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 Magnetic resonance imaging of tumor necrosis      
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 Abstract 
  Background.  The prognostic and predictive value of magnetic resonance (MR) investigations in clinical oncology may be 
improved by implementing strategies for discriminating between viable and necrotic tissue in tumors. The purpose of this 
preclinical study was to investigate whether the extent of necrosis in tumors can be assessed by dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) and/or  T  2 -weighted MR imaging.  Material and methods.  Three amelanotic human 
melanoma xenograft lines differing substantially in tumor necrotic fraction, necrotic pattern, extracellular volume fraction, 
and blood perfusion were used as experimental models of human cancer. MRI was performed at 1.5 T and a spatial reso-
lution of 0.23  �  0.47  �  2.0 mm 3 . Gadolinium diethylene-triamine penta-acetic acid (Gd-DTPA) was used as contrast 
agent. Plots of Gd-DTPA concentration versus time were generated for each voxel, and three parameters were calculated 
for each curve: the extracellular volume fraction ( v  e ), the fi nal slope ( a ), and the Gd-DTPA concentration at one minute 
after the contrast administration ( C  1min ). Parametric images of  v  e ,  a ,  C  1min , and the signal intensity in  T  2 -weighted images 
( SI  T2W ) were compared with the histology of the imaged tissue.  Results.  The  v  e ,  a , and  C  1min  frequency distributions were 
signifi cantly different for necrotic and viable tissue in all three tumor lines. By using adequate values of  v  e ,  a , and  C  1min  to 
discriminate between necrotic and viable tissue, signifi cant correlations were found between the fraction of necrotic tissue 
assessed by MRI and the fraction of necrotic tissue assessed by image analysis of histological preparations. On the other 
hand, the  SI  T2W  frequency distributions did not differ signifi cantly between necrotic and viable tissue in two of the three 
tumor lines.  Conclusion.  Necrotic regions in tumor tissue can be identifi ed in parametric images derived from DCE-MRI 
series, whereas  T  2 -weighted images are unsuitable for detection of tumor necrosis.   
 The microvasculature of most malignant tumors 
shows severe morphological and architectural 
abnormalities, and these abnormalities result in 
inadequate and heterogeneous blood supply and the 
development of regions with necrotic tissue [1]. 
Histological examinations have revealed that the 
pattern of necrosis can differ substantially among 
individual tumors resected from the same organ. 
Some tumors show a few large necrotic regions cen-
trally, whereas others develop many small necrotic 
foci throughout the tissue [2,3]. Necrotic tumor 
regions do not represent a therapeutic problem, but 
may confound biological and physiological studies 
of malignant tissues [4]. Moreover, the develop-
ment of necrosis in malignant tissues after treat-
ment may provide information on tumor treatment 
response [5]. A non-invasive method for assessing 
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the fraction of necrotic tissue in tumors is therefore 
highly warranted. 

 Several magnetic resonance (MR) techniques have 
been used to detect tumor necrosis, including dynamic 
contrast-enhanced imaging,  T  2 -weighted spin echo 
imaging, diffusion weighted imaging, phosphorous 
spectroscopy, and contrast-enhanced imaging with 
contrast agents showing high affi nity for necrotic 
tissue [6 – 11]. However, the usefulness of these strat-
egies is uncertain as detailed comparative MR and 
histological studies investigating their general validity 
are sparse. 

 The potential of gadolinium diethylene-triamine 
penta-acetic acid (Gd-DTPA)-based dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) 
for characterizing the physiological microenviron-
ment of tumors is currently being investigated in our 
or Cancer Research, Norwegian Radium Hospital, Montebello, Oslo, Norway. 
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laboratory by using human tumor xenografts as pre-
clinical models of human cancer [12 – 17]. In these 
studies, images of  K  trans  (the volume transfer con-
stant of Gd-DTPA) and  v  e  (the extracellular volume 
fraction of the imaged tissue) are obtained by sub-
jecting DCE-MRI series to pharmacokinetic analysis 
using the modifi ed Kety model developed by Tofts 
et al. [18]. We have shown that our experimental pro-
cedure produces highly reproducible parametric 
images of  K  trans  and  v  e  [12,15] and that the numeri-
cal values of  E  ·  F  (a  K  trans -related parameter) and  v  e  
are closely related to the absolute values of blood 
perfusion and extracellular volume fraction in the 
viable tissue regions of human melanoma xenografts 
[16]. Furthermore, even though the Tofts pharma-
cokinetic model is not valid for necrotic tissue, our 
algorithms produce very low  K  trans  values for voxels 
in tumor regions with extensive necrosis, consistent 
with the assumption of no blood perfusion in necrotic 
tissue [16]. The main purpose of the study reported 
here was to investigate whether the fraction of 
necrotic tissue in tumors can be assessed accurately 
by DCE-MRI and/or  T  2 -weighted MR imaging. The 
study was based on previous work in our laboratory 
having suggested that pharmacokinetic analysis of 
DCE-MRI series may produce unphysiological values 
for  v  e  in tumor necroses [17] and that tumor necro-
ses may show shorter  T  2  values than viable tissue [7]. 
Three human melanoma xenograft lines differing 
substantially in necrotic fraction, necrotic pattern, 
extracellular volume fraction, and blood perfusion 
were used as tumor models.  

