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Purpose: To investigate the post-radiofrequency ablation (RFA) magnetic resonance imaging (MRI) characteristics in patients
with liver metastases from colorectal cancer and to build a predictive model for local tumor progression based on these imaging
markers.
Materials and Methods: A cohort of 73 patients with 110 colorectal cancer liver metastases (CRCLM) who underwent RFA and
MRI one month post-ablation was included in image signs analysis and predictive model training. Using a newly developed MRI
appearance scoring criteria, MR Image Appearance Scoring at One Month after RFA (MRIAS 1MO), the semi-quantitative
analysis of MRI findings within the ablation zone were conducted independently by two radiologists. The intraclass correlation
coefficient (ICC) was calculated to evaluate measurement reliability. Differences in MRIAS 1MO scores were compared using
Mann-Whitney U test, focusing on local tumor response outcomes. Using local tumor progression (LTP) as the primary end point,
MRIAS 1MO scores and other lesion morphological and clinical characteristics were included to establish predictive model.
Predication accuracy was subsequently evaluated using calibration curve, time-dependent concordance index (C index) curve,
and LTP-free survival (LTPFS) curve. Another cohort comprising 60 patients with 76 CRCLMs provided additional MRIAS
1MO scores and clinical data associated with LTP. We evaluated the performance of the established predictive model using
calibration curve, time-dependent C index curve, and LTPFS curve.
Results: The MRIAS 1MO criteria exhibited strong measurement reliability. The ICC values of T1S (scores from T1WI), T2S
(scores form T2WI) and NCES (scores by adding T1S to T2S) MRIS (the overall scores) were 0.825, 0.779, 0.826 and 0.873,
respectively. Lesions with LTP showed significantly higher median values for the overall MRIAS 1MO score (MRIS) compared
to lesions without LTP (16 vs. 12, p < 0.001). MRIS and lesion diameter were independent prognostic factors of LTP and were
included in predictive model (hazard ratio: MRIS over 13.5:4.275, lesion diameter larger than 30 mm: 2.056). The predictive
model demonstrated an overall C index of 0.721 and risk stratification using the predictivemodel resulted in significantly different
LPTFS times. In the validation cohort, the C indexwere 0.825, 0.794 and 0.764 at six, twelve and twenty-fourmonths, respectively.
Patients classified as high-risk in the validation cohort had a median LTPFS time of 10.0 months, while the median LTPFS time
was not reached in the low-risk group.
Conclusions: The semi-quantitative MRIAS 1MO criteria, used for post-RFA MRI appearance analysis, exhibited strong mea-
surement reliability. Prediction models established based on overall MRIAS 1MO score (MRIS) and lesion diameter had good
predictive performance for LTP in patients undergoing RFA for CRCLM treatment.
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Introduction

While the overall incidence of colorectal cancer has
decreased, new cases now present in younger individuals
and at more advanced stages [1]. Nearly half of the col-
orectal cancer cases progress to liver metastases during the
illness [2]. Early observational studies revealed dismal

prognosis in patients with colorectal cancer liver metastases
(CRCLM), marked by a 6-month median survival time and
treatment only by supportive care [3]. Although surgical
resection is the sole curative care for CRCLM, only a quar-
ter of patients identify this illness within the treatment pe-
riod. For patients with unresectable CRCLM, the primary
treatment involves systemic approaches such as chemother-
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Fig. 1. The inclusion flowchart of training and validation cohorts. RFA, radiofrequency ablation; MRI, magnetic resonance imaging;
CRCLM, colorectal cancer liver metastases.

apy and targeted therapy, which could extend the median
survival time to 30 months [4–6]. Additionally, locore-
gional ablative approaches could induce long-term tumor
control for CRCLM [7]. Radiofrequency ablation (RFA)
has been reported as a safe and effective option for liver tu-
mor treatment for over two decades. A recent randomized
trial showed that combining RFA and chemotherapy could
prolong median survival time to 45.6 months compared to
chemotherapy alone [8].

