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Abstract

Fluid attenuated inversion recvery (FLAIR) MRI sequences have beamme an indispensible tool
for defining the malignant boundhry in patients with brain tumors by nuli ng the signal
contribution from cerébro-spinal fluid allowing bah regions of edema and regions of non
enhancing, infiltrating tumor to beame hyperintense on resulting images. In the current study we
examined the utility of athreedimensional doule inversion remvetry (DIR) sequencethat
additionally nuls the MR signal associated with white matter, implemented either pre-contrast or
postcontrast, in orderto determine whether this sequenceall ows for better differentiation between
tumor and namal brain tissue. T1- and T2-weighted, FLAI R, dynamic susceptibility contrast
(DSO-MRI estimates of cerdoral blood vdume (rCBV), contrastenhanced T1-weighted images
(T1+C), and DIR data (pre- or post-contrast) wereaajuired in 22 gatients with di oblastoma.
Contrast-to-noise (CNR) and tumor volumes werecompared between DIR and FLAI R sequences.
Line profil es acrossregions of tumor weregeneraed to evaluate similariti es between image
contrasts Additionally, voxel-wise assciations between DIR and aher sequences wereexamined.
Results suggested past-contrast DIR images were hyperintense (bright) in regions spatially similar
those having FLAI R hyperintensity and hypontense (dark) in regions with contrast-enhancement
or elevated rCBV due to the high sensitivity of 3D turbo spin echo sequences to susceptibility
differences between dfferent tissues. DIR tumor volumes werestatisticaly small er than tumor
volumes as defined by FLAIR (Paired ¢test, P= 0.0089, averaging a difference of approximately
14 mL or 24%. DIR images had approximately 1.5x< higherlesion CNR compared with FLAIR
images (Paired ftest, P= 0.004§. Line profil es actosstumor regions and scatter plots of voxel-
wise coherence between dfferent contrastsconfirmed a positive correlation between DIR and
FLAIR signal intensity and a negative correlation between DIR and badh post-contrast T1-
weighted image signal intensity and rCBV. Additional discrepancies between FLAIR and DIR
abnarmal regions wereaso olserved, together suggesting DIR may provide additional
information beyondthat of FLAIR.

Keywords
Doubeinversionremvery; DIR; MRI; Glioblastoma; Multi parametric MRI

Introduction

Glioblastomais a primary central nervous system tumor with a very poa prognasis[1].
Standard anatomicd magnetic resonanceimaging (MRI) techniques arecurrently the gad
standard for determining treament resporse and for monitoring tumor growth and
infiltrationin dioblastoma. In particular, the use of pre-and pcstcontrast T1-weighted and
T2-weighted images areoften used to discem regions of abnarmal vasculaiity, necrosis,
edema, and infiltrating tumor, as these areimportant biologicd feaures that provide insight
into the aggressivenessof the tumor [2—4]. The use of T2-weighted fluid-attenuated
inversion recvetry (FLAI R) sequences have become an indispensible tool for defining the
malignant boundaries [5—7], as this sequence nulls cerédoro-spinal fluid (CSH allowing bah
edema and infiltrating tumor to be well demarcded and hyperintense onthe resulting
images.

Despite the exquisite sensitivity of the FLAI R sequenceto these important biologicd
feaures, the boundhries between edematous tissue and namal white matter can be difficult
to delineae, resulting in a degreeof uncertainty when defining the malignant boundary. In

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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orderto addressthese chall enges, we tested a threedimensional doulie inversion recovery
(DIR) sequencethat nuls bath the signal from CSFaswell as the signal from normal white
matter. Since similar sequences have been used to isolate subtle white matter lesionsin
patients with multi ple sclerosis(MS) [8], we hypahesized this sequence would all ow for
superior delinedion d the tumor regions from regions of normal white matter. Further, since
steady-state T2-weighted sequences arehighly sensitive to changesin magnetic
susceptibility, we hypahesized that post-contrast DIR images may provide signal
attenuationin regions of increased contrast enhancement or blood vdume. In the current
study, we explored the patential utility of pre-and pcst-contrast DIR images in patients with
glioblastoma by comparing them to conventional T1- and T2-weighted, FLAI R, and
dynamic susceptibility contrast (DSQ)-MRI imaging sequences.

