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1. Abstract

1.1. Introduction: The current study investigated the role of in-
travoxel incoherent motion-DWI (IVIM-DWI) in evaluating drug
resistance in colon cancer xenografts and explored possible bio-
markers.

1.2. Methods: Ten healthy BALB/c nude mice were randomly
divided into 2 groups (5 each) and injected with SW480 or
SW480/5-fluorouracil (5-FU) cell suspensions. IVIM-DWI was
performed when the long-axis diameter of the tumour was close to
1.5 centimetres. Then, tumours were removed to detect the protein
expression of permeability glycoprotein (P-gp, MDR), multi-
drug resistance associated protein 1 (MRP1) and protein kinase C
(PKC), cell morphology, necrosis and drug resistance.

1.3. Results: The apparent diffusion coefficient (ADC), D and D*
values were significantly higher in the SW480 group than in the
SW480/5-FU group (p: 0.001, 0.002, 0.037), and ADC and D va-
lues were negatively correlated with the expression of tumour drug
resistance-associated proteins, including P-gp, MRP1, and PKC (p:
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0.006, 0.007, 0.022). There were no significant differences in the f
values between the two groups. The cell nuclei were larger, and the
cells were arranged more closely in the SW480/5-FU group. The
degree of tumour necrosis was not significantly different between
the two groups. The protein expression of P-gp, MRP1, and PKC
was significantly higher in the SW480/5-FU group (p<0.05).

1.4. Conclusion: The ADC value of DWI and the D and D*va-
lues of IVIM were of moderate value for discriminating between
5-FU-responsive and 5-FU-resistant colon cancers in vivo. This
may become a potential imaging biomarker for the in vivo monito-
ring of tumour drug resistance.

2. Introduction

Currently, palliative chemotherapy with S-fluorouracil (5-FU)-
based therapy is the most common therapy for patients with ad-
vanced colorectal cancer (CRC) [1]. Unfortunately, the progres-
sion-free survival period is only 8.7 to 12.3 months [2] because of
the development of CRC drug resistance during treatment [3]. It is
of great significance to monitor drug resistance in CRC in a timely
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and accurate manner during treatment. At present, an in vitro drug
susceptibility test that is invasive and time-consuming is used to
evaluate drug resistance.

During the development of drug resistance in cancer cells, changes
in the microstructure and microcirculation in tumour tissues, as
well as metabolites related to tumour resistance, may cause
changes in the tumour microenvironment [4].

As a relatively new technical improvement in magnetic resonance
imaging (MRI), diffusion-weighted imaging (DWI), including
single-exponential-model DWI and multiple-b-value intravoxel
incoherent motion (IVIM) [5-6], can be used to assess the diffusion
of water molecules (Brownian motion) into biological tissues [5].
Studies have shown that the degree of water diffusion limitation in
biological tissue is inversely correlated with cell density and cell
membrane integrity [5]. Therefore, DWI can be used to visualize
relevant information on the microenvironment of biological tis-
sue in vivo. As a multib-value diffusion image analysis technique,
IVIM can noninvasively separate pure water molecular diffusion
and capillary perfusion, reflecting the perfusion and diffusion cha-
racteristics of tissues [6]. It is more advantageous to display the
microscopic characteristics of biological tissues in vivo.

Much work has been done based on MR-DWI and has provided
quantitative parameters, including the apparent diffusion coeffi-
cient (ADC) and IVIM parameters (D, pure diffusion; f, perfusion
fraction; and D*, pseudodiffusion). In recent years, most research
interests have focused on developing various MR-DWI-derived
parameters, exploring the role of these parameters in evaluating
tumour biological features, predicting tumour invasiveness, mo-
nitoring the treatment response, predicting tumour prognosis, and
distinguishing between malignant and benign lymph nodes [7-13].
MR-DWTI in the evaluation of drug resistance in tumours has rarely
been investigated.

Previously, we reported that the ADC values of 5-FU-responsive
colon cancer tissue in xenografts were higher than those of
5-FU-resistant tissue by using monoexponential model DWI de-
tection with 1.5 T MRI [14-15]. Therefore, we hypothesized that
DWI has potential feasibility for detecting tumour resistance in
vivo [14-15]. In the present study, 3.0 T MRI was used to further
analyse 5-FU-responsive and 5-FU-resistant colon cancer tissue
using IVIM techniques from preclinical models. We aimed to
investigate whether IVIM with multiple b values can be used to
accurately visualize the microenvironment of tumour tissue, in-
cluding characteristic subtle changes in tumour perfusion and dif-
fusion between 5-FU-responsive tissue and 5-FU-resistant colon
cancer tissue in vivo. We also explored whether IVIM parameters
could be used to monitor drug resistance in tumours in vivo and the
corresponding histopathology and molecular mechanisms.

