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Purpose: To determine the correlation between continuously distributed diffusion-weighted
image (DWI)-derived parameters and histopathologic indexes.

Methods: Fifty-four mice bearing HCT-116 colorectal tumors were included for analysis;
12 mice were used for continuous observation, and the other 42 mice were used for break-point
observation. All mice were randomly divided into radiotherapy and non-radiotherapy groups.
Optical imaging and MRI were performed at different time points according to radiotherapy
regimen (baseline, 24 h, 48 h, 72 h, 7 d, 14 d, and 28 d). Continuous observation data were
analyzed to show the difference of dynamic changing trends of optical and MR-DWI—derived
parameters between radiotherapy and non-radiotherapy groups (photon numbers, D_max, full
width half maximum [FWHM], and apparent diffusion coefficient [ADC] value). Break-point
observation data were used to analyze the correlation between histopathologic indices and
DWI-derived parameters.

Results: There was a significant difference in the changing trends of photon numbers, D_max,
FWHM, and ADC value between radiotherapy and non-radiotherapy groups, especially at early
time points. There was moderate negative correlation between Ki67 and percentage changes
of D_max, FWHM, and ADC values (the correlation coefficients were 0.632, 0.449, and 0.586,
P<0.001, P=0.008, and P<<0.001, respectively). There was moderate negative correlation
between survivin and percentage changes of D_max and ADC values (correlation coefficients
were 0.496 and 0.473, P=0.004 and P=0.006, respectively).

Conclusion: The continuously distributed DWI-derived parameters could reflect histological
behavior to some extent and, thus, are potential markers for early noninvasive monitoring of
tumor cell apoptosis and proliferation.

Keywords: magnetic resonance imaging, diffusion-weighted imaging, continuously distributed,
colorectal cancer, murine homografts

Introduction

Rectal cancer is one of the leading causes of cancer mortality worldwide. Although
resection of the tumor lesion may be beneficial in patients with early-stage (T1 and T2
stages) rectal carcinoma, most patients with locally advanced rectal carcinoma (LARC)
are ineligible for surgery directly. In such cases, neoadjuvant chemoradiotherapy is
routinely used to improve local control.!

Tumor responses to preoperative treatment are highly heterogeneous. Accurate identi-
fication of tumor responses enables the optimal individualized preoperative treatment.**
Presently, many clinical studies have indicated the usefulness of diffusion-weighted image
(DWI) in predicting tumor response to preoperative treatment for rectal cancer.’”’
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To date, most DWI studies of the rectum have used b-factor
within 0—1,000 s/mm? range, and apparent diffusion coefficient
(ADC) values were usually calculated by assuming monoex-
ponential or biexponential signal decay functions. However,
in both animal and human studies,®’ it has been shown that
the signal decay with b-factor over an extended b-factor
range is better modeled by assuming multiexponential decay
functions. The biexponential (two-component), stretched-
exponential (multi-component), and Gaussian-exponential
(multi-component) models were all potentially available, and
these models all need a constant number of diffusion composi-
tion or a predefined regular ADC value distribution such as a

1 and an ideal state cannot be achieved

Gaussian distribution,
in them. Generally, in in vivo experiments, each voxel or
region of interest (ROI) contains numerous vessels and cells
with different sizes, orientations, geometries, and membrane
permeabilities. Therefore, the distribution of diffusion coef-
ficients is heterogeneous and complicated. Instead of making
assumptions about the number or the distribution of diffusion
components, it is desirable to describe the system in terms of
a general integral equation where signal decay is the result of a
continuous distribution of diffusion components. In this study,
a diffusion spectral model is constructed on the basis of a regu-
larized non-negative least squares algorithm. By assuming this
model, we proposed to calculate pure molecular-based diffu-
sion, perfusion-related diffusion, and other parameters indicat-
ing tissue characterization or features, and also to compare the
differences between radiotherapy and non-radiotherapy groups
of Balb/c mice with rectal tumor homografts. Additionally, we
proposed to explore the histologic mechanism of the novel
DWI-derived parameter by testing the relationship between
these parameters and tumor cell proliferation and apoptosis.