Despite its efficacy, local tumor progression (LTP) re-
mains a significant concern, limiting the widespread accep-
tance of thermal ablation as a treatment for CRCLM. The
LTP rates were reported to range from 4.3% to 48% [9].
Furthermore, patients with early LTP (LTP at six months
after ablation) exhibited shorter median survival time (15.5
months vs. 32.5 months) compared to those without [10].
Additionally, patients who received re-ablation or other
treatment modalities after LTP showed extended survival
time (45.5 months vs. 31.0 months) [11]. Therefore, there
is potential for improving the clinical efficacy of RFA by
early identification, close monitoring, and timely interven-
tion in high-risk patients for LTP.

Presently, there are no generally accepted methods for
local response evaluation and prediction. Existing assess-
ment criteria, likemodified computed tomography (CT) cri-
teria, modified Response Evaluation Criteria in Solid Tu-
mor (mRECIST), and the European Association for the
Study of Liver (EASL) guidelines, have been reported to
offer limited value in stratifying survival risks [12,13]. Al-
though few studies have developed LTP prediction models
following thermal ablation, their efficacy in clinical prac-
tice requires further external validation.

With its superior soft tissue resolution, magnetic res-
onance imaging (MRI) has been accepted as a significant
modality for CRCLM diagnosis. MRI demonstrates better
identification of ablative margins and higher sensitivity in
diagnosing incomplete ablations compared to computed to-
mography (CT) [14]. Typical MRI imaging findings post-
RFA include hyper- and hypo-intensity on T1 weighted im-
ages (T1WI) and T2 weighted image (T2WI) with an en-
hanced thin ring surrounding the ablation zone. However,
several cases showed varied image appearances. For in-
stance, a discontinuous ring peripheral to the ablation zone
was found to be related to intrahepatic distant recurrence
in patients with hepatocellular carcinoma (HCC) treated by
RFA [15]. The clinical significance of other atypical image
signs has been rarely investigated.

Therefore, this study aimed to develop a semi-
quantitative scoring criteria of MR image findings post-
RFA with the hypothesis that atypical post-ablation image
signs were related to LTP. Using combined scores from this
criterion with other clinicopathological factors, we tried to
build a prediction model of LTP and further verify its po-
tential in a validation cohort.

Materials and Methods

Participants

The study cohort consisted of a training group and a
validation one. From September 1st, 2016, to March 1st,
2019, 98 consecutive patients with 157 colorectal cancer
liver metastases intended to receive CT-guided RFA. A to-
tal of 25 patients with 47 liver metastases were excluded
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Table 1. MR imaging parameters.
Sequence name TR (ms) TE (ms) FOV Matrix Thickness (mm) Breath control Slice number

T1WI in/out phase 120 2.74/1.4 380 512 6 breath hold 32
T2WI 5300 80 380 512 6.5 free 30
Golden VIBE 3.77 1.72 440 512 3 free 52
TR, time repetition; TE, time echo; FOV, field of view; T1WI, T1 weighted images; T2WI, T2 weighted images;
VIBE, Volumetric Interpolated Breath-hold Examination.

Table 2. Image Findings and Corresponding Scores of MRIAS 1MO.

Sequence name
Inner area Marginal area

Factors Image Findings Scores Factors Image Findings Scores

T1WI SI Hyper 1 Ring Completeness Continuous 1
Iso 2 Discontinuous 2
Hypo 3 No Ring 4

Distribution of SI Homogeneous 1 Ring Thickness Thin 1
Heterogeneous 2 Thick 2

T2WI SI Hyper 3 Ring Completeness Continuous 1
Iso 2 Discontinuous 2
Hypo 1 No Ring 4

Distribution of SI Homogeneous 1 Ring Thickness Thin 1
Heterogeneous 2 Thick 2

T1CEVP Ring Thickness Thin 1
Thick 2

Irregular 3
MRIAS 1MO, MR Image Appearance Scoring at One Month after RFA; SI, signal intensity; T1CEVP, T1WI
with contrast enchanted of venous phase.

for not receiving RFA or not completing scheduled imaging
follow-ups. Resultantly, 73 patients with 110 liver metas-
tases were included in the training set.

From April 1st, 2019, to October 31st, 2020, 60 pa-
tients with 76 colorectal cancer liver metastases were ini-
tially included in validation group. Due to the lack of com-
plete follow up images and poor lesion visibility, 12 patients
with 16 lesions were excluded. Finally, a total of 48 patients
with 60 lesions were included in the validation group.