 Material and methods  

 Tumor models 

 T-22, V-27, and Z-98 human melanoma xenografts 
growing in adult (8 – 12 weeks of age) female BALB/c 
 nu/nu  mice were used as tumor models. Tumors 
were initiated from established cell lines cultured in 
RPMI-1640 (25 mM HEPES and L-glutamine) 
supplemented with 13% bovine calf serum, 250 mg/l 
penicillin, and 50 mg/l streptomycin. Approximately 
5  �  10 5  cells in 10  μ l of Hanks ’  balanced salt solu-
tion were inoculated intradermally in the mouse leg. 
The mice were kept under specifi c pathogen-free 
conditions and were given sterilized food and 
tap water ad libitum. Experiments were initiated 
when the tumors had grown to a volume of 100 – 600 
mm 3 . Tumor volume ( V ) was calculated as  V   �   π /6  �   
a   �   b  2 , where  a  is the longer and  b  is the shorter of 
two perpendicular diameters. MR imaging was carried 
out with anesthetized mice. Fentanyl citrate (Janssen 
Pharmaceutica, Beerse, Belgium), fl uanisone (Janssen 
Pharmaceutica), and midazolam (Hoffmann-La Roche, 
Basel, Switzerland) were administered intraperitoneally 
in doses of 0.63 mg/kg, 20 mg/kg, and 10 mg/kg, 
respectively. Animal care and experimental proce-
dures were approved by the Institutional Committee 
on Research Animal Care and were performed in 
accordance with the Interdisciplinary Principles and 
Guidelines for the Use of Animals in Research, Mar-
keting, and Education (New York Academy of Sci-
ences, New York, NY).   

 Contrast agent 

 Gd-DTPA (Schering, Berlin, Germany), diluted in 
0.9% saline to a fi nal 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. The administration was performed 
after the mice had been placed in the MR scanner 
by using a 24G-neofl on connected to a syringe by a 
polyethylene tubing.   

 MRI 

 MRI was performed with a 1.5-T whole-body scan-
ner (Signa, General Electric, Milwaukee, WI) and a 
cylindrical slotted tube resonator transceiver coil 
constructed for mice [12,17]. 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 – 38 ° C during imaging by using a thermo-
statically regulated heating pad. 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 mice were placed 
in the scanner with the tumor in the isocenter, and the 
tumors were imaged axially in a single scan through 
the tumor center. A scan thickness of 2 mm was used, 
and the number of excitations was one. The image 
matrix was 256  �  64 with a fi eld of view of 6  �  3 cm 2 , 
corresponding to a voxel size of 0.23  �  0.47  �  
2.0 mm 3 . Interpolation algorithms applied by the 
imaging system resulted in an apparent resolution of 
0.23  �  0.23  �  2.0 mm 3 . 

 DCE-MRI series consisting of two types of 
spoiled recalled gradient images were recorded: pro-
ton density images with TR  �  900 ms, TE  �  3.2 ms, 
and  α   �  20 ° , and  T  1 -weighted images with TR  �  
200 ms, TE  �  3.2 ms, and  α   �  80 ° . Two proton 
density images and three  T  1 -weighted images were 
acquired before the contrast agent was administered. 
The durations of the sequences were 64 s and 14 s, 
respectively. After the administration of contrast 
agent,  T  1 -weighted images were recorded every 14 s 
for 15 min. Finally, two proton density image were 
acquired. Prior to the DCE-MRI,  T  2 -weighted signal 
intensity images were recorded by using a spin echo 
sequence with TR  �  5000 ms and TE  �  65 ms. 
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The strengths and weaknesses of our MRI methods 
have been discussed in great detail in several previous 
reports [13,14,16].   

