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Abstract
Fluid attenuated inversion recovery (FLAI R) MRI sequences have become an indispensible tool
for defining the malignant boundary in patients with brain tumors by nulli ng the signal
contribution from cerebro-spinal fluid allowing both regions of edema and regions of non-
enhancing, infilt rating tumor to become hyperintense on resulting images. In the current study we
examined the utilit y of a three-dimensional double inversion recovery (DIR) sequence that
additionally nulls the MR signal associated with white matter, implemented either pre-contrast or
post-contrast, in order to determine whether this sequence allows for better differentiation between
tumor and normal brain tissue. T1- and T2-weighted, FLAI R, dynamic susceptibilit y contrast
(DSC)-MRI estimates of cerebral blood volume (rCBV), contrast-enhanced T1-weighted images
(T1+C), and DIR data (pre- or post-contrast) were acquired in 22 patients with glioblastoma.
Contrast-to-noise (CNR) and tumor volumes were compared between DIR and FLAI R sequences.
Line profil es across regions of tumor were generated to evaluate similarities between image
contrasts. Additionall y, voxel-wise associations between DIR and other sequences were examined.
Results suggested post-contrast DIR images were hyperintense (bright) in regions spatiall y similar
those having FLAI R hyperintensity and hypointense (dark) in regions with contrast-enhancement
or elevated rCBV due to the high sensitivity of 3D turbo spin echo sequences to susceptibilit y
differences between different tissues. DIR tumor volumes were statistically smaller than tumor
volumes as defined by FLAI R (Paired t test, P = 0.0084), averaging a difference of approximately
14 mL or 24 %. DIR images had approximately 1.5× higher lesion CNR compared with FLAI R
images (Paired t test, P = 0.0048). Line profiles across tumor regions and scatter plots of voxel-
wise coherence between different contrasts confirmed a positive correlation between DIR and
FLAI R signal intensity and a negative correlation between DIR and both post-contrast T1-
weighted image signal intensity and rCBV. Additional discrepancies between FLAI R and DIR
abnormal regions were also observed, together suggesting DIR may provide additional
information beyond that of FLAI R.

Keywords

Double inversion-recovery; DIR; MRI; Glioblastoma; Multiparametric MRI

Introduction

Glioblastoma is a primary central nervous system tumor with a very poor prognosis [1].
Standard anatomical magnetic resonance imaging (MRI) techniques are currently the gold
standard for determining treatment response and for monitoring tumor growth and
infilt ration in glioblastoma. In particular, the use of pre- and post-contrast T1-weighted and
T2-weighted images are often used to discern regions of abnormal vascularity, necrosis,
edema, and infilt rating tumor, as these are important biological features that provide insight
into the aggressiveness of the tumor [2–4]. The use of T2-weighted fluid-attenuated
inversion recovery (FLAI R) sequences have become an indispensible tool for defining the
malignant boundaries [5–7], as this sequence nulls cerebro-spinal fluid (CSF) allowing both
edema and infilt rating tumor to be well  demarcated and hyperintense on the resulting
images.

Despite the exquisite sensitivity of the FLAI R sequence to these important biological
features, the boundaries between edematous tissue and normal white matter can be diff icult
to delineate, resulting in a degree of uncertainty when defining the malignant boundary. In
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order to address these challenges, we tested a three-dimensional double inversion recovery
(DIR) sequence that nulls both the signal from CSF as well  as the signal from normal white
matter. Since similar sequences have been used to isolate subtle white matter lesions in
patients with multiple sclerosis (MS) [8], we hypothesized this sequence would allow for
superior delineation of the tumor regions from regions of normal white matter. Further, since
steady-state T2-weighted sequences are highly sensitive to changes in magnetic
susceptibilit y, we hypothesized that post-contrast DIR images may provide signal
attenuation in regions of increased contrast enhancement or blood volume. In the current
study, we explored the potential utilit y of pre- and post-contrast DIR images in patients with
glioblastoma by comparing them to conventional T1- and T2-weighted, FLAI R, and
dynamic susceptibilit y contrast (DSC)-MRI imaging sequences.