The inclusion procedure is shown in Fig. 1.
The diagnosis of colorectal cancer liver metastases

was made by MRI or PET/CT image signs. For those le-
sions with indeterminate diagnosis, percutaneous biopsy
should be considered within the multidisciplinary team dis-
cussion.

This study was approved by the institutional review
board. Signed informed consent was obtained from all pa-
tients. The study complied with Declaration of Helsinki.

RFA Procedure
All included patients received percutaneous RFA with

CT guidance. MedSphere (MedSphere International, Inc.,
Shanghai, China) electrodes were used. The ablations
were performed to achieve an ablative margin of at least
5 mm. An immediate post-procedure CT scan was per-
formed to evaluate the ablative margin and complications
for each patient. The minimal ablative margin was mea-

sured with the approach introduced by previous literature
[16]. Namely, distances from tumor and ablative zone to
intrahepatic markers like cyst or large vessels were mea-
sured. The minimal difference of these two distances was
considered as minimal ablative margin. Up to three inter-
ventional radiologists with at least 5 years of experience in
CT-guided percutaneous RFA performed the ablation pro-
cedures.

Follow-up and Local Tumor Progression (LTP)
Evaluation

All included patients received MRI four weeks post-
RFA to evaluate clinical efficacy. Subsequently, patients
underwent contrast-enhanced CT or MRI follow-ups at
three-month intervals in the first year and then at six-month
intervals in subsequent years post-RFA to assess local re-
sponse. LTP was determined based on the appearance of tu-
mor foci within 1 cm of the ablation zone’s edge on contrast-
enhanced CT or MRI, assuming adequate ablation con-
firmation of ablation efficacy within one month of image
follow-up [17]. LTP-free survival time was the endpoint
in current study, and was defined as the duration between
the ablation procedure date and the LTP diagnosis date via
follow-up imaging.

https://www.discovmed.com/


768

Fig. 2. The typical image signs of inner area signal intensity evaluation and scoring of MR Image Appearance Scoring at One
Month after RFA (MRIAS 1MO). (a–c) The signal intensity with either hyper-, iso-, or hypo- on T1 weighted image (T1WI). (d–f) The
different signal intensity scales and scoring on T2 weighted image (T2WI). The hypo-, iso-, and hyper-signal intensity were assigned to
1, 2, and 3 points respectively on T2WI.

MR Imaging
The MR imaging at one month post-RFA utilized a 3-

T MRI scanner (Skyra, Siemens healthcare, Bavaria, Ger-
many) with a standardized imaging protocol for all in-
cluded patients. The imaging series included T1-weighted
images (T1WI), T2-weighted images (T2WI), and three-
phase dynamic contrast enhanced images. The detailed
imaging parameters are listed in Table 1. The imaging
process involved a bolus injection of gadolinium contrast
agent (Magnevist, Bayer Healthcare Pharmaceuticals, Lev-
erkusen, Germany) at a rate of 0.1 mmol/kg body weight in-
travenously at a rate of 2 mL/s, followed by a 20 mL saline
flush. T1-weighted volumetric interpolated breath-hold se-
ries were repeated at 20 to 30 seconds, 70 to 80 seconds,
and 180 seconds to obtain arterial, portal venous, and ve-
nous phase images.

MR Image Appearance Scoring at One Month after
RFA (MRIAS 1MO)

To evaluate the imaging appearance one month post-
RFA in a semi-quantitative fashion, we established a crite-
rion based on MR image findings from T1WI, T2WI, and
T1 contrast-enhanced images of venous phase (T1CEVP).

Initially, we divided the ablation zone into two areas:
the inner area and marginal area. The central portion of the
ablation zone was considered the inner area, while the pe-
ripheral section adjacent to the liver parenchyma interface
was labeled the marginal area, typically appearing as a ring.

Then, the signal intensity strength in the inner areawas
evaluated in three scales: hyper, iso, and hypo. The distri-
bution of signal intensity in the inner area was rated as either
heterogeneous or homogeneous. The morphological fea-
tures of the marginal area ring completeness and thickness
were assessed. The ring completeness was rated as contin-
uous, discontinuous, or absent. Using 2 mm as cutoff point,
the ring was rated either as thick or thin. Additionally, on
T1 contrast enhanced images of the venous phase, the ring
was either rated as thick, thin, or irregular.

