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Dynamic Contrast-Enhanced Magnetic Resonance
Imaging of Human Melanoma Xenografts With
Necrotic Regions
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Purpose: To investigate whether high-resolution images of
necrotic regions in tumors can be derived from gado-
pentetate dimeglumine (Gd-DTPA)-based dynamic con-
trast-enhanced magnetic resonance imaging (DCE-MRI)
series.

Materials and Methods: E-13 human melanoma xeno-
grafts were used as preclinical models of human cancer.
DCE-MRI was performed at a voxel size of 0.23 � 0.47 �
2.0 mm3 with the use of spoiled gradient recalled se-
quences. Tumor images of E � F (E is the initial extraction
fraction of Gd-DTPA and F is blood perfusion) and � (the
partition coefficient of Gd-DTPA, which is proportional to
extracellular volume fraction) were produced by subject-
ing DCE-MRI series to Kety analysis, and these images
were compared with histological preparations from the
imaged slices.

Results: Strong correlations were found between fraction of
necrotic tissue and fraction of voxels with � � �L for �L

values of 0.4 to 0.6. Binary � images differentiating between
� values � �L and � values � �L were found to mirror
necrotic regions well in tumors with large necroses. How-
ever, necrotic foci that were small compared with the voxel
size were not detectable.

Conclusion: Clinically relevant images of necrotic tumor
regions can be obtained for E-13 melanomas by subjecting
Gd-DTPA-based DCE-MRI series to Kety analysis.
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MALIGNANT TUMORS develop a physiological microen-
vironment during growth that is distinctly different
from that of normal tissues (1). The microenvironment
of tumors is heterogeneous due to inadequate blood
perfusion and is characterized by oxygen and nutrient
depletion, low energy status, extracellular acidosis, and
interstitial hypertension (2). This hostile microenviron-
ment causes resistance to therapy (3) and may promote
malignant progression and metastatic dissemination
(4).

Gadopentetate dimeglumine (Gd-DTPA)-based dy-
namic contrast-enhanced magnetic resonance imaging
(DCE-MRI) has been suggested to be a useful noninva-
sive method for characterizing the physiological micro-
environment of tumors (5–10). The uptake of Gd-DTPA
in tumor tissue depends on several microenvironmen-
tal parameters, including blood perfusion, vascular
density, vessel wall permeability, cell density, extracel-
lular volume fraction, and extracellular matrix density
(11). In some types of cancer, correlations have been
found between DCE-MRI-derived parameters and phys-
iological parameters of the tumor microenvironment
(7–10) or outcome of tumor treatment (12–14). How-
ever, the correlations are in general weak, implying that
the DCE-MRI parameters derived from these studies
have low prognostic or predictive value.

The potential usefulness of Gd-DTPA-based DCE-
MRI in providing high-resolution images of tumor blood
perfusion and tumor oxygenation status is currently
being investigated in our laboratory by using human
tumor xenografts as preclinical models of human can-
cer (15–19). We have shown that highly reproducible,
high-resolution images of E � F (E is the initial extraction
fraction of Gd-DTPA and F is blood perfusion) and � (� is
the partition coefficient of Gd-DTPA, which is propor-
tional to extracellular volume fraction) can be obtained
by subjecting DCE-MRI series to Kety analysis (15). The
E � F and � images were found to mirror the histological
appearance of the tumor tissue. Thus, E � F was posi-
tively correlated to microvascular density, and � was
positively correlated to extracellular volume fraction
(15–17). Moreover, the E � F images were shown to mir-
ror blood perfusion images assessed by using the Bio-
scope imaging system to measure the uptake of freely
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diffusible radioactive blood flow tracers (18), and strong
correlations were found between E � F and fraction of
radiobiologically hypoxic cells assessed by using a ra-
diobiological assay based on the paired survival curve
method (19). These studies were carried out with A-07
and/or R-18 human melanomas transplanted into
BALB/c-nu/nu mice (15–19), primarily because xe-
nografted tumors of these melanoma lines do not de-
velop necrotic regions during growth (20). Experimental
tumors without necrosis are particularly suitable for
evaluating the potential of DCE-MRI in providing clini-
cally useful images of the physiological microenviron-
ment of tumors because the premises of the pharma-
cokinetic models developed for analysis of DCE-MRI
data are not fulfilled in necrotic tumor regions (11).