United Prime Publications. LLC., clinandmedimages.com

Research Article

3. Methods
3.1. Animal Models

The human CRC parental cell line SW480 and BALB/c nude mice
were purchased from the Experimental Animal Center of Sun Yat-
sen University (No. 44007200046136, Guangzhou, China). All
experimental protocols were approved by the Ethical Committee
for Animal Research of Guangzhou Medical University (GY2017-
007).

The drug-resistant SW480 cell line was induced by the high-dose
impact method [16]. The SW480 cell line was cultured in RPMI
1640 medium (HyClone Laboratories, Logan, UT, United States)
supplemented with 10% foetal bovine serum (Gibco, Invitrogen,
Waltham, MA, United States) and 100 U/mL penicillin (Solarbio
Life Science, Beijing, China) at 37°C in a humidified 5% CO2
atmosphere. These cells in logarithmic growth phase were cultured
in medium containing 6 pg/ml 5-FU for 24 hours, and then the
medium was replaced with RPMI 1640 medium twice a day.
When the cells resumed the logarithmic growth phase, they were
cultured in medium containing 6 pg/ml 5-FU for 24 hours again.
After continuous alternating cultivation for 6 months, the cell line
that was able to grow in medium containing 6 pg/ml 5-FU was
obtained and designated SW480/5-FU.

Ten healthy female BALB/c nude mice, 5-6 weeks old and
weighing 16-18 g, were randomly divided into a resistant group
and a responsive group (5 each). SW480/5-FU or SW480 cell sus-
pensions (0.2 ml, cell concentration 4x107/ml) were injected into
the bilateral hind leg root, and then the animals were housed in the
specific pathogen-free facility of the Animal Experimental Center
of Guangzhou Medical University. Based on the ethical standard of
tumour burden on mice in the «Guidelines for the welfare and use
of animals in cancer research, 2010» [17], the maximal diameter
of tumours in mice was limited to less than 15 mm. Eight tumours
with the largest diameter close to 15mm were examined by MRI.

3.2. MRI and Analysis

Before the MR examination, each mouse was wrapped with a plas-
tic outer coating to keep warm and prevent curling artefacts.

MRI was performed using a MAGNETOM Skyro 3.0 T clinical
scanner (Siemens, Germany) with an 8-channel mouse coil (Chen-
guang Medical Technology Co., Shanghai, China). T2-weighted
turbo spin—echo (TSE) images and IVIM sequences were obtained
for all mice. The main scanning parameters of the MR sequences
were as follows.

T2-weighted imaging (T2WI): TR/TE=4500 ms/110 ms, slice
thickness=2 mm, interval=0, FOV=128 mm, matrix=128x128.
IVIM-DWI: Axial imaging was performed with single-shot

echo-planar imaging (EPI), an isotropic diffusion-sensitive gra-
dient field, 8 b values (0, 10, 20, 30, 40, 50, 100, 150, 200, 400,
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600, and 800 s/mm?2), TR=3400 ms, TE=60 ms, FOV=220 mm,
NAS=4, slice thickness=2 mm, acquisition matrix=220x220.

Multi-b value DWI data were analysed with MITK Diffusion
(German Cancer Research Center, MITK diffusion, Version
2013.03.00) and bi-exponential decay fitting (segmented fitting
with threshold of 200 b values) for Xenograft model intravoxel
incoherent motion diffusion MRI. The regions of interest (ROIs)
were manually drawn in the largest section of the tumour, avoi-
ding bleeding and cystic and necrotic areas, by two radiologists
(Yang & Wu) independently who were blinded to tumour-related
information. Each tumour was measured three times by each ra-
diologist. The average value measured by the two radiologists was
included in the analysis. The acquisition parameters included the
ADC, D, D* and f values of the tumour.

The mean ROI size was 51.1 mm2 (range, 7.1-94.91 mm?2) by
observer 1 and 52.3 mm?2 (range, 8.4-98.2 mm2) by observer 2.

3.3. Experimental Evaluation of Specimens

The tumour-bearing mice were intraperitoneally injected with 1-2
ml 4% chloral hydrate after the MR examination. The tumours
were excised and divided into three portions (one for Western blot-
ting, another for haematoxylin-eosin (HE) staining, and another
for MTT assays).

