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Introduction. Specific correlations among diffusion tensor imaging (DTI)-derived metrics and magnetic resonance
spectroscopy (MRS) metabolite rafios in brains with glioblastoma are still not completely understood.

Patients and methods. We made retrospective cohort study. MRS ratios (choline-to-N-acetyl aspartate [Cho/NAA],
lipids and lactate to creatine [LL/Cr], and myo-inositol/creatine [ml/Cr]) were correlated with eleven DTl biomarkers:
mean diffusivity (MD), fractional anisofropy (FA), pure isofropic diffusion (p), pure anisotropic diffusion (q), the totfal
magnitude of the diffusion tensor (L), linear tensor (Cl), planar tensor (Cp), spherical tensor (Cs), relative anisotropy
(RA), axial diffusivity (AD) and radial diffusivity (RD) at the same regions: enhanced rim, peritumoral oedema and nor-
mal-appearing white matter. Correlational analyses of 546 MRS and DTl measurements used Spearman coefficient.
Results. At the enhancing rim we found four significant correlations: FA < LL/Cr, Rs = -.364, p = .034; Cp < LL/Cr, Rs
=.362, p =.035 g < LL/Cr, Rs =-.349, p = .035; RA < LL/Cr, Rs =-.357, p = .038. Another ten pairs of significant correla-
fions were found in the peritumoral edema: AD < LL/Cr, AD < ml/Cr, MD < LL/Cr, MD < ml/Cr, p < LL/Cr, p & ml/
Cr, RD < ml/Cr, RD < ml/Cr, L < LL/Cr, L < ml/Cr.

Conclusions. DTl and MRS biomarkers answer different questions; peritumoral oedema represents the biggest chal-
lenge with at least ten significant correlations between DTl and MRS that need additional studies. The fact that DTI
and MRS measures are not specific of one histologic type of fumour broadens their application to a wider variety of
intracranial pathologies.

Key words: brain neoplasms; diffusion tensor imaging; magnetic resonance spectroscopy; statistics as topic; soft-
ware tools

Introduction conventional magnetic resonance imaging (MRI)

diagnosis of gliomas, identifying regional tu-
Since the last decade, a particular interest prevails =~ mour infiltration and oedema boundaries in those
for the identification of clinical prognostic mark-  qualitative patterns observed in the T,-weighted
ers for glioblastoma.! During this time, medical imaging (T,-w), fluid-attenuated inversion recov-
imaging research has focused its attention in the ery (FLAIR), pre-contrast T,-w weighted imaging
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(T,-w), and post-contrast T,-w.2 Other MRI-based
quantitative morphological features that have been
reported include the contrast-enhancing (CE) rim
width and surface regularity®, residual tumour
volume (RTV) and extent of resection (EOR).* A
recent meta-analysis highlighted the limitations
of the current conventional MRI-based Response
Assessment in Neuro-Oncology (RANO) criteria
for treatment evaluation in glioblastoma.®

Some volumetric features of the oedema region
might have a role as predictors of progression-free
survival (PFS) in patients with glioblastoma.®

Diffusion tensor imaging (DTI) and magnetic
resonance spectroscopy (MRS) biomarkers are
currently reported in glioblastoma research as a
consequence of their higher diagnostic accuracy
than conventional MRI for the detection of tumour
progression.”8 A recent meta-analysis found the
sensitivity and specificity of MRS were 91% and
95%, respectively.® MRS found that the choline-
to-N-acetyl aspartate (Cho/Naa) ratio is the most
substantial survival predictor in glioblastoma with
alog-hazard function of 2.672 (each unit of increase
in the Cho/Naa ratio represents a 267% increase in
the risk of death in glioblastoma).!’ The usefulness
of DTI-derived biomarkers has been proved in the
differentiation of glioblastoma from brain abscess-
es and metastatic brain tumours'' and between
glioblastoma and healthy brains.’? Up to 11 DTI-
derived biomarkers have calculated in brain MRI,
each one with different diagnostic performance de-
pending on the selected tumour region.’

However, despite the above technological ad-
vances in glioblastoma imaging, there is a low cor-
relation between the conventional MR images and
the gross pathologic margin of the tumour with the
actual margins of the areas of neoplastic infiltra-
tion."* Most of the advanced MRI techniques have
been reported as separated diagnostic methods
without a correlational assessment.> For exam-
ple, some studies have been published about the
whole brain MRS correlations with Sox2-positive
cell density®, but no with other advanced MRI tech-
niques. We found only one article in the literature
that studied the correlations between DTI and MRS
in schizophrenic patients and healthy controls.!
Although it is known that MRS and DTI use dif-
ferent mechanisms to visualizer abnormal patholo-
gies, they can provide complementary imaging
data on white matter changes in brain.'

The assessment of MRS and DTI biomarkers in
glioblastoma is one of the leading research lines
for our group. To the best of our knowledge, no
previous studies have evinced a correlation among

these variables; we aimed to analyse the correla-
tions between the three most commonly reported
MRS metabolites ratios and the eleven-known
DTI-derived metrics in glioblastoma. Our null hy-
pothesis considered no correlations between MRS
metabolite ratios and DTI metrics; our alternative
hypothesis expects that at least one pair of signifi-
cant correlations were found at each tumour region
in glioblastoma.