The typical imaging signs of a fully ablated zone in-
cluded homogeneous hyper signal intensity on T1WI, hypo
signal intensity on T2WI, and a lack of enhancement. Ad-
ditionally, the ring appeared continuous, thin, and regu-
lar. We hypothesized that the more image appearance devi-
ated from typical signs, the higher chance of subtotal abla-
tion, increasing the risk of local tumor progression. There-
fore, we assigned higher scores to image signs that ap-
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Fig. 3. The typical image signs of inner area signal intensity
distribution evaluation and scoring of MR Image Appearance
Scoring at OneMonth after RFA (MRIAS 1MO). (a,b) The sig-
nal intensity evaluated either as homogeneous or heterogeneous on
the T1 weighted image (T1WI). (c,d) The signal intensity distri-
bution on the T2 weighted image (T2WI). The homogeneous dis-
tribution was assigned as 1 point. The heterogeneous distribution
was considered as 2 points.

peared more different from typical signs. The detailed im-
age findings and corresponding scores were summarized
and demonstrated in Table 2 and Figs. 2,3,4,5,6.

Finally, we scored the post-ablation image findings on
T1WI, T2WI and T1CEVP. Accordingly, we obtained four
kinds of scores for each ablation zone, namely scores from
T1WI (T1S), scores from T2WI (T2S), scores from non-
contrast-enhanced images (NES) obtained by adding T1S
to T2S, and the overall scores (MRIS) derived from the sum
of NES and scores from T1CEVP.

Two radiologists, each with a minimum of five years
of experience in abdominal MRI diagnosis, independently
scored all included cases using MRIAS 1MO, unaware of
the local response outcome. If the scores from two radiol-
ogists varied, the higher scores were used for data analysis.
Before formal scoring, these two radiologists underwent a
thirty-minute training session on MRIAS 1MO criteria and
completed a trial of scoring for ten cases.

The Measurement Reliability Evaluation of MRIAS
1MO

The four types of scores (T1S, T2S, NES, and MRIS)
derived from the MRIAS 1MO criteria by both radiologists
were documented. The intraclass correlation coefficient
(ICC) was calculated to evaluate measurement reliability,
considering an ICC over 0.75 as indicative of good reliabil-
ity.

Fig. 4. The typical image signs of marginal area ring thickness
evaluation and scoring of MR Image Appearance Scoring at
One Month after RFA (MRIAS 1MO). (a,b) The ring thickness
with evaluation of either thin or thick, which assigned to 1 or 2
points on the T1 weighted image (T1WI) and the T2 weighted
image (T2WI) (c,d).

Statistics
The comparison of clinical characteristics between

training and validation cohorts was completed using Chi-
square test. Then, the inter-rater reliability of MRIAS 1MO
was evaluated by calculating the intraclass correlation co-
efficient (ICC), using an ICC value of 0.75 as the cutoff
point for good reliability. Mann-Whitney U tests were per-
formed to compare MRIAS 1MO scores among different
LTP outcomes. Receiver operating characteristic curves
(ROC) were used to evaluate the discriminative value of
MRIAS 1MO scores on LTP and to identify an optimal cut-
off point. Then, calculation and comparison of the area
under the curve (AUC) for T1S, T2S, NES, and MRIS
were conducted using the Delong test to determine the score
type with the best performance. Clinical characteristics and
MRIAS 1MO scores were screened by univariate analysis
and enrolled to build a predictive LTP model by multivari-
ate analysis using Cox regression. Evaluation of the predic-
tive model’s performance in both the training and validation
sets was carried out using the concordance index (C index),
calibration curve, and time-dependent C index curve. Fur-
thermore, patients in both cohorts were classified into either
high or low-risk groups based on the predictive model. The
Kaplan-Meier survival analysis and log-rank test were used
to test the discrimination value of the predictive model.

The patients’ age, lesion diameter, and ablative mar-
gin were shown as median (interquartile range, IQR) due
to their non-normal distribution. Additionally, Mann-
Whitney U tests were used to compare these variables, with
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Fig. 5. The typical image signs of marginal area ring completeness evaluation and scoring of MR Image Appearance Scoring at
One Month after RFA (MRIAS 1MO). (a–c) The ring completeness with evaluation of either as continuous, discontinuous, or absent,
which assigned to 1, 2, or 3 points respectively on the T1 weighted image (T1WI). (d–f) The morphology of ring and corresponding
points on the T2 weighted image (T2WI). The white arrows on (b) and (e) demonstrated the signs of discontinuous ring.

