tumor
response after therapy. Morphological response evaluation

(e.g., Response Evaluation Criteria in Solid Tumors, RECIST)1

alone has limitations as changes in tumor size may occur late
after treatment.1–8 Functional imaging modalities (e.g., mRE-
CIST, diffusion-weighted magnetic resonance imaging [MRI],
positron-emission tomography [PET], perfusion-computed
tomography [CT]) have therefore been proposed to improve
the accuracy of early response assessment.2,9–12

Diffusion-weighted imaging (DWI) may be useful for early
tumor response evaluation by providing information on altera-
tions of tissue cellularity, extracellular space tortuosity, and
integrity of cell membranes (e.g., in developing necrosis) without
agents or radiation exposure.3,13–18 To
nalysis of DWI data, conventionally an
icient (ADC) is determined with b-values
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between 0 and 500 to 1000 s/mm2 assuming mono-exponential
behavior of signal intensity depending on the b-values.3,14 An
increase of the ADC is related to therapy-induced necro-
sis.3,13,14,16 However, DWI is sensitive not only to molecular
diffusion, but also to pseudo-random movements, such as blood
flow in the capillary network, leading to additional signal attenu-
ation at low b-values.15,16 For DWI acquired with more than 2
b-values, a refined analysis based on the intravoxel incoherent
motion (IVIM) theory can be performed.19 By assuming bi-
exponential behavior of signal intensity, diffusion and perfusion
influences can be separated, yielding an estimation of the true
diffusion coefficient D, the pseudo-diffusion coefficient D� and
the perfusion fraction f.20 There is first evidence that IVIM
model-based analysis can improve response assessment of liver
tumors.21,22

In diffuse liver disease, blood flow velocity (reflected by
D�) was found to be altered so that research recently focused on
an accurate determination of D� using nonlinear least-squares
fit procedures with numerous b-values (typically �8).23–28

However, in malignant liver lesions, IVIM analysis using fitting
procedures is challenging due to weak bi-exponential behavior
of signal decay and/or a low IVIM effect (low D�- and f-values)
leading to fitting failures and poor reproducibility.23,29–33

Furthermore, the acquisition of numerous b-values requires
long acquisition times (about 10 min).24,25,34 Thus, for evalu-
ation of IVIM parameters in malignant lesions in a clinical
setting, an alternative IVIM approach has to be developed, that
yields a numerically stable estimation of at least D and f also in
cases of low D�- and f-values. Of note, such estimates may not
necessarily provide an accurate quantification of the true IVIM
parameters, but may serve as empirical biomarkers for assess-
ment of therapy-induced changes. Furthermore, short acqui-
sition times and a voxel-wise analysis providing parameter
maps are important for clinical application.

The aim of our study was to investigate the value of a
simplified IVIM analysis for evaluation of therapy-induced
changes and tumor response in patients undergoing radioem-
bolization of breast cancer liver metastases (mBRC).

MATERIALS AND METHODS

Patients
Patients undergoing radioembolization for liver-dominant

mBRC between July 2006 and February 2015 were identified in
the clinical database. Indication for radioembolization was
discussed in interdisciplinary tumor boards. Approval of the
local institutional review board of the university hospital of
Bonn for this retrospective study was obtained; patient consent
was waived.

Inclusion criteria were primary resin-based radioemboli-
zation (i.e., of previously radioembolization-naive tissue) per-
formed at our institution, accessible procedural/clinical data,
and availability of MRI before and after intervention including
DWI without motion artifacts. Patients with incomplete ima-
ging data were excluded.

Radioembolization
Radioembolization was performed according to clinical

standards.35,36 Planning-angiography was done to evaluate
vascular liver anatomy. After injection of Technetium-99m-

Pieper et al
macroaggregated-albumin (Tc99m-MAA) into the target
arteries, SPECT/CT was performed to exclude extrahepatic
Tc99m-MAA deposition, to quantify pulmonary shunting,
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and to evaluate tumor-to-nontumor uptake-ratio. The prescribed
activity for radioembolization was calculated using the body-
surface-area (BSA) method in compliance with international
consensus guidelines.35 For radioembolization, a microcatheter
(e.g., Renegade, Boston Scientific, Natick, MA) was positioned
in the selected artery, with careful injection of small amounts of
a suspension of resin spheres (SIR spheres, Sirtex Medical
Limited, North Sydney, Australia) in sterile water and repetitive
contrast injections. In accordance with local regulations,
patients were admitted to a special ward for 2 days
postinterventionally.