3.4. Western Blotting

Western blotting was conducted by Getway Biotechnology Co.,
Ltd. (Guangzhou, China). Permeability glycoprotein (P-gp, MDR),
multidrug resistance-associated protein 1 (MRP1) and protein ki-
nase C (PKC) were detected following the instruction manual for
the Phototope®-HRP Western blot Kit (Cell Signaling Technolo-
gy, Danvers, MA, United States). Antibodies (ABclonal, Wuhan,
China) included goat anti-mouse IgG/HRP (AS003, 1:5000 di-
lution), P-gp (A11758, 1:1000 dilution), MRP1 (A3027, 1:1000
dilution), PKC (A0267, 1:1000 dilution) and GAPDH (ACO001,
1:1000 dilution).

The abovementioned protein bands were scanned into a computer
in JPG format, and the integrated optical density (IOD) of band
intensity was obtained using Image-Pro Plus 6.0 software. The
IOD of protein expression was divided by the IOD of the internal
reference (GAPDH) to obtain the relative IOD (RIOD) of each
protein.

3.5. HE Staining

The pathological sections were evaluated by a pathologist with 30
years of work experience (Zhang J). Tumour necrosis was assessed
in HE-stained sections (magnification x400) as follows: The de-
gree of necrosis was rated on a scale from 0~5 points as follows: 1
point (light), tumour necrosis accounted for approximately 1/5 of
the tumour tissue; 2 points (moderate), tumour necrosis accounted
for approximately 2/5 of the tumour tissue; 3 points (severe),
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tumour necrosis accounted for approximately 3/5 of the tumour
tissue; 4 points (very severe), tumour necrosis accounted for ap-
proximately 4/5 of the tumour tissue; and 5 points, total tumour
necrosis. The necrotic area is extremely small at 0.5 points.

3.6. In vitro drug sensitivity test for detecting 5-FU resistance
in colon cancer xenografts

The sensitivity of CRC cells to 5-FU was assessed using the MTT
assay as described previously [18]. Briefly, tumour tissues were
cut into small pieces (approximately 1 to 2 mm3 in size) and
placed into EP tubes. Next, 1 ml trypsin-EDTA (Gibco, Invitrogen,
Waltham, MA, United States) was added for digestion for 50 min
in a 37°C incubator, 2 ml RPMI 1640 medium (HyClone Labora-
tories, Logan, UT, United States) was added to terminate diges-
tion, the suspension was aspirated into a 15 ml centrifuge tube and
centrifuged for 5 min (rotation speed 1000 r/min), the superna-
tant was discarded, 2~3 ml RPMI 1640 medium filtered through
a 200-mesh sieve was added, and the cell suspension was placed
in a 25 cm?2 culture flask. The half-maximal inhibitory concentra-
tion (IC50) values of SW480/5-FU and SW480 xenograft tumours
were measured with MTT assays.

3.7. Statistical Analyses

The SPSS 13.1 statistical package (SPSS, Chicago, USA) was
used for all the calculations. Continuous variables are shown as
the meantstandard deviation (SD). The results of the normality
test (Kolmogorov—Smirnov test) showed that IVIM parameters
conformed to a normal distribution. Two-sample T tests were used
to compare the degree of necrosis and IVIM parameters between
the 5-FU-responsive group and the 5-FU-resistant group. The
Mann—Whitney U test was used to compare the protein expression
of P-gp, PKC and MRP1 between the two groups. The correla-
tion between IVIM parameters and the protein expression of P-gp,
PKC and MRP1 was determined by the Spearman correlation test.
p< 0.05 was considered statistically significant.

The intraclass correlation coefficient (ICC) was used to assess the
interobserver differences in IVIM parameter measurements. The
ratings were considered poor (ICC<0.40), moderate (ICC=0.40-
0.59), good (ICC=0.60-0.74) or excellent (ICC=0.75-1.00).

4. Results

4.1. Pathological features of SW480 and SW480/5-FU colorec-
tal tumours

The degree of tumour necrosis was 1.33+0.58 points and 1.50+0.50
points in the SW480 and SW480/5-FU groups, respectively, wit-
hout a statistically significant difference (p>0.05). The cell nuclei
were significantly larger and the cells were arranged more clo-
sely with smaller cell gaps in the SW480/5-FU group than in the
SW480 group (Figure 1).
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Figure 1: HE sections of SW480/5-FU cells (22,400 %) and SW480 cells (2b,400 x). The cell nucleus was larger and arranged more closely in

SW480/5-FU group than in SW480 group.
4.2. In vitro susceptibility test for detecting 5-FU resistance in
SW480 and SW480/5-FU xenografts

The IC50 values of SW480/5-FU and SW480 xenografts were
42.9 pg/ml and 9.516 pg/ml, respectively, as determined with
MTT assays (RI=4.508).