However, development of necrotic regions is a char-
acteristic feature of many tumor types. Histological ex-
aminations have shown that the pattern of necrosis can
differ substantially among individual tumors resected
from the same organ. Some tumors show a few large
necrotic regions centrally that may differ significantly in
size and shape whereas others develop many small ne-
crotic foci throughout the tissue. Immunohistochemi-
cal investigations of tumors labeled with hypoxia mark-
ers have revealed that most necrotic regions are
circumscribed by a thin layer of hypoxic cells, usually
two to four cell layers thick (21). These hypoxic cells are
resistant to radiation therapy, photodynamic therapy,
and some forms of chemotherapy and may thus repre-
sent a serious therapeutic problem, particularly if they
are reoxygenated because of therapy-induced changes
in the diffusion distances of oxygen (1–3). Necrotic tu-
mor regions do not represent a therapeutic problem but
may confound DCE-MRI-derived physiological images
because the pharmacokinetic models developed for an-
alyzing DCE-MRI data are not valid for necrotic tissue
(11). Values provided for voxels in necrotic tissue by
pharmacokinetic models have no physiological mean-
ing but may be similar to those provided for hypoxic
tissue or poorly perfused normoxic tissue (15,17,18)
and, if so, tumors with necrotic regions may be as-
sessed to be more poorly perfused or more hypoxic than
they actually are. The main purpose of the work re-
ported here was to investigate whether necrotic regions
can be identified in E � F and/or � images of experimen-
tal tumors. E � F and � images were achieved by sub-
jecting DCE-MRI series of E-13 human melanoma
xenografts to Kety analysis, and these images were
compared with histological preparations from the im-
aged tumor cross sections. The E-13 melanoma was
selected for this study because individual tumors of
this line develop highly different necrotic patterns and
thus differ substantially in fraction of necrotic tissue.

MATERIALS AND METHODS

Mice and Tumors

Adult (8–12 weeks of age) female BALB/c-nu/nu mice,
bred at our research institute, were used as host ani-
mals for xenografted tumors. The mice were kept under
specific pathogen-free conditions at constant tempera-
ture (24–26°C) and humidity (30–50%). Sterilized food

and tap water were given ad libitum. Animal care and
experimental procedures were approved by the Institu-
tional Committee on Research Animal Care and were
performed in accordance with the Interdisciplinary
Principles and Guidelines for the Use of Animals in
Research, Marketing, and Education (New York Acad-
emy of Sciences, New York, NY, USA).

The experiments were performed with tumors of the
amelanotic human melanoma E-13. This melanoma
was established in BALB/c-nu/nu mice from a lymph
node metastasis of a 52-year-old female. It has been
maintained by serial subcutaneous transplantation in
athymic mice. The tumors used in the experiments re-
ported here were initiated from cell suspensions pre-
pared from donor tumors by mechanical and enzymatic
disaggregation (22). Approximately 3.0 � 105 cells in 10
�L of Ca2�-free and Mg2�-free Hanks’ balanced salt
solution were inoculated intradermally into the mouse
flank by using a 100-�L Hamilton syringe. The tumors
were subjected to DCE-MRI upon having grown to vol-
umes of 200 to 350 mm3. Tumor volume (V) was calcu-
lated as V � (�/6)ab2, where a is the longer and b is the
shorter of two perpendicular diameters (23), measured
with calipers.

Immunohistochemical Detection of Tumor
Hypoxia

Pimonidazole was used as a marker of tumor hypoxia,
and a peroxidase-based immunohistochemical assay
was used to detect hypoxic regions in tumors (24). Pi-
monidazole hydrochloride, kindly supplied by Professor
J.A. Raleigh (Department of Radiation Oncology, Uni-
versity of North Carolina School of Medicine, Chapel
Hill, NC, USA), was dissolved in 0.9% NaCl and admin-
istered intraperitoneally (i.p.) in doses of 30 mg/kg
body weight. The tumors were dissected free from the
mice approximately four hours after the administration
of pimonidazole and fixed in phosphate-buffered 4%
paraformaldehyde. Slides with tumor tissue prepara-
tions were incubated with polyclonal rabbit antiserum
to pimonidazole–protein adducts, a gift from Professor
J.A. Raleigh. Diaminobenzidine was used as chromo-
gen, and hematoxylin was used for counterstaining.
Hypoxic fractions (HFs) (i.e., area fractions showing
positive pimonidazole staining) and necrotic fractions
(NFs) (i.e., area fractions showing necrotic tissue) were
determined by image analysis.

Anesthesia

DCE-MRI was carried out with anesthetized mice. Fen-
tanyl citrate/fluanisone (Janssen Pharmaceutica,
Beerse, Belgium) and midazolam (Hoffmann-La Roche,
Basel, Switzerland) were administered i.p. in doses of
0.63/20 and 10 mg/kg body weight, respectively.

Contrast Agent

Gd-DTPA (Schering, Berlin, Germany), diluted in 0.9%
saline to a final concentration of 0.06 M, was used as
contrast agent. The contrast agent was administered in
the tail vein of the mice in a bolus dose of 5.0 mL/kg
body weight during a period of five seconds. The admin-
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istration was performed after the mice had been placed
in the MR scanner by using a 24-G neoflon connected to
a syringe by polyethylene tubing.