Pre and Postinterventional Imaging
Patients underwent MRI examinations of the liver before

(baseline), 4 to 6 weeks (first/short-term follow-up) and 3
months (second/long-term follow-up; if possible) after radio-
embolization. MR examinations were performed on a clinical
1.5-T MRI scanner (Philips Healthcare, Best, The Netherlands;
Gyroscan Intera and Ingenia; gradient system: maximum ampli-
tude of 30 and 45 mT/m, respectively, maximum slew rate of
150 and 200 T/m per s, respectively, in supine position). A
commercially available phased-array surface coil was used for
signal reception. Each patient was examined on the same MR
scanner both pre and postinterventionally. The standardized
imaging protocol comprised a respiratory-triggered single-shot
spin-echo echo-planar DWI sequence (Supplemental Table 1,
http://links.lww.com/MD/A875) with motion-probing gradients
in 3 orthogonal directions and 3 b-values (b0¼ 0 s/mm2,
b1¼ 50 s/mm2, b2¼ 800 s/mm2), acquired prior to contrast
agent injection. Diffusion-weighted images were reconstructed
on the MRI system. Additionally, a T2-weighted sequence with
and without fat suppression, a T1-weighted sequence, and a T1-
weighted dynamic contrast-enhanced sequence were acquired.

Image Analysis
Image analyses were performed in consensus by a radiol-

ogist with more than 4 years of imaging and interventional
experience, and a physicist with more than 17 years of experi-
ence in DWI, blinded to baseline and follow-up information.
Within the treated portion of the liver, the largest and second
largest metastases (if present) with a diameter of �1 cm
were selected.

For each included metastasis, the change of tumor size was
evaluated using the longest diameter (LD) on morphological
images of the first and second (if available) follow-up exam-
inations in comparison to baseline MRI. Furthermore, for each
treated liver area imaging response was determined on first and
second follow-up examinations using RECIST criteria.1

IVIM analysis was performed for baseline and first follow-
up MRI. A hand-drawn region of interest (ROI) was placed
within a central slice of each metastasis, without noticeable
motion artifacts, pixel misalignments, or susceptibility artifacts.
Blood vessels were avoided. All ROIs were drawn on the
diffusion-weighted image with b¼ 800 s/mm2 or b¼ 50 s/
mm2 excluding areas close to the rim to avoid partial volume
effects. The position of the ROI was visually cross-checked
between all DWI images and was then copied into the parameter
maps. For each ROI, the mean parameter value and standard
deviation were determined.

The IVIM model-derived true diffusion coefficient D and
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perfusion fraction f were estimated as D0 and f0 by using a
simplified approach as originally introduced by Le Bihan et al19

and recently applied to abdominal imaging for b-values b0¼ 0

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
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s/mm2, b1¼ 50 s/mm2, and b2¼ 800 s/mm2 with37,38

D0 ¼ ADCð50; 800Þ

¼ ðlnðSðb1ÞÞ � lnðSðb2ÞÞÞ=ðb2� b1Þ (1)

and

f 0 ¼ 1� Sðb1Þ=ðSð0ÞÞ � expð�b1 � ADCð50; 800ÞÞ: (2)

S(b) and S(0) are the signal intensities with and without
motion-probing gradients.

The ADC(0,800) was also calculated:

ADCð0; 800Þ ¼ ðlnðSðb0ÞÞ � lnðSðb2ÞÞÞ=ðb2� b0Þ: (3)

Parameter maps were generated by voxel-wise calculation
of ADC(0,800), D0 and f0 using MATLAB (Math Works, Natick,
MA).

Statistical Analysis and Definitions
Statistics were performed using commercially available

software (SPSS, version 22.0, IBM, Armonk, NY). Normal
distribution was assessed using Q–Q plots.

