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Measurement of Cell Density and Necrotic Fraction in
Human Melanoma Xenografts by Diffusion Weighted

Magnetic Resonance Imaging

Heidi Lyng,”” Olav Haraldseth,? and Einar K. Rofstad’

The aim of this study was to investigate whether apparent
diffusion coefficients (ADCs) could be used as measures of cell
density and necrotic fraction of tumors. Tumors of four human
melanoma xenograft lines were subjected to diffusion-
weighted magnetic resonance imaging (DWI). ADCs were cal-
culated from the images and related to cell density and necrotic
fraction, as determined from histological sections. A significant
correlation was found between the ADC of the viable tissue and
cell density, regardless of whether tumors of different lines or
different regions within individual tumors were considered. Ne-
crosis was found in two of the lines. A single region of massive
necrosis that could be differentiated from the viable tissue in
ADC maps was found in one line, whereas a number of smaller
necrotic regions that could not be identified in ADC maps were
found in the other line. Tumor ADC was significantly correlated
with the necrotic fraction of the former, but not of the latter line.
Our results suggest that ADCs can be used as measures of cell
density and necrotic fraction of some but not of all tumors,
depending on whether the individual necrotic regions are large
enough to be differentiated from the viable tissue with the
obtained spatial resolution of the DW images. Magn Reson
Med 43:828-836, 2000. © 2000 Wiley-Liss, Inc.
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MRI is often used to obtain information on macroscopic
structures in the body, such as the anatomic extension of
tumors, and is, therefore, a useful diagnostic tool in cancer
therapy. Information on microscopic structures in tissues,
such as the cell density and necrotic fraction of tumors,
would, however, also be useful. The cell density may be
indicative of tumor aggressiveness; several clinical studies
suggest an increased metastatic capacity of highly cellular
tumors (1-3). Necrosis is associated with an acidic micro-
environment and a low oxygen concentration (4); features
that may influence the response to e.g., radiotherapy, hy-
perthermia, and chemotherapy (5,6). Moreover, changes in
cell density and necrotic fraction during and after treat-
ment may reflect tumor response (7). Methods for measure-
ment of cell density and necrosis in tumors may, therefore,
be used to tailor therapy for individual patients and to
monitor tumor response to therapy (8—10).
Diffusion-weighted magnetic resonance imaging (DWI)
can be used to monitor cellular structures in biological
media and has been suggested as a tool to distinguish
different tissue compartments (11). Through the applica-
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tion of strong gradients in the imaging sequence, imaging
is sensitized to the displacement of spins of diffusing
protons. Mainly protons of bulk water and not protons
within macromolecules and membranes or water protons
bound to macromolecules and membranes contribute to
the signal in DW images, because the latter protons are
relatively immobile and have extremely short T, values
(12). The apparent diffusion coefficient (ADC) of water can
be calculated from the images, where apparent refers to the
fact that these values are based on water protons experi-
encing different restrictions to diffusion inside several tis-
sue or cellular compartments in a single voxel (11,12). The
ADC depends on the presence of diffusion barriers, such as
cell membranes and macromolecules, in the water micro-
environment. Compartments with different cellular struc-
tures may, therefore, exhibit different ADCs and be iden-
tified in ADC maps.

Previous studies suggest that this technique may have a
potential for registration of cell density and necrosis in
tumors. Much knowledge of tissue ADCs has come from
experimental studies investigating the usefulness of DWI
to detect early effects of ischemia on brain tissue (e.g.,
13-18). A reduction in ADC up to 50% occurs immedi-
ately after induction of ischemia. Several reasons for this
reduction have been proposed; e.g., swelling of cells, lead-
ing to changes in the relative volume of the intra- and
extracellular compartments, and interruption of molecular
movement in the intracellular compartment due to energy
depletion during cell injury (14,15). The factors important
for ADCs of tumors may, however, be different from those
determining the ADCs of normal tissues. Several studies
have shown changes in tumor ADC after treatment that
occurred before changes in tumor volume were detected,
suggesting that the changes in ADC could be an early
indication of response (8—10). An elevated ADC of necro-
sis and edema compared to viable tumor tissue has been
reported (19-23), showing that necrosis and edema can be
differentiated from the viable tissue based on ADCs. More-
over, Sugahara et al. (24) reported recently a correlation
between the minimum ADC of tumor regions and cell
density in human gliomas; regions with high cell density
had lower ADC than regions with low cell density. An-
other study on human gliomas found an inverse correla-
tion between the choline signal intensity, measured by
proton MR spectroscopy, and the ADCs, suggesting a rela-
tionship between tumor ADC and cellularity (25,26). More
detailed studies relating ADCs to cell density and necrotic
fraction in tumors outside the brain are needed to fully
understand the usefulness of DWI for registration of cell
density and necrosis.

