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Correlation of ADC value with pathologic indexes in colorectal
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Objective: Noninvasive diffusion-weighted magnetic resonance imaging (DWI) is a well-studied MR
imaging technique for quantifying water diffusion especially in tumor area. The correlation between
apparent diffusion coefficient (ADC) value and apoptosis or proliferation is not clear by now. This study
aimed to investigate whether DWI-ADC value could be used as an imaging marker related with pathologic
indexes of tumors.

Methods: A total of 30 Balb/c mice with HT29 colorectal carcinoma were subjected to DWI and histologic
analysis. The percentage of ADC changes and the apoptotic and proliferating indexes were calculated
at predefined time points. Kolmogorov-Smirnov distances were considered to determine whether the
percentage of ADC changes, and the apoptotic and proliferating indexes were normally distributed. An
independent-samples #-test was used to analyze the difference between apoptotic and proliferating indexes in
the two groups.

Results: There was a statistically significant difference in proliferating index between the radiotherapy
and control groups (mean proliferating index: 49.27% wvs. 83.09%), and there was a statistically significant
difference in apoptotic index between the two groups (mean apoptotic index: 37.7% wvs. 2.71%). A significant
positive correlation was found between the percentage of ADC changes of the viable tissue and apoptotic
index. Pearson’s correlation coefficient was 0.655 (P=0.015). A significant negative correlation was found
between the percentage of ADC changes of the viable tissue and ki-67 proliferation index. Pearson’s
correlation coefficient was 0.734 (P<0.001).

Conclusions: Our results suggest that ADC value may be used in measurement of cell apoptotic and

proliferating indexes in colorectal carcinoma.
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Introduction

Noninvasive diffusion-weighted magnetic resonance
imaging (DWI) is a well studied MR imaging technique
for quantifying the increase in water diffusion caused by
cell necrosis in tumors, prior to visible changes in tumor
morphology or size, in responding patients with breast (1-3),
brain (4,5), and pancreatic (6,7) cancers. DWI can be used
to monitor cellular structures in biological media and
has been proposed as a tool to distinguish different tissue
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compartments (8). Through the application of strong
gradients in the imaging sequence, imaging is sensitized to
the displacement of spins of diffusing protons. It is mainly
the protons of bulk water that contribute to the signal in
DWI, and not protons within macromolecules, membranes
or water protons bound to macromolecules and membranes,
because these are relatively immobile and have extremely
short T2 values (9). The apparent diffusion coefficient
(ADC) of water can be calculated from the images, where
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apparent refers to the fact that these values are based on
water protons experiencing different restrictions to diffusion
inside several tissue or cellular compartments in a single
voxel (8,9). The ADC depends on the presence of diffusion
barriers, such as cell membranes and macromolecules, in
the water microenvironment. Compartments with different
cellular structures may, therefore, exhibit different ADCs
and be identified in ADC maps.

Most of the diffusion MR studies of experimental tumors
estimate the ADC over a low range of b values. The signal
decay over a low b value range (0<b<1,000 mm®/s) is mono-
exponential and dominated by water in the extracellular
microenvironment. Consistent with this, a correlation is
often found between the ADC measured at low b values and
tumor cellularity observed in histological sections (10,11).
Moreover, elevated ADC values have been correlated
with the necrotic fraction of animal tumor models (12).
In human breast cancer xenografts and radiation-induced
fibrosarcomas, high ADC values are coincident with
necrotic areas, which have low cellularity (13). A significant
inverse correlation between ADC and cell density has been
demonstrated in a clinical study of gliomas (14).

Information on microscopic structures in tissues other
than cell density, such as the apoptosis and proliferation
indexes of tumors would also be useful. Apoptosis is
associated with an acidic microenvironment and a low oxygen
concentration; features which may influence the response
to e.g., radiotherapy, thermotherapy or chemotherapy. Cell
proliferation may be indicative of tumor aggressiveness;
several clinical studies suggest an increased metastatic
capacity of highly cellular tumors (15-17). Currently we can
only use invasive pathological methods to obtain information
about tumor apoptosis and proliferation, but this method
has significant deficiencies: tested samples do not represent
the whole tumor information, and it is easy to disseminate
metastasis (fine-needle aspiration, puncture, etc.).

The aim of this study was to investigate the possible
correlation between ADC value in DWT and histopathology
(apoptotic and proliferating indexes) using a colorectal
tumor model, in order to further elucidate the efficacy
of using this technique in the prognosis and treatment of
cancers.