Methods

Image data was collected from 22 patients with recurrent glioblastoma who had provided
consent to have their image data collected and stored in our institution’s neuro-oncology
database. All  image data was acquired on a 3.0T MR system (Siemens MAGNETOM Trio,
Siemens Healthcare, Erlangen, Germany). Standard anatomical sequences included T1-
weighted turbo spin echo (TE/TR = 2.5/360 ms, slice thickness = 3 mm with no interslice
gap, NEX = 2, matrix size = 320 × 224, and FOV = 24 cm), T2 weighted turbo spin echo
(TE/TR = 94/3,500 ms, slice thickness = 3 mm with no interslice gap, NEX = 2, matrix size
= 384 × 320, and FOV = 24 cm), and FLAI R images (TI = 2,500 ms, TE/TR = 90/8,500 ms,
slice thickness = 3 mm with no interslice gap, NEX = 1, matrix size = 320 × 224, and FOV
= 24 cm). Dynamic susceptibilit y contrast (DSC) images (TE = 25 ms, TR = 1,250 ms, fli p
angle = 35 degrees, slice thickness = 3 mm with no interslice gap, matrix size 128 × 128,
GRAPPA = 2; 6/8 partial Fourier encoding) were acquired during injection of a
gadopentetate dimeglumine (Magnevist; Berlex, Wayne, NJ; 0.075 mmol/kg) bolus, after
injection of a ¼ dose preload (0.025 mmol/kg body weight). Intensity standardized rCBV
maps were calculated by previously published methods [9] and commerciall y available
software (IB Neuro v2.0; Imaging Biometrics, Elm Grove, Wisconsin). Additionally,
contrast-enhanced T1 weighted images (T1 + C; TE/TR = 2.5/360 ms, slice thickness = 3
mm with no interslice gap, NEX = 2, matrix size = 320 × 224, and FOV = 24 cm) were
acquired after DSC data.

The non-selective DIR prepared turbo spin echo (TSE) sequence with variable flip angle
evolutions (Sampling Perfection with Appli cation optimized Contrasts using different flip
angle Evolutions (SPACE), IPR#697; Neuro-SPACE) was utili zed for both pre and post-
contrast comparisons. The sequence features 2 non-selective IR pulses, with the 2nd IR
pulse having a fixed inversion time of TI2 = 450 ms, to suppress normal-appearing white
matter (NAWM). The first TI (TI1) and TR were adjusted for optimal CSF suppression. 3D
SPACE signal readout follows the DIR preparation. An inherent advantage of the 3D
SPACE readout compared to the conventional 2D TSE involves the pre-calculation of signal
evolution in order to employ variable flip angles to maintain magnetization for longer echo
train lengths in order generate desired T1 or T2 contrasts. This also allows for the
acquisition of an isotropic 3D volume with high resolution in a clinically feasible scan time.
The following DIR sequence parameters were used for both pre- and post-contrast
acquisitions: TE/TR = 324/7,400 ms, slice thickness = 1.3 mm, matrix size = 192 × 192,
FOV = 25 cm, TI1 = 3,000 ms, and TI2 = 450 ms.

All  images from all  patients were registered to the respective DIR images using a mutual
information algorithm and a 12-degree of freedom transformation using FSL (FMRIB,
Oxford, UK; http://www.fmrib.ox.ac.uk/fsl/) to ensure correct voxel-wise comparisons
between the images. Manual adjustment, if necessary, was performed using the tkregister2

Harris et al. Page 3

J Neurooncol. Author manuscript; available in PMC 2014 April  01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



routine available from Freesurfer (surfer.nmr.mgh.harvard.edu; Massachusetts General
Hospital—Harvard Medical School, Boston, MA). Tumor regions of interest (ROIs) were
defined on both pre- and post-contrast DIR and FLAI R images using a semi-automated
thresholding technique employed previously [10]. It is important to note that the entire
abnormal area on post-contrast DIR images were included in the calculation of hyperintense
volumes (i.e. regions of signal dropout on DIR corresponding to contrast-enhancement were
also included). The mean differences in tumor volume between DIR and FLAI R
hyperintense regions were compared using a paired t test. Contrast-to-noise ratio (CNR),
defined as the difference in mean signal intensity between the tumor and normal appearing
white matter divided by the standard deviation of background noise ( TUMOR- WM /

NOISE), was calculated for both DIR and FLAI R images then compared using a paired t
test. Line profiles were created across tumor regions for qualitatively comparing the
different image sequences using custom MATLA B scripts (MATLA B; Mathworks, Inc.,
Natick, MA). Additionally, four circular ROIs were placed in separate regions of the brain in
each patient such that approximately half the ROI contained T2 hyperintense tumor and half
the area contained normal appearing tissue. These ROIs were then used to generate scatter
plots examining the voxel-wise correlations between the different imaging contrasts.