828



Water Diffusion, Cell Density, and Necrosis in Tumors

In the present work tumors of four different human
melanoma xenograft lines were subjected to DWI. ADC
maps were generated from the images and used to deter-
mine tumor ADC and the ADC of necrosis and viable
tissue. The aim was to investigate to what extent the ADCs
could be used to obtain information on cell density and
necrotic fraction of tumors. Cell density and necrotic frac-
tion were determined by histological analyses of tumor
sections. The four melanoma lines were well suited for the
present purpose; they differed significantly with respect to
cell density and pattern of necrosis.

MATERIALS AND METHODS
Mice and Tumor Lines

Female BALB/c-nu/nu mice, 8 to 10 weeks old and 20 to
30 g of weight, were used. The mice were bred at the
animal department of our institute and kept under specif-
ic-pathogen-free conditions at constant temperature (24—
26°C) and humidity (30-50%). Sterilized food and tap
water were given ad libitum.

Four amelanotic human melanoma xenograft lines were
included; A-07, D-12, R-18, and U-25 (27). Xenografted
tumors were initiated from exponentially growing mono-
layer cultures in passages 75—100. Monolayer cells, cul-
tured in RPMI-1640 medium supplemented with 13% fetal
calf serum, 250 mg/L penicillin, and 50 mg/L streptomy-
cin, were detached by trypsinization. Approximately 2.5 X
10° A-07 cells or 5.0 X 10°® D-12, R-18, or U-25 cells in 10
ul of Ca®* - and Mg?* - free Hanks balanced salt solution
were inoculated intradermally in the mouse leg. Tumors
were grown to diameters in the range of 4 to 13 mm before
they were used, corresponding to volumes in the range of
50 to 360 mm”® for all but one tumor with a volume of 1000
mm?®. Five tumors of each line (volumes 140—360 mm?,
A-07; 160-210 mm?, D-12; 120-280 mm?, R-18; 50—1000
mm?®, U-25), were used in the study of ADC against cell
density, whereas 8 D-12 tumors (volumes 100—225 mm?)
and 8 U-25 tumors (volumes 50—1000 mm?) were used to
study ADC against necrotic fraction.

Diffusion-Weighted Magnetic Resonance Imaging

DWI was performed in the axial plane of the tumors by use
of a 2.35 T Bruker Biospec (Bruker, Karlsruhe, Germany)
with a bore size of 40 cm. The mice were kept under
general anesthesia during imaging. The anesthetic con-
sisted of 80% Sombrevin (Gedeon Richter, Budapest, Hun-
gary), 12% Hypnorm Vet (LEO, Helsingborg, Sweden), and
8% Stetsolid, 5 mg/mL (Dumex, Copenhagen, Denmark),
and was administered i.p. in doses of 0.01 mL/g body
weight. The mice were positioned on an imaging cradle
fitted with a specially designed saddle coil. A bed contain-
ing fluorocarbons circulating in a closed chamber was
used to avoid excessive heat loss from the body. Measure-
ment of rectal temperature in a few animals verified that
the body temperature was maintained at 37°C by use of
this procedure.

The tumors were positioned in the isocenter of the mag-
net. The field homogeneity was optimized by performing
global shims at the start of imaging. A sagittal scan was
used for tumor localization and to determine the position
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of the axial scan. The axial scan consisted of 6 to 8 slices,
covering the whole tumor. Diffusion weighting was
achieved by using a multislice pulsed gradient spin echo
sequence (TE/TR: 28 s/1500 s) with 5 different gradient
strengths. The time between the start of each gradient
pulse (A) was 10 s, and the duration of the gradient pulses
(3) was 7 s, leading to an effective diffusion time (A-8/3) of
85 (11). A series of 5 diffusion-weighted images, one image
of each gradient strength, were obtained for each slice. The
gradient strengths (G) ranged from 75 mT/m to 185 mT/m,
and the diffusion encoding constant [b = y*G*3*(A —
8/3), where <y is the gyromagnetic ratio] ranged from
150 s/mm® to 925 s/mm®. Gradients in the z-direction,
parallel to the mouse leg, were used. Additional images
with gradients in the x-direction were obtained of four
tumors to ensure that the ADCs were not dependent on
gradient direction. The images were acquired with a 3 X
3 cm field of view, a 128 X 128 image matrix, a slice
thickness of 1 mm, and a slice gap of 1.2 mm, leading to an
in plane resolution of 0.23 X 0.23 mm and a voxel size of
0.055 mm®. Two excitations were employed. The total
examination time, including setup, tumor localization,
and DWI, was approximately 30 min.