DCE-MRI

Tumor imaging was performed with a 1.5-T whole-body
scanner (Signa, General Electric, Milwaukee, WI, USA),
using a cylindrical slotted tube resonator transceiver
coil especially constructed for mice (25). The coil was
insulated with Styrofoam to prevent excessive heat loss
from the mice. The body core temperature of the mice
was kept at 37 to 38°C during imaging by using a
thermostatically-regulated heating pad. The mice were
placed in the scanner with the tumor in the isocenter.
Two calibration tubes, one with 0.5 mM Gd-DTPA in
0.9% saline and the other with 0.9% saline only, were
placed adjacent to the mice in the coil. The tumors were
imaged axially in a single section through the tumor
center. Sagittal scans were used to localize the tumor
and determine the position of the axial scan. A scan
thickness of 2 mm was used, and the number of exci-
tations was 1. The image matrix was 256 � 64 with a
field of view of 6 � 3 cm2, corresponding to a voxel size
of 0.23 � 0.47 � 2.0 mm3. Interpolation algorithms
applied by the imaging system resulted in an apparent
resolution of 0.23 � 0.23 � 2.0 mm3. Two types of
spoiled recalled gradient images were recorded: proton
density images with repetition time TR � 900 msec,
echo time TE � 3.2 msec, and flip angle 	 � 20°, and
T1-weighted images with TR � 200 msec, TE � 3.2
msec, and 	 � 80°. Two proton density images and
three T1-weighted images were acquired before the con-
trast agent was administered. The durations of the se-
quences were 64 and 14 seconds, respectively. After the
administration of contrast agent, T1-weighted images
were recorded every 14 seconds for 15 minutes. Finally,
one proton density image was acquired.

Image Processing and Data Analysis

Tumor images were stored in the DICOM format and
analyzed on a voxel-by-voxel basis by using software
developed in IDL (Interactive Data Language, Boulder,
CO, USA). Gd-DTPA concentrations were calculated
from signal intensities by using the method of Hittmair
et al (26). Plots of Gd-DTPA concentration vs. time were
generated, and the Kety equation (27),

Ct
T� � E � F � �
0

T

Ca
t� � e�E�F�
T�t�/� dt, (1)

was fitted to the plots, where Ct(T) is the Gd-DTPA con-
centration in the tumor at time T, E is the initial extrac-
tion fraction of Gd-DTPA, F is the perfusion per unit
tumor volume, Ca(t) is the arterial input function, and �
is the partition coefficient of Gd-DTPA. The arterial in-
put function has been determined previously (15):

Ca
t� � A � e�B�t � C � e�D�t, (2)

where A � 2.55 mM, B � 0.080 second–1, C � 1.20 mM,
and D � 0.0010 second–1. Numerical values of � and E �
F were determined for each voxel from the best curve fit.
E � F was calculated in units of mL/(g � minute), assum-
ing that the density of the tumor tissue was 1 g/cm3 �
1 g/mL. Images of � and E � F were generated by using
the SigmaPlot software (SPSS Science, Chicago, IL,
USA).

Statistical Analysis

Correlations between two parameters were searched for
by linear regression analysis. Probability values (P) and
correlation coefficients (R) were calculated by using the
SigmaStat statistical software (SPSS Science, Chicago,
IL, USA). A significance criterion of P � 0.05 was used.

RESULTS

A total of 20 tumors were subjected to DCE-MRI and
subsequent histological examination. Histologically,
the tumors showed a chorded structure, that is, the
tumors were built up by cylindrical tissue structures
with a vessel in the center (Fig. 1). The chords were
separated by necrotic tissue in tumor regions with low
vascular density. The cells in the periphery of the
chords stained positive for pimonidazole and were thus
hypoxic. In tumor regions with high vascular density,
the chords overlapped and individual chords could not
be easily identified. Pimonidazole-positive hypoxic cells
were barely seen in these regions. Some tumors devel-
oped regions with massive necrosis centrally. The inter-
tumor heterogeneity in NF and HF was substantial.
This is illustrated in Fig. 1, which shows histological
preparations from the central axial plane (i.e., from the
center of the 2-mm-thick axial DCE-MRI scan) of four of
the 20 tumors. Some tumors showed little necrosis and
a few hypoxic foci (Fig. 1a), some tumors showed little
necrosis and extensive hypoxia (Fig. 1b), some tumors
showed massive central necrosis and extensive hypoxia
(Fig. 1c), and some tumors showed massive central
necrosis and a few hypoxic foci (Fig. 1d).

The intratumor heterogeneity in NF and HF was also
significant. In fact, the histological appearance of the
tissue differed substantially within the 2-mm-thick tu-
mor slices subjected to DCE-MRI. This is illustrated in
Fig. 2, which shows six 5-�m-thick histological prepa-
rations from the imaged slice of a single, representative
tumor. The histological preparations were separated by
400 �m, and they show that the pimonidazole stain-
ing pattern and the size, shape, and spatial location of
the massive central necrosis changed considerably
within a distance of 2 mm. Consequently, to deter-
mine representative values for NF and HF of imaged
slices, six histological sections were prepared from each
slice. These histological preparations were analyzed
separately, mean values were calculated for NF and HF,
and these mean values were compared with E � F and �
values determined by DCE-MRI.