The Institutional Review Board at our institution approved all  protocols.

Results

In general, DIR images provided a high level of contrast between suspected tumor regions
and background white matter tissue due to suppression of both white matter and CSF signal
intensity (Fig. 1). Regions of suspected tumor and the cortical ribbon both appear
hyperintense on DIR; however, the signal intensity within suspected tumor regions were
consistently higher in signal amplitude than normal cortex. This difference in signal
intensity, along with the hypointensity of white matter, allowed for clear identification of
edema from non-enhancing tumor in regions near the cortex, since edema tends to preserve
the cortical ribbon (Fig. 1e) and non-enhancing tumor degrades the cortical architecture [11–
13]. In cases where DIR acquisition occurred after contrast agent injection (Fig. 1f–j),
images appeared to show clear signal attenuation in regions with contrast enhancement and/
or elevated rCBV.

DIR scans were obtained in a single patient before and after administration of bevacizumab,
an anti-angiogenic agent known to reduce the about of vascular permeabilit y and edema
(Fig. 2). A single treatment with bevacizumab resulted in a decrease in contrast
enhancement on post-contrast T1-weighted images, a decrease in rCBV, and a decrease in
T2 hyperintensity on T2-weighted, FLAI R, and DIR images. Interesting, the volume of
contrast enhancement decreased by 71 % and the volume of T2 hyperintensity decreased by
46 %; however, the volume of DIR hyperintensity decreased by more than 62 %, suggesting
T2 and FLAI R hyperintense regions may be sensitive to slightly different tissue types
compared with DIR hyperintense regions.

When visually examining post-contrast DIR and FLAI R images in patients with
glioblastoma, around 18 % (4 in 22) patients showed conspicuous differences between the
two image contrasts (Fig. 3). For example, Fig. 3 ill ustrates example patients with
identifiable FLAI R hyperintensity (“a”  through “d”) , but no obvious abnormal signal
intensity on post-contrast DIR. Consistent with this observed difference with T2 and FLAI R
hyperintense volumes, the volume of FLAI R-defined tumor regions was found to be
significantly larger than that of DIR-defined tumor regions (Fig. 4a; Paired t test, P =
0.0084), with an average difference in volume of approximately 14 mL (Fig. 4b). The
percentage difference between these regions with respect to FLAI R volume was
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significantly different from zero (Fig 4c; t test, P = 0.0068), with FLAI R-defined
hyperintense lesions having approximately 24 % higher volume compared with DIR
hyperintense lesion volume. As expected, the mean CNR between the tumor regions and
NAWM were higher in the DIR images compared with FLAI R, averaging 122.8 ± 13.2
S.E.M. for DIR images and 77.8 ± 12.3 S.E.M. for the FLAI R images (Fig. 4d; Paired t test,
P = 0.0048). Only four patients had FLAI R images with higher CNR compared with DIR
images, for which all  had a relatively high variabilit y of the tumor signal intensity in the
DIR images compared with FLAI R regions leading to lower calculated CNR.

We hypothesized that a high positive spatial correlation exists between FLAI R and DIR
images, since these regions both are theoretically sensitive to T2 hyperintensity and both
have CSF signal nulli ng. Additionally, we hypothesized that a negative spatial correlation
will  exist between post-contrast DIR images and regions with high rCBV and contrast-
enhancing regions on post-contrast T1-weighted images due to the sensitivity of the SPACE
base sequence to field inhomogeneities caused by the presence of gadolinium. To test these
hypotheses we created line profiles starting in regions of normal tissue and extending into
tumorous regions (Fig. 5a–d for 4 select patients). Results revealed a strong positive
qualitative relationship between FLAI R and DIR image intensity (Fig. 5e–h), as well  as a
strong negative correlation between rCBV and T1+C image intensity compared with DIR
image intensity (Fig. 5i–l).