Association of IVIM Parameters With Long-Term
Tumor Size Changes
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Analysis was performed on a lesion basis. Metastases were
egorized into 2 groups according to long-term tumor size
cat

chan
ges:

Group A (tumor-shrinkage): reduced LD on second follow-
up; regardless of changes on first follow-up.
Group B (tumor-growth): increased LD on second follow-up
(even if metastases showed initial shrinkage on first follow-
Overall 45 metastases were analyzed. Thirty-two metas
tases were assigned to group A with a mean LD change o
�28% (�61% to 0%) and �44% (�80% to �8%) on first and
�

up). In patients showing growth on first follow-up who did
not survive or were too ill to attend second follow-up,
metastases were also categorized as B.

A 2-sided Student t test was used to test statistical sig-
nificance (P< 0.05) of differences in IVIM parameters between
groups A and B (independent samples, variance analysis by
Levene test) and between pre and postinterventional values
within the respective groups on a lesion basis (paired samples).
Receiver operating characteristic (ROC) analysis was per-
formed to calculate sensitivity, specificity, and accuracy of
IVIM parameters for prediction of tumor size changes classified
as described above.

Association of IVIM Parameters and Short-Term
Tumor Size Changes With Long-Term RECIST
Response
Analysis was performed on a radioembolization procedure
is. Data were categorized according to long-term RECIST
ponse of the treated liver area:
res
Responder: complete/partial response (CR/PR) and stable
disease (SD) on second follow-up, regardless of RECIST
response on first follow-up.
Nonresponder: progressive disease (PD); note: patients
�
showing PD on first follow-up who did not survive or were
incapable to undergo second follow-up were also categor-
ized as ‘‘nonresponders.’’
For this analysis the IVIM parameter values of the largest
second-largest metastasis were averaged with weights

yright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
according to ROI size after proving that no significant differ-
ences existed between both metastases. Tumor size changes of
the 2 metastases were also averaged. For IVIM parameters and
short-term tumor size changes, differences between responders
and nonresponders were analyzed using a Student t test. ROC
analysis was performed to investigate the value of IVIM
parameters and short-term LD changes for prediction of lo-
ng-term RECIST response.

RESULTS

Patient Characteristics
Out of 44 treated patients, 21 fulfilled the inclusion criteria

(mean age 54 years, range 43–72 years; Figure 1). In these
patients, 26 primary radioembolization procedures were ana-
lyzed. Mean Y90 activity was 1.3 (SD 0.7, range 0.33–2.90)
GBq (group A: 1.2, range 0.4–2.9 GBq and group B: 1.4, range
0.33–2.2 GBq).

While a first follow-up MRI was performed in all 21
patients, a second follow-up was available in 15/21 patients.
Of 21 patients, 5 did not survive until second follow-up MRI; 1
patient was incapable to undergo second follow-up due to the
severe illness. Mean time between pretherapeutic MRI and
therapy was 21� 21 days (1–71 days), between therapy and
first follow-up 34� 4 days (28–42 days) and between therapy
and second follow-up MRI 101� 20 days (76–161 days).
Median overall survival after the first radioembolization was
151 days (46–1647 days). Two patients were still alive at the
date of analysis (147 and 227 days after radioembolization).

Association of IVIM Parameters With Long-Term
Tumor Size Changes

IVIM DWI in Breast Cancer Liver Metastases
FIGURE 1. Flow chart showing the total number of patient
undergoing radioembolization (RE) of breast cancer liver metas
tases (mBRC) during the study period and excluded data.
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TABLE 1. Results of Metastasis-Based Comparison of Pre- and Post-Treatment Measurements

Pretreatment Post-Treatment (First Follow-Up) P Value

All metastases (n ¼ 45)
LD, mm 38.5� 21.5 35.5� 25.0 >0.0500
ADC (0,800), 10�6 mm2/s 1200.0� 271.5 1585.1� 343.3 <0.0001
D0, 10�6 mm2/s 1124.4� 257.4 1573.0� 368.1 <0.0001
f0 0.0712� 0.0430 0.0484� 0.0370 0.0070

Group A (long-term tumor shrinkage) (n¼ 32)
LD, mm 38.1� 21.8 28.7� 20.0 <0.0001
ADC (0,800), 10�6 mm2/s 1198.2� 306.5 1654.4� 331.5 <0.0001
D0, 10�6 mm2/s 1097.2� 284.9 1673.6� 327.2 <0.0001
f0 0.0843� 0.0423 0.0351� 0.0250 <0.0001

Group B (long-term tumor growth) (n¼ 13)
LD, mm 39.2� 21.4 52.2� 28.9 0.0100
ADC (0,800), 10�6 mm2/s 1204.6� 166.0 1414.4� 322.2 0.0910
D0, 10�6 mm2/s 1191.4� 162.6 1325.7� 356.5 0.2690
f0 0.0391� 0.0248 0.0812� 0.0422 0.0010

Data are given as mean and standard deviation over the region of interest values. P< 0.05 considered statistically significant (2-sided Student t test
for paired samples).