Tumors with extensive necrosis showed lower E � F
values and higher � values than tumors with little ne-
crosis. This is illustrated in Figs. 3 and 4, which refer to
a tumor with massive central necrosis and a tumor with
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a few small necrotic foci, respectively. The figures show
a histological preparation from the center of the axial
DCE-MRI scan (Figs. 3a and 4a), a sketch in which the
necrotic regions in each of the six histological prepara-
tions from the scanned slice have been outlined (Figs.
3b and 4b), the E � F image (Figs. 3c and 4c), the � image
(Figs. 3d and 4d), the frequency distribution of the E � F
values (Figs. 3e and 4e), and the frequency distribution
of the � values (Figs. 3f and 4f). Our algorithms pro-

duced relatively low E � F values [E � F � 0.03 mL/(g �
minute)] for most voxels in tumor regions with massive
necrosis. A significant fraction of the voxels in normoxic
tumor regions without necrosis also showed low E � F
values, implying that low E � F values were not a dis-
tinctive feature of necrotic tissue. Consequently, large
necrotic regions were poorly defined and small necrotic
foci could not be identified in E � F images of E-13
tumors (Figs. 3c and 4c). Moreover, our algorithms pro-

Figure 1. Intertumor heterogeneity in NF and HF. His-
tological preparations from the central axial plane of
four E-13 tumors, illustrating the intertumor heteroge-
neity in histological appearance. The images refer to the
center of the 2-mm-thick DCE-MRI scan of a tumor
showing little necrosis and a few hypoxic foci (a), a tu-
mor showing little necrosis and extensive hypoxia (b), a
tumor showing massive central necrosis and extensive
hypoxia (c), and a tumor showing massive central ne-
crosis and a few hypoxic foci (d). The preparations were
stained with anti-pimonidazole antibody to visualize hy-
poxic regions and counterstained with hematoxylin. Hy-
poxic tissue appears dark brown. Necrotic regions are
outlined in black.

Figure 2. Intratumor heterogeneity in NF and
HF. Six histological preparations from the cen-
tral axial plane of a single E-13 tumor, illus-
trating the intratumor heterogeneity in histo-
logical appearance within a distance of 2
mm, corresponding to the thickness of the
DCE-MRI scans. The images refer to 5-�m-
thick parallel sections separated by 400 �m
from the cranial (a) to the caudal (f) end of the
tumor. The preparations were stained with an-
ti-pimonidazole antibody to visualize hypoxic
regions and counterstained with hematoxylin.
Hypoxic tissue appears dark brown. Necrotic
regions are outlined in black.
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duced very high � values (� �� 1) for most voxels in
tumor regions with massive necrosis, whereas � values
�0.7 were rarely seen for voxels in normoxic tumor
regions without necrosis. Large necrotic regions could,

therefore, be recognized as regions with very high �
values in � images of E-13 tumors (Fig. 3d). However,
small necrotic foci were not detectable in the � images of
tumors of this line (Fig. 4d).

Figure 3. E-13 tumor with extensive necrosis. A histo-
logical preparation from the center of the axial DCE-MRI
scan (a), a sketch in which the necrotic regions in each
of the six histological sections prepared from the
scanned slice have been outlined (b), the E � F image (c),
the � image (d), the frequency distribution of the E � F
values (e), and the frequency distribution of the � values
(f) of an E-13 tumor with massive central necrosis. a:
The histological preparation was stained with anti-pi-
monidazole antibody to visualize hypoxic regions and
counterstained with hematoxylin. Hypoxic tissue ap-
pears dark brown. Necrotic regions are outlined in
black. b: The necrotic regions in each of the six histo-
logical preparations are outlined in individual colors
and superimposed. The gray shade indicates the num-
ber of preparations with overlapping necrotic tissue. The
scale is given by the bar. c,d: The E � F and � scales are
given by the color bars. e,f: The E � F and � frequency
distributions are based on the individual voxel values of
the imaged slice. The median values of E � F and � were
found to be 0.02 mL/(g � minute) and 0.47, respectively.