 Image processing and data analysis 

 Tumor images were stored in the DICOM format 
and analyzed by using in-house-made software devel-
oped in IDL (Interactive Data Language, Boulder, 
CO). Gd-DTPA concentrations were calculated from 
signal intensities as described by Hittmair et al. [19]. 
Curves for Gd-DTPA concentration versus time 
were generated for each voxel, and three parameters 
were calculated for each curve: the extracellular vol-
ume fraction ( v  e ) was calculated by using the arterial 
input function determined by Benjaminsen et al. 
[12] and the Tofts pharmacokinetic model [18] as 
described earlier [14,17], the fi nal slope ( a ) was cal-
culated by linear regression analysis using the fi ve 
last minutes of the recordings, and the concentration 
of Gd-DTPA in the tumor tissue at one minute after 
the Gd-DTPA administration ( C  1min ) was calculated 
as the mean of the measurements recorded 45 – 75 s 
after the contrast administration. Images of  v  e ,  a , 
 C  1min , and the signal intensity in  T  2 -weighted images 
( SI  T2W ) were generated by using the SigmaPlot soft-
ware (SPSS Science, Chicago, IL).   

 Assessment of fraction of necrotic tissue 

 Histological sections were prepared from the tumors 
subjected to MRI for assessment of the fraction of 
necrotic tissue. To ensure that the histological sec-
tions matched the MR scans, we marked off the cen-
tral axial scan on the tumors with a felt-tip pen and 
euthanized the mice immediately after imaging. 
The tumors were then cut into two halves along the 
middle of the scan, resected, and fi xed in phosphate-
buffered 4% paraformaldehyde. Three to six histo-
logical sections, separated by  ∼ 400  μ m, were cut from 
the central axial plane of each tumor, corresponding 
to the 2-mm-thick MR scan. The histological sections 
were stained with hematoxylin and eosin using stan-
dard procedures. The fraction of necrotic tissue (i.e., 
the area fraction showing necrotic tissue) was deter-
mined by subjecting the histological sections to image 
analysis [17].   

 Statistical analysis 

 Statistical comparisons of data were performed by 
using the Student ’ s  t -test when the data complied 
with the conditions of normality and equal variance. 
Under other conditions, comparisons were carried 
out by nonparametric analysis using the Mann-
Whitney rank-sum test. The Kolmogorov-Smirnov 
method was used to test for normality. The Bonferroni 
method was used to correct for multiple compari-
sons. Comparisons of pooled frequency distributions 
were based on the median values of the underlying 
single frequency distributions. Correlations between 
two parameters were searched for by linear regres-
sion analysis. Probability values (p) and correlation 
coeffi cients (R 2 ) were calculated by using the Sig-
maStat statistical software (SPSS Science). A signifi -
cance criterion of p  �  0.05, determined from two-sided 
test, was used.    

 Results 

 A total of 12 T-22 tumors, 14 V-27 tumors, and 11 
Z-98 tumors were subjected to MRI and subse-
quent histological examination. The necrotic pat-
tern differed substantially among the tumor lines 
(Figure 1a). The T-22 tumors showed several small 
necroses distributed throughout the tissue, most 
V-27 tumors had a large central necrosis, and the 
Z-98 tumors exhibited one or more medium-sized 
necrotic regions, frequently with islands of viable 
tissue within the necroses. 

 The curves for Gd-DTPA concentration versus 
time differed substantially between voxels in necrotic 
tissue and voxels in viable tissue in all tumor lines 
(Figure 1b). Voxels in viable tissue generally showed 
curves with a clear maximum, consistent with rapid 
uptake and slow washout of Gd-DTPA. In the vast 
majority of the voxels, the maximum occurred within 
the fi rst 10 minutes of the recordings, and was fol-
lowed by a linear decrease in the Gd-DTPA concen-
tration. In contrast, the curves for most voxels in 
necrotic tissue were nearly linear during the whole 
imaging period, consistent with slow diffusion of Gd-
DTPA into the necrotic tissue from the surrounding 
viable tissue. By calculating the fi nal slopes of the 
curves from the fi ve last minutes of the recordings, 
we hypothesized that the numerical value of  a  would 
be negative for most voxels in viable tissue and pos-
itive for most voxels in necrotic tissue. Furthermore, 
based on these Gd-DTPA uptake curves, we hypoth-
esized that  C  1min  would discriminate well between 
viable and necrotic tissue and clearly better than the 
maximum Gd-DTPA concentration. 