ADC¼ apparent diffusion coefficient, D0 ¼ estimated true diffusion coefficient (i.e., ADC(50,800)), f0 ¼ estimated perfusion fraction, LD¼ longest
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second follow-up, respectively, compared with baseline. Thir-
teen metastases were assigned to group B: on first follow-up,
tumor size had increased in 12 cases and decreased in 1 case
(mean LD change: 35% [�31% to 135%]); on second follow up,
the latter case showed considerable increase of tumor size of
25% compared with baseline. Beside this case, a second follow-
up was available only for 1 other patient of group B showing a
further increase of tumor size (from 14% to 100%).

Mean ROI sizes for the largest and second-largest metas-
tases at baseline were 881� 925 and 602� 546 mm2, respect-
ively, and 816� 895 and 476� 459 mm2, respectively, on first
follow-up.

In group A (tumor-shrinkage), ADC(0,800) and D0

increased significantly (both P< 0.0001) while f0 decreased
(P< 0.0001) after therapy.

In group B (tumor-growth), no significant changes were
found for ADC(0,800) or D0, while f0 increased significantly
(P¼ 0.001; Table 1).

Group comparison for pretreatment values revealed sig-
nificantly larger f0-values in group A than in B (0.0843� 0.0420
vs 0.0391� 0.0248, P¼ 0.001), while ADC(0,800) and D0 did
not differ significantly. After therapy, significantly higher
ADC(0,800)- and D0-values (P¼ 0.032 and P¼ 0.003, respect-
ively) and significantly lower f0-values (P¼ 0.002) were found
for group A compared with B.

The calculated differences of post and pretreatment values
showed a significantly larger increase of D0 and a larger
decrease of f0 in group A compared with B (P¼ 0.003 and
P< 0.0001, respectively) while the differences of ADC(0,800)-
values were not significant (Table 2).

ROC analysis (Table 3) showed that both groups were
excellently discriminated by changes in f0 and by pretherapeu-
tical f0-values (area under the curve [AUC] of 1.000 and 0.903,
respectively). Inferior group differentiation was possible by

diameter.
Significant test results given in bold.
post-therapeutical values of f0, D0, and ADC(0,800), as well
as changes in D0 (AUC of 0.806, 0.739, 0.696, and 0.747,
respectively). Groups were not significantly discriminated by
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changes in ADC(0,800) or pretherapeutical ADC(0,800)- and
D0-values.

Association of IVIM Parameters and Short-Term
Tumor Size Changes With Long-Term RECIST
Response

‘‘Response’’ according to RECIST was found in 15 radio-
embolization procedures (10 PR and 5 SD), while ‘‘nonre-
sponse’’ was found in 11 (4 with initial SD but PD on second
follow-up; 7 with initial PD without ever reaching disease
stabilization). In 3 of these cases, response was rated as PD
solely on the basis of new metastases.

No significant differences in preinterventional IVIM
parameters between responders and nonresponders were found.
Postinterventional ADC(0,800)- and D0-values were signifi-
cantly higher and f0-values were significantly lower in respon-
ders compared with nonresponders (P¼ 0.02, P¼ 0.002, and
P¼ 0.032, respectively). When analyzing therapy-induced
changes, ADC(0,800)- and D0-values showed a significantly
larger increase in responders compared with nonresponders
(P¼ 0.013 and P¼ 0.001, respectively). Changes in f0 differed
significantly between the groups (P¼ 0.001) with decreasing
values in responders and increasing values in nonresponders.
Short-term tumor size changes also differed between responders
and nonresponders (P¼ 0.001). Details are given in Table 4.