The cell survival rate of SW480/5-FU and SW480 cancer tissues

decreased with increasing 5-FU concentrations. However, the
SW480/5-FU tumour tissues had a significantly higher cell survi-
val rate than the SW480 tumour tissues when the 5-FU concentra-
tion was smaller than 50 pg/ml (p<0.05) (Figure 2). The SW480/5-
FU tumour cells were resistant to 5-FU at 5-U concentrations be-
low 50 pg/ml.

Figure 2: Survival rates of SW480/5-FU and SW480 cells at different concentrations of 5-FU.

4.3. Expression of P-gp, MRP1 and PKC in SW480/5-FU and
SW480 xenografts by Western blotting

The expression of P-gp, MRP1 and PKC was higher in SW480/5-
FU xenografts than in SW480 xenografts (Figure 3).

The RIOD values of the expression levels of these proteins were
significantly different between the two groups (p<0.01, Table 1).
The expression levels of drug resistance-associated proteins sug-
gested that SW480/5-FU cancer cells were resistant to 5-FU.

Table 1: The RIOD values of P-gp, MRP1 and PKC for SW480/5-FU and
SW480 ( +s)

group (n=8) P-gp MRP1 PKC
SW480 0.20+0.03 | 0.15+0.01 | 0.16+0.02
SW480/5-FU 0.31+0.08 | 0.69+0.10 | 0.86+0.06
VA 2.611 2.785 2.668
)4 0.003 0.005 0.008

Mann- Whitney U test was used for compare the protein expression of
P-gp, PKC and MRP1 between 5-FU- responsive and 5-FU-resistant

group
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Figure 3: The expression of P-gp, MRP1 and PKC in SW480/5-FU and
SW480 colon cancer cells.
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4.4. IVIM parameters and ADC values of SW480/5-FU and
SW480 xenografts

4.4.1. Interobserver agreement: The interobserver differences in
IVIM parameters (assessed by the ICC) are listed in Table 2. The
ICCs of the ADC, D, D* and f values were 0.788, 0.845, 0.805
and 0.770, respectively. Excellent data agreement was reached
between observers.

4.5. ADC values and IVIM parameters of SW480/5-FU and
SW480 xenografts

Parametric maps of the ADC, D, D* and f values of the SW480/5-
FU and SW480 xenografts are shown in Figure 4. Compared with

Research Article

the mass of SW480 cells, the mass of SW480/5-FU cells showed
signal attenuation on the ADC, D and D*parameter map of IVIM
DWI. Visually, ADC, D and D* decreased in drug-resistant tissues.

The ADC, D, D* and f values of the SW480/5-FU and SW480
xenografts are summarized in Table 3 and Figure 5. The ADC, D
and D* values of the SW480/5-FU xenografts were significantly
lower than those of the SW480 xenografts (p: 0.001, 0.002, 0.037).
The f values tended to be lower in SW480/5-FU xenografts than in
SW480 xenografts, but the difference was not statistically signifi-
cant (p =0.091, Table 3).

Table 2: Intraclass correlation coefficient (ICC) of parameter measurements between two observers

Parameter ADC D D* f
ICC 0.788 0.845 0.805 0.77
95 % CI 35.3%-94.3% | 49.5%-95.9% | 39.5%-94.8% | 31.3%-93.7%

CI: confidence interval.

Figure 4: IVIM DWI parametric maps of ADC, D, D* and f values and T2W images for SW480 (A-E) and SW480/5-FU (F-J) cells.

Figure 5: The Comparison of the ADC, D, D* and f values between SW480/5-FU and SW480 xenografts.
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Table 3: The mean ADC, D, D*, and f values of SW480/5-FU and SW480 xenografts ( +s)

group (n=8) ADC (10°mm?s) D (10°mm?/s) D* (10 °*mm?s) (%)
SW480/5-FU 0.40+0.07 0.64+0.05 2.66+0.73 5.46+1.53
SW480 0.70+0.07 0.95+0.18 5.12+2.33 7.70+3.03
t 8.54 4.704 2.48 1.86
P 0.001 0.002 0.037 0.091

Research Article

Two-sample T test was used for comparison parameters (ADC,D,D* and f) between 5-FU-responsive and 5-FU-resistant group.