Figure 4. E-13 tumor with little necrosis. A histological
preparation from the center of the axial DCE-MRI scan
(a), a sketch in which the necrotic regions in each of the
six histological sections prepared from the scanned slice
have been outlined (b), the E � F image (c), the � image
(d), the frequency distribution of the E � F values (e), and
the frequency distribution of the � values (f) of an E-13
tumor with a few small necrotic foci. a: The histological
preparation was stained with anti-pimonidazole anti-
body to visualize hypoxic regions and counterstained
with hematoxylin. Hypoxic tissue appears dark brown.
Necrotic regions are outlined in black. b: The necrotic
regions in each of the six histological preparations are
outlined in individual colors and superimposed. The
gray shade indicates the number of preparations with
overlapping necrotic tissue. The scale is given by the
bar. c,d: The E � F and � scales are given by the color
bars. e,f: The E � F and � frequency distributions are
based on the individual voxel values of the imaged slice.
The median values of E � F and � were found to be 0.14
mL/(g � minute) and 0.20, respectively.
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The impact of necrosis on E � F and � was studied
further by subjecting individual voxels adjacent to or
within necrotic tumor regions to detailed analysis. One
representative example referring to a tumor with a large
central necrosis is illustrated in Fig. 5. The figure shows
a histological preparation from the axial DCE-MRI scan
(Fig. 5a), the E � F image (Fig. 5b), the � image (Fig. 5c),
and Kety curves for ten individual voxels (Fig. 5d). The
Kety curves refer to the voxels of the ten-voxel-long
white bar depicted in Figs. 5b and c. The voxel bar
crosses the necrotic region, and the Kety curves repre-
sent subsequent voxels from i to ii. Examination of the
six histological sections prepared from the tumor re-
vealed that the voxels along the white bar consisted of a
mixture of necrotic tissue and hypoxic and normoxic
nonnecrotic tissue. The first two and the last three
voxels were dominated by nonnecrotic tissue. The Kety
analysis produced E � F values of 0.021–0.037 mL/(g �
minute) and � values of 0.26–2.33 for these voxels. The
remaining five voxels were dominated by necrotic tis-
sue. The data for these voxels were consistent with a
linear increase in Gd-DTPA concentration with time.
When the data were subjected to Kety analysis, E � F
values � 0.015 mL/(g � minute) and � values �1 � 103

were produced by our algorithms. It should be noticed
that the Kety analysis produced poor curve fits for these
voxels.

To investigate whether the intertumor heterogeneity
in � reflected the intertumor heterogeneity in NF and/or
NF � HF, several parameters were derived from the �
frequency distributions of the 20 tumors included in
our study, including the 20th, 30th, 40th, 50th, 60th,
70th, and 80th percentiles and the fraction of voxels
with � � �L (�L is �Limit, a threshold value for �) for �L

values of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.
Linear regression analysis revealed that these percen-

tiles correlated weakly with NF and NF � HF and that
fraction of voxels with � � �L correlated strongly with NF
and NF � HF. The strongest correlations are illustrated
in Figs. 6 and 7, which show fraction of voxels with � �
0.4 vs. NF (Fig. 6a: R2 � 0.41, P � 0.0023), fraction of
voxels with � � 0.5 vs. NF (Fig. 6b: R2 � 0.47, P �
0.00082), fraction of voxels with � � 0.6 vs. NF (Fig. 6c:
R2 � 0.48, P � 0.00069), fraction of voxels with � � 0.7
vs. NF (Fig. 6d: R2 � 0.48, P � 0.00074), fraction of
voxels with � � 0.3 vs. NF � HF (Fig. 7a: R2 � 0.53, P �
0.00026), fraction of voxels with � � 0.4 vs. NF � HF
(Fig. 7b: R2 � 0.55, P � 0.00018), fraction of voxels with
� � 0.5 vs. NF � HF (Fig. 7c: R2 � 0.55, P � 0.00020),
and fraction of voxels with � � 0.6 vs. NF � HF (Fig. 7d:
R2 � 0.52, P � 0.00031). It should be noticed that the
fraction of voxels with � � �L for �L values of 0.3 to 0.6
usually was larger than NF � HF for tumors with ex-
tensive necrosis and smaller than NF � HF for tumors
with little necrosis (Fig. 7).

Voxels with � � �L for �L values of 0.4 of 0.6 colo-
calized with the regions with necrotic or hypoxic tis-
sue in tumors with extensive necrosis whereas tu-
mors with little necrosis hardly showed voxels with �
values �0.4. This is illustrated in Figs. 8 and 9 by
using the tumors depicted in Figs. 3 and 4 as exam-
ples. Figure 8 refers to a tumor with massive central
necrosis and Fig. 9 to a tumor with a few small ne-
crotic foci. The figures show a histological prepara-
tion from the center of the axial DCE-MRI scan (Figs.
8a and 9a), a sketch in which the necrotic regions in
each of the six histological preparations from the
scanned slice have been outlined (Figs. 8b and 9b), a
sketch in which the regions with either necrotic or
hypoxic tissue in each of the six histological prepara-
tions from the scanned slice have been outlined (Figs.
8c and 9c), a � image highlighting voxels with � � 0.6

