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A B S T R A C T

Purpose: To investigate the correlation of magnetic resonance imaging (MRI), apparent diffusion coefficient
(ADC) and intravoxel incoherent motion imaging parameters with Ki-67 expression in cholangiocarcinoma.
Methods: A total of 42 extrahepatic cholangiocarcinoma (EHCC) cases confirmed by surgical pathology were
analyzed retrospectively. Subjects underwent MRI at 3.0 T and intravoxel incoherent motion diffusion-weighted
imaging (IVIM-DWI) sequential scanning prior to surgery, and postoperative Ki-67 expression was recorded by
immunohistochemistry (IHC). The patients were divided into 4 groups (I–IV) based on increasing Ki-67 ex-
pression from − to +++. ADC values and IVIM-DWI parameters were calculated, including true diffusion
coefficient (D), perfusion fraction (f), and pseudo-diffusion coefficient (D*). The comparison among groups was
analyzed by univariate ANOVA (normal distribution) or Kruskal-Wallis H (non-normal distribution). Spearman
correlation analysis was used to analyze the correlation of each parameter with Ki-67 expression. The diagnostic
efficiency of each parameter was compared using the area under the curve (AUC) of the receiver operating
characteristic (ROC) curve.
Results: Except for D*, other values had statistically significant differences between groups (P < 0.05). ADC, D
and f values had negative correlations with Ki-67 expression (r values were −0.607, −0.795, −0.531, re-
spectively, P < 0.05). The AUCs were 0.701, 0.880, 0.623, respectively (P < 0.0001).
Conclusion: IVIM-DWI technology can reflect the proliferative activity of EHCC cells to a certain extent, and has
clinical value for predicting the degree of malignancy of a tumor.

1. Introduction

Extrahepatic cholangiocarcinoma (EHCC), a malignant tumor de-
rived from epithelial cells in the porta hepatis and extrahepatic bile
duct, is characterized by rapid growth and poor prognosis [1]. Pre-
operative knowledge of its invasive potential is critical for appropriate
surgical planning, and is also helpful to avoid overtreatment and im-
prove quality of life [2,3]. The proliferative activity of tumor cells is one
of the most reliable prognostic factors [4]. Ki-67 is a biological marker
that can accurately reflect cell proliferation status [4]. Previous studies
on MRI in breast cancer and rectal cancer have proven that the ap-
parent diffusion coefficient (ADC) value on diffusion-weighted imaging
(DWI) has a negative correlation with Ki-67 expression [5,6]. Recent
meta-analysis studies [7–10] have also demonstrated that some tumors
showed well inverse correlations between ADC and Ki-67 expression

[11–13], and ADC can be used as an imaging marker for proliferation
potential in this entity. In other tumors moderate correlations were
identified between ADC and Ki-67 expression, and use of ADC as a
surrogate marker for proliferation potential in clinical practice is lim-
ited [8]. However, DWI can only quantitatively analyze the diffusion
motion of water molecules in tissues using a traditional single-index
model, which is a limitation [14–16]. Intravoxel incoherent motion
(IVIM) can evaluate diffusion in tissue and microvascular perfusion via
more accurate quantitative parameters, and more clearly describes in-
travoxel micromotion [16]. In this study, we assessed for correlations of
apparent diffusion coefficient (ADC) and IVIM-DWI parameters with Ki-
67 expression, and explored the clinical value of IVIM-DWI determi-
nation of proliferative activity of EHCC cells prior to surgery.
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2. Materials and methods

2.1. Clinical data

A total of 42 EHCC cases confirmed by surgical pathology from Jan.
2013 to Apr. 2018 were collected. Routine MRI scanning plus IVIM-
DWI examinations were performed prior to surgery. Inclusion criteria:
1) EHCC confirmed by surgical pathology; 2) smallest size of lesion
≥1 cm; 3) complete information of each MRI sequence available and 4)
image quality meeting the requirements for diagnosis. Twenty-two men
and 20 women were enrolled. Age range was 29–83 y, and mean age
was 64.03 ± 11.49 y. Main clinical manifestations included pro-
gressive obstructive jaundice, epigastric discomfort, and abdominal
pain, sometimes associated with fever. Total bilirubin, direct bilirubin,
and indirect bilirubin were elevated to different degrees, and 37 pa-
tients had elevated CA19-9.

