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Background: Though contrast-enhanced ultrasound (CEUS) perfusion parameters have been approved to
be potential indicators for response to chemotherapy in solid tumors, their ability in assessment of colorectal
liver metastasis (CRLM) to chemotherapy with bevacizumab (Bev) has rarely been investigated.

Methods: From March 2021 to May 2022, 115 consecutive CRLM patients with CEUS pre- and
post-2 months’ chemotherapy with Bev were prospectively enrolled. One target lesion per patient underwent
CEUS quantitative analysis with SonoLiver software. Rise time, time-to-peak, mean transit time, maximal
intensity (IMAX), and area under the time-intensity curve (AUC) were assessed with region of interest (ROT)
selected on whole lesion, lesion periphery, and internal lesion, respectively. The reduction and ratio of post-
to pre-treatment in parameters were investigated in development cohort (n=89) and validated in internal
validation cohort (n=26) according to the chronological order.

Results: With modified Response Evaluation Criteria in Solid Tumor as reference, 48, 14 responders
and 41, 12 non-responders were included in development and validation cohort, respectively. Significantly
smaller values of IMAX and AUC on ROIwhole, ROIperipheral, and ROlinternal, were observed post-
treatment in development cohort (all P<0.05). In predicting treatment response, the influence of ROI
selection was observed when using AIMAX and AAUC, while no influence was observed using ratios. Areas
under the receiver operating characteristic curve (AUROCs) for AIMAX and AAUC on ROIperipheral were
0.939 (0.867-0.979), 0.951 (0.883-0.985), and 0.917 (0.740-0.988), 0.923 (0.748-0.990) in development
and validation cohort, respectively. For ratios of IMAX and AUC, AUROCs were 0.976 (0.919-0.997),
0.938 (0.865-0.978), and 0.899 (0.717-0.982), 0.982 (0.836-1.000) in development and validation cohort,
respectively.

Conclusions: IMAX and AUC showed significant reductions in responders, and different analyses ROIs
influence the performance of AIMAX and AAUC in response assessment. Parameters derived from ROI

peripheral exhibited the most promising results in predicting treatment response.
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Introduction

Colorectal cancer (CRC) is the second leading cause of
cancer death worldwide. Metastases would happen in
around 40-70% CRC patients, with liver being the most
common metastatic site (1). The 5-year survival rate for
patients with colorectal liver metastasis (CRLM) ranges
from 3% to 47%, and hepatectomy is the most effective
therapy for these patients (2,3). However, up to 75%
CRLM patients cannot receive radical treatment due
to its multiplicity or large size at their presentation (3).
Cytotoxic and anti-angiogenic target therapy is therefore
commonly utilized nowadays (4-7). According to the
National Comprehensive Cancer Network (NCCN)
guidelines in 2013, FOLFOX (5-fluorouracil, levofolinate,
and oxaliplatin) plus bevacizumab (Bev), or FOLFIRI
(5-fluorouracil, levofolinate, and irinotecan) plus Bev has
been selected as the standard first-line chemotherapy for
CRLM (8).

The treatment response assessment is essential and
important for the management of CRLM due to the
adverse effects and high cost of target therapy. For liver
malignancies, several criteria have been carried out in
clinical working, including Response Evaluation Criteria
in Solid Tumor (RECIST) (9), European Association for
the Study of the Liver (EASL) (10) and modified RECIST
(mRECIST) (11), with the last being the most commonly
used criteria nowadays.

Currently, different imaging techniques, including
dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI), DCE-computed tomography (CT), and
positron emission tomography (PET)/CT have been
widely investigated for response assessment in CRLM
under treatment by measuring changes on size, anatomies
or functions (12-15). Though contrast-enhanced CT
(CECT) and MRI have been deemed as the standard
modality for evaluation after chemotherapy for CRLM, no
reliable and widely acceptable imaging biomarkers have
been established till now. Furthermore, the radiation and
potential nephrotoxicity restricted their application under
certain circumstances, especially in those with chronic renal
insufficiency. Moreover, rare study has ever explored the
change of blood perfusion in the assessment of treatment
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response (13-15).

Contrast-enhanced ultrasound (CEUS) is the exclusive
imaging technique that has a pure intra-vascular contrast
agent, which effectively disregards diffusion and leakage
into the mesenchyma (16). Promising results have been
achieved from studies on CEUS perfusion parameters in
revealing the change of vascularity in different tumors under
treatment, such as gastrointestinal stromal tumor, renal
cell carcinoma, and hepatocellular carcinoma (HCC) (17).
Bev, a monoclonal antibody against vascular endothelial
growth factor (VEGF), aims to modify the vascularity and
microcirculation of tumor (4); therefore, CEUS perfusion
parameters have been hypothesized to be potential
indicators for positive clinical response to chemotherapy
with Bev in patients with CRLM (12).

The purpose of this study was to evaluate the feasibility
of CEUS perfusion parameters in assessing treatment
response of CRLM to chemotherapy with Bev, using
mRECIST as the standard reference (9,11). We present
this article in accordance with the STARD reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1027/rc).

Methods
Study subjects

This prospective study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The
institutional review board of Zhongshan Hospital, Fudan
University approved the study (No. B2021-347R), and
written informed consent was received from all patients.
From March 2021 to May 2022, consecutive patients
with CRLM who underwent chemotherapy with Bev in
our institution were enrolled in this prospective study.
Inclusion criteria were: (I) diagnosed as CRLM for the
first time, no matter whether the primary cancer has been
resected; (II) patients underwent chemotherapy plus Bev
treatment, without other systemic or local treatment before;
(III) no radiological evidence of gross vascular or biliary
invasion; (IV) adequate kidney and liver function; and (V)
size of target tumor >1.5 c¢m, necrotic spot (cystic portion)
<50% of total tumor volume on gray-scale ultrasound
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measurement. Exclusion criteria were: (I) patients without
post-treatment CEUS examination (n=6); (II) poor quality
of CEUS image for quantitative analysis (i.e., fragile breath,
and out-of-plane movement, incomplete CEUS videos)
(n=3); and (III) invalid response evaluation by mRECIST
or disagreement of the response evaluation between two
independent radiologists (n=2). The included patients were
divided into two cohorts in chronological order: (I) cohort
I: development cohort (n=89, between March 2021 and
December 2021) and (II) cohort II: validation cohort (n=26,
between January 2022 and May 2022).