Patients and methods
Patients

Retrospective cohort of patients with at first (sus-
pected) diagnosis and later pathology confirmation
of glioblastoma according to the WHO; inclusion
criteria considered examinations between January
2010 and December 2014. Exclusion criteria applied
to corticosteroid or antibiotic treatment, lesions
with areas related to calcification and haemorrhage
and previous brain surgery. MR examinations with
other structural abnormalities were excluded. The
local Institutional Review Board approved the
study and the study was performed in accordance
with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments.

Brain image acquisition

MR was performed by using a 3T unit (Signa
HDxt, GE Healthcare, Waukesha, WI, USA) with
a high-resolution eight-channel head coil (Invivo,
Gainesville, FL, USA). MR sequences included
conventional axial T,-w, axial Fluid-Attenuated
Inversion Recovery (Flair), and pre-contrast axial
T,-w. Post-contrast axial T,-w used 0.1 mmol/kg
of body weight of gadopentetate dimeglumine
(Magnevist; Schering, Berlin, Germany). Pre-
contrast axial Spoiled Gradient Echo (SPGR) that
exploited the T1 shortening effects of methemo-
globin allowed direct visualization of lesions with
haemorrhage. Diffusion-weighted imaging (DWI)
was performed using a single-shot SE EPI sequence
with b-values of 1000 s/mm?and an image without
diffusion weighting with b-value of 0 s/mm?.

DTI was performed using a single-shot SE EPI
sequence. Diffusion gradients were applied in 25
directions with b-values of 1000 s/mm? and an im-
age without diffusion weighting with b-value of 0
s/mm? DTI sequences were acquired in the axial
plane with 44 contiguous sections, 2.4 mm section
thickness, no intersection gap, TR/TE of 17,000/80
ms, with parallel imaging to reduce off-resonance
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artefacts (PI factor was 2); 25 x 25 cm FOV, and 128
x 128 matrix size.

Selected tumour regions

A board-certified radiologist (ERV) blinded to the
clinical history of each patient, manually traced the
boundaries of the tumour regions. For all param-
eters derived from MRS and DTI, measurements
were acquired in three areas: normal-appearing
white matter (NAWM), drawn in the patient’s con-
tralateral hemisphere; viable tumour region (area
of the enhanced rim at T1-w post-contrast); and
peritumoral oedema (arbitrarily chosen as an ad-
jacent immediate zone with a 10-mm-wide band).

Metabolites measurements using MRS

Multi-voxel spectroscopic imaging (MV-MRS) was
performed using a point-resolved spectroscopic
sequence technique (PRESS). The volume of inter-
est (VOI) size was individually adjusted position-
ing the voxel over the lesion and trying to mini-
mise partial-volume effects resulting from other
neighbouring tissues including bones and cerebral
spinal fluid (CSF) of the ventricles. Proton spectra
were recorded in the axial plane with T1-w post-
contrast images via TR; 1500 ms, TE; 26 and 144 ms,
FOV; 24 x 24 cm, 1-1.5 cm section thickness, 256 x
256 matrix and 24 x 24 phase encoding. Knowing
that cerebral metabolites have different inherent T1
and T2 relaxation times, a TE of 24 ms allowed us
to quantify metabolites that are identified only at
short TE (Lipids and Myo-inositol). The interme-
diate TE of 144 ms let us identified the Cho and
Lactate peaks, which are the primary metabolites
altered in neoplasms. Because fewer metabolites
were observed with longer TE values, the spectrum
obtained is easier to interpret (we could quickly
identify the rest of selected metabolites (NAA and
Cr). Additionally, a TE of 144 ms identified the
Lactate peak invert below baseline.

The MRS data were transferred to a clini-
cal workstation, with FDA-cleared software (GE
Advantage). A short echo time allowed the acqui-
sition of four brain spectra with metabolite signal
peaks centred within a range of 0-4.35 ppm as fol-
lows: methyl protons of N-acetylaspartate (NAA)
at 2.0 ppm, N-trimethyl protons of choline-con-
taining metabolites at 3.2 ppm (Cho), creatine (Cr)
at 3-3.1 ppm, a compound peak containing lipids
and lactate (LL) at 0.8-1.4 ppm, and a compound
peak of the protons of myo-inositol (ml) at 3.56 and
4.06 ppm.'* Automatic shimming of the linear x, y,
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z channels was used to optimise field homogene-
ity, water resonance and water suppression pulses
were optimised. Relative quantification of metabo-
lites was performed after Gaussian curve fitting
using standard spectroscopic analysis software
FuncTool 9.4.04b, (GE Healthcare, Milwaukee,
WI, USA). Three metabolite ratios were calculated:
Cho/NAA, lipids and lactate to creatine (LL/Cr),
and and myo-inositol/creatine (ml/Cr). Figure 1
A-F show examples of the MRS measurements at
the enhancing rim and peritumoral oedema.

