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ARTICLE INFO ABSTRACT

Keywords: Purpose: To determine to what extent colorectal liver metastases (CRLM) display typical imaging characteristics
Magnetic resonance imaging on gadoxetic acid-enhanced magnetic resonance imaging (MRI) and what changes after chemotherapy.
Liver

Methods: We retrospectively identified 258 patients with a gadoxetic acid-enhanced MRI between 2015 and 2021

Colorectal cancer and pathologically proven non-mucinous adenocarcinoma CRLM. 722 unique CRLMs were analyzed: 378 CRLM

Metastasis
Gadoxetic acid in only the chemotherapy-naive analysis; 217 in post-chemotherapy analysis; and 127 CRLM were analyzed both
Chemotherapy pre- and post-chemotherapy. The following six characteristics were defined as typical; “hypovascular”, “unen-

hanced T1-weighted (UE-T1W) hypointensity”, “arterial rim enhancement”, “non-enhancing during hep-
atobiliary phase”, “T2-weighted (T2W) mild hyperintensity”, and “diffusion restriction”.

Results: All six typical characteristics were found in 249/505 chemotherapy-naive CRLM (49 %) and 87/344 post-
chemotherapy CRLM (25 %). The occurrence of some typical characteristics decreased post-chemotherapy: UE-
T1W hypointensity 485/505 (96 %) versus 311/336 (93 %), arterial rim enhancement 291/498 (58 %) versus
154/301 (51 %), T2W mild hyperintensity 478/505 (95 %) versus 269/338 (79 %), and diffusion restriction
435/497 (87 %) versus 200/306 (65 %). Almost all metastases showed a hypovascular appearance, both in the
chemotherapy-naive (495/504, 98 %) and post-chemotherapy group (330/331, 100 %). Additionally, all CRLM
appeared non-enhancing compared to the liver in the hepatobiliary phase (100 %).

Conclusion: Most CRLM show various combinations of at least five typical characteristics on gadoxetic acid-
enhanced MRI. Arterial rim enhancement is the least prevalent characteristic both in chemotherapy-naive and
post-chemotherapy patients. Post-chemotherapy the occurrence of typical MRI characteristics decreases, espe-
cially mild T2W hyperintensity and the presence of diffusion restriction.

1. Introduction

About 25-30 % of colorectal cancer patients develop liver metasta-
ses, impairing survival rates significantly.! Over the last decades, the
treatment options for colorectal liver metastases (CRLM) have improved
resulting in better prognostic outcomes.” Chemotherapy has a key role
in the treatment of CRLM, not solely in palliative settings, but also as a

neoadjuvant treatment for patients with unfavorable risk factors, or with
the aim to downsize initially unresectable CRLM. As a consequence,
accurate diagnosis of liver lesions in colorectal cancer patients has
become pivotal for tailored treatment planning.

Multiple imaging modalities are used for the diagnosis of CRLM, such
as computed tomography (CT), ultrasound, positron emission tomog-
raphy, and magnetic resonance imaging (MRI). MRI has the highest
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sensitivity for detecting CRLM, due to the introduction of diffusion
weighted imaging (DWI) and hepatocyte-specific contrast agents.”®
Gadoxetic acid is a hepatocyte specific contrast agent, sold under the
brand of Eovist/Primovist® (Bayer Pharmaceuticals, Berlin), and be-
haves similar to traditional extracellular gadolinium initially after in-
jection. The excretion route is different; whereas extracellular
gadolinium has renal excretion, 50 % of gadoxetic acid is absorbed by
the hepatocytes. This results in peak enhancement of the liver paren-
chyma 20 min into the hepatobiliary phase.”® This late phase provides
high conspicuity of CRLM and gives an overview of the anatomy of the
bile ducts, which is particularly beneficial for patients considered for
local treatment.”

After chemotherapy treatment, the superiority of MRI compared to
CT in detecting CRLM increases compared to the baseline setting.'” This
is mainly due to parenchymal changes caused by chemotherapy toxicity,
such as steatosis. In some patients, the parenchymal enhancement on CT
decreases, resulting in a lower lesion-to-liver contrast and thus a reduced
accuracy for detection of CRLM.'''? Cellular changes caused by
chemotherapy not only alter the liver parenchyma itself, but also in-
fluence the imaging characteristics of the CRLM, which makes charac-
terization and reporting after chemotherapy more challenging.