CEUS examination and data acquisition

All ultrasound examinations were performed by two
sonologists with 12- and 14-year CEUS experience,
independently, using iU22 or Epiq7 system (Philips
Healthcare, Bothell, WA, USA) with a 1-5 MHz transducer.

In our institute, the CEUS examination of liver lesion
has a routine procedure. First, B-mode examination was
performed to identify the target lesion for investigation, and
scanning plane covering the largest tumor dimension and
adjacent liver parenchyma. Since only one lesion per patient
can be analyzed per injection of contrast agent, for patients
with multiple tumors, only one target lesion was selected.
The criteria for the target lesion selection were as follows:
(I) the largest one; (II) lesion with best acoustic window;
and (III) lesion adjacent to anatomical marks (gallbladder,
hepatic vein, portal vein, etc.) for precisely position the
target lesion during follow-up. For response assessment, the
target lesion for CEUS examination must keep the same
during follow-up.

For CEUS examination, 2.0 mL of Sonovue (Bracco,
Italy) was antecubital injected as a bolus, followed by
a 5 mL flush of 0.9% NaCl solution. During CEUS
examination, the patient was asked to slightly half-fill breath
and the probe was held steadily to minimize the influence of
motion. System settings were fixed during CEUS follow-up:
gain (75%), mechanical index (0.06), and dynamic range
(70 dB), frame rate (12 fps), depth of image (14 cm), and
one focus below the target lesion. The whole process of
CEUS examination lasted at least 3 min, and was recorded
in real time as DICOM format on the hard disc for off-
line analysis. Each patient underwent CEUS examinations
for at least 2 times with the same US scanner: (I) before
treatment, with the interval between CEUS and treatment
<3 days; (II) 2-month after treatment, at which point 4
cycles of treatment ended, and the interval between CEUS
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and CECT (mRECIST modality) <3 days.

CEUS perfusion parameter analysis

SonoLiver (Bracco Research SA, Geneva, Switzerland and
TomTec Imaging System, Unterschleissheim, Germany)
was adopted as the quantitative analysis software (18).
The perfusion parameter analysis was performed by
another sonologist with 10-year experience in liver CEUS
interpretation who was blinded to the clinical information
of the subjects.

The quantitative analysis included three consecutive
steps: First, out-of-plane images and images preceding
contrast agent arrival in the hepatic arterial (set as time “0”)
were excluded from processing. Second, a representative
image was selected on which the lesion was well delineated,
generally at peak enhancement. This image served as
reference frame for motion compensation, which was
equipped with SonoLiver to automatically minimize the
influence of slight breath on the quantitative results.
Last, two types of region of interest (ROI) were manually
drawn on the reference frame, including analysis ROI and
reference ROI, to generate time-intensity curves (TICs)
of different ROIs, where the intensity were linearized and
log-compressed. The quality of fit (QOF) between original
perfusion curve and the best-fitting perfusion curve was
automatically generated to insure that the model used was
adequate with QOF >80%. If the QOF of the quantitative
analysis was <80%, the case would be excluded from the
Study.

In present study, to explore the influence of ROI
selection on perfusion parameters, three different analysis
ROIs were selected for each lesion, one ROI covering
the whole lesion (ROIwhole), one ROI selected on lesion
periphery (ROIperipheral), and one ROI selected on
internal tumor with necrotic area avoided (ROlinternal).
For reference ROI (ROIreference), it was selected on the
adjacent liver parenchyma at the same depth of tumor
with artifacts, large vessels, calcification, and liver capsule
avoided. The shape of ROIperipheral, ROlinternal, and
ROlIreference was round and their size ranged from 1-2 cm
x 1-2 cm. While the shape and size of ROIwhole were
unlimited and dependent on the target lesion (Figure I).

Then five quantitative perfusion parameters were
extracted from the TICs for tumor automatically by
SonoLiver software, including: maximal intensity (IMAX;
defined as the peak intensity of tumor TIC/intensity
of background x 100%), area under the TIC (AUC;
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Figure 1 Fifty-nine-year-old man with CRLM, the size of the target lesion was 44 mm. SonoLiver screenshot of CEUS image and dynamic
perfusion image with motion compensation are shown. (A,B) Ultrasound image (A) and color-coded display of dynamic perfusion model
diagram (B) show CRLM. Five ROISs are drawn: area within blue line is motion compensation area, a reference ROI (yellow line), an analysis
ROI covering the whole lesion (green line), and analysis ROI on lesion peripheral (red solid line), and an analysis ROI on internal lesion
(red dotted line). Color bar represents the ratio of the intensity of analysis ROI to reference ROI (red: the intensity of analysis ROI higher
than that of reference ROI; blue: the intensity of analysis ROI lower than that of reference ROI). (C) Contrast agent dynamics in reference
area (yellow line) and analysis area (green line of whole lesion, upper red line of lesion peripheral, nether red line of internal lesion). Thin
lines are original dynamic perfusion curve, and thick lines are perfusion curve after best-fitting analysis. (D) TIC of the difference between
original signals in analysis ROIs (green line of whole lesion, red line of lesion peripheral, red line with dot of internal lesion) and reference
signal averaged in reference ROL. CRLM, colorectal liver metastasis; CEUS, contrast-enhanced ultrasound; ROI, region of interest; TIC,

time-intensity curve.

integration of intensity under tumor TIC), rise time (RT;
time slot for the increase of intensity from 10% to 100%
of the peak on tumor TIC), time-to-peak (T'TP; time slot

CECT scans both pre- and 2 months post-treatment to
generate mRECIST grade as standard reference. The
interval between CEUS and CECT was within 3 days.

from the emergence of contrast agent to peak intensity on
tumor TIC), and mean transit time (M'T'T; time slot for the
decrease in intensity from peak to 50% on tumor TIC). The
reduction and ratio of a parameter pre- and post-treatment
were further calculated. Reduction of a parameter (Apar.)
was calculated as the value for pre-treatment minus that for
post-treatment. And the ratio of a parameter was defined as
post-treatiment value/pre-treatment value.