DTI-derived metrics

We used the FA maps, and T,-post gadolinium
orientation maps to draw three regions of inter-
est (ROI) from each selected region (NAWM, en-
hancing rim and peritumoral oedema). For each
ROI we obtained the major (A1), intermediate
(A2), and minor (A3) eigenvalues at the selected re-
gions using a GE Advantage Workstation with the
software FuncTool 9.4.04b (GE Medical Systems,
Milwaukee, WI, USA). The three eigenvalues were
applied to the eleven formulas previously pub-
lished for the calculation of DTI-derived metrics:
mean diffusivity (MD), fractional anisotropy (FA),
pure isotropic diffusion (p), pure anisotropic diffu-
sion (q), the total magnitude of the diffusion tensor
(L), linear tensor (Cl), planar tensor (Cp), spherical
tensor (Cs), relative anisotropy (RA), axial diffusiv-
ity (AD) and radial diffusivity (RD)*; Figure 1 G-I
presents an example of FA map used to locate the
ROI at the selected regions: enhancing rim, peritu-
moral oedema, and NAWM.

Statistical analysis
Sample size

We used the sample-size formula published by
Browner ef al. for determining whether a correla-
tion coefficient differs from zero."”

N=[(Za+ ZB) + CJ*> + 3, for this formula:

N = Total number of measurements required

Zo. = the standard normal deviate for a (If the
alternative hypothesis is two-sided, Za =1.96 when
a = 0.05)

Zp = the standard normal deviate for § (Zf = 0.84
when f =0.20)

C=05xIn[(l+r)/(1-1)]

r = expected correlation coefficient

Considering that Tang ef al. reported a correla-
tion coefficient between DTI and MRS biomarkers
up to 33.2% in schizophrenic patients'®, our alter-
native hypothesis was that correlation coefficients
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FIGURE 1. (A-F) magnetic resonance spectroscopy (MRS) measurements at the enhancing rim and peritumoral edema. (G-l)
example of a FA map used to locate the ROI at the selected regions: enhancing rim, peritumoral oedema, and normal-appearing

white matter (NAWM).

between DTI and MRS biomarkers would be above
50%. With this expected correlation coefficient, a
two-sided alternative hypothesis, a. = 0.05, 3 = 0.20,
and statistical power = 80%; N =29. We had 33 dif-
ferent measurements per each DTI biomarkers.

Correlation analyses

Bivariate correlations were performed using the
Spearman correlation coefficient (R)!® to describe
the degree of the linear relationship between three
metabolites ratios (Cho/Naa, LL/Cr, and mlI/Cr)

and the eleven DTI-derived biomarkers (MD, FA,
p, g L, Cl, Cp, Cs, RA, AD and RD). We chose the
Rs because it is a non-parametric test that can be
used with variables that have a non-normal distri-
bution.'” Each correlation coefficient was interpret-
ed as Very strong (at least of 0.8), Moderately strong
(0.6 up to 0.8), Fair (0.3 up to 0.6) and Poor (less than
0.3). Squaring R-values represented the coefficient of
determination, the proportion of variance that each
two compared variables had in common.’ We ad-
ditionally tested the statistical significance of the
difference between R coefficients between groups

Radiol Oncol 2020; 54(4): 394-408.
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FIGURE 2. Scatter plots showing the correlation between magnetic resonance
spectroscopy (MRS) metabolites and diffusion tensor imaging (DTl) metric at the
normal-appearing white matter (NAWM).

by converting each pair of R values into standard z
scores, then using the formula proposed by Pallant
and colleagues®:

Z1— 2,

1 1
N,-3TN,-3

Zops =

Observed Z value (Z ) < -1.96 or > 1.96 were
considered statistically significantly different.

Software

All analyses were carried out using the IBM®
SPSS® Statistics software (version 26.0.0.1 IBM

Radiol Oncol 2020; 54(4): 394-408.

Corporation; Armonk, NY, USA) and J]MP® Pro
software (version 14.3, SAS Institute Inc., Cary,
NC, USA). Statistical significance was indicated
by p <0.05 (two-tailed).

Results
DTI and MRS measurements

For each patient, we recorded MRS and DTI
measurements at three selected regions: NAWM,
enhancing rim and oedema. The three MRS
measures for each metabolite ratio (Cho/Naa, LL/
Cr, and mI/Cr) were recorded at all tumour re-
gion, adding 9 MRS measurements per patient.
Similarly, 11 DTI-derived metrics (MD, FA, p, q,
L, ClL Cp, Cs, RA, AD and RD) were calculated at
each tumour region for each patient, with a to-
tal of 33 DTI measurements. Then, for each pa-
tient, we got 42 measurements (9 from MRS and
33 from DTI), this amount multiplied by 13 pa-
tients added 546 measurements that integrated 33
MRS-DTI parameter pairs per region. A total of
99 bivariate pairs were obtained in our correlation
analyses.