Long-term RECIST response were well predicted by
therapy-induced changes of D0, f0, and LD. Inferior, but still
significant discrimination was also possible by postinterven-
tional values of D0, f0, and ADC(0,800) as well as therapy
induced changes of ADC(0,800). Preinterventional IVIM
parameter values did not significantly differentiate responders
from nonresponders. f0 changes had the highest accuracy for
response discrimination. Details are given in Tables 3 and

Supplemental Table 2, http://links.lww.com/MD/A875.

Examples of DWI measurements are shown in Supple-
mental Figure 1, http://links.lww.com/MD/A875.
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TABLE 2. Results of Metastasis-Based Group Comparison With Categorization According to Long-Term Tumor Size Changes

Group A
(Tumor Shrinkage; n¼ 32)

Group B
(Tumor Growth; n¼ 13) P Value

Pretreatment
ADC (0,800), 10�6 mm2/s 1198.2� 306.5 1204.6� 166.0 0.9440
D0, 10�6 mm2/s 1097.2� 284.9 1191.4� 162.6 0.2710
f0 0.0843� 0.0423 0.0391� 0.0248 0.0010

Post-treatment
ADC (0,800), 10�6 mm2/s 1654.4� 331.5 1414.4� 322.2 0.0320
D0, 10�6 mm2/s 1673.6� 327.2 1325.7� 356.5 0.0030
f0 0.0351� 0.0250 0.0812� 0.0422 0.0020

Absolute differences between pre- and post-treatment values
DADC (0,800), 10�6 mm2/s 467.6� 249.1 209.9� 411.4 0.0520
DD0, 10�6 mm2/s 569.8� 134.3 263.4� 417.9 0.0030
Df0 �0.0492� 0.0343 0.0421� 0.0349 <0.0001

Data are given as mean and standard deviation over the region of interest values. P< 0.05 considered statistically significant (2-sided Student t test
for independent samples).

oef
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DISCUSSION
IVIM model-based analysis of DWI was introduced as a

means to separate the influences of tissue diffusivity and blood
flow of the capillary network within a voxel.19 At low b-values
(<100 s/mm2) perfusion leads to additional signal attenuation so
that IVIM analysis can yield information on the amount of
microvasculature (perfusion fraction f), blood flow velocity,
and vessel architecture (pseudo-diffusion coefficient D

�
). At

higher b-values (>100 s/mm2) signal attenuation primarily
depends on molecular diffusion (true diffusion coefficient
D).20,39 In general, an increase of the ADC can reflect therapy-
induced necrosis.3,11,13,14,16 First studies have already described
lower f- and D�-values of malignant liver lesions as compared
with normal liver tissue.29–31,38,40 In tumors, lower f-values
correlated with a lower histological microvessel density41 and
with a lower histological vascular area fraction.42 Blood vessels in
malignant tumors also tend to be immature and leaky, thus
contributing to a high intralesional interstitial fluid pressure
and subsequent slow blood flow,43,44 which causes low D

�
-values.

Viable tumor tissue showed significantly lower diffusion coeffi-
cients D and higher perfusion fractions f than necrotic areas.45

IVIM analysis using nonlinear fitting procedures for sim-
ultaneous determination of D, D�, and f is time consuming,
complex, and challenging: Malignant liver lesions can present
with a weak bi-exponential signal decay and/or a low IVIM
effect (low D�- and f-values) associated with fitting failures and
poor reproducibility.23,29–33 In this study, we present a simpli-
fied IVIM approach as originally introduced by Le Bihan et al.19

This method enables the determination of an estimated diffusion
coefficient D0 and perfusion fraction f0 derived from a low
number of b-values with sufficient signal averages. By provid-
ing a numerically stable voxel-wise analysis method in com-
bination with short acquisition times of about 3 min, this
approach is suitable for a clinical setting, as recent publications
on liver and pancreatic lesions have demonstrated.22,37,38 It is
important to note that f0, estimated from b-values of 0, 50, and

ADC¼ apparent diffusion coefficient, D0 ¼ estimated true diffusion c
Significant test results given in bold.
800 s/mm2, is influenced both by f and D�, especially in
malignant lesions (flatter slope of the signal decay curve
compared with liver tissue).29–31 Thus, f0 reflects not only