Treatment response evaluation

"To evaluate the treatment response, each patient underwent
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According to mRECIST, target lesion responses were
graded as follows: complete response (CR; disappearance of
any intra-tumoral arterial enhancement), partial response
(PR; at least a 30% decrease in the sum of diameters of
viable target lesions, taking as reference the baseline sum
of the diameters of viable target lesions recorded before
treatment), progressive disease (PD; an increase of at least
20% in the sum of the diameters of viable target lesions),
and stable disease (SD; all other variations) (15).

In present study, patients with CR or PR were defined
as responders, while patients with SD or PD were non-
responders. Two independent radiologists, blinded to the
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Mar. 2021 to May 2022, consecutive
CRLM patients
(n=422)
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Y

Y

Inclusion criteria:
1. Diagnosed as CRLM for the first time
2. CRLM underwent chemotheraoy plus Bev
3. No radiological evidence of gross vascular or biliary invasion
4. Adequate kidney and liver function
5. Target lesion =1.5 cm, necrotic spot <50% of total tumor volume

Consecutive CRLM patients with
chemotherapy plus Bev without previous
systemic or local treatment
(n=126)

Y

Exclusion criteria:
1. Pre- and/or post-treatment CEUS in lack (n=6)
2. Poor CEUS quality for quantitative analysis (n=3)
3. Invalid mRECIST evaluation or disagreement between the

radiologists (n=2)

Development cohort Validation cohort
(Mar. 2021 to Dec. 2021)

(n=89) (n=26)

(Jan. 2022 to May 2022)

Figure 2 The flow chart of the patients’ recruitment. CRLM, colorectal liver metastasis; Bev, bevacizumab; CEUS, contrast-enhanced

ultrasound; mRECIST, modified Response Evaluation Criteria in Solid Tumor.

clinical information, independently performed the grading.
Once disagreement appeared, the subject would be excluded
from this study.

Statistical analysis

MedCal (10.4.7.0, Frank Schoonjans, Belgium) was utilized
to perform all the statistical analysis. Mann-Whitney test
was applied on each perfusion parameter to study the
difference between pre- and post-treatment. Difference
was considered significant with P<0.05 (two-tailed). Box-
and-whisker plot was applied to illustrate the distributions
of reduction and ratio of perfusion parameter. Area under
the receiver operating characteristic curve (AUROC)
analysis was applied to evaluate the performance of
perfusion parameter in assessing treatment response in
both development and validation cohort. The AUROC
was classified as low (0.50-0.70), moderate (0.71-0.90), and
high (0.91-1.00). Accuracy, sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV)
were calculated with cut-offs that maximize the sum of
sensitivity and specificity. The influence of ROI selection
on the performance of perfusion parameters in assessing
treatment response was further studied by comparing the
AUROCG:s of ROIwhole, ROIperipheral, and ROlinternal,
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respectively.

Results
Patient characteristics

Figure 2 is the flow chart of the patient recruitment. Thus,
the final study subjects were consisted of 115 patients (age
4516 years; male 78, female 37), including 87 received
FOLFOX plus Bev and 28 received FOLFIRI plus Bev. No
significant difference in patient characteristics was found
between the two cohorts (P>0.10 for all) (7able 1).

CEUS perfusion parameters pre- vs. post-treatment

The comparisons of CEUS perfusion parameters pre-
and post-treatment in development cohort are illustrated
in Table 2. According to mRECIST, 48 patients were
responders (48 PR), and 41 patients were non-responders
(30 SD and 11 PD). In the PR group, significantly smaller
post-treatment values of IMAX and AUC were observed on
ROIwhole, ROIperipheral, and ROlinternal (all P<0.001).
Similar finding was observed for MTT on ROlinternal
(P=0.01). For other parameters, no significantly different
post-treatment values were observed. In the SD group,
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Table 1 Characteristics of the study subjects

Development cohort (n=89)

Validation cohort (n=26)

Variables P value
Overall PR SD PD Overall PR SD PD

General information
Total 89 [100] 48 [54] 30 [34] 11[12] 26 [100] 14 [54] 9 [35] 3[11] 0.98
Age (years) 46+18 42+15 50+21 4717 42+15 4418 40+12 45+14 0.47
Male 59 [66] 34 [71] 19 [63] 6 [55] 19 [73] 12 [86] 7[78] 0[0] 0.64

Location of primary tumor 0.61
Colon 66 [74] 35 [73] 23 [77] 8[73] 21 [81] 11 [79] 7[78] 3[100]
Rectum 23 [26] 13 [27] 7 [23] 3[27] 5[19] 3[21] 2[22] 0[0]

Histology of primary tumor 0.68
Mucinous carcinoma 8[9] 0[0] 5[17] 3 [27] 1[4] 0[0] 1[11] 0[0]
Non-mucinous carcinoma 81 [91] 48 [100] 25 [83] 8 [73] 25 [96] 14 [100] 8 [89] 3[100]