Fig. 6. The typical image signs of ring thickness evaluation and scoring of MR Image Appearance Scoring at One Month after
RFA (MRIAS 1MO) on T1 contrast-enhanced images of venous phase (T1CEVP). (a–c) The ring morphology on contrast agent-
enhanced images. The ring was evaluated either as thin, thick, or irregular which assigned to 1, 2, or 3 points respectively. The black
arrows on (c) indicated irregular ring enhancement.

a significance level set at p < 0.05. All statistical analyses
were performed using R software (V4.0.3, The R Founda-
tion, Vienna, Austria).

Results

The median age was 58 (IQR: 14.0) years old and 60
(IQR: 16.8) years old in the training and validation groups,

respectively (p = 0.191). The median lesion diameter was
23.0 (IQR: 11.85) mm in the training cohort and 23.5 (IQR:
13.2)mm in the invalidation cohort (p= 0.645). Themedian
ablative margin was 4.0 (IQR: 4.5) mm in the training group
and 5.0 (IQR: 5.9) mm in the invalidation group (p = 0.203).

The median follow-up time was 47.5 months (95%
confidence interval (CI), 42.1–51.0 months) for the train-
ing cohort and 18.9 months (95% CI, 17.5–24.2 months)
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Fig. 7. The MR Image Appearance Scoring at One Month after RFA (MRIAS 1MO) scores comparison and receiver operating
characteristic (ROC) analysis based on local tumor progression (LTP). The scores of four types were significantly higher in patients
with LTP (a). The four types of scores were able to discriminate local control outcomes (b). The MRIS held the highest area under curve
(AUC) value (blue line) compared to other score types.

for the validation cohort. The median LTPFS time were not
observed during the study period in either cohorts. How-
ever, the mean LTP time was 39.8 months (95% CI, 34.3–
45.2 months) and 20.9 months (95% CI, 17.6–24.2 months)
in the training and validation cohorts, respectively. Table 3
lists and compares the other clinical characteristics between
the training and validation groups, demonstrating compara-
ble baselines in these cohorts.

The Measurement Reliability of MRIAS 1MO
The measurement reliability for the four types of

MRIAS 1MO scores (T1S, T2S, NES, and MRIS) was
good, with ICC values ranging from 0.779 to 0.873. No-
tably, T2S exhibited the lowest ICC value among the
scores. The ICC values for the inner area components of
T1S and T2S were over 0.75. However, the ICC value for
the marginal area component of T1S was less than 0.75.
The ICC value of marginal area component of T2S was
even lower. The ICC values of most MRIAS 1MO scores
were over 0.75, indicating good reliability. The detailed
ICC value of MRIAS 1MO scores are listed in Table 4.

The MRIAS 1MO Scores of Different Local Response
Outcomes

The median values of four kinds MRIAS 1MO scores
were significantly higher in lesions with LTP (T1S: 6 vs. 5,
p = 0.001; T2S: 7 vs. 6, p = 0.001; NES: 13.5 vs. 11, p <

0.001; MRIS: 16 vs. 12, p < 0.001). The detailed scores
comparison is listed in Table 5 and illustrated in Fig. 7a.

The ROC analysis (Fig. 7b) showed that T1S, T2S,
NCES, and MRIS were able to discriminate local control
outcomes. The AUC values were from 0.685 to 0.801. The
AUC value of MRIS was the highest compared to other
kinds of scores (Table 6). Therefore, MRIS was employed
in following predictive model training.

The Predictive Model’s Performance and Validation
Using univariate analysis, lesion diameter exceeding

30 mm andMRIS over 13.5 demonstrated associations with
LTP (Fig. 8a). Multivariate analysis confirmed that both
factors remained independent risk factors for LTP. MRIS
over 13.5 had a hazard ratio of 4.28 (95% CI, 2.15–8.49),
while lesion diameter larger than 30 mm had a hazard ra-
tio of 2.06 (95% CI, 1.09–3.88) (Fig. 8b). The calibration
curve of six, twelve, and twenty-four months showed satis-
factory to good accuracy in the training cohort (Fig. 9a–c).
In the validation cohort, there was satisfactory to good accu-
racy (Fig. 10a–c). The overall C index was 0.721 (95% CI,
0.656–0.785). The time-dependent C index curve showed
consistent values above 0.700 over time in both cohorts
(Fig. 9d and Fig. 10d). The value of C index at six, twelve,
and twenty-four months were 0.722, 0.726, 0.718 in the
training cohort. In the validation cohort, the C index values
were 0.825, 0.794, and 0.764 at six, twelve, and twenty-four
months, respectively.