Materials and methods

Ethics statement
This study was approved by the Ethics Committee of Beijing
Cancer Hospital.

Animal model

Transfection of cells

HCT-116 cells were purchased from Shanghai Cell Bank of
Chinese Academy of Sciences (Shanghai, People’s Republic
of China) and divided into a negative control group (non-
transfected group) and experimental group (green fluorescent
protein [GFP]). HCT-116 cells (2x105 cells) in the logarithmic
growth phase were seeded in six-well culture plates with
Roswell Park Memorial Institute 1640 medium (GIBCO,
Thermo Fisher Scientific, Waltham, MA, USA) without any
antibiotic, incubated overnight to get 70% in the logarithmic
growth phase, and then transfected (per the manufacturer’s
instructions for Lipo2000). After 48 h, stable cell lines express-
ing GFP were achieved and were cultured (Figure 1).

Fifty-eight male BALB/c nu/nu mice (age 5-6 weeks,
weight 18-22 g) were obtained from the Chinese Academy of
Medical Sciences (Beijing, People’s Republic of China). All
animals were implanted with HCT-116 cells (1x107 cells in
0.1 mL culture medium) by subcutaneous injection into the iliac
region. Treatment was begun when tumors grew to 0.7-1 cm
(=34 weeks). Experiments were performed in accordance with
the regulations of the National of Institute of Health Guide for the
Care and Use of Laboratory Animals. Four mice were excluded
due to model inconsistency (too large or too small). Therefore,
54 mice were included in the experiment. Twelve mice were
used for consecutive optical imaging and MR scanning obser-
vation, and 42 mice were used for break-point observation.

Twelve randomly chosen mice underwent optical imag-
ing and MR scanning, and were then divided into two groups
randomly — radiotherapy and non-radiotherapy groups. After
radiotherapy, these 12 mice underwent optical imaging and
MR scanning at different time points (24 h, 48 h, 72 h, 7 d,
14 d, and 28 d).

Forty-two mice, which were used for break-point observa-
tion, underwent optical imaging and MR scanning, and were
then divided into two groups randomly — radiotherapy and
non-radiotherapy groups. After radiotherapy, optical imaging

LMX#1

Min =0.00
Max =7.61e9

Figure | From left to right are HCT-116 cells in the logarithmic growth phase at 800x magnification, stable HCT-116 cell lines expressing GFP at 800x magnification, and
the BALB/c nu/nu mouse implanted with HCT-116 cells expressing GFP by subcutaneous injection into the iliac region.

Abbreviation: GFP, green fluorescent protein.
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and MR scanning were performed at different time points
(241,48 h,72h,7d, 14 d, and 28 d), similar to that in the above-
mentioned consecutive observation. However, the difference
was that three randomly chosen mice from each group were
sacrificed, and histological examination was performed.

MR scanning

All examinations were performed with a 3.0 Tesla MRI
scanner (DISCOVERY MR750, GE Healthcare, Little Chal-
font, Buckinghamshire, UK) using specific animal coil. The
examinations included axial and coronal T2 weighted image
(T2WI) as well as DWI. To prevent artifacts from bowel
peristalsis, 1 mg glucagon (Glucagon G Novo, Eisai, Tokyo,
Japan) was intramuscularly administered before imaging.
T2WI was performed with repetition time/echo time (TR/TE)
0f 2000/102.1 ms, matrix 256x256, slice thickness 1.6 mm,
and number of excitation (NEX) 16 (Figure 2).