DTI<=MRS correlation at the NAWM

We found five pairs of bivariate correlations
showing statistical significance all of them with
the same metabolite LL/Cr. Only one correlation
was positive, Cp < LL/Cr, R = 468, p = .014. The
other four depicted negative Rs coefficients: FA
& LL/Cr, R =-475, p =.012; q < LL/Cr, R = -.495,
p=.009; RA < LL/Cr, R =-.490, p=.010; Cs < LL/
Cr, R =-.488, p = .010. Table 1 shows the correla-
tions between DTI metrics and MRS metabolites
at the NAWM region. Figure 2 depicts a scatter-
plot matrix of the DTI and MRS correlations at the
NAWM region.

DTI<<MRS correlation at the
gadolinium-enhanced tumour region

Similar to the findings in the NAWM, we found
only four significant correlations between only
one MRS metabolite and 4 DTI-derived metrics:
FA < LL/Cr, R = -364, p = .034; Cp < LL/Cr,
R, =.362, p =.035; q < LL/Cr, R =-.349, p = .035;
RA < LL/Cr, R = -.357, p = .038. Table 2 depicts
the correlations between DTI metrics and MRS
metabolites at the tumor region. Figure 3 show
a scatterplot matrix of the DTI and MRS correla-
tions at the enhancing rim region.
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TABLE 1. Correlations between diffusion tensor imaging (DTI) metrics and magnetic resonance

appearing white matter (NAWM) region

399

spectroscopy (MRS) metabolites for the normal-

DTI-derived biomarker MRS Spearman p p-value 8 -6 -4 -2 0 2 A4 .8
Cho/Naa -0.2862 0.1479 | R T

Axial diffusivity (AD) LL/Cr 0.1900 o426 | i i i i E PG
mi/Cr 01777 O

Cho/Naa 0.2300 o285 | i i i i (WM i

Fractional anisofropy (FA) LL/Cr ~0.4749 0.0123* | |:|
mi/Cr 02110 ooy | i i i [ P i i

Cho/Naa -0.2827 oaso | i b i P

Linear tensor (Cl) LL/Cr 0.2061 0.3024 | l:l
mi/Cr -0.2147 o282 | i i i [l i i i

Cho/Naa -0.0961 o336 | i i i i@ P i

Mean diffusivity (MD) LL/Cr -0.1020 0.6126 | I:I
mI/Cr -0.2683 ozer | i b Pl P

Cho/Naa -0.1441 oar2 | i i i il P i

Planar tensor (Cp) LL/Cr 0.4680 0.0138* | I:l
mi/Cr 0.3139 omos | i P i i (EEE

Cho/Naa 02119 o886 | i i i i WM i

Pure anisotropic diffusion (q) LL/Cr -0.4950 0.0087* | |_:|
mi/Cr 02577 CRTYVER I [

Cho/Naa -0.0961 0.6336 | S A 1 R

Pure isotropic diffusion (p) LL/Cr -0.1020 0.6126 | |:I
mi/Cr -0.2683 CREZS I I R | I T S

Cho/Naa 0.0440 X772 I R | R S

Radial diffusivity (RD) LL/Cr -0.2840 0.1511 | S 0 I
mi/Cr -0.2228 o2e0 | i i i [ P i i

Cho/Naa 0.2217 o265 | i i f i W G

Relative anisotropy (RA) LL/Cr -0.4898 0.0095* | SR 1 I S
mi/Cr -0.2290 o206 | i i i [ P i i

Cho/Naa 0.1930 1S I T N 1 O R

Spherical tensor (Cs) LL/Cr -0.4883 0.0098* | I_:I
my/Cr -0.2547 CAZZ I S S S ) I S

Cho/Naa -0.0680 - N

Ig;g(l)lr'r}?)gnifude of the diffusion LL/Cr 01408 0.4836 | I:I
mi/Cr 02781 CRPZ S I R A 1 I T

Cho/Naa = choline-to-N-acetyl aspartate; LL/Cr = lipids and lactate to creatine; ml/Cr = and myo-inositol/creatine [ml/Cr]
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FIGURE 3. Scafter plots showing the correlation between magnetfic resonance
spectroscopy (MRS) metabolites and diffusion tensor imaging (DTl) metric at the
enhancing rim.

DTI<MRS correlation at the oedema
region

At the edema region we found that besides the LL/
Cr metabolite, the concentrations of mI/Cr also de-
picted statistical significance with five DTI metrics
different than the observed correlations in the tu-
mor and NAWM regions. It meant we found ten
significand correlations: AD < LL/Cr, R_=.658, p <
.001; AD < ml/Cr, R = .493, p = .006; MD < LL/Cr,
R,=.685, p<.001; MD < ml/Cr, R = 513, p=.004; p
< LL/Cr, R = .685, p<.001; p & ml/Cr, R = .513, p
=.004; RD < ml/Cr, R =.693, p <.001; RD < ml/Cr,
R, =.508, p=.004; L < LL/Cr, R =.685, p<.001; L <

Radiol Oncol 2020; 54(4): 394-408.

ml/Cr, R = .513, p =.004. Table 3 presents the corre-
lations between DTI metrics and MRS metabolites
at the edema region. Figure 4 show a scatterplot
matrix of the DTI and MRS correlations at the peri-
tumoral edema. Figure 5 depicts a diagram show-
ing the significant correlations observed between
DTI-MRS bivariate correlations at the NAWN, tu-
mor and edema regions.