4.6. Correlation between IVIM and the expression of P-gp,
MRP1, and PKC in CRC (Spearman correlation test)

The ADC values of CRC tissues were negatively correlated with
their expression of P-gp (r: -0.794, p: 0.006), MRP1 (r: -0.769, p:
0.007) and PKC (r: -0.706, p: 0.022). The D values of CRC tissues
were negatively correlated with their expression of P-gp (r: -0.70,
p: 0.03), MRPI (r: -0.93, p: 0.00) and PKC (r: -0.69, p: 0.03).

5. Discussion

This study showed that the ADC, D and D* values of the SW480/5-
FU xenografts were significantly lower than those of the SW480
xenografts. Next, the scientific basis and potential value of the
findings of this study are discussed from the pathophysiological
mechanism of tumour drug resistance, the reliability of the drug
resistance model in this study, and the principle and application
status of IVIM-DWI.

Cancer cell resistance can be intrinsic or acquired through expo-
sure to certain chemotherapeutic compounds [19-20]. Cancer cells
can become resistant to many compounds via different mecha-
nisms [21], which is known as multidrug resistance (MDR). MDR
may be related to many different biochemical processes [22].

In cancer cells with MDR, the ATP binding cassette (ABC) trans-
porter is highly expressed. This transporter actively effluxes the
transport of chemotherapeutic drugs to reduce the intracellular
concentration of drugs and metabolites. Its function is to protect
cells from xenobiotics and toxic compounds [23]. In particular,
P-gp and MRP1 are located in the cell membrane and have a broad
substrate spectrum, which is important in cancer cells. Approxima-
tely 90% of the drugs in cancer cells are substrates for this trans-
porter [22-24]. PKC can regulate various cellular processes, such
as cell proliferation, differentiation, and death [25]. It has been re-
ported that overexpression of the PKCa isozyme can inhibit apop-
tosis and promote chemical resistance [8]. Therefore, compared
with parental cancer cells, the expression of P-gp, MRP1 and PKC
in drug-resistant cancer cells and the proliferation activity of can-
cer cells are significantly increased.

Our research revealed that the expression of P-gp, MRP1 and
PKC in SW480/5-Fu cells was significantly higher than that in
SW480 cells. MTT analysis showed that the 5-FU IC50 values
of SW480/5-FU xenografts and SW480 xenografts were 42.9 ng/
ml and 9.516 ug/ml, respectively. These results suggest that the
SW480/5-FU xenografts in this study are reliable in vivo.
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The mechanism of MDR involves the intracellular and extracel-
lular spaces, which are related to biochemical changes in cancer
cells and the tumour microenvironment, respectively [21]. Many
biochemical processes associated with MDR can cause tumours to
become heterogeneous and dynamic tissues and continue to evolve
in an attempt to overcome structural, metabolic, and immune bar-
riers and chemotherapy drug attacks [26]. Fibrosis associated with
cancer and the reorganization of collagen fibres are conducive to
cancer cell invasion [27-28]. Therefore, cancer cells benefit from
this microenvironment, which reduces the action of or access to
chemotherapy drugs [20], thereby promoting the development of
MDR.

Changes in the microenvironment of cancer cells provide a patho-
physiological basis for MR to monitor tumour resistance. DWI is
currently the only method that can be used to noninvasively de-
tect the microscopic diffusion motion of water molecules (random
Brownian motion) in vivo. The movement of water molecules in
biological tissues that generate DWI signals includes extracellu-
lar space diffusion, intracellular space diffusion, and intravascular
space diffusion (or perfusion) [6,29].

The ADC value is obtained from at least two images with b values
between 0 and 500-1000 s/mm2. The ADC value reflects water
molecular diffusion [30-32] but also affects perfusion-related mo-
tion that the monoexponential model cannot explore [33-36]. Le
Bihan [37] proposed the concept of IVIM (i.e., perfusion-related
motion). The diffusion and perfusion effects were analysed by
using a double exponential model and determining the true diffu-
sion coefficient D, the perfusion fraction f and the pseudo diffusion
coefficient D* [34]. D represents the diffusion mobility of water
molecules in tissues [33,38-40]. f reflects the relative contribution
of microvascular blood flow to the DWI signal, and D* depends
on the blood flow velocity and the length of the microvascular seg-
ments [34,37,39].