DWI was performed with TR/TE of 2000/87.9 ms, field
of view (FOV) 6x4.2 cm, matrix 128x128, slice thickness
1 mm, and NEX 1. The diffusion weighting was performed along
three orthogonal directions at 10 b values of 0, 10, 20, 50, 100,
200, 400, 600, 800, 1,000, 1,200, and 1,500 s/mm?. A parallel
imaging technique and sensitivity encoding were used to reduce
gradient-echo train lengths by a factor of 2 (Figure 3). ROIs
were manually circumscribed for high-signal areas on lesions
observed in DW images. ROIs were drawn on the b0 image
with a homogenous tumoral area, consistent with minimal
contamination from unintended tissues; signal intensities were
measured for each b value within the same ROI (Figure 3).

MR image analysis

MRI examinations were interpreted and analyzed by consen-
sus of two experienced radiologists who were blinded to the
treatments the mice received.

Instead of making assumptions about the number of
diffusion components, such a system can be described in
terms of a general integral equation

S(b)/S, = [ f(D)exp (bx D) dD [a]

where S is signal intensity and f{D) is the proportion of tis-
sues with specific diffusion coefficient D.

For computer implementation, Eq [a] could be dis-
cretized as

m

S, =, y,exp(=bD,)
[b]
Y =>4 i=12,.,n

mn
J=1

where AU. =exp (-b, Dj , and V= Sojj is the amplitude of the
spectral component at DJ..

It is a typical ill-posed problem for which it is difficult
to obtain an analytical solution. It can be solved by the non-
negative least-squares (NNLS) scheme, which minimizes the
least-squares misfit and, meanwhile, confines all elements
of y to be non-negative.

To construct a diffusion spectrum which is more realistic
for the physical system, additional constraints are incorpo-
rated into the Eq [c]

si:ﬁ{yj:iq [e]

Sf:i{[y./i/lﬁﬂ +”2iy./ [d]

Figure 2 From left to right are the coronal, axial T2WI, and DW!I images using 10 b values of 0, 10, 20, 50, 100, 200, 400, 600, 800, 1,000, 1,200, and 1,500 s/mm?Z

Abbreviations: DWI, diffusion-weighted image; T2WI, T2 weighted image.
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Figure 3 ROl was drawn on the b0 image with a homogenous area of tumor,
consistent with minimal contamination from unintended tissues; moreover, signal
intensities were measured for each b value with a copy—paste operation.

Note: Pink circle represents homogenous area of tumor.

Abbreviation: ROI, region of interest.

where L is the trade-off factor which represents the extent
of regularization.

After all of the y values in Eq [a] are calculated, the dif-
fusion spectrum was determined. Finally, parameters of the
spectrum were extracted for statistical analysis. Two major
parameters, D_max and FWHM are considered in this study.
D_max is the largest diffusion component in the spectrum
(the D, value corresponding to the largest yj). FWHM is the
full width at half maximum YV,

Meanwhile, conventional ADC values are calculated by
Functool (GE Healthcare) for the comparison.

Optical imaging

Isoflurane (3%) together with an oxygen-transporting carrier
was used as an inhalational anesthetic for inducing anesthesia
in mice and deepened with 2% concentration to maintain
anesthesia. Optical imaging instrument (Xenogen IVIS),
excitation light 490 nm, and absorption wavelength of 509 nm
were used. Optical indicators included photon numbers and
radiant efficiency (Figure 1).

Radiotherapy

Mice were anesthetized with pentobarbital (50 mg/kg i.p.).
The iliac region was irradiated with a total of 12 Gy in two
daily fractions (6 MV photon beam at a source-to-axis dis-
tance of 100 cm and dose rate 2.4 Gy/min) administered by an

accelerator (Clinac 1800, Varian Associates Inc., CA, USA).
Two tissue-equivalent polystyrene plates (1.5 cm upward and
4.5 cm downward) were used to provide adequate build-up.