Imaging of a water phantom at 37°C was performed as
described above to verify that the imaging technique gave
reliable ADC values. The ADC of the phantom was 3.0 X
10~ mm?/s, which is consistent with literature values of
approximately 2.3 X 10~ mm?/s for water diffusion coef-
ficients at 25°C (28), taking into account an increase in the
diffusion coefficient of 2.4% per °C (11).

Image Analysis

The images were transferred to a Macintosh computer and
analyzed using the public domain program Image, Version
1.45 (Wayne Rasband, National Institutes of Health, Be-
thesda, MD). ADC maps were generated for each slice on a
pixel-by-pixel basis from the signal intensity of the five
DW images and the corresponding b-values:

S(b) = S(0) - e "APC (1]

where S(b) is the signal intensity achieved with diffusion
encoding constant b, and S (0) is the signal intensity
achieved without gradient (11). Thus, the natural loga-
rithm of the signal intensities were plotted against the
b-values, and the ADCs were calculated as the slope of
linear curves fitted to these plots. The fits generally had a
correlation coefficient of approximately 0.99. Image arti-
facts caused by movement of the mice during imaging led
to lower correlation coefficients. MR examinations, in
which movement had occurred, could easily be identified
due to the low correlation coefficients. These examina-
tions were excluded from the analyses. The ADC maps of
the three most centrally located slices were included in the
further analyses, since histological sections in planes cor-
responding to these slices were obtained (see Histological
Sections). Regions of interest (ROIs) were drawn with a
cursor in the ADC maps, using the corresponding histo-
logical section to identify the regions. ADC histograms
were generated for each ROL
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Histological Sections

The orientation of the tumors was marked on the sur-
rounding skin after imaging. The tumors were excised,
fixed in 4% formalin, and cut into three sections with a
thickness of 5 um. The localization of the sections corre-
sponded to the central part of the three most centrally
located MR slices. The sections were stained with hema-
toxylin and eosin and analyzed by use of a light micro-
scope (Sony DXC-151P, Sony Norge, Oslo, Norway) con-
nected to a computer based image analysis system (KS300,
Kontron Elektronik GmbH, Miinchen, Germany).

Cell Density and Necrotic Fraction

Cell density was determined by use of the method de-
scribed by Brammer and Jung (29). Briefly, the number of
nuclei per unit of tissue volume, Nv, was used as a mea-
sure of cell density and was derived from the formula

N =

v

Vv
— (2]
14

where, V., is fraction of tissue volume occupied by nuclei,
and v is the nuclear volume. Color images of the viable
tumor tissue were transferred to the computer. The mag-
nification of the images, as shown on the monitor, was
1250X. Grids were superimposed on the images. First, a
grid of 9 horizontal lines was used. The chord lengths, i.e.,
lengths of each line segment running inside a nuclear
profile, were measured interactively by using a cursor to
define the chords. At least 30 chords were measured in
each image. The mean chord length, I, was used to calcu-
late the mean nuclear diameter, d, of each image:

3
d_EI [3]

assuming the nuclei to be spherical and of equal size, and
the section thickness to be infinitely thin. Thereafter, a
grid of 117 test points was used. The frequency of points
hitting nuclear profiles, P,, was determined interactively
by using a cursor to define the hits. The values of d and P,
were used to calculate V, and v in Eq. [2]:

3-t\7!
VVZPP' 1+m [4]

where t is the section thickness (5 pm). The third power of
I was used as an estimate of v.
The necrotic fraction was calculated from the formula:

Fo=- (5]

where F,, is necrotic fraction, A,, is area of necrosis, and A,
is total tumor area. Color images covering the whole sec-
tions were transferred to the computer. The magnification
of the images, as shown on the monitor, was 130X. A, and
A, were measured interactively by using a cursor to define
the areas.
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FIG. 1. ADC histograms of an A-07 human melanoma xenograft
tumor (a, b) and a mouse leg muscle (c, d). The values in aand c are
achieved with gradients in z-direction, whereas the values in b and
d are achieved with gradients in x-direction.