2.2. Imaging examinations

A 3.0 T MRI scanner (Magnetom Trio Tim, SIEMENS, Erlangen,
Germany) with a body phased-array coil were used. The patients were
supine with the head in front. Before examination, the patients were
fasted for 6–8 h, and received regular breathing and breath-hold
training. The scanning range was from the diaphragmatic dome to the
inferior border of the pancreas, including the complete biliary system.
Conventional MRI scanning sequences included cross-sectional T1-
weighted images (T1WI) with positive and negative phase gradient
echo (GRE) sequences, a T2-weighted imaging (T2WI) turbo spin-echo
(TSE) sequence, and a coronal T2WI half-Fourier acquisition single-
shot-turbo-spin-echo(HASTE)sequence. Cross-sectional T1WI scan-
ning parameters: TR 245ms, TE 4.87/2.37ms, FA 70°, FOV
350×396mm, matrix 320×175mm; T2WI scanning parameters: TR
3954ms, TE 98ms, FA 160°, FOV 350× 396mm, matrix
384×202mm, thickness 5mm, slice gap 1.5 mm; coronal T2WI
scanning parameters: TR 1400ms, TE 92ms, FA 180°, FOV
400×450mm, matrix 256× 256mm, thickness 5mm, slice gap
1.5 mm.

Axial Spin echo-echo planar imaging (SE-EPI) sequences were used
in IVIM-DWI. Diffusion sensitivity coefficients (b) were 0, 50, 100, 150,
200, 500, 800, 1000, and 1300 s/mm2. Scanning parameters: TR
3510ms, TE 79ms, FA 90°, FOV 317×380mm, matrix 168× 108,
thickness 5mm, slice gap 1.5mm. Total scanning time was 9min.

2.3. Image analysis

Siemens IvimMain software was used to process the IVIM-DWI
images. Two radiologists with> 10 y experience analyzed the data
together. The DWI data with multiple b values were transmitted to
IvimMain software, setting noise level as 20 and perfusion b < 200 to
generate pseudo-color maps (b0, true diffusion coefficient [D], perfu-
sion fraction [f], and pseudo-diffusion coefficient [D*]) representing
diffusion information. MRI conventional sequence was used as a re-
ference to observe the hepatic signal in IVIM images, as well as tumor
size, morphology, boundaries, and extent. Cross-sectional T2WI at the
same section level was used as a background reference, and regions of
interest (ROIs) were placed on the maximum cross-sectional area of a
lesion in the ADC image and the generated b0, D, f and D* images. The
size and site of ROIs in different images from same patient were kept as
close as possible. The measurement was performed in triplicate and
averaged.

2.4. Pathological examination

All the EHCC immunohistochemical (IHC) sections were read by
two physicians with> 5 y pathological diagnosis experience. Cells with
pale brown granular deposits were considered to be Ki-67 positive. Ki-

67 index is the percentage of positive cells in the densest visual field.
The tumor lesions were divided into 4 groups according to the Ki-67
index: Group I, Ki-67 index< 10% (−); Group II, Ki-67 index
10%–25% (+); Group III, Ki-67 index 26%–50% (++); Group IV Ki-67
index> 50% (+++).

2.5. Statistics

Commercial software (SPSS 19.0, IBM Corporation, Armonk NY,
USA) was used to analyze the data. Data meeting a normal distribution
are expressed as mean ± SD, and non-normal data are expressed as
median (M). Comparison between groups with different Ki-67 expres-
sion was tested by univariate ANOVA (normal distribution) or Kruskal-
Wallis H (non-normal distribution). Spearman correlation analysis was
used to analyze the correlation of each parameter with Ki-67 expres-
sion. Diagnostic efficiency was compared using ROC. The efficiency was
rated low, moderate, or high, when AUC was 0.5–0.7, 0.7–0.9, and>
0.9, respectively. P < 0.05 was termed as statistically significant.