Image data was coll eded from 22 matients with reaurrent glioblastoma who hed provided
consent to have their image data colleded and stored in our institution’s neuro-oncology
database. All image datawas acquired ona 3.0T MR system (Siemens MAGNETOM Trio,
Siemens Hedthcare Erlangen, Gemany). Standard anatomicd sequences included T1-
weighted turbo spin echo (TE/TR = 2.5360ms slicethickness= 3 mm with nointerslice
gap, NEX = 2, matrix size= 320x 224,and FOV = 24 cm), T2 weighted turbo spin echo
(TE/TR = 94/3,500ms slicethickness= 3 mmwith nointerslice gap, NEX = 2, matrix size
= 384 x 320,and FOV = 24 cm), and FLAIR images (Tl = 2,500ms TE/TR = 90/8,500ms,
slicethickness= 3 mmwith nointerslice gap, NEX = 1, matrix size= 320x 224,and FOV
= 24 cm). Dynamic susceptibility contrast (DSC) images (TE = 25ms, TR = 1,250ms flip
angle = 35 degrees, slicethickness= 3 mmwith nointerslice gap, matrix size 128x 128,
GRAPPA = 2; 6/8 partial Fourier encoding) wereaajuired duinginjedion d a
gadopentetate dimeglumine (Magnevist; Bedex, Wayne, NJ; 0.075mmol/kg) bdus, after
injedion d a ¥ dcse preload (0.025mmol/kg bodyweight). Intensity standardized rCBV
maps werecdculated by previously pulished methods [9] and commerdally avail able
software(IB Neuro v2.Q Imaging Biometrics, EIm Grove, Wisconsin). Additionally,
contrast-enhanced T1 weighted images (T1 + C; TE/TR = 2.5360ms slicethickness= 3
mmwith nointerslice gap, NEX = 2, matrix size= 320x 224,and FOV = 24 cm) were
aquired after DSC data.

The nonsdedive DIR prepared turbo spin echo (TSE) sequencewith variable flip angle
evolutions (Sampling Perfedion with Applicaion ogimized Contrastsusing dfferent flip
angle Evolutions (SPACE), IPR#697 Neuro-SPACE) was utili zed for bath pre and pcst
contrast comparisons. The sequencefeatures 2 nonseledive IR puses, with the 2ndIR
pulse having afixed inversiontime of Tl, = 450ms to suppressnormal-appeaing white
matter (NAWM). ThefirstTI (TI;) and TR wereadjusted for optimal CSFsuppresson. D
SPACE signal readou foll ows the DIR preparaion. An inherent advantage of the 3D
SPACE readou compared to the conventional 2D TSE invalves the pre-cdculation o signal
evolutionin order to employ variable flip angles to maintain magnetization for longer echo
train lengthsin order generae desired T1 or T2 contrasts This also allows for the
aqquisition d anisotropic 3D volume with highresolutionin aclinicdly feasible scan time.
The following DIR sequence parameters were used for bath pre- and past-contrast
aqquisitions: TE/TR = 3247,400ms slicethickness= 1.3mm, matrix size=192x 192,
FOV =25cm, Tl; = 3,000ms and Tl, = 450ms.

All images from all patients wereregistered to the respedive DIR images using a mutual
information algorithm and a 12-degreeof freedom transformation wsing FSL (FMRIB,
Oxford, UK; http://www.fmrib.oxac uk/fsl/) to ensure corred voxel-wise comparisons
between the images. Manual adjustment, if necessary, was performed using the tkregister?

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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routine avail able from Freesurfer (surfer.nmr.mgh.havard.edu; Massaachusetts Generd
Hospital—Harvard Medicd Schod, Boston, MA). Tumor regions of interest (ROISs) were
defined on bdh pre-and past-contrast DIR and FLAI R images using a semi-automated
threshd ding technique employed previously [10Q]. It is important to nae that the entire
abnamal areaon past-contrast DIR images wereincluded in the cdculation o hyperintense
volumes (i.e. regions of signal dropout onDIR correspondng to contrast-enhancement were
also included). The mean differences in tumor volume between DIR and FLAIR
hyperintense regions werecompared using a paired ftest Contrast-to-noise ratio (CNR),
defined as the differencein mean signal intensity between the tumor and namal appeaing
white matter divided bythe standard deviation d badground nadse (ILtumor-rrwml!/
onoise), was cdculated for bath DIR and FLAI R images then compared using a paired ¢
test Line profiles werecreaed actosstumor regions for qualitatively comparing the
different image sequences using custom MATLA B scripts (MATLA B; Mathworks, Inc.,
Natick, MA). Additionally, four circular ROIs wereplaced in separae regions of the brain in
ead patient such that approximately half the ROI contained T2 hyperintense tumor and helf
the areacontained namal appeaingtissue. These ROIswerethen used to generae scatter
plots examining the voxel-wise correlations between the different imaging corntrasts

The Institutional Review Board at our institution approved al protocols.