Statistical Analysis

Kolmogorov-Smirnov distances were considered to deter-
mine whether the ADCs were normally distributed. Nor-
mal distributions were always achieved when the viable
and necrotic tissue were analyzed separately. The mean
value was, therefore, used to describe the ADC of these
tissues. A t-test or a Mann-Whitney rank sum test was used
to search for differences between two ADC histograms.
Significant correlation between two parameters was
searched for by Pearson product moment correlation anal-
ysis. A significance level of P = 0.05 was used throughout.

RESULTS

ADCs based on DW images acquired with gradients in z-
and x-directions were compared for one tumor of each
line. There was no significant difference in the ADCs
achieved by using different gradient directions, regardless
of which tumor was considered (P > 0.05). This is illus-
trated in Fig. 1, showing ADC histograms of an A-07 tu-
mor, using gradients in z- (a) and x-directions (b). Thus,
the ADCs were not dependent on gradient direction, sug-
gesting isotropic diffusion of water in these tumors. The
use of a single gradient direction was therefore justified. In
contrast, the ADCs of muscular tissue were highly depen-
dent on gradient direction (Fig. 1c, d). Thus, higher ADCs
were achieved with gradients in the z-direction, parallel to
the mouse leg, than with gradients in the x-direction,
perpendicular to the mouse leg, reflecting the anisotropic
diffusion of water in muscular tissue (30).
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FIG. 2. ADC map (a, ¢) and HE stained histological section (b, d) of an A-07 (a, b) and R-18 (¢, d) human melanoma xenograft tumor. The
ADC maps are from a plane through the central part of the tumors and show the ADCs of tumor and leg muscle. Red pixels represent ADC
values below 0.70 X 10 mm?/s, whereas lilac pixels represent ADC values above 1.25 X 10 per mm?/s. The cell density of the sections

was 1.8 X 10° per mm?® (b) and 5.4:10° per mm? (d).

ADC and Cell Density

The cell density of the viable tumor tissue differed con-
siderably among the lines. A-07 and U-25 tumors had the
lowest cell densities (mean + SE) of 1.9 X 10° = 0.1 X 10°
per mm® and 2.1 X 10°> = 0.3 X 10° per mm?, respectively,
R-18 tumors had the highest cell density of 4.4 X 10° *
0.5 X 10° per mm®, whereas D-12 tumors had intermediate
cell density of 3.2 X 10° = 0.2 X 10° per mm®. There was
a significant correlation between cell density and tumor
volume of the R-18 line (r = 0.95, P = 0.01), but not of any
of the other lines.

ROIs including the viable tumor tissue were selected in
the ADC maps, using the corresponding histological sec-
tions to identify the regions. ADC histograms of the viable
tissue were generated for each tumor and used to calculate
the mean ADC of each line. The ADC of the viable tissue
differed among the lines and was (mean = SE) 0.98 X 107°
+ 0.03 X 10~ mm?®/s (A-07), 0.86 X 107® + 0.02 X 107°
mm?/s (D-12), 0.81 X 10~ * 0.03 X 10~° mm?/s (U-25),
and 0.65-10°2+0.02:10"% mm?/s (R-18). Thus, tumors of
the line with low cell density had high ADC compared to
tumors of the line with higher cell density. This is illus-
trated in Fig. 2, showing ADC maps and histological sec-
tions of the viable tissue of an A-07 tumor (a, b) and an
R-18 tumor (c, d). The ADC histograms of the two tumors
are shown in Fig. 3. The A-07 tumor had higher ADC and

lower cell density than the R-18 tumor. There was no
necrosis in these tumors.

A significant correlation was found between ADC of the
viable tissue and cell density when tumors of all lines
were included in the analysis (Fig. 4a) (r = —0.71, P =
0.0004); the ADC decreased linearly with increasing cell
density. To investigate whether there was a significant
correlation between ADC and cell density within individ-
ual tumors, the parameters were determined for several
regions within the same tumor. An A-07 tumor with large
differences in cell density was used for this analysis. Eight
regions (0.8 — 1.9 mm?, each with approximately homoge-
neous cell density, were selected within the tumor for
determination of cell density and ADC. A significant cor-
relation between the two parameters was found (r = —0.84,
P = 0.008) (Fig. 4b); tumor regions with low cell density
had high ADC compared to regions with high cell density.
The ADC showed a significant correlation to tumor volume
of the R-18 line; i.e., the line with a significant correlation
between cell density and tumor volume. There was no
correlation between ADC and tumor volume of the other
lines.