Statistical significance between identical
DTI-MRS bivariate pairs in different
regions

The assessment of the statistical significance of the
difference between R coefficients found only four
pairs of DTI-MRS correlations that were coinciden-
tally significant at NAWM and tumor enhanced
regions (Figure 4). We did not find statistical sig-
nificances between their R coefficients: Cp < LL/
Cr, Z= .54, p=.589; FA < LL/Cr, Z= 57, p = .568;
q&e LL/Cr, Z =76, p= 447, RA < LL/Cr, Z = .69,
p =.490.

Discussion

Between 1998 and 2009, quantitative biomark-
ers from MRS (NAA, Cho, LL, and ml) were ac-
cepted to be measured with sufficient sensitivity in
the millimoles per litre range to be used in clinical
diagnosis.”! Recent studies have shown the impor-
tance of Cho/NAA and LL/Cr ratios in assembling
significant survival models in glioblastoma.’ The
use of DTT allows diffusion directionality to be quan-
tified as different DTI-derived metrics?; it yields
ultrastructural information on cellular density and
properties of the extracellular matrix.?? In 2006,
Pena et al. expressed that it was not completely un-
derstood the magnitudes and associations among
DTI measurements observed in the evaluation of
brain tumours.?? Cortez-Conradis et al. in 2015,
evaluated correlations among DTI-derived metrics
in glioblastoma?, but without exploring the asso-
ciations with MRS metabolites in the same tumour
regions.

In this study, we were able to probe the alter-
native hypothesis posed at the introduction and
methods sections: bivariate correlations among
DTI-metrics and MRS metabolite ratios are sig-
nificant at selected tumour regions and above 50%
of Rs value in glioblastoma (NAWM, enhancing
rim and peritumoral oedema). To the best of our
knowledge, there are no similar studies in the lit-
erature with whom compare our findings.
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TABLE 2. Correlations between diffusion tensor imaging (DTI) metrics and magnetic resonance spectroscopy (MRS) metabolites for the ftumour region

DTI-derived biomarker MRS Spearman p p-value -8 -6 -4 -2 0 2 4 6 8
Cho/Naa -0.0961 oses¢ [ i i i H i i i

Axial diffusivity (AD) LL/Cr 0.2044 02463 | i i i i | i i i
mi/Cr -0.0824 o642 | i i o+ @l i i i i

Cho/Naa 0.0165 o922 | i i i i | i i i i

Fractional anisofropy (FA) LL/Cr -0.3643 0.03422 | i i i | & 1
ml/Cr -0.1238 o485 [ ¢ T T i i i i i

Cho/Naa 0.0017 09924 | i i i+ i | i i i

Linear tensor (Cl) LL/Cr 0.0674 0.7048 | : : D H H H
mi/Cr 0.0395 os246 [ & 1 i i I v i i

Cho/Naa -0.1152 ost¢7 | i i o+ @ i i i

Mean diffusivity (MD) LL/Cr 0.0790 06569 | i i i i @i i i i
mi/Cr 01713 o337 [ ¢ ¢ i M Ot ¢ i

Cho/Naa -0.1699 o33 | i ¢ o+ I i i i i
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mi/Cr 0.0604 o7ae2 [ ¢ 1 it i Wt i i
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Pure anisofropic diffusion (q) LL/Cr -0.3488 0.04322 | i i [ & i i
mi/Cr -0.1394 YOI

Cho/Naa -0.1152 oste7 [ & i i i t i i

Pure isotropic diffusion (p) LL/Cr 0.0790 0.6569 | : : l:l : : :
mi/Cr 01713 03327 | i i i+ I i i i i

Cho/Naa -0.1478 od040 | i i o+ G i i i i

Radial diffusivity (RD) LL/Cr 0.0558 o753 | i i i i P i i i i
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FIGURE 4. Scafter plots showing the correlation between magnetic resonance
spectroscopy (MRS) metabolites and diffusion tensor imaging (DTI) metric at the
peritumoral edema.

The clinical relevance of our findings is the sta-
tistical evidence that DTT and MRS depict signifi-
cant associations in glioblastoma. MRS measure-
ments represent a biochemical profile of brains
with glioblastoma: decreased N-acetylaspartate
(NAA) is a putative indicator of persistent axonal
damage; increases of choline and myo-inositol
correspond to glial proliferation, and elevated lac-
tate has been associated with inflammation.? DTI
metrics measure the amount of coherence of water
diffusion, which putatively reflects the amount of
myelination in axonal bundles or the coherence of
fibre tracts.’> Although DTI and MRS reflect differ-
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ent mechanisms of damage by glioblastoma, to-
gether they provide complementary imaging data
on white matter integrity in brain. The supplemen-
tary information provided by DTI and MRS is what
we consider the rationale of our study, both tech-
niques should complement the information from
conventional MRI in day-to-day practice. The clini-
cal implications will allow researchers to combine
DTI and MRS metrics to test several prediction
models for tumour progression or the presence of
tumour cells in peritumoral oedema and decrease
the patient-to-patient prognostic variability. For
example, you could combine the variables of two
significant bivariate pairs with Rs > 65% in our
study (for example AD < LL/Cr and RD < ml/Cr
measured in peritumoral oedema) together with
age, in a Cox’s proportional-hazards regression
model for prediction of survival. The results might
be compared with previously published models.!