In generd, DIR images provided a highlevel of contrast between suspeaed tumor regions
and badkgroundwhite matter tissue due to suppresson d bath white matter and CSFsignal
intensity (Fig. 1). Regions of suspeded tumor and the corticd ribbon bah appear
hyperintense on DIR; however, the signal intensity within suspeded tumor regions were
consistently higherin signal amplitude than namal cortex. This differencein signal
intensity, alongwith the hypantensity of white matter, allowed for clearidentificaion o
edema from non-enhancing tumor in regions nearthe cortex, since edematends to preserve
the corticd ribbon(Fig. 1e) and norrenhancing tumor degrades the corticd architecure [11—
13]. In cases whereDIR aquisition accurred after contrast agent injedion (Fig. 1f—j),
images appearel to show clearsignal attenuation in regions with contrast enhancement and/
or elevated rCBV.

DIR scanswereohtained in a single patient before and after administration o bevadzumab,
an anti-angiogenic agent known to reduce the about of vascular permeability and edema
(Fig. 2. A singetreament with bevadzumab resulted in a decre@e in contrast
enhancement on past-contrast T1-weighted images, a decre@e in rCBV, and a decreae in
T2 hyperintensity on T2-weighted, FLAI R, and DIR images. Interesting, the volume of
contrast enhancement decreaed by 71% and the volume of T2 hyperintensity decreaed by
46 %; however, the volume of DIR hyperintensity decreaed 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 visudly examining past-contrast DIR and FLAI R imagesin patients with
glioblastoma, around 18% (4 in 22 patients showed conspicuols differences between the
two image contrasts(Fig. 3. For example, Fig. 3ill ustrates example patients with
identifiable FLAI R hyperintensity (“a” through“d”), but no obvous abnamal signal
intensity on past-contrast DIR. Consisent with this observed differencewith T2 and FLAIR
hyperintense volumes, the volume of FLAI R-defined tumor regions was foundto be
significantly larger than that of DIR-defined tumor regions (Fig. 4a; Paired ftest, P=
0.0089, with an average differencein vdume of approximately 14 mL (Fig. 4. The
percentage difference between these regions with resped to FLAI R volume was

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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significantly different from zem (Fig 4c; ttest, P=0.0069§, with FLAI R-defined
hyperintense lesions having approximately 24 % higher volume compared with DIR
hyperintense lesion vdume. As expeded, the mean CNR between the tumor regions and
NAWM werehigherin the DIR images compared with FLAIR, averaging 122.8+ 13.2
S.E.M. for DIR images and 77.8+ 12.3S.E.M. for the FLAI R images (Fig. 4d Paired ttest,
P=0.0049. Only four patients had FLAI R images with higher CNR compared with DIR
images, for which all had arelatively high variability of the tumor signal intensity in the
DIR images compared with FLAI R regions leading to lower caculated CNR.

We hypahesized that a high pasitive spatial correlation exists between FLAIR and DIR
images, sincethese regions bath aretheoreticdly sensitive to T2 hyperintensity and bah
have CSFsignal nuling. Additionally, we hypahesized that a negative spatial correlation
will exist between post-contrast DIR images and regions with highrCBV and contrast-
enhancing regions on pcst-contrast T1-weighted images due to the sensitivity of the SPACE
base sequenceto field inhamogeneiti es caused by the presence of gadolinium. To testthese
hypaheses we creded line profil es starting in regions of normal tissue and extending into
tumorous regions (Fig. Sa—dfor 4 seled patients). Results reveded a strong paitive
qualitative relationship between FLAIR and DIR image intensity (Fig. 5e-h), aswell asa
strong regative correlation between rCBV and T1+C image intensity compared with DIR
image intensity (Fig. 5).