Stage at diagnosis 0.34
11-B 71[8] 5[10] 27 01[0] 01[0] 01[0] 01[0] 0[0]

l-C 13 [15] 7[15] 413] 2[18] 4[15] 2 [14] 2 [22] 01[0]
\% 69 [77] 36 [75] 24 [80] 9[82] 22 [85] 12 [86] 7[78] 3[100]

Size on ultrasound (cm) 0.32
Pre-treatment 5.3+2.1 6.1+2.6 5.1+1.6 4.5+2.0 4.6+1.7 4.4+20 4.8+16 52+1.8
Post-treatment 4.6+£2.4 4.0+1.9 4.5+2.2 6.2+2.1 3.8+1.8 3.0£1.6  4.4+1.8 7.1+2.1

Biomarkers 0.21

CEA pre-treatment (ng/mL)

CEA post-treatment (ng/mL) 320+251 198+113  486+312
CA19-9 pre-treatment (U/mL) 584+320 635+336 552+263
CA19-9 post-treatment (U/mL)  173+98 109+51 275+130

1,431+1,035 1,233+882 1,601+1,204 1,359+1,120 1,244+918 1,427+1,031 982+773 1,306+984

896+437  352+214  163+120 398+227 664+417
563+302  664+298 622+269 703+331 528+225
302+111 145+83 98+36  311x141 370x472

Data are presented as n [%] or mean + standard deviation. PR, partial response; SD, stable disease; PD, progressive disease; CEA,

carcinoembryonic antigen; CA199, carbohydrate antigen 19-9.

only significantly smaller AUC value on ROIwhole was
found post-treatment (P=0.03). For other parameters,
comparable values were observed. In the PD group, no
significantly different post-treatment values were found on
all parameters from all three analysis ROIs, compared with
the corresponding parameters pre-treatment.

Profiles for reduction of CEUS perfusion parameters

Profiles for reduction of CEUS perfusion parameters
between responders and non-responders in development
cohort are provided in 7zble 3 and Figure 3. For IMAX
of pre-treatment minus that of post-treatment (AIMAX),
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significantly higher values were revealed in responders
as compared to non-responders on ROIwhole (72£55
vs. 9.0x16, P<0.001), ROIperipheral (102+70 vs. 1324,
P<0.001) and ROIinternal (53+47 vs. 7.0£15, P<0.001),
respectively, as illustrated in Figure 34. For AUC of
pre-treatment minus that of post-treatment (AAUC),
significantly higher values were revealed in responders on
ROIwhole (45+34 vs. 6.4£12, P<0.001), ROIperipheral
(64+55 vs. 7.2+13, P<0.001), and ROlinternal (33+27 vs.
4.1£9.7, P<0.001), respectively, as illustrated in Figure 3B.
For MTT of pre-treatment minus that of post-treatment
(AMTT) on ROlinternal, significantly smaller value was
revealed in responders as compared to non-responders
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Table 3 Profiles of CEUS perfusion parameter reduction (pre- to post- treatment) in development cohort for responders vs. non-responders

Variables Responders (n=48) Non-responders (n=41) P value AUROC (95% ClI)
AIMAX (%)
Whole lesion 72155 9.0+16 <0.001 0.942 (0.871-0.981)
Lesion periphery 102+70 13124 <0.001 0.939 (0.867-0.979)
Internal lesion 53+47 7.0+15 <0.001 0.898 (0.816-0.952)

AAUC (/100)

Whole lesion 45+34 6.4+12 <0.001 0.905 (0.824-0.957)

Lesion periphery 64+55 7.2+13 <0.001 0.951 (0.883-0.985)

Internal lesion 33+27 4.1+9.7 <0.001 0.885 (0.800-0.943)
AMTT (s)

Internal lesion -37+87 -25+112 <0.001 0.601 (0.492-0.703)

Data are presented as mean + standard deviation. CEUS, contrast-enhanced ultrasound; AUROC, area under the receiver operating
characteristic curve; Cl, confidence interval; AIMAX, IMAX of pre-treatment minus that of post-treatment; IMAX, maximal intensity; AAUC,
AUC of pre-treatment minus that of post-treatment; AUC, area under the time-intensity curve; AMTT, MTT of pre-treatment minus that of
post-treatment; MTT, mean transit time.
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Figure 3 The comparison of AIMAX and AAUC between PR group (responders, the left sides of each box-whisker plots) and SD & PD
group (non-responders, the right sides of each box-whisker plots). Box-and-whisker plots of Apar. between PR group and SD & PD group
with different ROI selection. Lines in boxes denote medians, whiskers denote 95% Cls, square denote outliers. (A) AIMAX in PR group
and SD & PD group. AIMAX was significantly higher in PR group than that in SD & PD group for ROIwhole, ROIperipheral, and
ROlinternal. (B) AAUC in PR group and SD & PD group. AAUC was significantly higher in PR group than that in SD & PD group for
ROIwhole, ROIperipheral, and ROlinternal. IMAX, maximal intensity; PR, partial response; SD, stable disease; PD, progressive disease;
AUC, area under the time-intensity curve; AIMAX, IMAX of pre-treatment minus that of post-treatment; AAUC, AUC of pre-treatment
minus that of post-treatment; Apar., reduction of a parameter; ROI, region of interest; CI, confidence interval; ROIwhole, ROI covering the

whole lesion; ROIperipheral, ROI selected on lesion periphery; ROlinternal, ROI selected on internal tumor with necrotic area avoided.
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Table 4 Profiles of CEUS perfusion parameter ratio (post-/pre-treatment) in development cohort for responders vs. non-responders

Variables Responders (n=48) Non-responders (n=41) P value AUROC (95% ClI)
Ratio of IMAX
Whole lesion 0.34+0.16 0.90+0.29 <0.001 0.976 (0.919-0.997)
Lesion periphery 0.29+0.20 0.88+0.36 <0.001 0.964 (0.902-0.992)
Internal lesion 0.35+0.19 0.93+0.33 <0.001 0.966 (0.904-0.993)
Ratio of AUC
Whole lesion 0.35+0.21 0.86+0.26 <0.001 0.938 (0.865-0.978)
Lesion periphery 0.28+0.19 0.86+0.24 <0.001 0.959 (0.895-0.990)
Internal lesion 0.36+0.20 0.89+0.26 <0.001 0.946 (0.876-0.983)
Ratio of MTT
Internal lesion 2.45+5.05 1.35+1.70 0.17 0.584 (0.475-0.688)

Data are presented as mean + standard deviation. CEUS, contrast-enhanced ultrasound; AUROC, area under the receiver operating
characteristic curve; Cl, confidence interval; IMAX, maximal intensity; AUC, area under the time-intensity curve; MTT, mean transit time.