 To investigate whether necrotic tumor regions 
were identifi able in parametric MR images, images 
of  v  e ,  a ,  C  1min , and  SI  T2W  were compared with his-
tological preparations from the imaged tissue. One 
example is illustrated in Figure 2, which shows a his-
tological image and the corresponding parametric 
MR images of a representative V-27 tumor. In gen-
eral, large necroses were easily recognizable in  v  e ,  a , 
and  C  1min  images, whereas  SI  T2W  images depicted 
necrotic regions less clearly. 
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  Figure 1.     Histological images (a) and plots of Gd-DTPA concentration versus time for single voxels located in necrotic ( � , � ) or viable 
( � , � ) tissue (b) of representative T-22, V-27, and Z-98 tumors.  
 To investigate whether the numerical values of  v  e , 
 a ,  C  1min , and  SI  T2W  differed between necrotic and 
viable tissue,  v  e ,  a ,  C  1min , and  SI  T2W  frequency dis-
tributions were determined for tumor regions con-
sisting of necrotic tissue only and tumor regions 
consisting of viable tissue only (Figure 3). Each of 
the frequency distributions in Figure 3 is based on 
fi ve tumor regions, identifi ed by examining all histo-
logical preparations from an imaged tissue. The  v  e  
frequency distributions for viable tissue differed 
among the tumor lines (p  �  0.01), and the numeri-
cal values were similar to those typical for the extra-
cellular volume fraction of tumors. On the other 
hand, unphysiological  v  e  values were achieved for 
large fractions of the voxels in necrotic tissue. The 
parameter  a  had a negative value for most voxels 
in viable tissue and a positive value for the majority 
of the voxels in necrotic tumor regions, consistent 
with our hypothesis.  C  1min  had a positive value for 
the voxels in viable tissue and was close to zero for 
most voxels in necroses. The  v  e ,  a , and  C  1min  fre-
quency distributions were signifi cantly different for 
necrotic and viable tissue in all three tumor lines 
(p  �  0.01). However, despite these differences, the 
overlap was substantial regardless of whether  v  e ,  a , 
or  C  1min  was considered. The frequency distributions 
for  SI  T2W , on the other hand, did not differ between 
necrotic and viable tissue in T-22 and Z-98 tumors 
(p  �  0.05), but the  SI  T2W  values were signifi cantly 
higher for viable than for necrotic tissue in V-27 
tumors (p  �  0.05). 
 The frequency distributions in Figure 3 suggested 
that voxels in viable tissue have  v  e  values below 0.15 
(T-22), 0.35 (V-27), or 0.45 (Z-98),  a  values below 
0.1 mM · s  – 1  (T-22, V-27) or 0.15 mM · s  – 1  (Z-98), 
 C  1min  values above 0.05 mM (T-22) or 0 mM (V-27, 
Z-98), and  SI  T2W  values between 12000 and 17500 
(T-22), 7000 and 25000 (V-27), or 11000 and 22000 
(Z-98). To investigate whether the fraction of voxels 
with  v  e ,  a ,  C  1min , or  SI  T2W  values outside these 
threshold values ( NF  MRI ) refl ected the fraction of 
necrotic tissue as assessed by histological examina-
tion ( NF  hist ), plots of  NF  MRI  versus  NF  hist  were gen-
erated for each MR parameter (Figure 4). Linear 
correlations were found between  NF  MRI  and  NF  hist  
for both  v  e  (p  �  0.0001; R 2   �  0.59),  a  (p  �  0.0001; 
R 2   �  0.51),  C  1min  (p  �  0.0001; R 2   �  0.43), and 
 SI  T2W  (p  �  0.0017; R 2   �  0.25). The correlation 
between  NF  MRI  and  NF  hist  for  v  e  was consistent with 
a one-to-one correlation, whereas  NF  hist  was under-
estimated by  NF  MRI  for  a ,  C  1min , and  SI  T2W . 

