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Detection of necrosis in human tumour xenografts by proton magnetic
resonance imaging

I Jakobsen, 0 Kaalhus, H Lyng and EK Rofstad

Institute for Cancer Research, The Norwegian Radium Hospital, Montebello, 0310 Oslo, Norway.

S_nary Tumours with necrotic reons have an inadequate blood supply and are expected to differ from
well-vascularised tumours in response to treatment. The purpose of the present work was to investigate
whether proton magnercrsonance imaging (MRI) might be used to detect necrotic regons in tumours. MR
images and histological sections from individual tumours of three different ameanotic human melanoma
xenograft nes (BEX-t, HUX-t, SAX-t) were analysed in pairs. MRI was performed at 1.5 T ugsin two
spin-echo puls sequmc, one with a repetition time (TR) of 600 ms and echo times (TEs) of 20, 40, 60 and
80 ms and the other with a TR of 2000 ms and TEs of 20, 40, 60 and 80 ms. Spin-lattice relaxation time (T1),
spin-spin relaxation time (T2) and proton density (N,) were calulated for each vohlme element corresponding
to a p-d. Synthetic MR mages, pure T1, T2 and No images and spin-echo images with chosen values for TR
and TE were generated from these data TI, T2 and No distributions of tumour subregions, corresponding to
necrotic regions and regions of viable tissue as defined by histological criteria, were also generated. T1 and T2
were significantly shorter in the necrotic regions than in the regons of viable tissue in all tumours. These
differences were sufficintly large to aBow the generation of synthetic spin-echo images showing clear contrast
between necross and viable tissue. Maximum contrast was acheved with TRs within the range 2800-4000 ms
and TEs within the range 160-200 ms. Necrotic ssue could also be distngished from viable tissue in pure T1
and T2 images. Consequently, the possibility exists that MRI might be used for detection of necrotic regions in
tumours and hence for prediction of tumour treatment response.
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Many tumours develop necrotic regions during growth,
mainly because of inadequate blood supply (Jain, 1988;
Denekamp, 1993). V-iable tumour tissue close to necrotic
regions is characterised by hypoxia, low extracllular pH and
nutritional deprivation (Vaupel et al., 1989). Tumours with
necrotic regions are expected to be resistant to radiation
therapy and many forms of chemotherapy, but sensitive to
hypethermia and treatment with hypoxic cell cytotoxins
(Sutherland et al., 1988). A non-invasive imagng method for
detection of necrotic regions in tumours would in all likeli-
hood represent a useful tool for predicting tumour response
to treatment (Hawkins and Phelps, 1988; Steen, 1992).

Proton nuclear magnetic resonance imang (MRI) is well
established as a diagnostic method in clnical oncology, but
has been devoted less attention as a potential method for
providing information on metabolic and physiological condi-
tions in tumours (Steen, 1992; Rofstad et al., 1994). The
proton spin-lattice and spin-spin relaxation times (T1 and
T2, respectively) in tumours are influenced significantly by the
fraction of free to bound water and the presence of para-
magnetic ions (Braunschweiger et al., 1986; Negendank et al.,
1991). The possibility has therefore been suggested that
viable and necrotic regions in tumours might differ in T, and
T2 (Banard et al., 1986; Belfi et al., 1991) and hence that
MRI might be developed to be an efficient method for detec-
tion of necrotic regions in tumours (Dodd et al., 1989;
DeJordy et al., 1992; Rofstad et al., 1994). Several in vitro
studies of tumour cells and tissues have given results support-
ing this suggestion (Bakker and Vriend, 1983; Englund et al.,
1986; Sillked et al., 1990).
Development of MRI methods for detection and quantita-

tion of necrotic regions in tumours in vivo requires detailed
and careful comparative evaluation of MR images and histo-
logical sections. Procedures for determining T, and T2 dist-
ributions of tumours by MRI have been established in our
institute (Rofstad et al., 1994). Previous studies have shown

that median T1 and T2 in human tumour xenografts decrease
with increasing fraction of necrotic tissue (Rofstad et al.,
1994). A comparative MRI and histology study of subregions
of human tumour xenografts is reported here. The purpose
of the work was to investigate (a) whether necrotic and
viable tumour regions show distinctly different T1 and/or T2
distributions and (b) whether possible differences in the
distributions might be utilised to generate MR images show-
ing clear contrast between necrotic regions and regions of
viable tissue.

Material

Mice and tumour lines

Male Balb/c nu/nm mice, 8-10 weeks old, were used. They
were bred at the animal department of our institution and
kept under specific pathogen-free conditions at constant
temperature (24-26-C) and humidity (30-50%). Strilised
food and tap water were given ad libitwn.