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
the amount of microvasculature but also the blood flow velocity
and vessel architecture. To our knowledge there are no studies
investigating IVIM analysis for mBRC. However, our results
are in concordance with published D- and/or f-values obtained
for metastases from other primary cancer,18,21,31,40,46 although
varying methodology of different studies makes a direct com-
parison difficult.47,48

For interpretation of measurement results it is important to
note which part of a tumor is actually analyzed. In a study on
radioembolization of neuroendocrine liver metastases analyzing
the viable part of the metastases, lower pretreatment perfusion
sensitive ADC(0,50) with increasing values after therapy ident-
ified responders.21 However, this approach is only applicable if
larger areas of necrosis can be readily identified. As we intended
to investigate an approach that would also be applicable in clinical
routine and mBRC are often heterogenic with small necrotic areas
scattered throughout the metastasis, we chose to analyze the
whole metastasis to perform an analysis of overall changes in the
tumor. Hence, the increase of necrotic tissue considerably con-
tributed to the results of our measurements. Prior to radioembo-
lization, metastases showing long-term size reduction had higher
f0-values than growing metastases. This is possibly associated
with a higher degree of microvascularization in responding
tumors with faster blood flow allowing for a fair distribution
of the SIR spheres during radioembolization. Adequate emboli-
zation as well as the development of necrotic tissue in responding
metastases may then explain the observed drop of f0 and increase
in D0 after therapy.3,22 One additionally has to bear in mind that
observed changes in f can partly also be caused by changes in
relaxation times (i.e., increase in tissue T2-relaxation time in
necrotic areas).48

In recent years, efforts have been made to establish the value
of conventional DWI analysis both for pretherapeutical predic-
tion of morphological response as well as for early post-thera-
peutical response assessment. For colorectal and gastric cancer
liver metastases, two studies have shown that low pretreatment
ADC(100,500), ADC(150,500), and ADC(0,800) values, which

ficient (i.e., ADC(50,800)), f0 ¼ estimated perfusion fraction.
may reflect a lack of necrosis, predicted better morphological
response to chemotherapy.46,49 Furthermore a negative corre-
lation between pretreatment ADC values and tumor size

www.md-journal.com | 5



TABLE 3. Results of Receiver Operating Characteristic Analyses for Differentiation Between Groups A and B According to Long-
Term Tumor Size Changes as well as for Prediction of Long-Term RECIST Response

AUC (SE) P Value
Optimum
Threshold

Sensitivity,
%

Specificity,
%

Accuracy,
%

Long-term tumor size changes
Pretreatment

ADC (0,800), 10�6 mm2/s 0.543
�

(0.089) 0.665
D0, 10�6 mm2/s 0.669

�
(0.085) 0.088

f0 0.903 (0.053) <0.0001 0.048 87.1 83.3 84.4
Post-treatment

ADC (0,800), 10�6 mm2/s 0.696 (0.089) 0.048 1853 35.5 100 53.3
D0, 10�6 mm2/s 0.739 (0.084) 0.016 1816 41.9 100 57.8
f0 0.806

�
(0.071) 0.002 0.040 67.7 91.7 75.6

Absolute differences between pre- and post-treatment values
ADC (0,800), 10�6 mm2/s 0.648 (0.104) 0.136
D0, 10�6 mm2/s 0.747 (0.088) 0.013 189 96.8 50 84.4
f0 1.000

�
(0.000) <0.0001 0.003 100 100 100

Long-term RECIST response
Pretreatment

ADC (0,800), 10�6 mm2/s 0.585
�

(0.116) 0.484
D0, 10�6 mm2/s 0.606

�
(0.114) 0.364

f0 0.709 (0.109) 0.073
Post-treatment

ADC (0,800), 10�6 mm2/s 0.752 (0.095) 0.031 1716 60 91 73
D0, 10�6 mm2/s 0.830 (0.079) 0.005 1707 60 100 77
f0 0.770