Materials and methods
Animals, tumor model and animal preparation

HT?29 cells, N-nitroso-N-methyl urethane-induced mouse
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colon carcinoma cells of BALB/c origin, were purchased
from the American Type Culture Collection (ATCC).
Cells were cultured in RPMI 1640 medium (GIBCO)
supplemented with 10% heat-inactivated fetal calf serum
(Hyclone) at 37 °C in a humidified 50 mL/L CO, incubator.
Cultures were passaged every 4 d with TEG solution (0.25%
trypsin, 0.1% EDTA and 0.05% glucose in Hanks’ balanced
salt solution).

Thirty-six female BALB/c mice (7-9 weeks) were
obtained from Chinese Academy of Medical Sciences
(Beijing). All animals were implanted with HT29 cells
(3x10° cells in 0.2 mL culture medium) by subcutaneous
injection into the left iliac region. Treatment was begun when
tumors grew to 0.6-1.0 cm. Experiments were approved
by the Institutional Animal Care and Use Committee of
Shanxi Medical University and performed in accordance
with the regulations of the NIH Guide for the Care and Use
of Laboratory Animals. Six mice were excluded because of
model inconsistency (too large or too small).

Thirty mice were scanned before radiotherapy, and
divided into two groups, the radiotherapy group and the
non-radiotherapy group. DWI and anatomic T2WI were
performed on six randomly-chosen mice in total from
two groups at different time points after radiotherapy (1, 2,
3,5, 7 d). After imaging, in total six animals were sacrificed
and histological analyses were undertaken.

Radiotherapy

Mice were anesthetized with pentobarbital (50 mg/kg
i.p.). The iliac region was irradiated with a total of 12 Gy
in 2 daily fractions (6 MV photon beam at source-to-axis
distance of 100 cm, dose rate 2.4 Gy/min) 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.

MRI experiments

Small-animal DWI was performed with a 1.5-T MR
imaging system (Signa EXCITE 1.5T HD Twinspeed, GE
Medical Systems, Milwaukee, WI) and a surface coil (GE,
3-inch). Animals anesthetized using pentobarbital were
placed in a box containing pure water at 37 °C to regulate
body temperature and reduce artifact.

DWI data were collected using the parameters: repetition
time ms/echo time ms, 6,000/84.5; imaging matrix, 64x64;
field of view, 10x10 mm; slice thickness, 3 mm; intersection
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Figure 1 T2 weighted (A) and diffusion weighted (B) images.

gap, 0 mm; No. of averages, 16; voxel size, 0.07 mm;
b values, 0.100 s/mm’; bandwidth, 125 kHz.

T2WI data: repetition time ms/echo time ms, 2,500/76.4;
imaging matrix, 160x128; field of view, 10x10 mm; slice
thickness, 3 mm; intersection gap, 0 mm; No. of averages, 6;
voxel size, 0.01 mm; bandwidth, 31.3 kHz.

"Total acquisition time was approximately 12 min (Figure I).

MR image analysis

MR images were analyzed by consensus between two
radiologists, working on a workstation (AW4.2, GE). They
were blind to the treatments each animal had received.
ADC maps were calculated on a pixel-by-pixel basis by
using built-in software (Functool, GE). Regions of interest
were manually circumscribed for all high-signal areas on
lesions observed during DWI.

The percentage of ADC change was calculated by using
the formula, % AADCy = (ADCy — ADCg)/ADC;; x100, where
ADC is the lesion pretreatment value and ADCy is the lesion
ADC value at time N of radiotherapy [1, 2, 3, 5 and 7 d].

Histological analysis

After the mice were sacrificed, terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling (TUNEL)
and Ki67 staining of each tumor tissue were performed.
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Four digital pictures were taken, away from areas of
necrosis but otherwise randomly, by two investigators
who was blind to the treatment each animal had received.
Image analysis instruments (Al, LEICA) were used. The
apoptotic and proliferating cells were segmented according
to the signal intensity difference between target cells and
background, while the intensity and minimum particle size
thresholds were determined manually. The cell number was
then counted in all pictures per tumor.

The apoptotic and proliferating indexes were all
determined by counting a total of at least 1,000 neoplastic
nuclei subdivided in 10 fields randomly chosen at 400x
magnification. Positive signals were all defined as the
presence of a distinct brown staining on nuclei of neoplastic

cells (Figure 2).

Statistical analysis

Kolmogorov-Smirnov distances were considered to
determine whether the percentage of ADC changes,
and apoptotic and proliferating indexes were normally
distributed. An independent-samples 7-test was used to
analyze the difference between apoptotic and proliferating
indexes in the two groups.

Significant correlations between ADC changes from the
bright signal intensity region and apoptotic cell density or
the density of cells showing Ki67 expression were searched
for by Pearson product moment correlation analysis.
Correlation between ADC changes and time points was
searched for by Spearman correlation analysis (SPSS,
version 11.0; SPSS Inc., Chicago, IL, USA). P<0.05 was

considered statistically significant.