3. Results

3.1. IVIM-DWI and pathological manifestations of EHCC

The conventional MR sequences all indicated a mass or nodule in
the bile duct. T1WI showed low or slightly low signal, and T2WI
showed slightly high signal. Among them, 39 patients had relatively
low signal in D value images (92.86%). In f value images, 25 EHCC
patients had a significant difference in the signal intensity between the
lesion and surrounding tissues (59.52%), 15 lesions were isointense,
and 2 had slightly higher signal. Only 17 D* value images had sig-
nificant differences in intensity between the lesion and the surrounding
tissues (Fig. 1 A–F).

The 42 cases were confirmed as adenocarcinoma by surgical pa-
thology. Ki-67 was expressed in most cells, showing uniform pale
brown granules (Fig. 1 G–H).

Correlation of ADC and IVIM values with Ki-67 expression (Table 1).
The correlation coefficients of ADC, D, and f in EHCC with different

Ki-67 expression levels were −0.607, −0.795, and −0.531, respec-
tively (P < 0.0001), the values gradually decreasing with increasing
Ki-67 expression levels. The correlations of ADC and D values with Ki-
67 expression were more statistically significant than those of f values;
those of D values showed the highest significance. D* value had no
statistically significant difference with different Ki-67 expression
(P=0.089). AUCs of ADC, D, and f were 0.701, 0.880, and 0.623, re-
spectively (P < 0.0001). The diagnostic accuracy of D was also the
most significant.

4. Discussion

DWI is the only imaging method that can noninvasively detect mi-
crocosmic motion of water molecules in living bodies [14,15]. ADC
values can be used to evaluate lesion infiltration degree, judge patho-
logical grade, and identify benign and malignant lesions [14,15].
However, ADC calculated by a single-index model is influenced by
water diffusion and microcirculation perfusion of blood capillaries, but
it cannot reflect the real data of water diffusion in tissues. Le Bihan
et al. [16] reported on the IVIM-DWI with multiple b values. According
to double-index model fitting, diffusion and perfusion information of
tissues was separated to obtain the D value that reflected true diffusion
of water molecules. Meanwhile, D* and f were also obtained to reflect
blood flow perfusion in a solid organ or lesion. As a sensitive biological
marker monitoring proliferation, highly Ki-67 expression suggests ac-
tive proliferation, vigorous growth, strong invasion, and poor prognosis
[4]. Previous studies have proven that [17] ADC values in tumors are
reduced with an elevated Ki-67 index. So far, IVIM-DWI and Ki-67 la-
beling indices have been applied in investigations of tumors of the
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rectum, breast, and brain [6,18,19]. It has been shown that the D value
obtained from IVIM exhibited better performance than conventional
DWI and may serve as a potential imaging biomarker for cancer inva-
sion and cell proliferation [19,20]. In this study, the characteristics of
EHCC with different Ki-67 expression were evaluated by comparison in
D*, f and D values calculated by an IVIM-DWI double-index model, and

ADC values calculated by the single index model.

4.1. Correlations of D and ADC values with Ki-67 expression

The proliferation activity of tumor cells is closely related to biolo-
gical behavior [21,22]. Rapid tumor growth increases the likelihood of

Fig. 1. Man, 67 years old, poorly differentiated hilar
adenocarcinoma. A and B are MRI T1- and T2-
weighted images, illustrating a 19×24mm rounded
soft tissue mass in the porta hepatis, with slightly
long T1 and T2 signals, and a dilated intrahepatic
bile duct. C–F are pseudo-color images of b0, D*, D
and f, respectively, with ROI contoured in the lesion.
b0, D, and ƒ illustrate color staining in the lesion with
nonuniform signal, distinguishable from surrounding
normal liver parenchyma color, showing a clear
boundary with surrounding tissues. D* illustrates
shows no color contrast with surrounding tissues. G
is a photomicrograph of poorly differentiated ade-
nocarcinoma (H&E×200). H shows uniform pale
brown granules of Ki-67 (Ki-67 index is 35%) (im-
mumohistochemical staining ×200). (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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infiltration and metastasis of tumor cells. It has been reported that the
Ki-67 index in EHCC cells is significantly higher than that in the sur-
rounding tissues [21,22]. The index is closed related to the degree of
EHCC differentiation, lymphatic metastasis, and clinical stage, which
can be used as an important index for judging EHCC prognosis [21,22].