ADC and Necrosis

Two of the lines, D-12 and U-25, developed necrosis when
growing to the tumor volumes used here. The necrotic
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FIG. 3. Tumor ADC histograms generated from the ADC maps
depicted in Fig. 2; i.e., from a plane through the central part of an
A-07 (a) and R-18 (b) human melanoma xenograft tumor.

pattern differed considerably between these lines. The
D-12 line developed a single region of massive necrosis
originating from the central part of the tumors, whereas the
U-25 line developed a number of smaller necrotic regions
distributed throughout the tumors. There was a significant
correlation between necrotic fraction and tumor volume of
the D-12 line (r = 0.90, P = 0.002), but not of the U-25 line
(r = 0.23, P = 0.59). The necrotic regions of the D-12
tumors could easily be identified in ADC maps; the ADC of
the necrotic regions was elevated compared to the ADC of
the surrounding viable tissue. This is illustrated in Fig. 5 a
and b, showing the ADC map and histological section of a
D-12 tumor with a large necrotic region. The ADC histo-
gram of the tumor is shown in Fig. 6a. Necrotic D-12
tumors had a broad ADC histogram, caused by the large
difference in ADC between the viable and necrotic tissue,
and a high mean ADC value compared to D-12 tumors
without necrosis. ROIs including solely viable tissue or
necrosis were selected in ADC maps of the D-12 tumors,
using the corresponding histological sections to identify
the regions. Pooled ADC histograms of the viable and
necrotic tissue are shown in Fig. 7a and b, respectively.
The ADC of necrosis was significantly higher than that of
the viable tumor tissue (P < 0.001). In contrast to these
observations, the necrotic regions of the U-25 tumors were
not easily differentiated from the viable tissue in ADC
maps. This is illustrated in Fig. 5¢ and d, showing the ADC
map and histological section of a U-25 tumor with several
necrotic regions, most of them less than 1 X 1 mm in size,
distributed throughout the tissue. Thus, the ADC histo-
gram of the tumor was not particularly broad, even though
the necrotic fraction was relatively high (Fig. 6b). Similar
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results were achieved for all necrotic U-25 tumors. It was,
therefore, not possible to identify the necrotic regions of
these tumors in the ADC maps.

ROIs including the entire tumor were selected in the
ADC maps, and tumor ADCs were calculated. Figure 8
shows plots of the tumor ADC of individual MR slices
(including viable and necrotic tissue) against the necrotic
fraction of the corresponding histological sections of the
D-12 and U-25 lines separately. The relationship between
the two parameters differed between the lines. D-12 tu-
mors showed a significant correlation between ADC and
necrotic fraction (r = 0.73, P < 0.0001); tumors with high
necrotic fraction had high ADC compared to tumors with
low necrotic fraction. In contrast, no such correlation was
found for U-25 tumors (r = 0.02, P = 0.91); tumors with
high necrotic fraction in general, did not have higher ADC
than tumors with low necrotic fraction.

DISCUSSION

The present work, investigating the relationship between
tumor ADC on the one hand and cell density and necrotic
fraction on the other, was based on the hypothesis that
tissues with different cell density or necrotic fraction ex-
hibit different ADC values due to a different content of
diffusion barriers. This hypothesis was plausible, since the
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FIG. 4. ADC of the viable tissue versus cell density of human
melanoma xenograft tumors (a) and of an individual A-07 human
melanoma xenograft tumor (b). In a each point represents mean =
SE of a single tumor. @, A-07 tumors; B, D-12 tumors; A, R-18
tumors; ¥, U-25 tumors. In b each point represents ADC and cell
density of a region (0.8 — 1.9 mm? within the tumor. The stippled
curves are fitted to the data by linear regression analysis.
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FIG. 5. ADC map (a, c) and HE stained histological section (b, d) of a D-12 (a, b) and U-25 (c, d) human melanoma xenograft tumor. The
ADC maps are from a plane through the central part of the tumors and show the ADCs of tumor and leg muscle. Red pixels represent ADC
values below 0.70 x 1078 mm?/s, whereas lilac pixels represent ADC values above 1.25 X 1072 per mm?/s. In the histological sections
arrows point to necrosis. The necrotic fraction of the sections was 0.38 (b) and 0.22 (d).

cell and nuclear membranes are the most important diffu-
sion barriers in tumors. Thus, although some water ex-
change across the membranes may occur during image
acquisition, the membranes are relatively impermeable to
water and cause significant restrictions to diffusion (12). In
addition to the membranes, the intracellular cytoskeleton,
organelles, matrix fibers, and soluble macromolecules con-
tribute to diffusion restrictions in tumors.