Imaging characteristics of CRLM have mainly been described for MRI
acquired using extracellular gadolinium contrast agents and before the
onset of systemic treatment. Typical characteristics include hypo-
vascularity, arterial rim enhancement and diffusion restriction.'®!*
However, there is a rise in the use of gadoxetic acid-enhanced MRI and
(neo)adjuvant systemic treatment. Therefore, the aim of this study is to
determine to what extent these typical MRI characteristics of CRLM
occur on gadoxetic acid-enhanced MRI, and persist after chemotherapy.

Identified

454 patients
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2. Methods
2.1. Study population

This retrospective, single-centre study was approved by our institu-
tional review board (IRBd20-189) and informed consent was waived.
Patients with CRLM visible on liver MRI between November 2015 and
January 2021 were considered for inclusion. Patients were excluded if:
(a) the MRI was acquired using extracellular contrast; (b) the diagnosis
of CRLM was not confirmed by histopathology; (c) the diagnosis was
mucinous adenocarcinoma as these tumors are known to display
significantly distinct imaging characteristics on MRL'® Furthermore,
CRLM were excluded if: (1) they were located next to an ablation zone,
resection margin, or after stereotactic body radiation therapy (SBRT);
(2) chemotherapy was administered within six months prior to MRI, as it
potentially could affect the imaging characteristics; (3) no dual
chemotherapy strategy (e.g. capecitabine monotherapy) was adminis-
tered in the post chemotherapy analysis, since a dual strategy complies
with clinical practice. Fig. 1 depicts a flowchart of the patient selection
process.

2.2. MRI protocol

All MRI examinations were performed using two Philips dStream
Achieva 3 T MR systems (Phillips Medical Systems International B.V.,
Best, The Netherlands). The imaging protocol included turbo spin echo
(TSE) T2-weighted (T2W) images using MultiVane technique and res-
piratory triggering (repetition time/echo time (TR/TE) 2725/75 ms,
slice thickness 5 mm, flip angle 90°, field of view (FOV) 400x400x233
mm?), spin-echo echo-planar imaging (SE-EPI) DWI with b-values 0, 10,

with CRLM and MRl available

l

\/ \ 4
Included Excluded
258 patients N=98 No p.rlmowst contrast
292 CRLM N=86 No histopathology
N=12 Previous liver treatment
$ v V
CTx-naive only Pre- & post-CTx Post-CTx only
378 CRLM 127 CRLM 217 CRLM
MRI - CTx-naive MRI - Post-CTx
505 CRLM 344 CRLM

Fig. 1. Flowchart patient selection process.

Abbreviations: CRLM colorectal liver metastases, CTx chemotherapy, MRI magnetic resonance imaging.
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200 and 800 s/mm? (TR/TE 3547/71, slice thickness 5 mm, flip angle
90°, FOV 401x450x251 mm®), mono-exponential apparent diffusion
coefficient (ADC) maps were created based on all four b-values, and
breath hold T1-weighted (T1W) THRIVE images (TR/TE 3.5/1.1 ms,
slice thickness 3 mm, flip angle 10°, FOV 296x400x212 mm?) including
in-phase, out-phase and fat suppressed images. This was followed by the
injection of 10 ml gadoxetic acid by an injector at a fixed rate of 3 ml/s
and followed by a flush of 30 ml saline. The dynamic contrast enhanced
(CE-) images were acquired in the arterial phase at 25 s post injection (p.
i.), portal venous phase (60 s p.i.), transitional phase (180 s p.i.) and
hepatobiliary phase (20 min p.i.). Post-chemotherapy MRI was acquired
after at least three cycles of a 3-weekly chemotherapeutic agent, or four
cycles of a 2-weekly chemotherapeutic agent.