Three human melanoma xenograft lines (BEX-t, HUX-t,
SAX-t) were included in the study (Rofstad et al., 1990). The
tumours of all lines were amelanotic. The lines had been
maintained in athymic mice by serial subcutaneous implanta-

tion of tumour fragments, approximately 2 x 2 x 2 mm, since
they were establshed. Subcutaneous flankl tumours in pas-
sages 15-25 were used in the present work. The volume of
the tumours (v), cculated as V= x/6 x a x b1 (a and b are

the longer and the shorter of two perpendiular diameters
respectively), was within the range 800-1200 mm3.

Magnetic resonace imaging

MRI was performed using a 1.5 T clinical whole-body tomo-
graph (Signa, General Eletric NMR Instruments, Fremont,
CA, USA) and a specially designed mouse probe with a

Q-factor of about 250 (Rofstad et al., 1994). The console
settngs, chosen to optimise signal-to-noise ratio and spatial
resolution, were as follows: image matrix, 256 x 256; field of
view, 8 x 8 cm; scan thickness, 3 mm; number of excitations,
2. Two spin-echo pulse sequences were used, one with a

repetition time (TR) of 600 ms and echo times (TEs) of 20,
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40, 60 and 80 ms and the other with a TR of 2000 ms and
TEs of 20, 40, 60 and 80 ms. Calibration was performed
regularly using a water phantom to ensure stability of the
tomograph.
The mice were kept under general anaesthesia during

tumour imaging. The anaesthetic consisted of 80% Sombre-
vin (Gedeon Richter, Hungary), 12% Hypnorm Vet (LEO,
Sweden) and 8% Stetsolid, 5mgmlni (Dumex, Denmark)
and was administered ntraperitoneally in doses of
0.01 ml g- body weight. The probe was insulated with
styrofoam to prevent excessive heat loss in the mice during
imagng. The body core temperature was kept at 36-38-C.

Analysis ofmagnetic resonace images

TI, T2 and N0 (proton density) were caklcated for each
volume element corresponding to a pixel in the MR images.
A system of two equations formed the basis of the calula-
tions:

II'= NO[I - exp(- TR1/T)Jexp(- TE'/T2)

I2 = No[I - exp( - TR2JT1)jexp( - TEV/T2)
(1)

(2)

where 1 is the image intensity at TE' and i is a member of E
[1,4] (the four TEs). Further details in the calulations have
been described previously (Rofstad et al., 1994).

Several sources of error are involved in the alculations of
T1, T2 and No. Our model ignores the possibility that the
relaxation process might be bi- or multiexponential. More-
over, correction for T2 decay during signal acquisition was
not included in the model. However, experiments with gado-
linium diethylenetramine penta-acetic acid (Gd-DTPA)
phantoms have verified inear correlations between l/T, cal-
culated from muages and l/T1 measured by relaxometry and
between I/7T2 ca ted from images and l/T2 measured by
relaxometry. Although the numeric values for TI, T2 and No
reported here might deviate somewhat from the true values,
our model gives accurate relative values for T1, T2' and N0
(Rofstad et al., 1994).

Synthetic MR images, pure TI, T2 and No images as well as
spin-echo images with chosen values for TR and TE, were
generated from the TI, T2 and No of the pixels and the pixel
coordinates. Plots of T1 vs T2 or No and T2 vs No (pixel-by-
Rixel analysis) and histograms for TI, T2 and No were also
generated from these data.

Experimental design
The tumours were imaged in two different sections positioned
symetrically around the central axial plane, 2 mm apart, as
illustrated previously (Rofstad et al., 1994). Four histological
sections, approximately 4 pm thick, were priepaed from each
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tumour, two from each of the 3-mm-thick imaged areas. The
two histological sections representing the same imaged area
were separated by approximately 1 mm (Rofstad et al.,
1994).
The histological sections, mounted on glass slides and

stained with haematoxylin and eosin according to standard
procedures, were used to identify necrotic regions and regions
of viable tissue within the imaged areas. A necrotic region
was defined as a region in which at least 80% of the tissue in
both histological sections was necrotic. Similarly, a region of
viable tissue was defined as a region in which at least 80% of
the tissue in both histological sections was viable. Two com-
partments of each tumour, one consisting of the necrotic
regions and the other consisting of the regions of viable
tissue as defined by these histological criteria, were compared
with respect to TI, T2 and No. The regions of interest in the
MR images corresponding to the two compartments were
defined with a cursor. A two-tailed t-test was used to inves-
tigate whether the two compartments differed in TI, T2 or No,
using a significance level of P = 0.05.
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Results