To simplify the discussion of our findings, we
grouped them into four sections:

Lack of significant correlations between
Cho/NAA and any of the 11 DTI
biomarkers in the three selected regions

This was the first finding that caught our atten-
tion. To explain this fact, we should remember that
Cho peak is the most complex, receiving contri-
butions from a range of choline-containing com-
pounds (acetylcholine, glycerophosphocholine,
phosphocholine, free choline, phosphatidylcho-
line and choline-plasmalogen); its concentration
is frequently taken as an empirical marker of the
density and turnover of cell membranes.* Because
increased Cho may be seen in diverse pathologies
like infarction (from gliosis or ischemic damage to
myelin) or inflammation (glial proliferation); it is
considered to be nonspecific.2 NAA is present in
the soma of neurons, in dendrites and axons, its
regional variability is likely related to differences
in neural architecture, population and density. A
simple linear relationship of NAA with the mass of
neurons has been considered unlikely given that it
also reflects reversible metabolic changes.”” A high
concentration of Cho has been observed in brain
tumours and in vitro tumour proliferation markers
with Cho/NAA ratio significantly more elevated
in high-grade gliomas than in low-grade gliomas.
However, threshold values are not well estab-
lished.” glioblastoma exhibit high choline-con-
taining compound levels, especially in the tumour
regions, Cho/NAA quantifies those lipid compo-
nents, and the DTI-derived metrics evaluates ultra-
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TABLE 3. Correlations between diffusion tensor imaging (DTI) metrics and magnetic resonance spectroscopy (MRS) metabolites for the oedema region

DTI-derived biomarker MRS Spearman p p-value -8 -6 -4 -2 0o 2 4 6 .8
Cho/Naa 0.0913 osa1s [ i i i @i P
Axial diffusivity (AD) LL/Cr 0.6575 <.0001* | T S S I S o I
mi/Cr 0.4926 0.0057* | T S S o
Cho/Naa 0.0939 0.6217 | S S N ) I S R
Fractional anisotropy (FA) LL/Cr -0.2817 0.1316 | it |:| P
mi/Cr -0.1444 0.4465 | S Y 1 [ R
Cho/Naa 0.0571 0.7645 | S S S | I S R
Linear tensor (Cl) LL/Cr 0.1461 0.4412 | |:|
mi/Cr -0.0161 0.9329 | S R R
Cho/Naa 0.1155 0.5435 | S R T
Mean diffusivity (MD) LL/Cr 0.6845 <.0001* | S e
ml/Cr 0.5132 A e
Cho/Naa -0.1556 oans | i i i iml i i i
Planar tensor (Cp) LL/Cr 0.3295 0.0754 | S R 1 T
mi/Cr 0.2033 o2s3 | i i i i [l i
Cho/Naa 0.1357 777 H N 1 A R
Pure anisotropic diffusion (q) LL/Cr -0.2034 o2sn | i i i [ i i i i
ml/Cr -0.0926 o626 | i i i i@ i i i
Cho/Naa 0.1155 oss | i i i i @i i i
Pure isotropic diffusion (p) LL/Cr 0.6845 <.0001* | H H H I:I
mi/Cr 0.5132 0.0037* | - |:|
Cho/Naa 0.1384 0.4658 | S S R ) S R
Radial diffusivity (RD) LL/Cr 0.6933 <.0001* | S B |:|
mi/Cr 0.5082 o004 | i P P i IR
Cho/Naa 0.1197 0.5286 | S S R ) [ S T
Relative anisotropy (RA) LL/Cr -0.2294 0.2226 | ik |:| P
ml/Cr -0.1104 0.5615 | S S N 1 I S R
Cho/Naa 0.1338 0.4809 | S R ) [ R
Spherical tensor (Cs) LL/Cr -0.2883 0.1224 | |_'__|
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Cho/Naa = choline-to-N-acetyl aspartate; LL/Cr = lipids and lactate to creatine; ml/Cr = and myo-inositol/creatine
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FIGURE 5. Diagram representation of the significant correlations
between diffusion tensor imaging (DTl)- magnetic resonance
spectroscopy (MRS) biomarkers at the selected regions:
normal-appearing white matter (NAWM), enhancing rim and
peritumoral edema. Nofice that NAWM and the enhancing rim
share four pairs of biomarkers correlations; while in peritumoral
oedema ten pairs of correlations were exclusive of that region.

structural properties of water molecules and their
movements, then the non-significant correlation.

Significant correlations between four
DTI metrics and LL/Cr at NAWM and
enhancing tumour regions

In our second group of findings, four significant
correlations pairs (Cp < LL/Cr, FA < LL/Cr, q
< LL/Cr, RA < LL/Cr) coincidentally appeared
in the NAWM and the enhancing tumour regions.
They showed some direction of correlation on both
region: Three were negative (the more LL/Cr, the
less concentration of FA, q and RA); and one posi-
tive (LL/Cr and Cp increase or decrease in the same
direction).