2.3. Lesion selection

At least one CRLM per patient was proven with histopathology. Le-
sions without histopathology were considered CRLM if: 1) lesions
showed size reduction during chemotherapy; 2) lesions showed growth
over time; or 3) if lesions had comparable imaging characteristics as the
lesion with histopathology. For patients with multiple metastases, a
maximum of five CRLM were randomly selected. No size cut-offs were
applied.

2.4. Image assessment

All MRIs were retrospectively reassessed by one of the two dedicated
abdominal radiologists (ES or BH) with 7 or 16 years of experience in
liver imaging, who were blinded to the patient characteristics. The
assessed sequences included the unenhanced (UE-) T1W images, the CE-
T1W images combining the arterial and portal venous phase, the TIW
hepatobiliary phase, the T2W images, the DWI with b value 800 s/mm?
and corresponding ADC map. The included lesions were scored with the
use of a scoring list developed for the purpose of this study. Fig. 2 shows
the scoring options with examples per sequence. The characteristics
considered as typical (highlighted yellow in Fig. 2) were: 1) non-
enhanced T1W hypointensity; 2) hypovascular; 3) arterial rim
enhancement; 4) non-enhancing in the hepatobiliary phase compared to
the liver parenchyma; 5) T2W mild hyperintensity; and 6) diffusion
restriction.'>!® All characteristics were qualitatively assessed. The
largest diameter in millimeters (mm) was measured in the hepatobiliary
phase. If a sequence was of unsatisfactory quality, it was marked as
“quality lacking”, and the lesion was excluded from analysis for that
specific sequence. Also, lesions not visible on a specific sequence post-
chemotherapy were likewise excluded from analysis for that specific
sequence.

2.5. Analysis

Descriptive statistics were used to present the findings, for which the
Statistical Package for the Social Sciences (SPSS, version 29.0; SPSS,
Chicago) was used. The mean and standard deviation were reported for
continuous variables. Categorical variables were expressed in terms of
frequencies and percentages. Correlations between categorical out-
comes were calculated with the Chi-square statistic.

3. Results
3.1. Patient and lesion characteristics

258 patients with 722 unique CRLM were included for analysis.
Patient characteristics are presented in Table 1. 127 CRLM had both a
pre- and post-chemotherapy MRI available and were scored twice on
different time points. 473 CRLM (66 %) were located in the right liver
lobe, 239 CRLM (33 %) in the left liver lobe, and 10 CRLM were located
in the caudate lobe (1 %).
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3.2. Chemotherapy-naive CRLM

505 chemotherapy-naive CRLM were assessed with a median size of
16 mm (range 3-173 mm, interquartile range (IQR) 11-25 mm). 249
CRLM (49 %) showed all the six predefined typical imaging character-
istics and all CRLM showed at least two typical imaging characteristics
(Table 2). An example of a CRLM with atypical characteristics is dis-
played in Fig. 3, and a CRLM with typical characteristics is displayed in
Fig. 4. On the UE-T1W images 96 % of the lesions appeared hypointense
and 4 % of the lesions appeared isointense. 98 % of CRLM were assessed
as hypovascular and 2 % as hypervascular on the CE-T1W images. The
pattern of enhancement was arterial rim in 58 % of CRLM, homogeneous
in 29 %, and heterogeneous in 13 %. In the hepatobiliary phase, all 505
CRLM appeared non-enhancing compared to the liver parenchyma. On
the T2W images, 95 % of CRLM appeared mildly hyperintense, 5 %
isointense, and 1 CRLM strongly hyperintense (0.2 %). Diffusion re-
striction was found in 88 % of CRLM.

3.3. Post-chemotherapy CRLM

344 CRLM were assessed post-chemotherapy and showed a median
size of 12 mm (range 2-130 mm, IQR 8-20 mm). All six typical char-
acteristics were present in 87/344 CRLM (25 %) and 52/344 CRLM (16
%) showed <3 typical characteristics (Table 2). On the UE-T1W images,
93 % appeared hypointense. The vascularity was assessed as hypo-
vascular in 99.7 %. The pattern of enhancement on the CE-T1W images
was arterial rim in 51 %, homogeneous in 41 %, and heterogeneous in 8
%. All CRLM were non-enhancing in the hepatobiliary phase. On the
T2W images 79 % appeared mildly hyperintense, 20 % appeared iso-
intense, and 1 CRLM appeared strongly hyperintense (0.3 %). 65 % of
CRLM presented diffusion restriction. Diffusion restriction and T2W
appearance were correlated, with 68 % of CRLM with T2W isointensity
lacking diffusion restriction, compared to 28 % of CRLM appearing
mildly hyperintense on T2W images (p < 0.001).