Figure 5. Kety curves for voxels in necrotic tumor regions. A histological preparation from the center of the axial DCE-MRI scan
(a), the E � F image (b), the � image (c), and plots of Gd-DTPA concentration vs. time and the corresponding Kety curves for 10
individual voxels (d) of an E-13 tumor with a large central necrosis. a: The histological preparation was stained with anti-
pimonidazole antibody to visualize hypoxic regions and counterstained with hematoxylin. Hypoxic tissue appears dark brown.
Necrotic regions are outlined in black. b,c: The E � F and � scales are given by the color bars. The median values of E � F and �
for the imaged slice were found to be 0.09 mL/(g � minute) and 0.20, respectively. d: The Kety curves refer to single subsequent
voxels form i to ii along the 10-voxel-long white bar depicted in (b) and (c). The voxel bar crosses the central necrosis in (a). The
E � F and � values of each voxel along the voxel bar are presented in (d).
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(Figs. 8d and 9d), a � image highlighting voxels with
� � 0.5 (Figs. 8e and 9e), and a � image highlighting
voxels with � � 0.4 (Figs. 8f and 9f). Generally, binary
� images similar to those in Figs. 8d–f and 9d–f were
found to give an adequate impression of the location
of the necrotic tissue in tumors with large necroses,
whereas small necrotic foci could not be detected.

Moreover, to investigate whether the intertumor het-
erogeneity in E � F reflected the intertumor heterogene-
ity in NF and/or NF � HF, several parameters were
derived from the E � F frequency distributions of the
tumors, including the 20th, 30th, 40th, 50th, 60th,

70th, and 80th percentiles and the fraction of voxels
with E � F � E � FL (E � FL is E � FLimit, a threshold value for
E � F) for E � FL values of 0.10, 0.08, 0.06, 0.04, 0.02, and
0.01 mL/(g � minute). Correlations between these E � F
parameters and NF or NF � HF were then searched for
by linear regression analysis. Only weak correlations
were found, regardless of the E � F parameter considered
(data not shown). Similarly, to investigate whether a
combination of E � F and � parameters reflected the
intertumor heterogeneity in NF and/or NF � HF, cor-
relations between the fraction of voxels having both � �
�L and E � F � E � FL and NF or NF � HF were searched

Figure 6. Relationship between � and NF.
Fraction of voxels with � � 0.4 (a), � � 0.5 (b),
� � 0.6 (c), and � � 0.7 (d) vs. necrotic fraction
for 20 E-13 tumors. Data points represent in-
dividual tumors. Horizontal bars indicate SEs,
calculated from six histological preparations.
The solid lines represent curves fitted to the
data by linear regression analysis. The corre-
lations were found to be statistically signifi-
cant: (a) R2 � 0.41, P � 0.0023; (b) R2 � 0.47,
P � 0.00082; (c) R2 � 0.48, P � 0.00069; and
(d) R2 � 0.48; P � 0.00074. The dashed lines
represent the one-to-one correlations.

Figure 7. Relationship between � and NF �
HF. Fraction of voxels with � � 0.3 (a), � � 0.4
(b), � � 0.5 (c), and � � 0.6 (d) vs. the sum of
the hypoxic and necrotic fraction for 20 E-13
tumors. Data points represent individual tu-
mors. Horizontal bars indicate SEs, calculated
from six histological preparations. The solid
lines represent curves fitted to the data by lin-
ear regression analysis. The correlations were
found to be statistically significant: (a) R2 �
0.53, P � 0.00026; (b) R2 � 0.55, P � 0.00018;
(c) R2 � 0.55, P � 0.00020; (d) R2 � 0.52, P �
0.00031. The dashed lines represent the one-
to-one correlations.
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for by using all possible combinations of the �L and E �
FL values stated above. However, these correlations
were weaker than those obtained by using fraction of
voxels with � � �L as parameter (data not shown), im-

plying that the � frequency distributions provided sig-
nificant information on NF and NF � HF in E-13 tumors
and that the E � F frequency distributions did not pro-
vide additional information.

Figure 8. Binary � images of E-13 tumor with massive necrosis. A histological preparation from the center of the axial DCE-MRI
scan (a), a sketch in which the necrotic regions in each of the six histological sections prepared from the scanned slice have been
outlined (b), a sketch in which the largest regions with either hypoxic or necrotic tissue in each of the six histological sections
prepared from the scanned slice have been outlined (c), a � image highlighting voxels with � � 0.6 (d), a � image highlighting
voxels with � � 0.5 (e), and a � image highlighting voxels with � � 0.4 (f) of an E-13 tumor with massive central necrosis. a: The
histological preparation was stained with anti-pimonidazole antibody to visualize hypoxic regions and counterstained with
hematoxylin. Hypoxic tissue appears dark brown. Necrotic regions are outlined in black. b,c: The necrotic regions (b) and the
regions with either hypoxic or necrotic tissue (c) in each of the six histological preparations are outlined in individual colors and
superimposed. The gray shade indicates the number of preparations with overlapping necrotic tissue (b) or overlapping regions
with either hypoxic or necrotic tissue (c). The scale is given by the bar. d–f: Voxels with � � 0.6 (d), � � 0.5 (e), and � � 0.4 (f)
are indicated in red.