The nature of this relationship is further appredated by examining the voxel-wise
correlation btween post-contrast DIR, FLAIR, T1+C, and rCBYV images (Fig. 6). When
mapped to their original locaions, low signal intensity regions on pat-contrast DIR and
mid-range signal intensity on FLAI R werelocdi zed to regions of white matter, mid-range
signal intensity regions on bdh DIR and FLAI R corresponckd to regions of gray matter, and
hyperintense regions on bdh DIR and FLAI R corresponded to regions of abnamal T2/
FLAIR signal intensity indicative of eithertumor or edema (Fig. 6a). This positive voxel-
wise relationship between post-contrast DIR and FLAI R signal intensity was statisticdly
significant and similar for all patients examined (Peason' s correlation coefficient, R2 > 0.6,
P< 0.00]). When comparing the voxel-wise correlation between pcst-contrast DIR and
post-contrast T1-weighted images, voxels with low signal intensity on bah post-contrast
DIR and pcst-contrast T1-weighted images werelocdi zed to white matter, regions with low
post-contrast DIR signal intensity but high signal intensity on past-contrast T1-weighted
images corresponckd 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 hypantensity on past-contrast T1-weighted images werelocdi zed to regions having
abnamal T2/FLAIR signal intensity refleding either nonrenhancing tumor or edema (Fig.
6h). The negative correlation otserved between pcst-contrast DIR and past-contrast T1-
weighted images was also statisticaly significant and similar for all patients examined
(Peasson's correlation coefficient, R2 > 0.6, P< 0.007). VVoxel-wise comparison d post
contrast DIR images with rCBV maps creded from DSC-MRI aso ill ustrated a negative
correlation between signal intensities, albeit slightly more complex than the relationship
between post-contrast DIR and past-contrast T1-weighted images. Spedficdly, voxels
exhibiting low signdl intensity on pastcontrast DIR images and low rCBV werespatialy
locdized to regions of white matter, voxels with slightly higher signal intensity on DIR and
slightly higherrCBV refleded regions of gray matter, voxels with low signal intensity on
DIR and highrCBV refleded aggressive regions of tumor within contrast-enhancing
regions, and voxels with high signal intensity on pest-contrast DIR images but low rCBV
werelocdized to regions of abnamal T2/FLAIR signal intensity (Fig. @). Similarto the
comparison ketween pcst-contrast DIR and past-contrast T1-weighted images, therewas
also a significant negative correlation between pcst-contrast DIR and rCBYV that was similar

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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between all patients (Peason' s correlation coefficient, R2 > 0.6, P< 0.001). Together, these
results suppat the hypahesisthat hyperintense regions on pcst-contrast DIR images
generdly refled the T2/FLAI R hyperintense regions, wherea regions of decreaed signal
intensity on past-contrast DIR images within these hyperintense lesions refled regions of
contrast-enhancement on past-contrast T1-weighted images and regions of elevated tumor
blood vdume onDSCGMRI derived rCBV maps.

Discussion

T2-weighted FLAI R remains the most sensitive MR puse sequencefor identifying the
malignant boundary in human dioblastoma[5-7]; however, FLAI R sequences arerelatively
non-spedfic, showing sensitivity to bah vasogenic edema and nonrenhancing/infiltrating
tumor. Therefore, thereis a nead for new MR sequences that add value to the current FLAIR
sequence In the current study we explored the ability for a DIR sequenceto improve upon
FLAI R with additional nuling d NAWM. We hypahesized that the DIR sequence may
offer additional insight into the boundary of T2 hyperintense lesions that may be difficult to
delinege from either the cortex or white matter. Additionally, we hypahesized that post-
contrast DIR images would na only show similar hyperintense regionsto FLAIR, bu also
provide locdizaion d regionswith contrast-enhancement or elevated tumor blood vdume
since signal dropout occursin regions of susceptibility differences due to the nature of the
3D TSE sequence Consisent with these hypaheses, results from the current study suggest
that hyperintense lesions on D DIR images correlate spatially with hyperintense lesions on
FLAIR images, athoughFLAI R tended to owverestimate the suspeded lesion vdume and
had lower CNR compared with DIR. Additionally, results demonstrated a strong regative
correlation between post-contrast DIR image intensity and bah paost-contrast T1-weighted
signal intensity aswell asrCBV. Together, these results imply that post-contrast DIR can
cgpture many important mali gnant feaures from other puse 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 patential advantages of
DIR imagingin human diomas; hawvever, the DIR sequence has been implemented
extensively and quite successully for the identificaion and charaderization o subcorticd
MS lesions. Overwhelming evidence suggeststhe DIR sequence provides higher sensitivity
for theidentification d MS lesions compared to either T2 or FLAI R sequences[8, 14—19,
leading to the consensus recommendation for use of DIR in scoring d MS lesions[20]. DIR
has also been shown to be useful for lesion detedion and vdume quantificaionin aher
types of brain lesions, including identificaion d epileptic foci [21, 23, hippocampal
sclerosislesions[23, 24, and subcorticd band heterotopia[25]. Consisent with
observations from studies invaving aher pathologies, results from the current study suggest
the DIR sequence may provide added benefits for delineaing the T2 hyperintense lesion
from surroundngtissues. Furtherreseard is necessary to determine whether DIR is equally
superior to FLAIR in terms of the sensitivity to newlesion detedion, a whether DIR can
better detemine the extent of tumor infiltration into namal white matter.