3.4. Pre- and post-chemotherapy MRI

127 CRLM were assessed both pre- and post-chemotherapy. The
mean time between the two MRIs was 134 + 65 days. The mean size pre-
chemotherapy was 22 + 13 mm and a median decrease in size of 8 mm
(range — 45 to +13 mm) was found post-chemotherapy. In this sub-
group, the occurrence of arterial rim enhancement decreased after
chemotherapy from 85 % to 51 % and the enhancement pattern shifted
to more homogeneous enhancement (8 % vs 38 %; pre- and post-
chemotherapy, respectively). On T2W pre- and post-MRI, the majority
of the CRLM appeared mildly hyperintense (94 % and 75 %, respec-
tively). However, 21 % of CRLM appearing mildly hyperintense pre-
chemotherapy became isointense post-chemotherapy. All lesions with
T2W isointensity on pre-MRI remained isointense on post-MRI.
Furthermore, 32 % of CRLM exhibiting diffusion restriction on the
pre-MRI lost this characteristic on the post-MRI, while all CRLM (n =11)
without diffusion restriction on pre-MRI remained without on the post-
MRI. An example of a CRLM with typical imaging characteristics and its
changes post-chemotherapy is depicted in Figs. 4 and 5.

4. Discussion

This study investigated the occurrence of typical characteristics of
CRLM on gadoxetic acid-enhanced MRI in a large cohort before and after
chemotherapy. The appearance of CRLM has mainly been described
before chemotherapy treatment and with the use of non-hepatocyte
specific contrast agents. In the current paper only 49 % of the chemo-
therapy-naive CRLM showed all typical characteristics, and post-
chemotherapy all typical characteristics appeared in only 25 % of
CRLM. Specifically, the occurrence of arterial rim enhancement, mild
T2W hyperintensity, and diffusion restriction was less frequently found
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Fig. 2. Imaging characteristics scored per sequence.
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Abbreviations: ADC apparent diffusion coefficient, AP arterial phase, CE contrast-enhanced, DWI diffusion weighted imaging, HBP hepatobiliary phase, SE short echo

time, UE unenhanced.

9For assessment of vascularity, both the arterial and portal venous phase images were evaluated.

PFor assessment of diffusion restriction, both DWI and the ADC map were evaluated.

on the post-chemotherapy MRI. This paper is meant to familiarize ra-
diologists with these findings.

Arterial rim enhancement is related to the vascularization and
perfusion of the tumor-to-liver border.!” Previous research has shown
that arterial rim enhancement only minimally reflects the periphery of
the tumor, and mainly displays extra-tumoural parenchymal changes
like inflammatory infiltration, vascular proliferation and/or a desmo-
plastic reaction.'® ?° We found that 58 % of chemotherapy-naive CRLM
showed arterial rim enhancement and 51 % post-chemotherapy, which
is in line with an earlier study on gadoxetic acid-enhanced MRI that
found an arterial rim in 41 % of the CRLM. Studies analyzing CRLM with
extracellular gadolinium contrast agents found that 68 %-74 % of CRLM
show arterial rim enhancement.'”>'® This suggests that the hepatocyte
specific contrast agents could lead to less arterial rim enhancement, but
head-to-head comparison is lacking. Li et al proposed that peripheral
rim enhancement depends on the histopathological growth pattern

Table 1
Patient characteristics.