Results
Apoptotic and proliferating indexes in two groups

According to a=0.05, there is a statistically significant
difference in proliferating index between the radiotherapy
and control groups (mean proliferating index: 49.27% wvs.
83.09%). And there is a statistically significant difference
in apoptotic index between the two groups. The mean
apoptotic index in the radiotherapy group is greater than
that in the control group (37.7% vs. 2.71%).

Time course of pathologic index and ADC value

Average apoptotic index in the radiotherapy group increased
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Figure 2 Brown yellow cells represent Ki67 positive (A) and apoptotic (B) cells (400x).

45 —e— radiotherapy
—=— control

Apoptotic index (%)

Time (d)

Figure 3 The time-dependent apoptotic index change in radiotherapy
and control groups.
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Figure 4 The time-dependent proliferating index change in

radiotherapy and control groups.
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over the course of treatment, reached its highest level 2 d
after radiotherapy, and returned towards baseline almost at
the 7-d time point after radiotherapy. The apoptotic index
in the control group differed somewhat, and was always less
than that in the radiotherapy group except baseline and 7-d
time point (Figure 3).

Average proliferating index in the radiotherapy group
reached the lowest level 3 d after radiotherapy, then
increased slightly, but was always less than the proliferating
index at baseline. No significant difference was observed in
the proliferating index between the two groups (Figure 4).

In the radiotherapy group, average ADC values reached
the highest level 2-3 d after radiotherapy, no significant
difference was observed in average ADC values between the
two groups (Figure 5).

Percentage of ADC changes and apoptotic index

The percentage of ADC changes and the apoptotic index,
were normally distributed (Kolmogorov-Smirnov test,
P=0.87, 0.73, respectively; the median of the apoptotic
index and the percentage of ADC changes are 24.1%
and 14.2%, respectively). There is a positive correlation
between the percentage of ADC changes and the apoptotic
index: the calculated Pearson’s correlation coefficient is
0.655 (P=0.015) (Figure 6).
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Figure 5 The time-dependent ADC value change in radiotherapy
and control groups. ADC, apparent diffusion coefficient.
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Figure 6 Comparison of histological measures of tumor apoptosis
with quantitative percentage of ADC changes. There is a positive

correlation between the percentage of ADC changes and the

apoptotic index. ADC, apparent diffusion coefficient.

Percentage of ADC changes and proliferating index

The proliferating index was normally distributed
(Kolmogorov-Smirnov test, P=0.78; median 69.79%). There
is a negative correlation between the percentage of ADC
changes and the proliferating index. The calculated Pearson’s
correlation coefficient is 0.734 (P<0.001) (Figure 7).

Discussion

Imaging biomarkers are important tools for monitoring
response to therapy as well as for detecting and characterizing
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Figure 7 Comparison of histological measures of tumor

proliferation with quantitative percentage of ADC changes. There

is a negative correlation between the percentage of ADC changes

and the proliferating index. ADC, apparent diffusion coefficient.

cancers (15). DWI depends on the microscopic mobility of
water. This mobility, classically called Brownian motion,
is due to thermal agitation and is highly influenced by the
cellular microenvironment of water. Thus, DWI findings
could provide an early harbinger of biologic abnormality.
For instance, the most established clinical application of
DWTI is the assessment of cerebral ischemia where DWI
findings precede all other MR techniques (16). In oncological
imaging, parameters derived from DWI are appealing as
imaging biomarkers because acquisition is noninvasive, does
not require exogenous contrast agents, does not use ionizing
radiation, yet is quantitative, can be obtained relatively rapidly
and is easily incorporated into routine patient evaluations (17).
If correlations exist between the parameters of DWI and
apoptosis or proliferation indexes, DWI could be developed
into a desirable noninvasive tool to obtain information about
tumor progression and response to anti-tumor therapy.

The ADC value is a quantitative parameter that measures
the diffusion ability of water in DWI, and any factor which
influences the diffusion of water molecules will lead to changes
in ADC values (18). A significant inverse correlation between
ADC and cell density has been demonstrated in a clinical
study of gliomas (14) and some experimental studies. In view
of the importance of information on tumor apoptosis and
proliferation in anti-tumor therapy, this study was designed to
analyze possible correlations between the percentage of ADC
changes and pathological parameters (apoptotic index and
proliferating index). In this study, we used radiotherapy as an
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intervention to cause apoptosis in HT29 tumors, followed by
DWI at different time points after radiotherapy, in order to
analyze the correlations of different degrees of apoptosis and
proliferation with the percentage of ADC changes.