To understand these relationships, we begin
mentioning that creatine, Cr, is a marker of en-
ergetic systems and intracellular metabolism; it
is considered a stable metabolite for its relatively
constant concentration and is used as an internal
reference for calculating metabolite ratios.?” In the
combined ratio, LL/Cr, lipid resonances frequently
dominate, and lactate (that can be seen in all tu-
mour grades) is mainly present at high levels in
glioblastoma.*

About the four selected DTI metrics (Cp, FA, q,
and RA) that assembled significant bivariate cor-
relations with LL/Cr; FA measures the directional-
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ity of water diffusion (shape of the diffusion tensor
in each voxel). FA values vary between 0 (isotropic
diffusion) and 1 (infinite anisotropy).®! FA is de-
creased in glioblastoma.! Diffusion is anisotropic
in white matter fibre tracts, as axonal membranes
and myelin sheaths present barriers to the mo-
tion of water molecules, in directions not parallel
to their orientation. Reduced FA (water diffusion
parallel to axonal tracts) is indicative of axonal de-
generation.®

We found two articles in the last 15 years men-
tioning the q biomarker: q is the anisotropic com-
ponent of the diffusion tensor, with a marked
decrease of q in disrupted tracts; g-value in the
low-grade tumours is slightly higher than in high-
grade tumours, although this is not significantly
different.® In 2006 Price et al. conclude that q may
provide a complete picture of the diffusion profile
of a brain tumour.3

Cp is the planar, geometric representation of the
diffusion tensor, and since one decade has been
used in the differential diagnosis among abscess-
es, glioblastomas, and metastases.!! Mean values
of Cp have been quantified at the enhancing rim,
peritumoral oedema and NAWM regions."

RA is a ratio of the normalised standard devia-
tions between the anisotropic part of the diffusion
coefficient and its isotropic part®; it is a function
of the variance of the eigenvalues of the diffusion
tensor, which is not equal to the variance of the dif-
fusivities along with all directions.® It was not sur-
prising to find significant correlations of RA and
LL/Cr in NAWM, as it has been reported as one of
the best biomarkers to characterise NAWM.13

Cs < LL/Cr, the only significant
correlations exclusive of NAWM

Cs and LL/Cr depicted a negative correlation,
meaning the increase or decrease in opposite direc-
tions. Cs describes the spherical, geometric prop-
erties of the diffusion tensor!; after RA, Cs is the
second DTI metric with the best diagnostic perfor-
mance to characterise the NAWM.® It is not clear
for us why Cs < LL/Cr, was the only significant
correlation observed at the NAWM, but not ob-
served in peritumoral oedema and enhancing rim.

Significant bivariate correlations
exclusive of the peritumoral region

In our fourth and last group of observations, we
found ten significant bivariate correlations only
observed in that region (AD < LL/Cr, MD < LL/
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Cr,p< LL/Cr,RD < LL/Cr,L < LL/Cr, AD < ml/
Cr, MD < ml/Cr, p & ml/Cr, RD & ml/Cr, L <
ml/Cr). All correlations had a positive sign, mean-
ing that any increase in LL/Cr or ml/Cr, will coin-
cide with increases in AD, MD, p, RD and L.

Although scarce, there are independent pub-
lications on MRS and DTI metrics that helped us
understand better these observations. Firstly, we
briefly mention basic concepts of the mI/Cr metab-
olite ratio, after the five DTI metrics observed for
this region (AD, MD, p, RD and L).

ml/Cr includes a range of compounds: phos-
phatidylinositol, inositol polyphosphate, inositol
monophosphate, myo-inositol and, to a smaller
extent, glycine; because inositol is elevated within
astrocytes, it increased peak is taken as an empiri-
cal marker of glial density and proliferation.?” The
exact biological significance of mI/Cr, measurable
only at short echo time, had been considered un-
certain in gliomas.”!

MD measures the average motion of water mol-
ecules, independent of tissue directionality®}; it
is considered a synonym of the coefficient of dif-
fusion in different space guidelines.® Increased
MD has been observed in the peritumoral region
of high-grade gliomas.* The best diagnostic per-
formance by MD in the peritumoral region'® is
explained because it measures the magnitude of
molecular motion of water. However, MD does not
depend directly on the integrity of myelinated fi-
bre tracts.®

p is the isotropic component of the diffusion
tensor; p values are significantly higher in the low-
grade tumours, possibly reflecting the increased
cellularity and restriction of water diffusion in
high-grade gliomas; disrupted tracts, however,
show a marked increase in p.** p showed one of the
three best diagnostic performance to characterise
peritumoral oedema.'® AD and RD describes micro-
scopic water movement parallel and perpendicular
to the axon tract, respectively; inconsistent changes
of RD and AD appeared in axonal injury.*-2 L rep-
resents the total magnitude of the diffusion tensor;
it shows an increased mean in peritumoral oedema
in glioblastoma.*