�
(0.094) 0.021 0.043 80 73 77

Absolute differences between pre- and post-treatment values
DLD, mm 0.903

�
(0.058) 0.001 5.75 73 91 81

DADC (0,800), 10�6 mm2/s 0.758 (0.103) 0.027 235 87 36 77
DD0, 10�6 mm2/s

�
0.879 (0.068) 0.001 403 87 73 85

Df0 0.867
�

(0.089) 0.002 0.011 100 82 89

ADC¼ apparent diffusion coefficient, AUC¼ area under the curve, D0 ¼ estimated true diffusion coefficient (i.e., ADC(50,800)), f0 ¼ estimated
ion
t).S
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reduction has been shown in primary colorectal cancer.50 In
contrast to these studies investigating response to systemic
therapy, we did not observe significant differences in pretreat-
ment ADC(0,800) or D0. This may be explained by a different
mechanism between chemotherapy and radioembolization, as
effectiveness of chemotherapy is reduced in necrotic tumors due
to hypoxia and tissue acidity.51,52 The embolizing effect of resin
spheres leads to a certain degree of hypoxia anyway. However,
we observed that higher pretherapeutical f0-values allowed for
prediction of tumor size reduction, while prediction of RECIST
response at 3 months follow-up was not possible. It is important to
note, that employing RECIST criteria, the detection of new
metastases lead to classification as PD in 3 cases while tumor
size remained stable or decreased. Development of new metas-
tases is unlikely to be predictable by assessing DWI data of
already existing metastases.

In addition to pretherapeutical response prediction, early
post-therapeutical response assessment is desirable to guide
further treatment strategy (e.g., avoiding long periods of inef-
fective treatments, planning of further radioembolization ses-
sions).17,53 As morphological response evaluation is limited by
tumor size changes occurring late after treatment,1–8 functional

perfusion fraction, LD¼ longest diameter, RECIST ¼ response evaluat�
Negative test direction (lower test result indicates more positive tes
imaging modalities have been proposed for early response
assessment (e.g., mRECIST for hepatocellular carinoma11 or
PET/CT for colorectal liver metastases).9 Radioembolization is

6 | www.md-journal.com
nowadays often performed in a sequential lobar approach with
an interval of 4 to 6 weeks between RE procedures, especially in
patients with impaired liver function. Using conventional
response criteria the second procedure would therefore be
performed before therapeutic efficacy of the first radioembo-
lization procedure could be assessed. To avoid possibly inef-
fective further treatment sessions, prediction of response at an
earlier stage is desirable. Furthermore, in patients not respond-
ing to radioembolization, additional systemic therapy may be
indicated. Early response assessment is therefore also important
in order not to delay additional treatment.53 Interestingly, DWI-
derived ADC changes 6 weeks after radioembolization of liver
metastases were recently shown to be of higher diagnostic value
than FDG-PET.53 Studies investigating conventional DWI for
early response assessment of mBRC, however, are scarce. A
significant increase in the overall ADC has been reported in
mBRC patients responding to chemotherapy.17 We also
observed an ADC(0,800) increase in metastases responding
to radioembolization which in general has been shown to
correlate with the degree of necrosis.3,11,13,14,16 In addition to
increasing ADC(0,800) values, our analysis revealed a D0

increase in combination with an f0 decrease in metastases

criteria in solid tumors, SE¼ standard error.
ignificant test results given in bold.
showing size reduction. f0 changes showed the best discrimi-
natory power between tumor-shrinkage and -growth, while
ADC(0,800) changes were not associated with size changes.

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.



TABLE 4. Results of Group Comparison for Responders (CR, PR, and SD) and Nonresponders (PD) According to Long-Term
RECIST

Responders (n¼ 15) Nonresponder (n¼ 11) P Value

Pretreatment
ADC (0,800), 10�6 mm2/s 1221.9� 357.3 1227.2� 146.4 0.959
D0, 10�6 mm2/s 1125.0� 312.6 1170.9� 170.0 0.664
f0 0.0831� 0.0407 0.0561� 0.0316 0.080

Post-treatment
ADC (0,800), 10�6 mm2/s 1702.5� 340.1 1397.1� 260.5 0.020
D0, 10�6 mm2/s 1724.2� 310.6 1324.3� 265.2 0.002
f0 0.0340� 0.0214 0.0636� 0.0374 0.032

Absolute differences between pre- and post-treatment values
LD changes �7.5� 4.5 4.6� 11.6 0.001
DADC (0,800), 10�6 mm2/s 480.6� 238.6 169.9� 351.7 0.013
DD0, 10�6 mm2/s 599.2� 227.8 153.4� 344.6 0.001
Df0 �0.0491� 0.0311 0.0075� 0.0421 0.001

Patients showing PD on first follow-up who died or were too ill to an attend second follow-up were also rated as nonresponders. Data are given as
mean and standard deviation over the region of interest values. P< 0.05 considered statistically significant (2-sided Student t test for independent
samples).