(37287 vs. ~252112, P<0.001).

In discriminating responders from non-responders, poor
performance was found for AMTT on ROlinternal with
AUROC of 0.601 (0.492-0.703). While for AIMAX and
AAUC, AUROC:s of 0.898-0.942, and 0.885-0.951 were

observed, respectively, from different analysis ROLs.

Profiles for ratio of CEUS perfusion parameters

Profiles for ratio of CEUS perfusion parameter between
responders and non-responders in development cohort
are provided in Tuble 4 and Figure 4. For ratio of IMAX,
significantly lower values were revealed in responders as
compared to non-responders on ROIwhole (0.34+0.16
vs. 0.90+0.29, P<0.001), ROIperipheral (0.29+0.20 wvs.
0.88+0.36, P<0.001) and ROlinternal (0.35+0.19 vs.
0.93+0.33, P<0.001), respectively, as illustrated in Figure 4A.
For ratio of AUC, significantly lower values were revealed
in responders on ROIwhole (0.35£0.21 vs. 0.86+0.26,
P<0.001), ROIperipheral (0.28+0.19 vs. 0.86+0.24, P<0.001)
and ROIinternal (0.36+0.20 vs. 0.89+0.26, P<0.001),
respectively, as illustrated in Figure 4B. For ratio of MTT
on ROlinternal, no significantly different values were
revealed in responders as compared to non-responders
(2.45+5.05 vs. 1.35£1.70, P=0.17).

In discriminating responders from non-responders, poor
performance of M'TT ratio on ROlinternal was found with
AUROC of 0.584 (0.475-0.688), while for ratios of IMAX
and AUC, AUROC: from 0.938 to 0.976 were observed.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Reduction and ratio of CEUS perfusion parameters in
assessing treatment response in development cobort

Diagnostic performances for reduction and ratio of CEUS
perfusion parameters in assessing treatment response in
development cohort based on mRECIST 2 months post-
treatment are listed in Tables 5,6, respectively. For AIMAX,
AUROCs of 0.942 (0.871-0.981), 0.939 (0.867-0.979),
and 0.898 (0.816-0.952) were revealed on ROIwhole,
ROlIperipheral, and ROlinternal, respectively. For AAUC,
AUROCs of 0.905 (0.824-0.957), 0.951 (0.883-0.985),
and 0.885 (0.800-0.943) were revealed on ROIwhole,
ROlperipheral, and ROlinternal, respectively (Figure 5).

Influence of ROI selection on Apar. in discrimination
of responders from non-responders was analyzed. The
AUROC for AAUC on ROIperipheral demonstrated
significantly higher value as compared to AIMAX on
ROIlinternal, AAUC on ROIwhole, and AAUC on
ROlinternal (all P<0.05). Comparable, however slightly
lower, AUROCs were observed for AIMAX on ROIwhole
and AIMAX on ROlperipheral, as compared to AAUC on
ROlIperipheral (all P>0.05). With a cut-off value of 22, the
accuracy, sensitivity, specificity, PPV and NPV for AAUC
on ROlperipheral in assessing treatment response was 94%,
92%, 98%, 98% and 91%, respectively. With a cut-off value
of 44, the accuracy, sensitivity, specificity, PPV and NPV for
AIMAX on ROlIperipheral in assessing treatment response
was 90%, 85%, 95%, 95% and 85%, respectively.

As also illustrated in Table 6, in discrimination of
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Figure 4 The comparison of post- to pre-treatment ratio of IMAX and AUC between PR group (responders, the left sides of each box-
whisker plots) and SD & PD group (non-responders, the right sides of each box-whisker plots). Box-and-whisker plots of ratio of perfusion
parameters between PR group and SD & PD group with different ROI selection. Lines in boxes denote medians, whiskers denote 95%
CIs, square denote outliers. (A) Post- to pre-treatment ratio of IMAX in PR group was significantly lower in PR group than that in SD &
PD group for ROIwhole, ROIperipheral, and ROlinternal. (B) Post- to pre-treatment ratio of AUC in PR group was significantly lower in
PR group than that in SD & PD group for ROIwhole, ROIperipheral, and ROlinternal. IMAX, maximal intensity; PR, partial response;
SD, stable disease; PD, progressive disease; AUC, area under the time-intensity curve; ROI, region of interest; CI, confidence interval;

ROIwhole, ROT covering the whole lesion; ROIperipheral, ROI selected on lesion periphery; ROlinternal, ROI selected on internal tumor

with necrotic area avoided.

responders from non-responders, for ratio of IMAX,
AUROC:s of 0.976 (0.919-0.997), 0.964 (0.902-0.992),
and 0.966 (0.904-0.993) were revealed on ROIwhole,
ROIperipheral, and ROlinternal, respectively. For
ratio of AUC, AUROC:s of 0.938 (0.865-0.978), 0.959
(0.895-0.990), and 0.946 (0.876-0.983) were revealed on
ROIwhole, ROIperipheral, and ROlinternal, respectively.
No influence of ROI selection was observed to discriminate
responders from non-responders using the ratio of
perfusion parameter, as no significantly different AUROCs
were revealed (all P>0.05). The accuracy for ratio of IMAX
ranged from 93% (ROlinternal) to 94% (ROIwhole and
ROlIperiphery), and accuracy for ratio of AUC ranged from
88% (ROIwhole) to 91% (ROIperipheral), respectively, in
assessing treatment response.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Reduction and ratio of CEUS perfusion parameters in
assessing treatment vesponse in validation cobort