The nature of this relationship is further appreciated by examining the voxel-wise
correlation between post-contrast DIR, FLAI R, T1+C, and rCBV images (Fig. 6). When
mapped to their original locations, low signal intensity regions on post-contrast DIR and
mid-range signal intensity on FLAI R were localized to regions of white matter, mid-range
signal intensity regions on both DIR and FLAI R corresponded to regions of gray matter, and
hyperintense regions on both DIR and FLAI R corresponded to regions of abnormal T2/
FLAI R signal intensity indicative of either tumor or edema (Fig. 6a). This positive voxel-
wise relationship between post-contrast DIR and FLAI R signal intensity was statistically
significant and similar for all  patients examined (Pearson’s correlation coefficient, R2 > 0.6,
P < 0.001). When comparing the voxel-wise correlation between post-contrast DIR and
post-contrast T1-weighted images, voxels with low signal intensity on both post-contrast
DIR and post-contrast T1-weighted images were localized to white matter, regions with low
post-contrast DIR signal intensity but high signal intensity on post-contrast T1-weighted
images corresponded to regions of contrast-enhancing tumor, mid-range post-contrast DIR
signal intensities and mid-range post-contrast T1-weighted signal intensities corresponded to
regions of gray matter, while voxels exhibiting elevated post-contrast DIR signal intensity
and hypointensity on post-contrast T1-weighted images were locali zed to regions having
abnormal T2/FLAI R signal intensity reflecting either non-enhancing tumor or edema (Fig.
6h). The negative correlation observed between post-contrast DIR and post-contrast T1-
weighted images was also statistically significant and similar for all  patients examined
(Pearson’s correlation coefficient, R2 > 0.6, P < 0.001). Voxel-wise comparison of post-
contrast DIR images with rCBV maps created from DSC-MRI also ill ustrated a negative
correlation between signal intensities, albeit slightly more complex than the relationship
between post-contrast DIR and post-contrast T1-weighted images. Specifically, voxels
exhibiting low signal intensity on post-contrast DIR images and low rCBV were spatiall y
localized to regions of white matter, voxels with slightly higher signal intensity on DIR and
slightly higher rCBV reflected regions of gray matter, voxels with low signal intensity on
DIR and high rCBV reflected aggressive regions of tumor within contrast-enhancing
regions, and voxels with high signal intensity on post-contrast DIR images but low rCBV
were locali zed to regions of abnormal T2/FLAI R signal intensity (Fig. 6i). Similar to the
comparison between post-contrast DIR and post-contrast T1-weighted images, there was
also a significant negative correlation between post-contrast DIR and rCBV that was similar
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between all  patients (Pearson’s correlation coefficient, R2 > 0.6, P < 0.001). Together, these
results support the hypothesis that hyperintense regions on post-contrast DIR images
generally reflect the T2/FLAI R hyperintense regions, whereas regions of decreased signal
intensity on post-contrast DIR images within these hyperintense lesions reflect regions of
contrast-enhancement on post-contrast T1-weighted images and regions of elevated tumor
blood volume on DSC-MRI derived rCBV maps.

Discussion

T2-weighted FLAI R remains the most sensitive MR pulse sequence for identifying the
malignant boundary in human glioblastoma [5–7]; however, FLAI R sequences are relatively
non-specific, showing sensitivity to both vasogenic edema and non-enhancing/infilt rating
tumor. Therefore, there is a need for new MR sequences that add value to the current FLAI R
sequence. In the current study we explored the abilit y for a DIR sequence to improve upon
FLAI R with additional nulli ng of NAWM. We hypothesized that the DIR sequence may
offer additional insight into the boundary of T2 hyperintense lesions that may be diff icult to
delineate from either the cortex or white matter. Additionally, we hypothesized that post-
contrast DIR images would not only show similar hyperintense regions to FLAI R, but also
provide locali zation of regions with contrast-enhancement or elevated tumor blood volume
since signal dropout occurs in regions of susceptibilit y differences due to the nature of the
3D TSE sequence. Consistent with these hypotheses, results from the current study suggest
that hyperintense lesions on 3D DIR images correlate spatially with hyperintense lesions on
FLAI R images, although FLAI R tended to overestimate the suspected lesion volume and
had lower CNR compared with DIR. Additionally, results demonstrated a strong negative
correlation between post-contrast DIR image intensity and both post-contrast T1-weighted
signal intensity as well  as rCBV. Together, these results imply that post-contrast DIR can
capture many important malignant features from other pulse sequences and may indeed add
some benefit to traditional FLAI R images.