Any factors that may shrink the extracellular compartment or al-
ter water exchange at the cell membrane impair the diffusion of
water molecules [5]. Water diffusion-limited tissues exhibit high
signal intensity on DWI and low signal intensity on ADC maps.
Diffusion restriction can also be quantified by calculating the ADC
values in specific target regions (ROIs) [5-7]. In general, the D
value has a negative correlation with cell density [40].

In the present study, analysis of tumour tissue sections showed
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that cancer cells in the 5-FU-resistant group were more irregu-
larly shaped, arranged more closely with narrower extracellular
spaces, and had a smaller nucleus:cytoplasm ratio than those in
the 5-FU-responsive group. Therefore, compared with 5-FU-res-
ponsive cancer tissues, the diffusion motion of water molecules
into the extracellular and intracellular spaces in 5-FU-resistant
tissues was inhibited. The increased expression of the ABC trans-
porter restricts the diffusion of water molecules across membranes.
Our result is in good agreement with those from previous studies
[14-15], in which the ADC value of the drug-resistant group was
lower than that of the drug-responsive group (P<0.01). The D va-
lue of 5-FU-responsive colon cancer tissue in xenografts was hi-
gher than that of 5-FU-resistant tissue (P<0.01) and appeared to
be inversely correlated with the expression of P-g p, MRP1 and
PKC. It has been reported that the D value of tumours in patients
with nasopharyngeal carcinoma after chemotherapy is significant-
ly increased, which is a sign of decreasing cellularity caused by
chemotherapy drugs [41].

Our work revealed a mechanism by which D values are lower in
5-FU-resistant colon cancer tissue than in 5-FU-responsive colon
cancer tissue. Colon cancer cells with 5-FU resistance have high
cell turnover (with increased cell division), resulting in densely
packed cells and enlarged nuclei, which prevent water molecules
from diffusing. It is expected that the D value can be used to quan-
tify tumour hypercellularity in vivo.

Concerning the other perfusion-weighted parameters f & D*, f re-
presents the contribution of water moving in capillaries, and D*
represents diffusion within the microcirculation [6]. In theory, the
IVIM perfusion method offers a way to study microcirculatory
blood flow properties and to monitor the early response of cancer
to treatment with an anti-angiogenic or vascular targeting agent in
vivo [42]. Anti-angiogenic drugs control the growth of tumours
by affecting the vascular endothelial growth factor (VEGF) family
pathway [43-44]. Cui et al. [45] found that f and D* were signifi-
cantly reduced in mice with nasopharyngeal carcinoma 1 day after
treatment with an anti-angiogenic agent compared with treatment
with a control. Vascular targeting agents are designed to cause the
rapid, selective closure of tumour blood vessels [46]. Joo et al. [47]
found that f, D* and fD* were significantly reduced 4 hours after
the administration of a vascular-disrupting agent to a rabbit model
of liver cancer. Subsequent observations showed that the decrease
in f and fD* at 4 hours was inversely related to the increase in
tumour size on day 7 after treatment [47].

In this study, the f and D* values of the responsive colon cancer
group (SW480) were higher than those of the 5-FU-resistant co-
lon cancer group (SW480/5-FU). The difference in the D* value
between the two groups was significant (P<0.05), but there was
no significant difference in the f value between the two groups
(P>0.05). Analysis of tumour tissue sections showed no significant
difference in intratumorally necrosis between the 5-FU-responsive
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and 5-FU-resistant groups (P>0.05). These results suggest that per-
fusion and blood flow velocity and the length of the microvascular
segments in 5-FU-resistant cancer tissue are decreased but do not
cause additional ischaemic necrosis in the tumour. We speculate
that 5-FU-resistant colon cancer cells have improved viability in a
low perfusion state.

Ideally, a careful mechanistic verification using high-resolution
small animal MRI scanners can ensure the correlation between pa-
thological changes and MRI performance, but this is beyond the
scope of the current research. To avoid the above shortcomings,
colon cancer xenograft models with tumours close to 1.5 cm in
size were included in this study. This reduced the sample size of
the study (8 colon cancer lesions per group). Therefore, this study
provides only preliminary results based on a small sample size and
not a comparison of the perfusion-related parameters of IVIM with
the histological micro vessel density (MVD) of cancer lesions,
which should be addressed in future studies.

In conclusion, our study demonstrated that the ADC value of DWI
with a single-exponential model and the diffusion coefficients D
and D* of IVIM are valuable for discriminating 5-FU-responsive
and 5-FU-resistant colon cancer in vivo. IVIM is expected to be
a simple and practical way to quantitatively monitor tumour re-
sistance in vivo, and the ADC, D & D* values may be used as
imaging biomarkers.
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