 The one-to-one correlation between  NF  MRI  and 
 NF  hist  for  v  e  in Figure 4 was achieved by using 
different  v  e  threshold values for the different 
tumor lines. To investigate whether signifi cant cor-
relations between  NF  MRI  and  NF  hist  could be 
achieved by using the same  v  e  threshold value for 
all tumor lines, plots of  NF  MRI  versus  NF  hist  were 
generated for  v  e  threshold values of 0.15, 0.35, and 
0.45 (i.e., the optimal  v  e  threshold value for T-22, 
V-27, and Z-98 tumors, respectively). However, 
each of these threshold values resulted in  NF  MRI  
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  Figure 2.     A histological image and parametric MR images and 
frequency distributions of  v  e ,  a ,  C  1min , and  SI  T2W  for a representative 
V-27 tumor.   
values that were either signifi cantly higher or sig-
nifi cantly lower than  NF  hist  for at least one of the 
tumor lines (Figure 5).   

 Discussion 

 Several institutions are attempting to develop bio-
markers and predictive assays for the outcome of 
treatment of cancer patients based on DCE-MRI 
[20,21]. Moreover, DCE-MRI is being used to mon-
itor the response to treatment of cancer patients [22]. 
The prognostic value of DCE-MRI and its useful-
ness in prediction and monitoring of tumor treat-
ment response may be improved substantially by 
implementing adequate methods for differentiating 
between necrotic and viable tissue. 

 In the present work, the T-22, V-27, and Z-98 mel-
anoma xenograft lines were used as preclinical models 
to investigate whether the fraction of necrotic tissue in 
tumors can be assessed by DCE-MRI and/or  T  2 -
weighted imaging. These lines differ substantially in 
tumor necrotic fraction, pattern of necrosis, extracel-
lular volume fraction, and blood perfusion and should 
thus be suitable models for elucidating the questions 
addressed in the present study. However, the tumor 
lines were of the same histological type and, conse-
quently, it may be necessary to perform similar exper-
iments with xenografted tumors of other histologies to 
investigate the general validity of our conclusions. 

 Parametric images of  v  e ,  a ,  C  1min , and  SI  T2W  were 
generated and compared with the histology of the 
imaged tissue. These parameters were selected because 
parameters related to  a ,  C  1min , and  SI  T2W  are being 
used to identify necrotic regions in preclinical and 
clinical studies without experimental verifi cation of 
their validity as adequate measures of tumor necrosis 
[23 – 25]. Signifi cant correlations between  NF  MRI  and 
 NF  hist  were found for all four parameters. However, 
there are weaknesses associated with each of these 
parameters since none of them provided distinctly dif-
ferent numerical values for necrotic and viable tissue. 

 Voxels with unphysiological  v  e  values colocal-
ized with necrotic regions in histological sections, 
and the fraction of voxels with  v  e  values higher than 
those found in viable tissue showed a strong one-
to-one correlation with  NF  hist . However, a one-to-
one correlation between  NF  MRI  and  NF  hist  required 
the use tumor line-specifi c threshold values for the 
upper limit of  v  e  in viable tissue. The use of common 
threshold  v  e  values, on the other hand, resulted in 
 NF  hist  being signi fi cantly overestimated or signifi cantly 
underestimated by  NF  MRI  in at least one of the 
tumor lines, most likely because the extracellular 
volume fraction of the viable tissue differed sig-
nificantly among the tumor lines. These observa-
tions suggest that the fraction of voxels with 
unphysiological  v  e  values is an excellent parameter 
for the fraction of necrotic tissue in experimental 
tumors, where the upper limit of the  v  e  of viable 
tissue can be determined easily. However, since the 
fraction of voxels with unphysiological  v  e  values is 
sensitive to this threshold  v  e  value, the usefulness 
of the fraction of voxels with unphysiological  v  e  
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  Figure 3.     Frequency distributions of  v  e ,  a ,  C  1min , and  SI  T2W  for viable and necrotic tissue in T-22, V-27, and Z-98 tumors. Each frequency 
distribution represents pooled data from fi ve tumor regions.  
values as a parameter for tumor necrosis may be 
limited in clinical DCE-MRI. 