Radiotherapy is known to kill tumor cells via apoptosis,
one hallmark of which is a reduction of cell volume via
blebbing. Benson ez /. analyzed decreases in cell volume
during apoptosis (19), and a study by Hakumiki er a/.
showed a 219% increase in the ADC of water in viral
thymidine kinase-containing tumors induced to apoptosis
with ganciclovir (20). As such we concluded that measured
nuclear magnetic resonance parameters could potentially
describe the biophysical signatures for apoptotic cell death.

In this study, TUNEL staining, in combination with
histochemical analysis was used to accurately locate sites
of apoptosis, but also to facilitate the detection of early
apoptosis more effectively than using morphological criteria.
The results indicate a moderate positive correlation between
percentage ADC value changes and apoptotic index.

As ADC values are affected by the combined effect of
intra- and extra-cellular volume fractions, when the apoptotic
index increases, we consider that at least the following two
factors will influence tumor ADC values. The first is that
apoptosis can cause increased mobility of extracellular water
through early cell shrinkage and loss of cell processes, thereby
increasing the ADC value. The second is the change of
intracellular environment in apoptotic cells, such as decreased
nuclear/cytoplasmic ratio, increased perinuclear cisternae,
condensed nuclear chromatin, chromatin margination,
etc. These factors result in increased intracellular volume
and as such intracellular water mobility is slow compared
with extracellular water, which makes ADC values decrease
slightly. However, when compared with extracellular changes,
intracellular effects on water diffusion are an order of
magnitude lower. Therefore, the overall impact of an increase
in apoptosis is still marked by increased tumor ADC values.

The percentage of ADC changes we obtained correlated
inversely with the Ki67 proliferation index. Cellular size
changes during the cell cycle, from the smallest size cells
seen in G1 phase, with a development through S phase and
G2 phase to M phase, cell volume gradually increases, and
the extracellular volume fraction gradually decreases. On the
other hand, in the intracellular space, with increasing cell
volume, the nuclear/cytoplasmic ratio gradually increases, and
with it the intracellular volume fraction increases more than
before. These two factors lead to extracellular/intracellular
volume ratio decreases, thereby the ADC values decrease with
increasing proliferation index. Several authors have reported

© Chinese Journal of Cancer Research. All rights reserved.

449

that low ADC levels represent a good predictor of high-grade
gliomas or have documented statistically significant results
that separate high-grade tumors from low-grade tumors
(21,22). However, in such studies, no correlation with Ki67
values was mentioned. Our study strengthens these findings
by comparing ADC and Ki67 values.

This study identified the viable part of the tumor as the
region of interest (ROI), mainly because the cells respond
to radiotherapy (i.e., high signal region in DWI), whereas
necrotic tissue within the tumor will not. If samples contained
the central necrosis, it would interfere with percentage ADC
changes, and ADC value increases observed could be due to
necrosis, not increased apoptosis or reduced proliferation.

We analyzed the correlation between the parameters of
DWTI and pathology, using the same type of tumor cells (H129)
in each case, which is different from other similar studies
(in their studies, research objects are different pathological
types of tumors, in essence, there are significant differences
in cell density and proliferation activity). In addition, as these
same-type tumor cells can be considered to be the same size,
the difference of ADC changes is the result of apoptosis or
cell proliferation accompanied by intra- and extra-cellular
microenvironment changes, and not due to difference in cell
size. This study also demonstrated the relationship between
the changes in ADC changes, and apoptotic or proliferating
indexes. Our study strengthens the findings of previous studies
by comparing ADC values, apoptosis and Ki67, and indicates
that DWI can detect slight differences in same-type tumor
cells which have undergone different therapy.

The study still has some research shortcomings. The
primary limitation of ADC quantification relates to the fact
that water released by apoptosis is not confined within the ROI
but will diffuse out gradually over time. The increased amount
of water generates greater water pressure, resulting in faster
diffusion. Therefore, in diffusion-weighted imaging, it is critical
to optimize the imaging time point after initiation of therapy to
maximize the accuracy of measuring the therapeutic response.
In our study, due to limited sample size, we have not elucidated
the early time point. Furthermore, the correlation between the
percentage of ADC changes and other pathological changes
after radiotherapy, such as edema, hyperemia, hemorrhage, etc.,
has yet been analyzed in more detail.

In conclusion, the present results indicate that water ADCs
can be a potential tool for noninvasively monitoring tumor
cell apoptosis and proliferation information, to determine
optimal therapeutic regimens, avoid side-effects and reduce
unnecessary costs. Furthermore, this measurement of ADC
values could also help quantitatively compare the anti-tumor
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efficacies of different treatment regimens.
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