Based on LTP probability by the model, patients were
classified into either high or low-risk groups. The LTP-
free survival (LTPFS) curves showed a significant differ-
ence between high and low-risk groups in LTPFS time. The
mean LTPFS time of training cohort was longer in the low-
risk group than the high-risk one (50.3 months vs. 36.1
months, p = 0.016) (Fig. 9e). In the validation cohort,
median LTPFS time was 10.0 months (95% CI, 4.4–20.3
months) in the high-risk group. The median LTPFS time
was not reached in the low-risk group. The mean LTPFS
time was longer in the low-risk group (26.7 months vs. 17.1
months, p = 0.003) (Fig. 10e).
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Table 3. The clinical characteristics of training and validation cohorts.

Variables
Training cohort Validation cohort

Chi-square value p value
N N

Number of patients 73 48
Number of metastases 110 60
Age

≥60 yrs 30 25 1.410 0.235
<60 yrs 43 23

Gender
Male 51 39 1.970 0.160
Female 22 9

Primary tumor location
Colon 43 36 3.311 0.069
Rectum 30 12

Metastases time
Synchronous 32 19 0.027 0.868
Metachronous 41 29

Oligo-metastases
Yes 69 47 0.843 0.359
No 4 1

Liver metastases number
≥5 4 3 0.032 0.859
<5 69 45

Liver metastases location
Right lobe 89 47 0.161 0.688
Left lobe 21 13

Proximity of liver capsule
Yes 50 25 0.226 0.635
No 60 35

Proximity of intrahepatic vessels
Yes 14 8 0.013 0.910
No 96 52

Ablative margin
≥5 mm 46 30 1.051 0.305
<5 mm 64 30

Lesion diameter
≥30 mm 21 16 1.309 0.253
<30 mm 89 44

Local tumor progression
Yes 46 24 0.053 0.818
No 64 36

Discussion

In the current study, we investigated the predictive
value of post-RFA MR image signs in identifying LTP.
Using a semi-quantitative approach, we assigned scores
to post-ablation MRI appearances with the hypothesis that
greater deviation from typical image signs correlated with
an increased likelihood of non-complete ablation and LTP.
Our findings aligned with this hypothesis, revealing higher
scores in cases that experienced LTP (MRIS: 16 vs. 12).
Based on this, we can describe the ablation zone on MRI
with scores in a less subjective manner, offering prognostic
value.

We developed the MRIAS 1MO, a semi-quantitative
criteria focused on inner area signal intensity and marginal
area morphology in post-RFA MRI findings. Ideally, the
ablation zone was a sphere covering the entire target le-
sion, uniformly distributing energy to induce coagulative
necrosis. The classical image appearance of inner area,
homogeneous hyper- and hypo-signal intensity on T1WI
and T2WI, represented the aforementioned tumor tissue de-
struction throughout the ablation zone, indicating complete
ablation [18–20]. Hence, we assigned the lowest scores
to these features. In previous studies, hyper-signal inten-
sity on T1WI was considered as a prognosis factor in HCC
[15]. However, the signal intensity distribution was rarely

https://www.discovmed.com/


773

Fig. 8. The local tumor progression (LTP) prediction model building procedure. Among MRIS, lesion morphological features, and
clinical characteristics, lesion size and MRIS were significantly related to LTP (a). The LTP prediction model was built based on MRIS
and lesion size (b). MRIS, MRIAS 1MO overall scores.

Fig. 9. The local tumor progression (LTP) prediction model evaluation in the training cohort. The calibration curve of six, twelve,
and twenty-four months showed satisfactory to good accuracy (a–c). The C index values at six, twelve, and twenty-four months were
0.722, 0.726, and 0.718 according to time-dependent C index curve (d). Based on the LTP probability by the model, patients were
classified into either high or low-risk groups. The LTP free survival (LTPFS) curves showed a significant difference between high and
low-risk groups in LTPFS time (e).

considered. In the current study, we deemed that the even
distribution of hyper- and hypo-signal intensity may be rep-
resentative of homogeneous thermal energy transduced to
the whole target lesion.