Thereareafew patential study limitations that merit attention. First, the current study
involved a series of glioblastoma patients at various stages of their disease and on \arious
treament paradigms Some patients werecurrently being treaed with the standard of care
(i.e. temozolomide and radiothergpy) [26], wherea others (including the patient in Fig. 2
weretreaed with bevadzumab o other anti-angiogenic agents. Althoughthe purpose of the
current study was purely investigative and the objedive was to compareDIR with FLAIR
and aher sequences, this heterogeneity in the patient popuation was a patential limitation
sincethe size of T2 hyperintense lesions werelikely to be related to particular stage of the
disease. Also, we choseto colled pre-and past-contrast DIR imagesin dfferent

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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glioblastoma patientsin order to save time during their routine clinicd MR examination. A
more thoroughcomparison between pre- and pcst-contrast DIR images could have been
performed if pre-and pcstcontrast DIR images werecoll eded in the same patients. Lastly,
the current study dd na involve any test-retestreli abilit y testing na did it involve
examining serial DIR imaging in the same patient over time to examine changesin lesion
volume. It is possble the DIR systematicdly underestimates lesion vdumesin the same
patient compared with FLAI R for all time pants; however, it is aso passble that the
observed dfferences between DIR and FLAI R may differ by patient or by foll ow-up time
point. Future studieswill focus onaddressing these patential limit ations.

We hypahesizethat the DIR sequence used in the current study may be improved for better
delinegion d nonenhancing tumor. Based on previous studies, the DIR sequenceis known
to provide exceptional sensitivity for lesion detedion when slightly prolonged T2 is
anticipated compared with the nuled tissues[27], suggesting wsing inversion times spedfic
for nuling CSFand NAWM may result in DIR contrastswithou an advantage over FLAI R
sequences. Altematively, the inversion puse used to nul NAWM could be adjusted to nul
signal from vasogenic edema exclusively, sinceinfiltrating/non-enhancing tumr and
vasogenic edema have velry subtle differencesin T2 charaderistics, which may leal to better
contrast between these tisaue types. Additionally, the use of a phase-sensitive inversion
recmvery (PSR) sequence, wherevalues can be paositive and regative based onthe initial
magnetizaion after inversion preparaion, may provide additiona benefits to DIR in terms
of lesion detedion and charaderizaion, as has been demonstrated for MS lesions [28, 29.

Conclusion

Results from the current study suggest pre- or post-contrast DIR may provide information
beyondthat of T2-weighted FLAI R images. Spedficdly, FLAI R images tended to
overestimate lesion vdume and have lower lesion CNR compared to DIR. Also, past
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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Post-Contrast
T1-Weighted rCBV T2-Weighted FLAIR DIR

Pre-Contrast DIR

Post-Contrast DIR

Fig. 1.

M?ﬂti parametric and pre- or post-contrast doulie inversion reamvery (DIR) imagesin human
glioblastoma. a Post-contrast T1-weighted image, b relative ceréoral blood vdume (rCBV)
map, ¢ T2-weighted image, d FLAI R image, and e pre-contrast DIR image in a 48 yearold
female patient with a glioblastoma. Arrowsin e dencte regions of though to contain
primarily vasogenic edema due to preservation d the corticd ribbon.f Post-contrast T1-
weighted image, g rCBV map, h T2-weighted image, i FLAIR image, andj postcontrast
DIR imagein a54 yearold female patient with dioblastoma. Arrowsin (j) show signal
dropou on past-contrast DIR images correspondng to regions of contrast enhancement and
elevated rCBV

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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Post-Contrast
T1-Weighted BV T2-Weighted FLAIR DR

Pre-Bevacizumab
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Fig. 2.