Figure 9. Binary � images of E-13 tumor with small necrotic foci. A histological preparation from the center of the axial DCE-MRI
scan (a), a sketch in which the necrotic regions in each of the six histological sections prepared from the scanned slice have been
outlined (b), a sketch in which the largest regions with either hypoxic or necrotic tissue in each of the six histological sections
prepared from the scanned slice have been outlined (c), a � image highlighting voxels with � � 0.6 (d), a � image highlighting
voxels with � � 0.5 (e), and a � image highlighting voxels with � � 0.4 (f) of an E-13 tumor with a few small necrotic foci. a: The
histological preparation was stained with anti-pimonidazole antibody to visualize hypoxic regions and counterstained with
hematoxylin. Hypoxic tissue appears dark brown. Necrotic regions are outlined in black. b,c: The necrotic regions (b) and the
regions with either hypoxic or necrotic tissue (c) in each of the six histological preparations are outlined in individual colors and
superimposed. The gray shade indicates the number of preparations with overlapping necrotic tissue (b) or overlapping regions
with either hypoxic or necrotic tissue (c). The scale is given by the bar. d–f: Voxels with � � 0.6 (d), � � 0.5 (e), and � � 0.4 (f)
are indicated in red.
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DISCUSSION

Tumors with poor blood perfusion and low oxygen ten-
sion are resistant to some types of chemotherapy, pho-
todynamic therapy, and radiation therapy (1–3). A non-
invasive method for identifying tumors that are
resistant to treatment because of an unfavorable phys-
iological microenvironment is, therefore, highly needed.
Several experimental and clinical studies have sug-
gested that DCE-MRI may be developed to be a clini-
cally useful method for assessing tumor responsiveness
to treatment. Thus, in some studies, tumor parameters
derived by DCE-MRI have been shown to correlate with
outcome of treatment as well as with physiological pa-
rameters of the tumor microenvironment assessed by
invasive methods (7–14). However, the correlations are
in general weak, possibly because the complex and
heterogeneous microenvironment of tumors may com-
plicate the interpretation of DCE-MRI-derived physio-
logical images. A large number of tumors develop ne-
croses in regions with poor blood perfusion and low
oxygen tension, and because of poor contrast enhance-
ment, necrotic regions may appear like poorly perfused
tissue in DCE-MRI-derived physiological images of tu-
mors. If necrotic tissue is misinterpreted as hypoxic
tissue or poorly perfused normoxic tissue, DCE-MRI-
derived physiological images may suggest that tumors
with necrotic regions have larger regions with hypoxic
or poorly perfused viable tissue than they actually have.
The possibility that clinically useful images of necrotic
regions in tumors may be achieved by appropriate anal-
ysis of DCE-MRI series was investigated in the study
reported here.

Xenografted tumors of the E-13 human melanoma
were used as preclinical models of tumors in humans in
our study, primarily because the intra- and intertumor
heterogeneity in NF and HF is particularly large in E-13
tumors. Some tumors showed little necrosis and a few
hypoxic foci, some tumors showed little necrosis and
extensive hypoxia, some tumors showed massive cen-
tral necrosis and extensive hypoxia, and some tumors
showed massive central necrosis and a few hypoxic foci.
Moreover, the histological appearance of the tumors
differed substantially within the 2-mm-thick slices sub-
jected to DCE-MRI. Consequently, E-13 tumors should
be excellent models for testing the hypothesis put for-
ward in our study.

Several pharmacokinetic models are being used for
estimating physiological parameters from DCE-MRI
data of tumors (28). Studies in our laboratory have
shown that the Kety model (27) is a useful pharmaco-
kinetic model for analyzing images obtained by Gd-
DTPA-based DCE-MRI of amelanotic human melanoma
xenografts (15–19). The Kety model is based on the
assumption that the transvascular flux of contrast
agent is limited purely by the blood flow (27). This as-
sumption has been verified to be valid for our mela-
noma xenografts (15,18), implying that E is close to
unity and E � F gives absolute values of tumor blood
perfusion in units of mL/(g � minute). Moreover, our
Kety analysis is based on the assumption that the up-
take of Gd-DTPA is limited by the size of the extracel-
lular space (15,19). This assumption has also been

shown to be valid for nonnecrotic tissue in our mela-
noma xenografts, implying that � is proportional to the
extracellular volume fraction (18,19). However, the lat-
ter assumption is not valid for necrotic tumor regions
(18).