Diagnostic performances for Apar. and ratio of parameters
in assessing treatment response in validation cohort are
demonstrated in Tables 5,6, respectively. According to
mRECIST, the validation cohort included 14 responders
(14 PR) and 12 non-responders (10 SD, 2 PD). Similar as
in the development cohort, influence of ROI selection was
observed when using Apar. Significantly higher AUROC
was observed for AAUC on ROlIperipheral as compared to
AIMAX on ROIwhole, AIMAX on ROlinternal, and AAUC
on ROlinternal (AUROC:: 0.923 vs. 0.815 & 0.732 & 0.798,
all P<0.05). AIMAX on ROlperipheral had comparable
AUROC as compared to AAUC on ROIperipheral and
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Table 5 Diagnostic performance of perfusion parameters reduction in predicting treatment response

Parameters ROI AUROC (95% Cl) Cut-off value

Responders, Non-responders, ACC SEN SPE PPV NPV
n n %) () (%) (%) (%)

Development cohort (PR vs. SD & PD: n=48 vs. n=41)
AIMAX Whole lesion 0.942 (0.871-0.981) >21

Lesion periphery 0.939 (0.867-0.979) >44

Internal lesion 0.898 (0.816-0.952) >22

AAUC Whole lesion 0.905 (0.824-0.957) >22

Lesion periphery 0.951 (0.883-0.985) >22

Internal lesion 0.885 (0.800-0.943) >12

Validation cohort (PR vs. SD & PD: n=14 vs. n=12)
AIMAX Whole lesion 0.815 (0.615-0.939) >21

Lesion periphery 0.917 (0.740-0.988) >44

Internal lesion 0.732 (0.524-0.885) >22

AAUC Whole lesion 0.917 (0.740-0.988) >22

Lesion periphery 0.923 (0.748-0.990) >22

Internal lesion 0.798 (0.595-0.928) >12
<12

44 6 89 92 8 88 90
4 35
41 2 90 8 95 95 85
7 39
34 3 81 71 93 9 73
14 38
36 3 83 75 93 92 76
12 38
44 1 94 92 98 98 91
4 40
34 4 80 71 90 89 73
14 37
11 5 69 79 58 69 70
3 7
13 1 92 93 92 93 92
1 11
8 2 69 57 83 80 63
6 10
12 1 88 86 92 92 85
2 11
14 1 9% 100 92 93 100
0 11
8 2 69 57 83 80 63
6 10

Cut-offs maximizing the sum of sensitivity and specificity. ROI, region of interest; AUROC, area under the receiver operating characteristic
curve; Cl, confidence interval; ACC, accuracy; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive
value; PR, partial response; SD, stable disease; PD, progressive disease; AIMAX, IMAX of pre-treatment minus that of post-treatment;
IMAX, maximal intensity; AAUC, AUC of pre-treatment minus that of post-treatment; AUC, area under the time-intensity curve.

AIMAX on ROIperipheral (AUROC: 0.923 vs. 0.917 vs.
0.917, all P>0.05). With the cut-offs derived from the
development cohort, the accuracy, sensitivity, specificity,
PPV, and NPV were 96%, 100%, 92%, 93% and 100% for
AAUC on ROlIperipheral and were 92%, 93%, 92%, 93%
and 92% for AIMAX on ROlperipheral (Figure 6).

Regarding to the ratio of perfusion parameters in
validation cohort, as illustrated in the development cohort,
no influence of ROI selection was observed in assessing
treatment response, as comparable AUROCs were observed
on all parameters with AUROC:s ranging from 0.899 to
0.982 with all P>0.05. Using the cut-offs derived from
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Table 6 Diagnostic performance of perfusion parameters ratio in predicting treatment response

Cut-off Responders, Non-responders, ACC SEN SPE PPV NPV

Parameter ROI AUROC (95% ClI) value n n (%) %) (%) %) (%)
Development cohort (PR vs. SD & PD: n=48 vs. n=41)
Ratio of IMAX ~ Whole lesion 0.976 (0.919-0.997) <0.58 46 3 94 96 93 94 95
>0.58 2 38
Lesion periphery  0.964 (0.902-0.992) <0.57 45 2 94 94 95 96 93
=>0.57 3 39
Internal lesion 0.966 (0.904-0.993) <0.56 45 3 93 94 93 94 93
>0.56 3 38
Ratio of AUC ~ Whole lesion 0.938 (0.865-0.978)  <0.51 41 4 88 85 90 91 84
>0.51 7 37
Lesion periphery  0.959 (0.895-0.990) <0.50 43 3 91 90 93 93 88
=>0.50 5 38
Internal lesion 0.946 (0.876-0.983) <0.60 45 6 90 94 85 88 92
>0.60 3 35
Validation cohort (PR vs. SD & PD: n=14 vs. n=12)
Ratio of IMAX ~ Whole lesion 0.899 (0.717-0.982) <0.58 13 2 88 93 83 87 91
>0.58 1 10
Lesion periphery  0.923 (0.748-0.990) <0.57 13 2 88 93 83 87 91
=>0.57 1 10
Internal lesion 0.899 (0.717-0.982) <0.56 11 2 81 79 83 85 77
>0.56 3 10
Ratio of AUC ~ Whole lesion 0.982 (0.836-1.000) <0.51 13 1 92 93 92 93 92
=>0.51 1 11
Lesion periphery  0.982 (0.836-1.000) <0.50 14 1 96 100 92 93 100
=0.50 0 11
Internal lesion 0.940 (0.773-0.995) <0.60 12 1 88 86 92 92 85
>0.60 2 11