Qualitatively similar results were obtained for all tumours.
Figure 1 shows the results from a pixel-by-pixel analysis of a
HUX-t tumour. The T, vs T2 plot of the whole tumour
(Figure la) showed that the majority of the pixels with a long
T, also had a long T2. The necrotic regions and the regions
of viable tissue showed T, vs T2 plots that were clearly
separated, with short T, and T2 values in the necrotic tissue
(Figure lb) and long T, and T2 values in the viable tissue
(Figure lc). The T, vs No plots of the whole tumour (Figure
ld), the necrotic regions (Figure le) and the regions of viable
tissue (Figure 1f) and the T2 vs No plots of the whole tumour
(Figure lg), the necrotic regions (Figure lh) and the regions
of viable tissue (Figure li) showed that there were no clear
correlations between T, and No or T, and No. High and low
No values were found in both the necrotic regions and the
regions of viable tissue.
The TI, F, and No distributions of the same HUX-t

tumour are presented as histograms in Figure 2. T, was
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significantly shorter in the necrotic regions than in the
regions of viable tissue (Figure 2a and d; P<0.01). Similarly,
the necrotic regions showed a significantly shorter T2 than
the regions of viable tissue (Figure 2b and e; P<0.01). The
N0 distributions of the necrotic regions and the regions of
viable tissue covered approximately the same values and were
not significantly different (Figure 2c and f).
The results from all tumours included in the study are

summarised in Figure 3, in which T,, T2 and No in the
necrotic regions are plotted vs the corresponding parameters
in the regions of viable tissue. All tumours showed a
significantly shorter T, in the necrotic tissue than in the
viable tissue (Figure 3a; P<0.05). T2 was also significantly
shorter in the necrotic tissue than in the viable tissue in all
tumours (Figure 3b; P<0.05). In contrast, the necrotic and
viable tissue did not differ significantly in No in most tumours
(Figure 3c).
The differences in the T, and T, distributions between the

necrotic regions and the regions of viable tissue were
sufficiently large in all tumours that synthetic spin-echo
images showing clear contrast between necrotic and viable
tissue could be generated. Maximum contrast was achieved
with TRs within the range 2800-4000 ms and TEs within the
range 160-200ms. Figure 4 shows a HUX-t tumour with
massive necrosis in the upper third, the same tumour as
illustrated in Figures I and 2. A BEX-t tumour with a broad
band of necrotic tissue centrally is illustrated in Figure 5.
Dark and bright areas in the synthetic spin-echo images
(Figures 4a and 5a) corresponded to necrotic and viable
tissue, respectively, in the matching histological sections
(Figures 4b and Sb). Necrotic tissue could also be distin-
guished from viable tissue in pure T1 (Figures 4c and 5c) and
T2 (Figures 4d and Sd) images.

Discu

The present study showed that it is possible to generate
spin-echo MR images of human melanoma xenografts
showing clear contrast between necrotic regions and viable
tumour tissue. Long TRs within the range 2800-4000 ms and
long TEs within the range 160-200 ms were required to
obtain maximum contrast. The contrast was based on the
fact that T, as well as T, were significantly shorter in the
necrotic regions than in the regions of viable tissue. Conse-
quently, pure T, and T, images also showed clear contrast
between necrotic and viable tumour regions.

Several factors may cause differences in TF and T, between
necrotic and viable regions in tumours. First, development of
necrosis in tumours is usually accompanied by a gradual
increase in the water content of the necrotising tissue (Belfi et
al., 1991; DeJordy et al., 1992). T1 and T, have been shown
to increase with increasing water content in tumours (Braun-
schweiger et al., 1986; Belfi et al., 1991; Rofstad et al., 1994).
Second, necrotic regions in tumours can contain extravasated
erythrocytes, releasing paramagnetic femrc iron during
haemoglobin denaturation (Woodruff et al., 1987). Extra-
vasated erythrocytes have been shown to produce significant
decreases in T, in tumours (Van Bruggen et al., 1990).
Significant haemmorhage was not seen in the necrotic regions
of the tumours studied here. Third, development of necrosis
in tumours can also lead to an increased concentration of
freely dissolved paramagnetic ions due to the denaturation of
enzymes and other proteins with which the ions are com-
plexed in intact tissue (Negendank et al., 1991). Proton-
electron dipolar interactions are characterised by significant
and relatively equivalent decreases in TF and T2 with increas-
ing concentrations of paramagnetic ions (Bloembergen et al.,
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Fiure 4 Synthetic spin-echo image (TR = 3300 ms and TE = 170 ms) (a), histology (b), pure T1 image (c) and pure T, image (d)
of the same section of a HUX-t human melanoma xenograft with a large region of necrotic tissue in the upper third. The colour
scales for the T, and T. images are shown in e.
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1948). Consequently, the shorter T, and T2 in the necrotic
than in the viable regions of the human tumour xenografts
studied here were probably caused by the presence of para-
magnetic ions rather than by possible changes in the tumour
water content. This interpretation is consistent with the
observation that phosphorus T, values also decrease with
increasing fraction of necrotic tissue in human tumour xeno-
grafts (Olsen et al., 1994).