DIR images of human dioblastoma before and after administration o the anti-angiogenic
agent bevadzumab. a Post-contrast T1-weighted images, b rCBV maps, ¢ T2-weighted
images, d FLAI R images, and e pre-mntrast DIR images before administration o
bevadzumab in a 57 yearold male patient with reaurrent glioblastoma. f Post-contrast T1-
weighted iamges, g rCBV maps, h T2-weighted images, i FLAIR images, and| pre-contrast
DIR images after administration d bevadzumab, demonstrating significant reductionin
contrast enhancement, rCBV, and hyperintense lesion vdume on T2-weighted, FLAIR, and
DIR images
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FLAIR Post-Contrast DIR

Fig. 3.

Conspicuous signal abnamaliti es that differ between FLAIR and DIR images. a Abnamal
FLAIR signal intensity within the right frontal lobe extending pasterior (“a”) that is not
observed onDIR images. Similarly, a FLAI R hyperintense lesionin the left parietal lobeis
observed extending inferior into white matter regions (“b"), bu this was nat observed on
DIR images. b Abnamal FLAI R signal intensity in the right hemisphere(“c”), contralaterd
from the origina tumor locaion, is nat cleaty apparent on DIR images. ¢ Posterior asped of
alesionintheleft frontal lobe observed onFLAIR (“d”) did na demonstrate substantial
hyperintensity on DIR imagesh

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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Lesion vdume and contrast-to-noise ratio (CNR) comparisons between FLAIR and DIR. a

Lesion vdume compatrisons between FLAI R and DIR images suggestsFLAI R may
overestimate lesion vdume compared to DIR images (Paired ¢test, = 0.0084. b Volume
difference between FLAI R and DIR demonstrating FLAI R lesion vdumes having an
avergye difference of 14 mL compared with DIR lesions. ¢ Percent volume differences

between FLAIR and DIR showing FLAI R lesion vdumes having an average of 24 % higher

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.

volumes compared with DIR lesion vdume estimates. d Lesion CNR in FLAIR and DIR
showing a significantly higher CNR in DIR compared with FLAI R images (Paired ttest, P=
0.0049. Gray linesshow four cases whereFLAI R had higher CNR compared to DIR
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Fig. 5.

Line profil es throughtumor regionsin four patients with dgioblastoma, demonstrating spatial
correlation between post-contrast DIR images and multi paranetric MRI. a—-d) Post-contrast
DIR images showing the locaion d the correspondng line profiles (red lineswith “ A” and
“B").e-h Line profilesfor DIR (bladk) and FLAIR (gray) showing a strongspatial
correlation between these two image contrasts i Line profiles for DIR (blad), pcst

contrast T1-weighted images (T1+C; dashed greai), andrCBV
negative spatia correlation between these image contrastswith

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.
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V oxel -wise coherence between DIR and multi parametric MR images. a—d V oxel-wise
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asociations between FLAI R and DIR signal intensities show a paositive linearcorrelation
(Peasson's correlation coefficient, R2 > 0.6, P< 0.001for all patients examined). Note that

mid-range signal intensity on FLAI R and low signal intensity on DIR corresponced
primarily to white matter (WM), mid-range signal intensity on bdah FLAIR and DIR

corresponced to gray matter (GM), while high signal intensity on bah FLAIR and DIR

corresponded to regions with abnarmal T2/FLAIR signal intensity. e—f Voxel-wise

associations between post-contrast T1-weighted (T1+C) and DIR signal intensities show a
negative linearcorrelation (Peason's correlation coefficient, R2 > 0.6, < 0.001for all

patients examined). Note that voxels with mid-range signal intensity on T1+C and low

signal intensity on DIR corresponcded to WM, voxels with mid-range signal intensity on bdah
T1+C and DIR corresponced to GM, voxels with low-signal intensity on T1+C and high
signal intensity on DIR corresponded to regions with abnarmal T2/FLAIR signal intensity,
and voxels with high signal intensity on T1+C and low signal intensity on DIR corresponcded
to regions with contrast-enhancement. i—| V oxel-wise asciations between rCBV and DIR
signal intensities showing a negative linearcorrelation (Peawson's correl ation coefficient, R?
> 0.6,P< 0.001for al patients examined). Note that voxels with highrCBV and low signal
intensity on DIR corresponded to regions of contrastenhancement and hypervascular tumor,
voxels with low rCBV and low signal intensity on DIR corresponced to WM, voxels with
mid-range values of bath rCBV and DIR signal intensity corresponced to GM, and voyels
with low rCBV and high DIR signal intensity corresponded to regions with abnamal T2/
FLAIR signd intensities

JNeuroorrol. Author manuscript; availablein PMC 2014April 01.





