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Target Audience: Researchers with an interest in multi-modal MR of brain tumours or imaging tumour necrosis. 

Purpose: To investigate relationships within a spectroscopic volume of interest (VOI) between glioblastoma metabolite content, perfusion, diffusion, 
and T2 hyperintensity. In particular, we were interested in depicting necrosis: elevations in the apparent diffusion coefficient (ADC) have been 
suggested to be useful for this, but in our experience they are not always seen in necrotic tumours. Elevation of lactate and reduction of choline may 
be more reliable indicators of tumour physiology, but spatial resolution of MRS is limited. A recent study has shown that subtraction images of high-
resolution T1-weighted (T1W) images obtained ~5 min and ~75 min after gadolinium injection may delineate areas of active tumour vs necrosis [1]. 
We refined this technique by examining Z-score maps ((value – mean)/SD) of such difference images (late – early) and colour-coding 3 perfusion 
classes: (Red) Z < -1, early-enhanced tumour or vessels; (Blue) Z > +1, late-enhanced tumour; (Green) -1 ≤ Z ≤ 1, non-enhanced tumour (or normal 
brain tissue, since the blood-brain barrier excludes contrast). We quantified the fractional content of each tissue type within the spectroscopic VOI 
and looked for correlations between this parameter and metabolite content, mean ADC, and % necrosis as estimated by thresholding of T2W images. 

Methods: Prior to resection or biopsy, 7 patients with subsequently-confirmed glioblastoma were investigated using a 
3.0T MRI scanner (MR750, GE Healthcare, Waukesha, WI). Measurements included: high-resolution T2W images 
(TE/TR = 77/6000ms, 128x128, FOV 24cm, slice thickness/spacing = 6/1mm) diffusion tensor imaging (TE/TR = 
100/5960ms, 512x384, FOV 22cm, slice thickness/spacing = 5/1mm, b=1000 s/mm2 along 25 directions); high-
resolution 3D IR-prepared fast spoiled gradient echo (SPGR) images (TE/TR/TI = 3.9/9.4/450ms; flip 20; 352x224, 
FOV 24cm, slice thickness 1.3mm) following hand-injection of 5-ml of Gadovist (gadobutrol); PRESS spectroscopy 
(TE/TR = 144/2500ms) incorporating BASING spectral editing for lactate [2] over an 8-ml VOI within the tumour, 
placed to avoid cysts and other regions hyperintense on T2 where possible. The SPGR images were repeated ~51 min 
(range 43-64) after injection as part of a study of the repeatability of MRS measurements [3]. Parameterized perfusion 
maps were calculated in MATLAB as described above from the difference between these late SPGR images minus the 
SPGR images obtained immediately after injection, following registration using FSL (FMRIB, Oxford). Binary masks 
of necrosis were estimated by a radiologist by thresholding T2W images using ImageJ (NIH). Mean ADC and fractional 
content of necrosis and perfusion classes were summed over the VOI using locally-developed programs in MATLAB 
(Mathworks) and SAGE (General Electric). Correlations between measured parameters were investigated in Microsoft 
Excel: for n=7, R2 > 0.58 was deemed significant. 

 
Figure 1: Example perfusion 
map of glioblastoma: Red: 
early-enhanced; Blue: late-
enhanced; Green: non-
enhanced (or normal brain). 

Results: An example parameterized perfusion  map (Fig 1) illustrates the typical glioblastoma pattern of early enhancement around the tumour rim, 
followed by washout over the ~hour between SPGR scans, leading to Z-score < -1 (red), as also seen in the blood vessels. During this period Gd 
slowly diffuses some way into the tumour core, leading to an area of significant late enhancement (blue). However, a central zone remains where Gd 
does not reach in significant quantities (green). Surprisingly, the VOI’s percentage composition of this non-enhanced tissue did not correlate with 
either the mean ADC or the apparent necrotic fraction based on T2 hyperintensity, although those 2 parameters correlated well with each other (Table 
1). The non-enhanced fraction did correlate strongly positively with lactate and negatively with creatine in the voxel (Fig. 2), with a nearly significant 
negative correlation with choline. This supports the idea that it may identify metabolically compromised tissue. Interestingly, the late-enhanced 
volume (blue) behaved more like active tumour, correlating negatively with lactate (p<0.05) and positively with creatine and choline (NS).  

Discussion: The maps produced by Zach et al [1] used a delay between SPGR scans ~50% longer than here, and no test for significance, such that the 
entire core of the tumour apart from the fast-enhancing rim was classed as ‘necrotic’. This lumped together tissues which we show to have different 
metabolic characteristics; however, the border between these areas might depend on the significance threshold and delay between injection and 
scanning chosen. Additionally, our ‘non-enhanced’ designation for all pixels with -1 ≤ Z ≤ 1 may be misleading in the transition band between red 
and blue regions. However, image parameterization has enabled the demonstration that different MR parameters appear to reflect different aspects of 
tissue compromise. Elevation in ADC and hyperintensity on T2W images correlated well with each other, presumably reflecting areas of reduced cell 
density following cell death. Metabolically-impaired tissue was better predicted by the perfusion class, and identification of such regions could prove 
useful in treatment planning. The addition of a late contrast scan to clinical examinations would incur a time penalty; however the spatial resolution 
obtained is so much higher than for conventional spectroscopy that it could prove a useful surrogate for metabolic information. 

Conclusion: Late contrast-enhancement in glioblastoma has the potential to provide a simple clinically-applicable method to delineate necrotic tissue 
at high resolution. Further comparison with spectroscopic imaging is required to confirm the relationship between lactate and delayed enhancement. 
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Figure 2: Percent composition of the VOI plotted against content of lactate (left) and creatine 
(right), for early (red squares), late (blue diamonds), and non-enhanced (green triangles) tissue. 

Table 1: Correlation coefficients (R2) between MR parameters, 
with direction of relation indicated. (p<.05 in bold) 

 
% green % blue % red ADC T2W nec 

Lactate +  0.62 -  0.63 -  0.17 0 + 0.02 

Choline -  0.54 +  0.42 +  0.4 -  0.14 - 0.4 

Creatine -  0.62 +  0.43 +  0.6 -  0.1 - 0.3 

ADC +  0.01  -  0.08 +  0.11            x + 0.86

T2W nec + 0.16 - 0.28 + 0.008  + 0.86 x 
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