ADC¼ apparent diffusion coefficient, CR ¼ complete response, D0 ¼ estimated true diffusion coefficient (i.e., ADC(50,800)), f0 ¼ estimated
¼ p
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Our results therefore suggest that ADC(0,800) changes alone
can underestimate the extend of necrosis due to counteracting
perfusion changes so that a D0 increase and an f0 reduction may
reflect necrosis more accurately.3,22 The accuracy of D0 and f0

changes for prediction of RECIST response was also higher
than for the conventional ADC(0,800). Interestingly the
accuracy of both IVIM parameters for prediction of response
was even higher than that of short-term tumor size changes.

Although DWI may have potential for early response
assessment, the ideal point in time for examination after therapy
remains unclear. In mBRC patients, ADC changes as early as 4
and 11 days after treatment predicted response to chemotherapy
determined at 39 days.17 Changes in perfusion-related
parameters may be observed even earlier as demonstrated in
an animal model treated with a vascular disrupting agent.
Reduction of f- and D�-values was observed already 4 h after
application, while D increased 24 h later.54 Our data suggest that
especially f0 measured 4 to 6 weeks after treatment can yield
additional information about future tumor size changes. In 1
case demonstrating reduction of the LD of all metastases at first
follow-up, f0-values had increased considerably after treatment.
Unlike other patients showing tumor-shrinkage accompanied by
an f0 decrease, this patient did not show stabilization or further
shrinkage but considerable growth of the metastases on 3
months follow-up.

Interestingly, in a recent study, high preinterventional
perfusion values and an early therapy-induced reduction of
arterial perfusion of metastases measured by perfusion CT
was found in responders after radioembolization.10,55,56 These
results seem to be in line with our findings concerning the
estimated perfusion fraction f0. However, a direct comparison
between the imaging methods has not yet been performed. Of
note, perfusion CT has the disadvantage of a rather high
radiation dose of up to 18 mSv.56

perfusion fraction, LD¼ longest diameter, PD¼ progressive disease, PR
SD ¼ stable disease.

Significant test results given in bold.
Our study is limited by its retrospective design associated
with known inherent limitations. The study population was
rather small; however, radioembolization of mBRC is not

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
routinely performed even in tertiary referral centers but only
in individual cases as a salvage therapy in otherwise therapy-
refractory patients. Moreover, only patients receiving MR
examinations before and after treatment using the same protocol
could be included. Classification of tumor response was per-
formed on the basis of tumor size changes within the first 3
months after treatment. In most of the nonresponders, diameter
measurements derived from first follow-up imaging had to be
used as many of these patients did not survive or were unable to
attend the second follow-up examination due to severe illness. It
is important to note that in our small patient group we observed
an early change in tumor size in a rather large percentage of
cases so that also tumor size changes alone predicted response
with fair accuracy. Utility of IVIM parameters may even be
greater in a cohort showing only late tumor size changes.
Although the results of response assessment using IVIM
DWI are compelling, further prospective studies, especially
on reproducibility of the employed simplified IVIM approach
and the ideal point in time to perform early DWI follow-up are
warranted before clinical use of these parameters can be recom-
mended. Furthermore, the impact of an early change of treat-
ment strategy guided by early response criteria has so far not
been assessed.

In conclusion, our study showed that a simplified IVIM
model-based analysis of DWI obtained 4 to 6 weeks after
treatment can deliver additional information on long-term tumor
size changes and RECIST response after radioembolization of
mBRC, which can be useful to guide further treatment strategy.
While pretherapeutic f0-values may predict post-therapeutic
tumor size changes, RECIST response could not be predicted
pretherapeutically, probably because the development of new
metastases cannot be foreseen by analyzing the properties of
existing tumor tissue. The estimated perfusion fraction f0 seems to
be better suited to assess response than the conventional

artial response, , RECIST¼ response evaluation criteria in solid tumors,
ADC(0,800), D0 or tumor size changes. A therapy-induced
change in f0 may be a potential biomarker for accurate and early
prediction of tumor size changes and RECIST response.

www.md-journal.com | 7
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