With elevated Ki-67 expression, proliferation of tumor cells becomes
activated, leading to an abnormally dense arrangement of cells, and
causing a reduction in the extracellular space. In addition, the cell
nucleus enlarges, increasing the ratio of nucleus to cytoplasm, and
decreasing the intracellular space, resulting in relatively compressed
motion space for water molecules, and more significant limitation in
free diffusion [23,24]. The ADC and D values representing diffusion are
reduced accordingly. Our results showed that with increasing Ki-67
expression, the ADC and D values of each group decreased, leading to a
significant negative correlation (P=0.000). The correlation of D with
Ki-67 expression was the highest. The possible reason is that D elim-
inates the influence of microcirculation blood flow perfusion on the
diffusion coefficient in traditional DWI, which more accurately reflects
the perfusion information of water molecules in the tissues and organs,
as well as the Ki-67 expression in tumor. Thus, D can be used as an
index predicting Ki-67 expression in extrahepatic cholangiocarcinoma,
which is helpful to evaluate the prognosis of cancer patients.

Correlations of IVIM related perfusion parameters (f, D*) with Ki-67
expression.

The D value in the IVIM double-index model mainly reflects the
constitution of tissues, and the f and D*values mainly reflect neo-
vascularization and permeability of tissues. According to the literature,
there was a moderate correlation between f and Ki-67 expression, and f
can be used for quantitative prediction of Ki-67 expression [25,26]. In
theory, faster tumor cell proliferation leads to more abundant tumor
vessels. The D* and f values mainly reflect the blood capillary density
and microcirculation perfusion in tumor tissues, which would be ex-
pected to increase with increasing proliferation. However, our study
indicated that f value had a moderately negative correlation with Ki-67
expression, and the correlation was poorer than that of ADC and D
values. The main components of EHCC include viable tumor cells,
coagulative necrosis, fibrous tissues, and mucoprotein, characteristic of
a hypovascular tumor. With increasing Ki-67 expression, the atypia of
tumor cells is more significant. The normal tissues suffer from in-
filtration and damage, the necrotic elements are increased, and the
microcirculation is gradually reduced [27–30], such that the perfusion
fraction, f, is reduced accordingly. F reflects the poor blood supply of
EHCC, which is in line with previous studies [27–30]. It has been re-
ported that EHCC shows low perfusion on perfusion maps, and the
lower perfusion value suggests a lower degree of tumor differentiation.
The low perfusion value may be related to angiosclerosis, tumor in-
vading vessels, and tumor necrosis caused by intimal hyperplasia of
arterioles adjacent to the tumor. The correlation of f with Ki-67 ex-
pression is relatively low. The possible reason is that Ki-67 expression
reflects cell proliferation rather than angiogenesis. The differences in
D* among groups with different Ki-67 expression were not statistically
significant. The possible reason is that the signal-to-noise ratio of D* on

pseudo-color imaging is low, and the individual differences of D* are
large, leading to increased deviation when measuring.

So far, the application of IVIM-DWI in EHCC still has some pro-
blems. Respiratory trigger technique is used to reduce respiratory mo-
tion artifact. Parallel acquisition technique, shortened TE, and local
replacement of the saturation zone have been used to effectively reduce
artifact and improve image quality. Although D had a significant cor-
relation with Ki-67 expression, the data of the four groups had overlap
to a certain degree. The diagnostic efficiency still needs further ex-
ploration.

Above all, ADC, D and f values of IVIM negatively correlate with the
Ki-67 expression level of EHCC. The correlation and diagnostic effi-
ciency of D was the highest and those of f value were the lowest. Thus,
IVIM-DWI applied in EHCC is superior to the single-index model. D
value can be used to judge proliferation degree of extrahepatic cho-
langiocarcinoma, quantitatively evaluate the prognosis, and provide an
important reference to guide individualized treatment.
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