To the best of our knowledge, this is the first study to examine the potential advantages of
DIR imaging in human gliomas; however, the DIR sequence has been implemented
extensively and quite successfully for the identification and characterization of subcortical
MS lesions. Overwhelming evidence suggests the DIR sequence provides higher sensitivity
for the identification of MS lesions compared to either T2 or FLAI R sequences [8, 14–19],
leading to the consensus recommendation for use of DIR in scoring of MS lesions [20]. DIR
has also been shown to be useful for lesion detection and volume quantification in other
types of brain lesions, including identification of epileptic foci [21, 22], hippocampal
sclerosis lesions [23, 24], and subcortical band heterotopia [25]. Consistent with
observations from studies involving other pathologies, results from the current study suggest
the DIR sequence may provide added benefits for delineating the T2 hyperintense lesion
from surrounding tissues. Further research is necessary to determine whether DIR is equally
superior to FLAI R in terms of the sensitivity to new lesion detection, or whether DIR can
better determine the extent of tumor infilt ration into normal white matter.

There are a few potential study limitations that merit attention. First, the current study
involved a series of glioblastoma patients at various stages of their disease and on various
treatment paradigms. Some patients were currently being treated with the standard of care
(i.e. temozolomide and radiotherapy) [26], whereas others (including the patient in Fig. 2)
were treated with bevacizumab or other anti-angiogenic agents. Although the purpose of the
current study was purely investigative and the objective was to compare DIR with FLAI R
and other sequences, this heterogeneity in the patient population was a potential limitation
since the size of T2 hyperintense lesions were likely to be related to particular stage of the
disease. Also, we chose to collect pre- and post-contrast DIR images in different
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glioblastoma patients in order to save time during their routine clinical MR examination. A
more thorough comparison between pre- and post-contrast DIR images could have been
performed if pre- and post-contrast DIR images were collected in the same patients. Lastly,
the current study did not involve any test–retest reliabilit y testing nor did it involve
examining serial DIR imaging in the same patient over time to examine changes in lesion
volume. It is possible the DIR systematically underestimates lesion volumes in the same
patient compared with FLAI R for all  time points; however, it is also possible that the
observed differences between DIR and FLAI R may differ by patient or by follow-up time
point. Future studies will  focus on addressing these potential limitations.

We hypothesize that the DIR sequence used in the current study may be improved for better
delineation of non-enhancing tumor. Based on previous studies, the DIR sequence is known
to provide exceptional sensitivity for lesion detection when slightly prolonged T2 is
anticipated compared with the nulled tissues [27], suggesting using inversion times specific
for nulli ng CSF and NAWM may result in DIR contrasts without an advantage over FLAI R
sequences. Alternatively, the inversion pulse used to null  NAWM could be adjusted to null
signal from vasogenic edema exclusively, since infilt rating/non-enhancing tumr and
vasogenic edema have very subtle differences in T2 characteristics, which may lead to better
contrast between these tissue types. Additionally, the use of a phase-sensitive inversion
recovery (PSIR) sequence, where values can be positive and negative based on the initial
magnetization after inversion preparation, may provide additional benefits to DIR in terms
of lesion detection and characterization, as has been demonstrated for MS lesions [28, 29].