Several studies performed in vitro have suggested that T,
and T2 are shorter in necrotic than in viable tumour tissue.
Thus, relaxation measurements of excised experimental and
human tumours showed that T, decreased with incrasing
fraction of necrotic tissue in the tumour samples (Bakier and
Vriend, 1983; Englund et al., 1986). Moreover, MR micro-
scopy of multicellular spheroids showed that T2 was shorter
in the necrotic centre than in the surrounding rim of viable
cells (Sillerud et al., 1990). The results from our in vivo study
of human tumour xenografts were thus in agreement with the
results from these in vitro studies.
MRI studies in vivo comparing T, and T2 in necrotic and

viable tumour tissue have given contradictory results. De-

Jordy et al. (1992) studied untreated M2R mouse melanomas
and found that the necrotic regions showed shorter T1 than
the regions of viable tissue, in agreement with the results
presented here. Similarly, T1 was found to decrease
significantly in human cervix carcinoma during and after
radiation therapy, provided that the tumours showed com-
plete response to treatment (Santoni et al., 1991). In contrast,
both T1 and fraction of necrotic tissue were found to increase
in untreated tumours of the 13762A rat mammary carcinoma
during growth (Osbakken et al., 1986). Moreover, Dodd et
al. (1989), studying the T50/80 mouse mammary carcinoma,
showed that necrotic regions induced by photodynamic
therapy were characterised by longer T1 and T2 than un-
treated viable tumour tissue.
The apparent drepay between the results from the

different MRI studis may be because different types of
necrosis were studied. Therapy-induced massive necrosis, par-
ticularly necrosis induced by treatment modalities causing
vascular damage, e.g. photodynamic therapy and hyperther-
mia, is usually associated with icreased oedema (Steen,
1992). Spontaneous development of massive necrosis in
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untreated tumours can also involve development of elevated
oedema. particularly in rapidly growing rodent tumours with
an immature and hence fragile capillary network (Osbakken
et al., 1986; Belfi et al.. 1991). The oedema can be seen
during and shortly after the development of necrosis, but it
decreases gradually with time (Dodd et al.. 1989; Belfi et al.,
1991). Oedema results in an increased fraction of free to
bound water and hence in lengthened T, and T, (Braunsch-
weiger et al., 1986; Steen 1992). It is possible that the effect
of increased water content may overshadow the effect of
increased concentrations of paramagnetic ions in some tumours
with newly formed massive necrosis, i.e. tumours in which
the oedema has reached its maximum level but not yet the
concentration of freely dissolved paramagnetic ions. Newly
formed massive necrosis, whether therapy induced or spon-
taneous, should therefore be distinguished from necrosis which
has developed gradually dunrng tumour growth. The MRI
study of human tumour xenografts reported here refers to the
latter type of necrosis. The results are thus not necessarily
valid for tumours with large newly formed necrotic regions.
The present study showed that naturally occurnrng necrotic

regions in human tumour xenografts can be detected by
spin-echo MRI. If human tumour xenografts reflect tumours
in man with respect to MRI properties, this observation may
have significant implications for clinical oncology. Tumours
with high fractions of necrotic tissue are expected to contain
significant proportions of radiobiologically hypoxic cells since
the viable cells adjacent to the necrotic regions in all likeli-
hood are hypoxic (Thomlinson and Gray, 1955). This has

been verified for some experimental and human tumours by
using autoradiography to detect the presence of sensitiser
adducts formed after administration of [3H]misomndazole
(Chapman, 1991). Tumours showing high fractions of necro-
tic tissue are thus probably resistant to radiation therapy and
some forms of chemotherapy and sensitive to hyperthermia
and treatment with hypoxic cell cytotoxins (Sutherland et al.,
1988). Consequently, the possibility exists that MRI might be
used for prediction of tumour treatment response and hence
for selection of the most favourable treatment protocol.
Clinical studies investigating this possibility in detail are
highly warranted. Moreover, tumours should be subjected to
comparative MRI and histology studies following treatment
with radiation, hyperthermia and cytotoxins to reveal whether
therapy-induced necrosis and viable tumour tissue differ in T1
and T,. Detailed studies of the kinetics of therapy-induced
changes in T, and T, in surviving as well as in necrotising
tissue should be performed for each treatment modality. If
therapy-induced necrosis can be detected by spin-echo MRI,
the possibility exists that MRI also might be utilised for
monitoring and early evaluation of tumour treatment re-
sponse.
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