Baseline characteristics N = 258 patients

Age® (years) 62 +11
Sex (%)

Female 101 (39)

Male 157 (61)
Location primary tumor (%)

Right sided colon 46 (18)

Left sided colon 122 (47)

Rectum 90 (35)
T-stage primary tumor (%)

T1 9(3)

T2 25 (10)

T3 165 (64)

T4 54 (21)

Unknown 5(2)
N-stage primary tumor (%)

NO 84 (33)

N+ 170 (66)

Unknown 4 (1)
Timing of CRLM (%)

Synchronous (<6 months) 165 (64)

Metachronous (>6 months) 93 (36)
Histopathology acquired by (%)

Resection 231 (90)

Biopsy 27 (10)
Number of CRLM assessed per patient” 3.4+26

Post-chemotherapy characteristics N = 104 patients

Chemotherapy
Oxaliplatin-containing” 94 (90)
Irinotecan-containing® 9(9)
Other 5(5)
Monoclonal antibodies treatment
Bevacuzimab 69 (66)
Panitumumab 5(5)
Cetuximab 1)
None 29 (28)

Abbreviations: N number, CRLM colorectal liver metastases, T-stage tumor
stage, N-stage nodal stage.

# numerical variables are expressed as mean with a standard deviation.

> Combined with either Capecitabine (CAPOX) or 5-Fluorouracil/leucovorin
(FOLFOX), without or with Irinotecan (FOLFOXIRI).

¢ Combined with 5-Fluorouracil/leucovorin (FOLFIRI), either without or with
oxaliplatin (FOLFOXIRI).

(HGP): in their study 100 % of CRLM with a replacement-HGP showed
rim enhancement compared to only 46 % of the CRLM that had a non-
replacement-HGP.!” On CE-CT the presence of peripheral rim
enhancement after chemotherapy was found to be related to responses
predominated by necrosis rather than fibrosis, and also with histologic
presence of viable tumor cells.?’»?? This might explain the slight
decrease in occurrence of arterial rim enhancement after chemotherapy
in our study. Additionally, we found more CRLM appeared homoge-
neous after chemotherapy compared to the chemotherapy-naive lesions
(41 % vs 29 %, respectively). This was expected as chemotherapy in-
duces necrosis which leads to a decrease in contrast entering the CRLM,
resulting in a more homogeneous aspect.”?

CRLM are known to exhibit diffusion restriction, meaning the free
movement of water molecules is restricted, resulting in high signal on
DWI with corresponding low ADC values. The reduced ADC values in
malignant tumors is attributed to multiple factors, including the size and
viscosity of the extracellular space, increased cellularity and disorgani-
zation of cells.>*%® In our study, 12 % of chemotherapy-naive CRLM,
and 35 % post-chemotherapy did not exhibit diffusion restriction. Post-
chemotherapy, the absence of diffusion restriction is probably caused by
decreased cellularity due to chemotherapy induced apoptosis, creating
more space for water molecules to move. Additionally, previous
research had indicated lower reliability for ADC values after treatment
and reduced accuracy in detecting CRLM using DWL>*?”>?8 The absence
of diffusion restriction in chemotherapy-naive CRLM are in contrast
with earlier findings of Granata et al, who described that all included
untreated CRLM showed diffusion restriction.'® Although this difference

Table 2
Distribution of imaging characteristics of CRLM per subgroup.

CTx-naive CRLM n = Post-CTx CRLM n =

505" (%) 344" (%)

UE-T1W intensity

Hypointensity 485 (96) 311 (93)

Isointensity 20 (4) 25 (7)
CE-T1W vascularity

Hypovascular 495 (98) 330 (100)

Hypervascular 9(2) 1(0)
AP-T1W enhancement

Arterial rim 291 (58) 154 (51)

Homogeneous 144 (29) 122 (41)

Heterogeneous 63 (13) 25 (8)
Hepatobiliary phase

Non-enhancing 505 (100) 306 (100)
T2W-SE

Mild hyperintensity 478 (95) 269 (79)

Isointensity 26 (5) 69 (21)

Strong hyperintensity 1(0) 1(0)
Diffusion restriction

Present 435 (87) 200 (65)

Absent 62 (13) 106 (35)
Distribution of typical

characteristics

1 typical characteristic 0 (0) 21

2 typical characteristics 4(1) 10 (3)

3 typical characteristics 15 (3) 40 (12)

4 typical characteristics 36 (7) 79 (23)

5 typical characteristics 201 (40) 126 (36)

6 typical characteristics 249 (49) 87 (25)

Abbreviations: CRLM colorectal liver metastases, CT chemotherapy, UE unen-
hanced, TIW T1-weighted, CE contrast-enhanced, AP arterial phase, T2W-SE
T2-weighted short echo time.