Conclusion

Results from the current study suggest pre- or post-contrast DIR may provide information
beyond that of T2-weighted FLAI R images. Specifically, FLAI R images tended to
overestimate lesion volume and have lower lesion CNR compared to DIR. Also, post-
contrast DIR signal intensity is positively correlated with FLAI R images and negatively
correlated with post-contrast T1-weighted signal intensity and rCBV.
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Fig. 1.
Multiparametric and pre- or post-contrast double inversion recovery (DIR) images in human
glioblastoma. a Post-contrast T1-weighted image, b relative cerebral blood volume (rCBV)
map, c T2-weighted image, d FLAI R image, and e pre-contrast DIR image in a 48 year old
female patient with a glioblastoma. Arrows in e denote regions of thought to contain
primarily vasogenic edema due to preservation of the cortical ribbon. f Post-contrast T1-
weighted image, g rCBV map, h T2-weighted image, i FLAI R image, and j  post-contrast
DIR image in a 54 year old female patient with glioblastoma. Arrows in (j ) show signal
dropout on post-contrast DIR images corresponding to regions of contrast enhancement and
elevated rCBV
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Fig. 2.
DIR images of human glioblastoma before and after administration of the anti-angiogenic
agent bevacizumab. a Post-contrast T1-weighted images, b rCBV maps, c T2-weighted
images, d FLAI R images, and e pre-contrast DIR images before administration of
bevacizumab in a 57 year old male patient with recurrent glioblastoma. f Post-contrast T1-
weighted iamges, g rCBV maps, h T2-weighted images, i FLAI R images, and j  pre-contrast
DIR images after administration of bevacizumab, demonstrating significant reduction in
contrast enhancement, rCBV, and hyperintense lesion volume on T2-weighted, FLAI R, and
DIR images
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Fig. 3.
Conspicuous signal abnormaliti es that differ between FLAI R and DIR images. a Abnormal
FLAI R signal intensity within the right frontal lobe extending posterior (“a”)  that is not
observed on DIR images. Similarly, a FLAI R hyperintense lesion in the left parietal lobe is
observed extending inferior into white matter regions (“b”) , but this was not observed on
DIR images. b Abnormal FLAI R signal intensity in the right hemisphere (“c”) , contralateral
from the original tumor location, is not clearly apparent on DIR images. c Posterior aspect of
a lesion in the left frontal lobe observed on FLAI R (“d”)  did not demonstrate substantial
hyperintensity on DIR imagesb
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Fig. 4.
Lesion volume and contrast-to-noise ratio (CNR) comparisons between FLAI R and DIR. a
Lesion volume comparisons between FLAI R and DIR images suggests FLAI R may
overestimate lesion volume compared to DIR images (Paired t test, P = 0.0084). b Volume
difference between FLAI R and DIR demonstrating FLAI R lesion volumes having an
average difference of 14 mL compared with DIR lesions. c Percent volume differences
between FLAI R and DIR showing FLAI R lesion volumes having an average of 24 % higher
volumes compared with DIR lesion volume estimates. d Lesion CNR in FLAI R and DIR
showing a significantly higher CNR in DIR compared with FLAI R images (Paired t test, P =
0.0048). Gray lines show four cases where FLAI R had higher CNR compared to DIR
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Fig. 5.
Line profil es through tumor regions in four patients with glioblastoma, demonstrating spatial
correlation between post-contrast DIR images and multiparametric MRI. a–d) Post-contrast
DIR images showing the location of the corresponding line profiles (red lines with “A”  and
“B”) . e–h Line profiles for DIR (black) and FLAI R (gray) showing a strong spatial
correlation between these two image contrasts. i–l Line profiles for DIR (black), post-
contrast T1-weighted images (T1+C; dashed green), and rCBV (blue line) demonstrating a
negative spatial correlation between these image contrasts within tumor regions
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Fig. 6.
Voxel-wise coherence between DIR and multiparametric MR images. a–d Voxel-wise
associations between FLAI R and DIR signal intensities show a positive li near correlation
(Pearson’s correlation coefficient, R2 > 0.6, P < 0.001 for all  patients examined). Note that
mid-range signal intensity on FLAI R and low signal intensity on DIR corresponded
primarily to white matter (WM), mid-range signal intensity on both FLAI R and DIR
corresponded to gray matter (GM), while high signal intensity on both FLAI R and DIR
corresponded to regions with abnormal T2/FLAI R signal intensity. e–f Voxel-wise
associations between post-contrast T1-weighted (T1+C) and DIR signal intensities show a
negative linear correlation (Pearson’s correlation coefficient, R2 > 0.6, P < 0.001 for all
patients examined). Note that voxels with mid-range signal intensity on T1+C and low
signal intensity on DIR corresponded to WM, voxels with mid-range signal intensity on both
T1+C and DIR corresponded to GM, voxels with low-signal intensity on T1+C and high
signal intensity on DIR corresponded to regions with abnormal T2/FLAI R signal intensity,
and voxels with high signal intensity on T1+C and low signal intensity on DIR corresponded
to regions with contrast-enhancement. i–l Voxel-wise associations between rCBV and DIR
signal intensities showing a negative linear correlation (Pearson’s correlation coefficient, R2

> 0.6, P < 0.001 for all  patients examined). Note that voxels with high rCBV and low signal
intensity on DIR corresponded to regions of contrast-enhancement and hypervascular tumor,
voxels with low rCBV and low signal intensity on DIR corresponded to WM, voxels with
mid-range values of both rCBV and DIR signal intensity corresponded to GM, and voxels
with low rCBV and high DIR signal intensity corresponded to regions with abnormal T2/
FLAI R signal intensities
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