 Moreover,  NF  MRI  showed signifi cant correlations 
to  NF  hist  both when the fraction of voxels with  a  
values higher than those found in viable tissue and 
when the fraction of voxels with  C  1min  values lower 
than those found in viable tissue were used as param-
eters for  NF  MRI . The correlations were found to be 
insensitive to the exact time interval used for the cal-
culation of  a  as long as the starting point of the 
regression analysis was beyond the time point where 
the majority of the voxels in viable tissue had their 
maximum value and the time interval was suffi ciently 
long that the outcome of the regression analysis was 
not infl uenced signifi cantly by noise, and insensitive 
to the exact time point used for assessing the con-
centration of Gd-DTPA as long as it was early in the 
observation period, but suffi ciently late to have a sig-
nifi cant uptake of Gd-DTPA in the viable tissue. 
However, although signifi cant correlations were 
found,  NF  hist  was underestimated by  NF  MRI  for both 
parameters of  NF  MRI , primarily because a signifi cant 
proportion of the voxels in necrotic tissue showed  a  
values and  C  1min  values similar to those found in 
viable tissue. Typically, low  a  values and high  C  1min  
values were found in small necroses and in the 
periphery of large necroses, probably because Gd-
DTPA diffused into necrotic tissue from the sur-
rounding viable tissue [17]. Furthermore, it is also 
possible that  NF  MRI  underestimated  NF  hist  because 
a large proportion of the voxels consisting of a mix-
ture of necrotic and viable tissue may have shown 
low  a  values and/or high  C  1min  values. 
 T-22 and Z-98 tumors showed  SI  T2W  frequency 
distributions that were not significantly different 
for necrotic and viable tissue. Consequently, necrotic 
regions cannot be detected in  T  2 -weighted images 
of tumors similar to the T-22 and Z-98 tumors 
studied here. 

 The MRI was carried out by using a voxel size of 
0.23  �  0.47  �  2.0 mm 3 . This voxel size is large com-
pared with the size of many necrotic structures, 
implying that a signifi cant proportion of the voxels 
contained a mixture of viable and necrotic tissue. It 
is thus possible that any correlation between  NF  MRI  
and  NF  hist  would be improved by increasing the 
spatial resolution of the MRI. An increased spatial 
resolution would probably make it possible to detect 
a larger number of small necroses and, hence, would 
be particularly benefi cial in examinations of tumors 
with many small necrotic foci scattered throughout 
the tissue. Furthermore, an increased spatial resolution 
would probably improve the delineation of large 
necrotic regions in any parametric MR image of 
tumors. However, the spatial resolution used here is 
similar to or higher than that commonly used in 
clinical MRI [20 – 22] and, hence, the present obser-
vations should be clinically relevant. 

 Several investigators have suggested that tumor 
necrosis can be detected by diffusion-weighted [8] 
or  T  1 -weighted [26] MRI. These possibilities have 
been investigated earlier in our laboratory by using 
melanoma xenografts as tumor models [7,27]. The 
apparent diffusion coeffi cient (ADC) was found 
to correlate well with the fraction of necrotic tissue 
in D-12 tumors but not in U-25 tumors, suggesting 
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  Figure 4.     Fraction of necrotic tissue assessed by MRI ( NF  MRI ) versus fraction of necrotic tissue assessed by histological analysis ( NF  hist ) 
for T-22, V-27, and Z-98 tumors.  NF  MRI  refers to the fraction of voxels with numerical values of  v  e ,  a ,  C  1min , and  SI  T2W  outside those 
detected in viable tissue in each of the tumor lines. The solid lines were fi tted to the data by regression analysis. The dashed lines represent 
theoretical one-to-one correlations.  
that ADC maps may be used to quantify necrosis in 
some but not in all experimental tumors [27].  T  1  was 
found to be shorter in the necrotic tissue than in the 
surrounding viable tissue of BEX-t, HUX-t, and 
SAX-t tumors, but the delineation of the necroses in 
 T  1 -weighted and pure  T  1  images did not corre-
  Figure 5.     Fraction of necrotic tissue assessed by MRI ( NF  MRI ) versus
for T-22, V-27, and Z-98 tumors.  NF  MRI  refers to the fraction of voxel
theoretical one-to-one correlations.  
spond well to the histological appearance of the 
necroses [7]. 

 In summary, our preclinical study suggests that 
tumor necrosis can be identifi ed accurately in  v  e  
images provided that the upper limit of the  v  e  of the 
viable tissue can be determined. Furthermore, tumor 
 fraction of necrotic tissue assessed by histological analysis ( NF  hist ) 
s with  v  e  values  �  0.15, 0.35, and 0.45. The dashed lines represent 
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necrosis can also be detected in images of  a  and  C  1min  
related parameters, but the borderline between viable 
and necrotic tissue may be diffuse due to diffusion of 
contrast agent from the viable tissue into the necrotic 
tissue. On the other hand,  T  2 -weighted signal intensity 
images may be unsuitable for detecting tumor necro-
sis because the signal intensity distributions in viable 
and necrotic tissue are similar in some tumors.         
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