Measurement of ADCs reflecting the cell density and
necrotic fraction of tumors necessitates the use of a diffu-
sion time long enough for most water molecules to hit the
membranes during image acquisition (31). This condition
is met if the free diffusion length of the water molecules,
1,, is defined as (2:D,t)'? where D, is the free water
diffusion coefficient of the tissue fluid, and t is the diffu-
sion time, is on the order of or longer than the distance
between the membranes (32). A diffusion time of 8 ms was
used in the present work. Assuming a value of 3.0 X 107°
mm?/s for D,, this leads to a free diffusion length of about
7 wm. The nuclear radius, as determined from Eq. (3) in
this study, differed little among the tumor lines and was
about 5 pm, suggesting that the diffusion time was proba-
bly long enough for the water molecules to hit the intra-
cellular membranes. Based on the cell densities found
here, it can be assumed that the diffusion time also was
long enough for the water molecules to hit the membranes

in the extracellular compartment. Although longer diffu-
sion times have been recommended in ADC studies on
tumors (33), a diffusion time of 8 ms was found to be long
enough to achieve significant differences in ADC between
the tissue types. The advantage of using such a short
diffusion time is achievement of reduced TE and improved
signal to noise ratio in the images.

A significant correlation was found between the ADC of
the viable tumor tissue and cell density; the ADC de-
creased with increasing cell density. The correlation ex-
isted regardless of whether tumors of different lines or
regions within individual tumors were considered. A sim-
ilar relationship between the minimum ADC and cell den-
sity was also found in a recent study on human gliomas
(24), suggesting that the ADC of the viable tumor tissue is
mainly determined by the cell density.

The ADC of viable tissue can be regarded as the result of
roughly independent contributions from the intra- and
extracellular compartment (12,15). There may, therefore,
be at least two factors contributing to a decrease in ADC
with increasing cell density. Firstly, tissues with high cell
density have a large fraction of intracellular water com-
pared to tissues with low cell density. The intracellular
water has presumably lower ADC than the extracellular
water due to a higer content of diffusion barriers in the
intracellular compartment (12). This leads to a lower ADC
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FIG. 6. Tumor ADC histograms generated from the ADC maps
depicted in Fig. 5; i.e., from a plane through the central part of a
D-12 (a) and U-25 (b) human melanoma xenograft tumor.

for highly cellular tissues. Secondly, tissues with high cell
density have a small extracellular compartment compared
to tissues with low cell density. The mobility and, hence,
the ADC of the extracellular water are, therefore, decreased
in the former tissues, leading to lower ADC. The influence
of this factor is strengthened because the ADC is biased
towards the diffusion coefficient of the compartment with
the longest T,; i.e., the extracellular compartment (12).
Both factors are probably highly relevant for explaining
the relationship between ADC and cell density observed
here. Studies performed earlier in our laboratory show that
cell volume differed little among the tumors (unpublished
results). A high cell density was therefore probably asso-
ciated with a small extracellular volume rather than a
small volume of individual cells. In fact, our previous
measurements of the extracellular volume of A-07 and
R-18 tumors by use of contrast enhanced MR imaging
show that the former tumors have a significantly larger
extracellular volume than the latter (34), consistent with
the lower cell density of these tumors. Other factors, al-
though less likely, may also contribute to a decrease in
ADC with increasing cell density, such as decreased mem-
brane permeability in tissues with high cell density.
Necrotic fraction was significantly correlated with tu-
mor ADC of the D-12 line but not of the U-25 line. Thus,
the ADC of D-12 tumors increased with increasing necrotic
fraction, due to the increased ADC of necrotic compared to
viable tissue. An elevated ADC of necrotic regions has also
been reported by others (19-23, 33), and reflects increased
mobility of water in the necrotic tissue. In fact, as a hy-
pothesis the ADC of massive necrosis can be regarded as
the ADC of viable tissue with zero cell density; the ADC of
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necrosis was consistent with the value achieved when
extrapolating the linear fit of ADC against cell density to
zero cell density (Figs. 4a and 7). In contrast to the D-12
tumors, the U-25 tumors showed no increase in ADC with
increasing necrotic fraction. Uncertainties in the method
used to determine necrotic fraction may have contributed
to this observation. Thus, our results should be confirmed
using other methods, based on e.g., contrast-enhanced MRI
(35) or advanced morphometric techniques (36). However,
the difference in the relationship between ADC and ne-
crotic fraction between the two lines can, most likely, be
explained by differences in tumor characteristics.