Cut-offs maximizing the sum of sensitivity and specificity. ROI, region of interest; AUROC, area under the receiver operating characteristic
curve; Cl, confidence interval; ACC, accuracy; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive
value; PR, partial response; SD, stable disease; PD, progressive disease; IMAX, maximal intensity; AUC, area under the time-intensity
curve.

the development cohort, reductions of 6-12% in accuracy Discussion
were observed for ratios of IMAX in validation cohort.
Differences of ~4% to 5% in accuracy were observed in the Currently, imaging biomarkers for response assessment of
validation cohort as compared to development cohort when liver tumors under treatment have been investigated using

using ratios of AUC. various functional imaging modalities, such as DCE-MRI,
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Figure 5 AUROC: for reduction and ratio of IMAX and AUC in response assessment in development cohort. Blue line: ROI selected on
whole lesion; red line: ROI selected on lesion peripheral; green line: ROI selected on lesion internal. (A) AUROC for AIMAX. Comparable
AUROC values were observed with ROIperipheral compared to ROIwhole (P=0.89), slightly lower AUROC value with ROlinternal
as compared to ROIperipheral (P=0.19) and ROIwhole (P=0.08). (B) AUROC for AAUC. Significantly higher AUROC value was
observed with ROlIperipheral as compared to ROIwhole (P=0.05) and ROlinternal (P=0.03). (C) AUROC for ratio of IMAX. Comparable
AUROC values were observed with ROIperipheral, ROIwhole, and ROlinternal (all P>0.10). (D) AUROC for ratio of AUC. Comparable
AUROC values were observed with ROIperipheral, ROIwhole, and ROlinternal (all P>0.10). AUROC, area under the receiver operating
characteristic curve; IMAX, maximal intensity; AUC, area under the time-intensity curve; ROI, region of interest; AIMAX, IMAX of pre-
treatment minus that of post-treatment; ROIperipheral, ROI selected on lesion periphery; ROIwhole, ROI covering the whole lesion;
ROlinternal, ROT selected on internal tumor with necrotic area avoided; AAUC, AUC of pre-treatment minus that of post-treatment.

DCE-CT, PET/CT, and CEUS (19-22). DCE-MRI has

a major problem of the conflict between spatial resolution

pool nature of ultrasound contrast agent (SonoVue),
CEUS perfusion parameters can quantitatively reflect

and scanning rate for dynamic tracking; while potential
renal toxicity of CT contrast agent together with radiation
limit its utilization for frequent response assessment. Except
for the exposure of ionizing radiation, PET/CT also suffers
from low spatial resolution. With the advantages of real-
time imaging and radiation-free, CEUS has received more
investigation for the assessment and monitor of treatment
response in various tumors nowadays, and promising
results have been reported (23-25). Due to the pure blood

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the microvascularity within different organs and lesions.
However, few research concerning CEUS quantitative
analysis has ever been conducted on patients with CRLM.
As an amendment of RECIST, mRECIST was introduced
in 2008, and focused on the viable (enhancing on dynamic
modalities) tumoral components to assess tumor response.
It is based on the uni-dimensional measurement on CECT
or DCE-MRI, which are the standard modalities for an

imaging assessment of tumor response (15). There is
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Figure 6 AUROC: for reduction and ratio of IMAX and AUC in response assessment in validation cohort. Blue line: ROI selected on whole
lesion; red line: ROI selected on lesion peripheral; green line: ROI selected on lesion internal. (A) AUROC for AIMAX. Slightly higher
AUROC value was observed with ROIperipheral as compared to ROIwhole (P=0.19). Significantly lower AUROC value was observed with
ROlinternal as compared to ROIperipheral (P=0.04). (B) AUROC for AAUC. Comparable AUROC values were observed on ROIperipheral
as compared to ROIwhole (P=0.90). Slightly lower AUROC value was observed with ROlinternal as compared to ROIwhole (P=0.07) and
ROlIperipheral (P=0.08). (C) AUROC for ratio of IMAX. Comparable AUROC values were observed with ROIperipheral, ROIwhole and
ROlinternal (all P>0.10). (D) AUROC for ratio of AUC. Comparable AUROC values were observed on ROIperipheral as compared to
ROIwhole (P>0.99). Slightly lower AUROC value was observed with ROlinternal as compared to ROIwhole and ROIperipheral (P=0.07 for
both). AUROC, area under the receiver operating characteristic curve; IMAX, maximal intensity; AUC, area under the time-intensity curve;
ROI, region of interest; AIMAX, IMAX of pre-treatment minus that of post-treatment; ROIperipheral, ROI selected on lesion periphery;
ROIwhole, ROI covering the whole lesion; ROlinternal, ROI selected on internal tumor with necrotic area avoided; AAUC, AUC of pre-
treatment minus that of post-treatment.

growing evidence that mRECIST is a valuable prognostic the whole lesion, lesion periphery, and lesion internal,
tool to predict overall and disease-free survival in patients respectively, on each study subject. In the development
with liver tumors (26,27). Therefore, in present study, with cohort, significant AIMAX and AAUC in responders
the treatment response graded by mRECIST as reference, (n=48) were observed on all three analysis ROIs, while
we comprehensively studied the utility of CEUS perfusion comparable post- and pre-treatment values of IMAX and
parameters in assessing treatment response in patients with AUC were found on all ROIs in non-responders (n=41).
CRLM for chemotherapy with Bev. The significant AIMAX and AAUC in responders were