The othermajor component ofMRIAS 1MOwas scor-
ing of the marginal area. The ablative margin is an impor-
tant and well-known factor related to LTP. Unlike the sur-
gical margin, which relies on direct examination of viable
tumor tissue via microscope, assessing the ablative mar-
gin is solely based on evaluating ablation zone coverage
through imaging. A five-millimeter coverage is often con-

sidered a safe margin. However, there is no universally
recognized method for measuring the ablative margin. Pre-
vious studies have introduced three primary measurement
approaches. The first involves halving the difference be-
tween lesion and ablation zone diameters to determine the
ablativemargin [21]. Thismethod operates based on the hy-
pothesis that the lesion and ablation zone centers are coinci-
dent, which may lead to either over or underestimation due
to its deviation from the actual situation. The second ap-
proach was reported in a retrospective analysis focused on
LTP [16]. The authors measured distances from lesion and
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Fig. 10. The local tumor progression (LTP) prediction model evaluation in the validation cohort. The calibration curve of six,
twelve, and twenty-four months showed satisfactory to good accuracy (a–c). The C index values at six, twelve, and twenty-four months
were 0.825, 0.794, and 0.764 according to time-dependent C index curve (d). The LTP free survival (LTPFS) curve showed significantly
shorter LTPFS time in high-risk group (e). The median LTPFS time was 10.0 months (95% CI, 4.4–20.3 months) in the high-risk group.
The median LTPFS time was not reached in the low-risk group.

Table 4. Measurement Reliability of MRIAS 1MO scores.
Scores name ICC 95% CI

T1S 0.825 0.745–0.878
Inner area of T1S 0.771 0.666–0.843
Marginal area of T1S 0.737 0.617–0.820
T2S 0.779 0.678–0.849
Inner area of T2S 0.747 0.631–0.826
Marginal area of T2S 0.513 0.290–0.666
NCES 0.826 0.746–0.881
MRIS 0.873 0.815–0.913
MRIAS 1MO, MR Image Appearance Scoring at
One Month after RFA; ICC, intraclass correlation
coefficient; CI, confident interval.

ablation zone edges to intrahepatic landmarks such as cysts,
bile ducts, vessels, and the liver edge. Subtracting these two
distances was considered as the ablative margin. We used
this method to calculate the ablative margin, using 5 mm
as the cutoff point. However, ablative margin less than 5
mm was not identified as a prognostic factor in the current
study. The discrepancy may arise frommeasurement biases
caused by non-contrast CT in our study. In addition, a study
consisting of over 2500 liver tumors found no link between
ablative margin and LTP risk [22]. Especially in CRCLM
patients, the ablative margin was not related to local control
[23]. The last method for measuring the ablative margin in-
volved pre and post-ablation image registration [24]. This

method considered the irregular shapes of lesion and abla-
tion zones. However, image registration required solid and
powerful motion correlation algorithms for the liver, which
is a non-rigid and mobile organ.

Therefore, we attempted to assess the ablative mar-
gin by evaluating morphological features of the marginal
area, primarily the thickness and continuity. Typically, the
marginal area, formed by liver edema and inflammation,
should exhibit a thin, continuous, and enhanced ring. The
discontinuous and irregular enhancement were found to be
risk factors of incomplete ablation [15].

The timing of imaging is crucial for evaluating the ab-
lation zone, especially considering the dynamic changes in
its appearance post-RFA, particularly in the early phases
[25]. Early assessments are useful for detecting incom-
plete ablations and guiding re-ablation procedures instead
of prognosis prediction. Although the immediate image
findings complied with typical post-ablation signs, the early
evaluation like those done 24 hours post-RFAwere reported
with limited insights into LTP prediction [26]. Furthermore,
early abnormalities in peripheral liver perfusion can com-
plicate the evaluation of the ablative margin. In this study,
the routine follow-up time was one month post-RFA.More-
over, most cases of LTP occurred after six months follow-
up post-RFA according to previous results [10]. Imaging
at one month would not delay successive treatments once
LTP was found. Therefore, we used one month post-RFA
as imaging time.
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Table 5. MRIAS 1MO scores comparison of local control outcomes.