D-12 tumors developed a single region of massive necro-
sis with high ADC compared to the surrounding viable
tissue. This ensured that an increasing fraction of water
had high ADC with increasing necrotic fraction, leading to
a high mean ADC of necrotic tumors. U-25 tumors, on the
other hand, developed several small regions of necrosis
distributed throughout the tissue. Consequently, although
the necrotic fraction could be high, the area of the indi-
vidual necrotic regions was generally small compared to
the area of the necrotic region of D-12 tumors. This may
have led to the lack of correlation between mean tumor
ADC and necrotic fraction for several reasons. Firstly, the
ADC of U-25 tumors may have been significantly influ-
enced by partial volume effects, since the size of the ne-
crotic regions often was comparable to or smaller than the
voxel size of the MR images (Fig. 5d). Thus, viable tissue
probably contributed to the ADC value of most pixels,
even when located in regions that were identified as ne-
crotic based on the histological sections, leading to de-

Viable tumor tissue

0 a ' s

Frequency (%)

5 | Necrosis

05 10 15 20 25
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FIG. 7. ADC histograms of the viable (a) and necrotic (b) tissue of

D-12 human melanoma xenograft tumors. The histograms are
based on data of 8 tumors.
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24 points, are presented for each line. B, D-12 tumors; V¥, U-25
tumors. The stippled curves are fitted to the data by linear regres-
sion analysis.

creased difference in ADC between the necrotic and viable
tissue. Secondly, small necrotic regions may have a large
fraction of early stage necrosis compared to larger regions,
since the distance to viable tumor tissue is smaller for
these regions. The ADC of early stage necrosis is probably
lower than that of massive necrosis, due to a larger content
of cellular debris (23). This may also have led to a de-
creased difference in ADC between the necrotic and viable
tissue, although for biological reasons not dependent on
the spatial resolution. Consequently, a weaker and less
detectable increase in ADC with increasing necrotic frac-
tion may exist for the U-25 tumors than for the D-12
tumors.

Tumors may show large differences in cell density and
necrotic fraction; parameters that may be indicative of
tumor aggressiveness and response to therapy. Our work
showed that such tumors may differ considerable with
respect to ADCs, suggesting that DWI may be used clini-
cally to assess the prognosis of cancer patients. Moreover,
tumors develop both necrosis and reduced cell density of
the viable tissue in response to many therapies. Thus,
Braunschweiger et al. (35) noted a threefold decrease in
the intracellular volume fraction of RIF-1 tumors and
Steen et al. (37) found a sixfold decrease in the cell density
of gliomas treated with chemotherapy. Differences in ne-
crotic fraction and cell density during therapy may indi-
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cate different response. It is possible that DWT also can be
useful in response evaluation (8—10). There may, however,
occur changes in the extracellular matrix during treatment
that influence the ADCs. Moreover, the structure and
hence ADC of treatment induced necrosis may differ from
that of natural occurring necrosis. ADC studies on tumors
subjected to different therapies are therefore needed to
verify the latter hypothesis.

In conclusion, the present results indicate that water
ADCs can be used as measures of cell density and ne-
crotic fraction of tumors developing no necrosis or a
single region of massive necrosis. The viable tissue can
easily be differentiated from necrosis in ADC maps of
such tumors. On the other hand, the use of ADCs as
measures of cell density and necrotic fraction of tumors
developing several small necrotic regions is more prob-
lematic, since viable tissue and necrosis can be difficult
to identify in ADC maps. To obtain information on cell
density and necrosis of these tumors it is necessary that
the spatial resolution of the ADC maps can be increased,
e.g. by using thinner slices or a larger image matrix
during DWI, without achieving a poor signal to noise
ratio and, hence, unreliable pixel-by-pixel measure-
ments of ADC.
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