In present study, to comprehensively study the induced by the synergistic anti-angiogenetic effect of Bev
correlation between tumor blood perfusion and treatment and cytotoxic therapy. As a monoclonal antibody against
response, three different analysis ROIs were selected on VEGE, Bev might reduce the tumor vascularity which could
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be revealed by the reduction of blood volume within the
tumor. Some of the CEUS perfusion parameters, such as
IMAX and AUC, were related to the tumor blood volume.
Thus, they may be predictive biomarkers in the assessment
of treatment response. As reported in Lassau’s study on
the treatment response assessment of HCC to Beyv, the
reduction of contrast agent uptake in tumor correlated
well with CEUS perfusion parameters, and AAUC showed
correlation with RECIST response (24). While, in the study
of Ramin on 30 patients with CRLMs for FOLFIRI plus
Bev treatment, AIMAX between pre- and post-treatment on
responders (n=13) was the same as that on non-responders
(n=17) (28). One reason to induce these discrepancies
between different studies might be that angiogenesis is a
complex process and can be influenced by many local and
systemic factors. This fact might introduce variability in the
treatment response among different tumor types and even
within the individuals with the same tumor type. Therefore,
large cohort of study subjects should be included. Another
reason might be that different ROI selection protocols were
utilized cross different studies.

In present study, we did find the influence of ROI
selection on the assessment of treatment response
using Apar. As revealed in the development cohort and
validated in the validation cohort, AIMAX and AAUC on
ROIperipheral significantly outperformed other Apar. in
assessing treatment response, with high AUROCs (0.939-
0.951 and 0.917-0.923, respectively for two cohorts) and
accuracies (90-94% and 92-96%, respectively for two
cohorts). AIMAX and AAUC on ROIwhole performed
secondly with relative lower AUROCs (0.905-0.942 and
0.815-0.917, respectively in two cohorts) and accuracies
(83-89% and 69-88%, respectively in two cohorts).
AIMAX and AAUC on ROlinternal performed the worst
with the lowest AUROCs (0.885-0.898 and 0.732-0.798,
respectively in two cohorts) and accuracies (80-81% and
69%, respectively in two cohorts). This might be explained
by the histological characteristics of CRLM. The tumor
blood vessels of CRLM are structurally abnormal, resulting
in heterogeneity of blood flow throughout the tumor,
with tumor periphery more vascular, relatively (29,30).
Furthermore, with the common invasive growth pattern of
malignancy, tumor periphery is also regarded as necrosis
irrelevant. From pathological perspective, the treatment
response of chemotherapy with Bev to CRLM is associated
with decrease of residual tumor cells and micro-vascular
density, together with increase of necrosis and fibrotic
involution (31). In studies concerning the pathological
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changes occurring in the CRLM after chemotherapy,
the presence of residual cells and tumor angiogenesis
was reported to be related to the contrast effect of the
peripheral tumor margin on CECT (15,32). As tumor
periphery is regarded as the most vascularized area within
the tumor, characterized by numerous immature blood
vessels, ROIs selected on tumor periphery should be more
representative of tumor vascularity. Therefore, the changes
of perfusion parameters on ROIperipheral during treatment
should theoretically be more sensitive in assessing tumor
response. By revealing the blood perfusion and necrosis
of whole lesion, parameters calculated from ROIwhole
should also be useful indicators in assessing treatment
response, which also showed good performance (AUROC:
0.905-0.976). In our study, all the patients were evaluated at
2 months after treatment, and no patients had CR.
Therefore, more patients with longer periods of treatment
should be included in further study.

Regarding to the ratio of perfusion parameters, no
influence of ROI selection on the response assessment was
found. In present study, ratios of IMAX and AUC on all
ROIs demonstrated high AUROC:s in both development
cohort (AUROCs: 0.938-0.976) and validation cohort
(AUROCs: 0.899-0.982). Similar findings have been
reported on the response evaluation of different tumors
under different targeted anti-angiogenetic therapies (24,33).
In present study, compared with AIMAX and AAUC
from different analysis ROIs, the ratio of corresponding
parameter on different ROIs showed higher AUROC:.
This may be accounted by the vascular heterogeneity
among different individuals, even with the same disease,
which may induce wide range of IMAX and AUC in CRLM
pre-treatment. Therefore, during perfusion analysis, the
calculation of ratio of parameters can partly minimize
these variations by normalizing the target measurement, to
some extent, compared with that of Apar. However, using
the same cut-offs derived from the development cohort,
decrease in accuracy (>5%) was observed for ratios of IMAX
and AUC in validation cohort. While for AIMAX and
AAUC on ROlIperipheral, using the same cut-offs, similar
accuracy was revealed in the two cohorts. Therefore, multi-
center study with more patients should be performed to
further study the clinical utilities of perfusion parameters
(IMAX and AUC) in assessing treatment response to
chemotherapy with Bev on CRLM patients.

Our study is unique from several aspects. Firstly, we
included two independent cohorts of study subjects: the
development cohort (n=89) to reveal the valuable CEUS
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perfusion parameters for tumor response assessment, and
the validation cohort (n=26) to further verify the clinical
value of these significant parameters. Secondly, reductions
and ratios of parameters post- and pre-treatment were
comprehensively studied from three different analysis
analysis ROIs. Moreover, the influence of ROI selection
on the assessment of treatment response using CEUS
perfusion parameters was investigated. However, there are
still some limitations in our study. Firstly, the study cohort
was relatively small and the period for follow-up was not
long enough to study the progression free survival and
overall survival. More patients with long-term follow-up
would be involved in the future. Secondly, only one target
lesion per patient was investigated in this study. It would be
of interest to include all liver metastases of one patient to
further assess the power of this method.

Conclusions

IMAX and AUC showed significant reductions in
responders, and different ROIs within the tumor influence
the performance of AIMAX and AAUC in response
assessment. Parameters derived from ROlIperipheral
exhibited the most promising results in predicting treatment
response.
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