Histopathological analysis

After the mice were sacrificed, Ki67, survivin, and cyclin D
stainings of each tumor tissue specimen were performed
on formalin-fixed, paraffin-embedded 5 um-thick sec-
tions. Primary antibodies used in this study were Ki67 at
1:500 (abcam), survivin at 1:250 (abcam), and cyclin D at
1:1,000 (abcam). Second antibodies used in this study were
products of Zhong Shan Company. Immunohistochemical
analysis was performed by two investigators who were
blinded to the treatment each animal had received. The
pathologic indices were all determined by counting a total
of at least 1,000 neoplastic nuclei subdivided in 10 fields
that were randomly chosen at 400X magnification. Positive
signals were all defined as the presence of a distinct brown
staining on nuclei of neoplastic cells. At least 10 digital
pictures were taken for each section, away from areas of
necrosis but otherwise randomly. The digital images were
assessed using Image-Pro Plus 6.0 software, and the integral
optical density (IOD) of each photograph was ascertained.

Statistical analysis

Intergroup comparisons for the baseline data and time-
dependent percentage change of DWI parameters and photon
numbers were performed using data from the 12 mice for
continuous observation. Intergroup comparisons for the
change of histopathological index and correlation between
histopathological index and MRI parameters were carried
out using data from the 42 mice for break-point observation.
Kolmogorov—Smirnov test was used to determine whether the
variables or percentage change of variables were normally
distributed. An independent #-test or Mann—Whitney test
was performed to test for any statistical differences between
groups. Pearson correlation coefficient was calculated to
measure the linear relationship between variables. A two-
tailed P<<0.05 indicated significant statistical difference.

Result

Time-dependent percentage change

of DWI-derived parameters between
radiotherapy and non-radiotherapy
groups

Continuous observation data was used to test whether there
was any difference in the baseline data and time-dependent
percentage change of DWI parameters and photon numbers
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between radiotherapy and non-radiotherapy groups. There
were no significant differences in DWI-related parameters
at baseline between the two groups, all P>0.05.

Within 48 hours after radiotherapy, there was a contrary
changing tendency observed in D_max, FWHM, and ADC
values between radiotherapy and non-radiotherapy groups.
That is, D_max, FWHM, and ADC values in the radiotherapy
group were significantly higher than baseline values, whereas
D_max, FWHM, and ADC values in the non-radiotherapy
group were slightly reduced than baseline values (Figure 4).
The significantly different percentage changes between
radiotherapy and non-radiotherapy groups within 48 h were
detected for D_max, FWHM, and ADC values (Table 1).
The percentage change of D_max and FWHM between
radiotherapy and non-radiotherapy groups became similar
after 7 d, but ADC values still presented differences between
radiotherapy and non-radiotherapy groups at 72 h, 7 d, and
14 d, which indicated that ADC values might be a more

sensitive parameter.

Time (d)

(@)

ADC (um 2 ms)
© o o o =
N B [e)] [e] - N

o

O 5 10 15 20 25 30
Time (d)

Time-dependent percentage change of
photon numbers and its relationship with

DWI-derived parameters
Within 7 days after radiotherapy, there was a contrasting chang-
ing tendency of photon numbers between radiotherapy and
non-radiotherapy groups (Figure 4). That is, photon numbers
in the radiotherapy group significantly declined as compared
with baseline values, whereas photon numbers continuously
increased in the non-radiotherapy group. Seven days later,
photon numbers declined in both two groups. The percentage
changes of photon numbers between radiotherapy and non-
radiotherapy groups were significantly different at 28 d; the
photon numbers of radiotherapy group declined more than
those in the non-radiotherapy group (P=0.041; Table 1).
Furthermore, we analyzed the relationship between
DWI-related parameters and optical photon numbers. Among
D_max, FWHM, and ADC values, only FWHM showed
a significant negative correlation with photon numbers
(P=0.024), and the correlation coefficient was 0.266. D_max

B
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Figure 4 Time-dependent dynamic changes of DWI parameters and photon numbers between radiotherapy and control groups. (A) D_max, (B) FWHM, (C) ADC, and

(D) photon numbers.

Abbreviations: DWI, diffusion-weighted image; FWHM, full width half maximum; ADC, apparent diffusion coefficient.
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Figure 5 The change of pathological indices between radiotherapy and control groups at different time points. (A) Ki67, (B) cyclin D1, and (C) survivin.