Scores name
No LTP LTP

p value
ROC results

Median Median
Cutoff point

AUC
Youden index

Sensitivity (%) Specificity (%)

(IQR) (IQR) (95% CI) (95% CI) (95% CI)

T1S 5 (2.0) 6 (2.3) 0.001 ≥5.5 0.690 (0.595–0.775) 0.299 67.4 (52.0–80.5) 62.5 (49.5–74.3)
T2S 6 (2.0) 7 (2.3) 0.001 ≥7.5 0.685 (0.590–0.771) 0.269 45.7 (30.9–61.0) 81.3 (69.5–89.9)
NCES 11 (3.0) 13.5 (3.3) <0.001 ≥12.5 0.741 (0.649–0.820) 0.318 63.0 (47.5–76.8) 68.8 (55.9–79.8)
MRIS 12 (3.0) 16 (3.3) <0.001 ≥13.5 0.801 (0.714–0.871) 0.448 76.1 (61.2–87.4) 68.8 (55.9–79.8)
MRIAS 1MO, MR Image Appearance Scoring at One Month after RFA; LTP, local tumor progression; IQR, interquartile range; AUC, area
under curve; ROC, receiver operating characteristic; CI, confidence interval.

Table 6. AUC value comparison of MRIAS 1MO scores.
p value

MRIS VS NCES 0.006
MRIS VS T1S 0.010
MRIS VS T2S 0.003
NCES VS T1S 0.178
NCES VS T2S 0.119
T1S VS T2S 0.947
AUC, area under the curve; MRIAS 1MO, MR Im-
age Appearance Scoring at One Month after RFA.
The AUC value of MRIS was significantly higher
than other three types of scores (with bold p values).

We investigated the prognostic value of other clinico-
pathological factors on LTP. Lesion diameter larger than 3
cm emerged as a well-established predictor of LTP, con-
sistent with findings from other studies. Although a shat-
tered RFA probe might extend the ablation zone to 5 cm,
the necrotic tissue could hinder adequate thermal energy
transducing to the marginal area, potentially resulting in
non-fatal tumor ablation and unseen residual tumor cells on
imaging. Factors like lesion proximity to the liver capsule,
intrahepatic vessels, and lesion location weren’t found to be
associated with LTP in our study, potentially indicating ad-
vancements in RFA technology and physicians’ skills. In
addition, we failed to find clinical factors related to the pri-
mary tumor, such as oligo metastases, synchronous metas-
tases, and primary tumor location to be predictors of LTP.
This inconsistent result might rise from variance in the char-
acteristics of participants.

The prognostic predictive models based on radiomics
were reported with amazing performance [27–29]. Never-
theless, the power of these models in clinical practice re-
mains uncertain due to the lack of external validation. The
poor reliability and reproducibility of radiomics and large
variance of image quality impeded effective external vali-
dation. Furthermore, the need for specific imaging proto-
cols and analysis software limits the widespread adoption
of radiomics models across medical centers with varying
expertise. Contrarily, our study analyzed routine MR im-
ages from widely used protocols with conventional image
interpretation methods. This approach was independent on

imaging equipment, imaging protocols, and specific anal-
ysis software. To mitigate subjective influences on image
interpretation, we developed a semi-quantitative criterion,
MRIAS 1MO, and evaluated its reliability at the study’s
outset. Reliability analysis demonstrated the independence
of this criterion from image readers.

The current study had several limitations. First, the
ICC values of T1S and T2S of the marginal area were
lower than 0.75, indicating challenges in precise and clear
marginal area evaluation. A simplified and explicit expres-
sion would be necessary in future studies. Secondly, the
currentMRIAS 1MOonly considered a single imaging time
point. The prognostic value of dynamic changes of MR im-
ages at multiple time points evoked our interest and would
be investigated in successive studies. Finally, despite us-
ing a validation set from a different time frame, this study’s
internal validation design has limitations. External valida-
tion frommultiple centers is essential to further evaluate the
reliability of the MRIAS 1MO criteria.

Conclusions

The semi-quantitative MRIAS 1MO criteria devel-
oped in the current study yielded good reliability and prog-
nostic potential for LTP prediction in CRCLM patients
treated with RFA.
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