@ Invisible CRLM or CRLM visualized on sequences with unsatisfactory qual-
ity, were excluded for analysis for this specific sequence.
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Fig. 3. Example atypical CRLM.

A chemotherapy-naive CRLM with atypical characteristics: a hypovascular lesion with thick rim enhancement in the arterial phase (a), the hepatobiliary phase shows
the lesion is more narrow than expected and wedge shaped (b). On the T2W images (c), the lesion is mostly isointense (full arrow) with a mild hyperintense border on
the lateral side (dashed arrow). A scattered high signal is found on the DWI (d), corresponding with a low signal (full arrow) on the ADC map (e), with T2W shine
through lateral to the lesion (dashed arrow). Cholangiocarcinoma was considered as a differential diagnosis, but biopsy showed histopathology corresponding

to CRLM.

Fig. 4. Example typical CRLM pre-chemotherapy.

A CRLM showing all 6 typical characteristics on pre-chemotherapy MRI: a hypovascular lesion with rim enhancement on the arterial phase (a), is non-enhancing in
the hepatobiliary phase (b), mildly hyperintense on the T2W images (c), shows high signal on the b800 DWI (d) with low signal on the ADC (e) corresponding to

diffusion restriction.

Fig. 5. Example CRLM changes post-chemotherapy.

The lesion from Fig. 4 post-chemotherapy: some typical characteristics are lost, specifically no arterial rim enhancement (a) is present and there is loss of diffusion
restriction (d—e). The hepatobiliary phase shows a decrease in size (b) and the lesion remains mildly hyperintense on T2W (c).

cannot be completely explained, we hypothesize it could be due to the
assessment method of diffusion restriction. In our study, diffusion re-
striction was defined as a visually high signal on DWI accompanied by a
corresponding low signal on ADC compared to the liver parenchyma.
Granata et al only assessed the presence of high signal on DWI. Our
results show that even if liver lesions show no diffusion restriction, the
diagnosis of CRLM cannot be ruled out.

All CRLM in this study appeared non-enhancing compared to the

liver parenchyma in the hepatobiliary phase. Gadoxetic acid is absorbed
into the hepatocytes by OATP1 peptides for excretion through the
bile.”* Liver lesions originating from hepatocytes show therefore iso-
or hyperintensity, such as focal nodular hyperplasia (FNH) which have
increased OATP1 expression, or well-differentiated hepatocellular car-
cinoma (HCC) of which some maintain OATP1 expression.29 Since
CRLM lack hepatocytes gadoxetic acid is not absorbed, resulting in non-
enhancement compared to the liver parenchyma. Consequently, all
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CRLM in our study appeared non-enhancing in the hepatobiliary phase,
regardless of whether the patients were chemotherapy-naive or had
undergone chemotherapy.

In the current study, the lack of histopathology as a ground truth for
individual lesions was considered a limitation. Histopathology was
available for at least one CRLM, and other lesions within the same pa-
tient with similar characteristics, lesions that grew, or lesions that
responded to therapy. This selection method minimized the chance that
other entities except CRLM were included, but it may have led to CRLM
with atypical characteristics being missed. Also, direct comparison of
MR imaging characteristics with histopathological features was not
possible. This would be an interesting matter to explore in future
research as it develops the knowledge on the biological background of
imaging characteristics, and could help determine which imaging
characteristics are related to response.

To conclude, the majority of CRLM show at least five typical imaging
characteristics on gadoxetic acid-enhanced MRI. Arterial rim enhance-
ment and diffusion restriction were not found in all chemotherapy-naive
CRLM and can therefore not be used to rule out the diagnosis. After
chemotherapy, the occurrence of the typical characteristics were less
frequent on gadoxetic acid-enhanced MRI, especially mild T2W hyper-
intensity and the presence of diffusion restriction. Knowledge among
radiologists of the typical characteristics, its variations, and the changes
after chemotherapy, can help in detection and reporting of CRLM.
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