Abbreviation: |IOD, integrated optical density.

within the voxel. Because the negative volume fraction of
any diffusion component is non-physical, the non-negativity
constraint must be taken into account; however, this takes
time and occasionally makes the solution unstable. The
NNLS?! algorithm is numerically stable, very fast, and thus
successfully used for inversion of relaxation data.?>** The
NNLS approach has been used to process the diffusion data;*
however, it was investigated in only the brain and achieved
in a discrete way.

In this study, MR signal attenuation due to water molecu-
lar diffusion in DWI was analyzed using a regularized NNLS-
based diffusion spectrum, which assumes that each voxel
contains a continuous distribution of diffusion coefficients.
To obtain the raw single-decay curves with a higher signal—
noise ratio (SNR), the signal intensity at each b-value was
obtained using the mean signal intensity of an ROI instead
of a single voxel; therefore, to minimize the biases of voxels
within each ROI, the ROIs were drawn over the homoge-
neous areas on DW images. In biological tissue, each pixel

contains numerous water molecules with different diffusion
coefficients. The continuous distribution of diffusion is
more reasonable than several discrete values; therefore, the
regularized NNLS is recommended. In this study, it was
hypothesized that diffusion spectral parameters could better
differentiate different tissues; even in the same malignant
tissues, it could be used for monitoring therapy effect.
Diffusion spectral parameters — that is, the changes in the
rates of D_max, FWHM, and ADC values — can monitor water
diffusion activity that result from a decrease in tumor cells soon
after radiotherapy (within 48 h). Within 48 h after radiotherapy,
D_max and ADC values were significantly higher than before
therapy, which increased water diffusion-reflected tumor cell
decrease that was demonstrated by decreased optimal photon
numbers in this study. In addition, the negative correlation
that existed between survivin and change in rates of D_max
and ADC value showed that the elevated D_max and ADC
values were associated with increased apoptosis, whereas
the decreased D_max and ADC values were associated with

OncoTargets and Therapy 2017:10
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Figure 6 Histopathologic comparisons between radiotherapy and control groups using slides at 400x magnification. Scale bar: 50 um. (A) 24 h cyclin DI expression in the
control group; (B) 24 h cyclin DI expression in the radiotherapy group; (C) 24 h survivin expression in the control group; (D) 24 h suivivin expression in the radiotherapy
group; (E) 24 h Ki67 expression in the control group; and (F) 24 h Ki67 expression in the radiotherapy group.

reduced apoptosis. A negative correlation existed between
Ki67, and change rates of D_max and ADC value showed that
the elevated D_max and ADC values were associated with
reduced proliferation, and the decreased D_max and ADC
values were associated with increased proliferation. These
results are consistent with those Zhang reported earlier.>* The
elevation and broadening of FWHM in the early stage after
radiotherapy reflected more microenvironmental heterogene-
ity than that at the baseline. This study found no relationship
between DWI-derived parameters and cyclin, indicating that

these DWI-derived parameters might not reflect histologic
behaviors related to cell cycle. However, the small number
of animals in this study is a possible reason for the negative
result, and this is the main limitation of this study.

Early changes of DWI-related parameters after radio-
therapy have the same time window with optimal imaging,
suggesting that diffusion spectral parameters can reflect early
pathological changes in tumor microenvironment sensitively.
Compared with a complex microenvironment, further histo-
logical analyses need to be performed.
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Conclusion
We have used the regularized NNLS approach to generate
the continuously distributed diffusion spectrum, which is
intuitionistic and not trapped by an unknown number of diffu-
sion components. The measurements also probed changes in
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Figure 7 Correlations between pathological indexes (Ki67, survivin and cyclin D) and percentage changes of DWI parameters (D_max, FWHM, and ADC values).
Abbreviations: DWI, diffusion-weighted image; FWHM, full width half maximum; ADC, apparent diffusion coefficient; IOD, integrated optical density.
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