Proper Kety analysis requires Gd-DTPA concentra-
tion-vs.-time curves with a well-defined maximum
(11,27). In the E-13 tumors studied here, the concen-
tration of Gd-DTPA increased nearly linearly with time
in voxels consisting primarily of necrotic tissue. This
means that the diffusion of Gd-DTPA into the voxels
was higher than the diffusion of Gd-DTPA out of the
voxels during the whole observation period of 15 min-
utes, primarily because the uptake of Gd-DTPA was not
limited by the size of the extracellular space in the
necrotic tissue. Therefore, the Kety equation gave poor
fits to the Gd-DTPA concentration-vs.-time curves of
these voxels (i.e., the Kety model broke down in tumor
regions with extensive necrosis). However, when the
Gd-DTPA uptake data for necrotic voxels were sub-
jected to Kety analysis, our algorithms produced ex-
tremely low values for E � F and extremely high values
for �. Our study was based on the hypothesis that these
E � F and � values might be utilized to produce detailed
images of necrotic regions in tumor tissue. It should be
noticed, however, that E � F and � values produced by
subjecting necrotic tissue to Kety analysis have no
physiological meaning. It is thus possible that necrotic
regions in tumors also may be identified by model-
independent semiquantitative analyses of Gd-DTPA
concentration-vs.-time curves.

Our hypothesis was found to be valid for � but not for
E � F. The Kety analysis indeed produced low E � F values
for most voxels in tumor regions with massive necrosis.
However, low E � F values were not a distinctive feature
of necrotic tissue. Some tumor regions consisting ex-
clusively of nonnecrotic tissue also showed low E � F
values within the same range as those produced for
necrotic tissue. Consequently, only weak correlations
were found between fraction of voxels with E � F � E � FL

for E � FL values within the range of 0.01–0.10 mL/(g �
minute) and NF or NF � HF, and even large massive
necroses were not well defined in E � F images of poorly
perfused tumors.

On the other hand, fraction of voxels with � � �L for �L

values within the range of 0.4 to 0.6 was found to
correlate strongly with NF and NF � HF, and voxels
with � values � �L colocalized with necrotic regions in
tumors with extensive necrosis. Interestingly, fraction
of voxels with � � �L correlated better with NF � HF
than with NF independent of the �L value (�L � 0.4–0.6),
probably because most of the hypoxic tissue was seen
as thin bands of hypoxic cells located adjacent to ne-
crotic tissue. Voxel values of � within the same range as
those produced for necrotic tissue were not seen in
tumor regions consisting exclusively of nonnecrotic tis-
sue. Consequently, binary � images differentiating be-
tween � values � �L and � values � �L (�L � 0.4–0.6)
were found to mirror necrotic regions well in tumors
with large necroses. However, the size of the necrotic
regions was slightly overestimated in these images,
probably because the voxels in the periphery of large
necroses consisted of a mixture of necrotic and nonne-
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crotic tissue, and because of the necrotic component, �
values � �L were produced for many of these voxels. In
tumors with little necrosis, the fraction of voxels with
� � �L was usually smaller than NF and NF � HF,
probably because the necrotic regions in these tumors
were small compared with the voxel size of 0.23 �
0.47 � 2.0 mm3. Therefore, the voxels of tumors with
small necrotic regions consisted of nonnecrotic tissue
only or a significant fraction of nonnecrotic tissue and a
smaller fraction of necrotic tissue. The � values pro-
duced for the latter voxels were within the same range
as those produced for the voxels consisting of nonne-
crotic tissue only and, consequently, small necrotic foci
were not detectable in binary � images differentiating
between � values � �L and � values � �L (�L � 0.4–0.6).
However, by reducing the scan thickness to less than 2
mm, it should be possible to detect smaller necrotic
regions than those detected here, provided that a suf-
ficiently high signal-to-noise ratio can be achieved.
Moreover, an increased spatial resolution would prob-
ably also improve the delineation of large necrotic re-
gions in binary � images.

Our preclinical study thus strongly suggests that im-
ages of necrotic regions in tumors may be derived from
DCE-MRI data by subjecting the data to appropriate
analysis. Furthermore, the size of the necrotic regions
that can be detected appears to be limited primarily by
the spatial resolution of the DCE-MRI. Most impor-
tantly, binary � images may mirror necrotic regions well
in tumors with large necroses. This observation may
have significant clinical implications. Several institu-
tions are attempting to develop prognostic parameters
as well as predictive assays for the outcome of treat-
ment of cancer patients based on DCE-MRI (7–14).
Moreover, DCE-MRI is being used extensively to moni-
tor the response to treatment of cancer patients (29–
31). The prognostic value of DCE-MRI and its useful-
ness in prediction and monitoring of tumor treatment
response may be improved substantially by implement-
ing adequate methods for differentiating between ne-
crotic tissue and poorly perfused hypoxic or normoxic
tissue. The present study suggests that � images pro-
duced by subjecting DCE-MRI data to Kety analysis
may be used successfully for that purpose, at least for
human tumors with biological characteristics similar to
those of E-13 tumors, a possibility that merits clinical
investigation. Furthermore, the possibility that our ob-
servation may be of general validity should be investi-
gated thoroughly in preclinical and clinical studies
involving tumors with widely different biological char-
acteristics.
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