DTI and MRS features of peritumoral
oedema in glioblastoma

Characterisation of peritumoral oedema is one
of the most challenging topics in glioblastoma.
Discrimination of tumour-infiltrated oedema from
vasogenic oedema using DTI metrics has demon-
strated conflicting results.*

Since last ten years, authors coincide that there
is no threshold value at which a clear distinction
could be made between tumour infiltration and
purely vasogenic oedema; no DTI metric can, by
itself, definitively distinguish between these re-
gions.®® Tumour infiltration may occur in brains
that appear normal on T2-weighted images in 40%
of cases.3* Gliosis (measured by ml/Cr), is an as-
trocytic response to any central nervous system
injury, which can occur in perifocal oedema. In
the relatively long-standing oedema surrounding
glioblastoma, glial fibres assume a more regular ar-
rangement, resulting in more organised water dif-
fusion detected with DTL.!

Limitations of the study

Some limitations need to be acknowledged: we did
not use the single-voxel technique that it is favour-
ite in clinical practice (widely available, usually
good field homogeneity, can be readily performed
at short echo times, and is relatively easy to process
and interpret). However, its highest single limita-
tion is the lack of ability to determine the spatial
heterogeneity of spectral patterns and the fact that
only a small number of brain regions can be cov-
ered within the time constraints of a routine clini-
cal MR exam.* We did not measure metabolite re-
laxation rates due to scan-time limitations related
to a large number of voxels under investigation.
We were not able to calculate concentrations of
additional metabolites such as glutamine, gluta-
mate, alanine, amino acids, separation of lipids
and lactate; they required special software pack-
ages ready to fit short-echo and long-echo spectra,
such as LCModel* and jMRUI¥; these were not
available at our institution when the MRS data for
this project were acquired. We would have liked
to obtain a higher number of directional motion-
probing gradients (MPG) like other studies report-
ing up to 40- and 81- for the DTI acquisition.* It is
known that the minimal mathematic requirement
for DTI-parameters calculation is 6 independent
directional MPG settings.*® Because the amount
of imaging time is limited in most clinical situa-
tions, we followed the recommendations of the
MRI scanner vendor. Our choice of 25 MPG set-
tings thus involved a trade-off between minimiz-
ing directional bias and minimizing scanning time,
it also complied with the minimum of 20 unique
sampling orientations necessary for a robust esti-
mation of anisotropy.*

Our statement that tumour infiltration coexist
with vasogenic oedema in a heterogeneous pattern

Radiol Oncol 2020; 54(4): 394-408.

40S



406

Flores-Alvarez E et al. / Correlations between diffusion tensor imaging -derived metrics and MRS metabolites

in the peritumoral region was not confirmed with
histopathology. The limited explanations to our
findings might support the statement by Pena et al.
“it 1s still not known a priori which tensor measure is
the most appropriate to quantify pathological changes
in brain tissue” >

Future directions

We acknowledge the unmet need of generalising
the MRI studies in glioblastoma acquiring ad-
vanced imaging techniques, including perfusion-
weighted imaging, MR spectroscopy, and DTI, to
assess tumour infiltration.® Because the MRS and
DTI biomarkers have been measured in other types
of tumours!*?¢, we believe that the results of this
study also apply to those tumours. However, fu-
ture studies should address if similar correlations
are also observed for them. To achieve a deeper
understanding of the DTI and MRS interactions;
multivariate analysis of DTI metrics and MRS
metabolites, controlling the effect of confounders
(gender, age, regional location of the tumour, infil-
tration patterns using MRS and DTI) might unveil
unknown interactions of these biomarkers at the
ultrastructural level in glioblastoma to support the
speculation in our explanations.

We believe MRS and DTI will be incorpo-
rated soon in the context of the World Health
Organization (WHO) updated the central nerv-
ous system (CNS) tumour classification. In the
updated 2016 WHO CNS tumour classification
version, some tumours were defined by a combi-
nation of microscopic morphologic and molecular
and genetic factors, whereas others continue to be
defined by morphology alone. Although not offi-
cial, there is a role for DTI and MRS in the current
evaluaLaslotion of glioblastoma: IDH1 and IDH2
mutations (which are referred collectively as isoci-
trate dehydrogenase [IDH] mutation) have become
definitional for infiltrating gliomas in adults, with
1p/19q codeletion further characterizing the type.*
Mutation in IDH1 and IDH?2 alters the role of the
IDHs in the citric acid cycle and leads to accumu-
lation of the oncometabolite 2-hydroxyglutarate
(2HG) within tumour cells. Although IDH mutants
themselves do not present a clear radiologic signa-
ture, 2HG can be detected at MR spectroscopy.*
The 1p/19q codeletion is associated with the appar-
ent diffusion coefficient value®, which is equiva-
lent to the MD?*, a DTI metric that had significant
Rs in our study. Routine use of advanced MRI in
glioblastoma has been incorporated into glioma
imaging protocols at some institutions.>!
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Conclusions

A comprehensive understanding of appropriate
DTI and MRS biomarkers for each tumour region
in glioblastoma would obtain complementary met-
abolic and ultrastructural information necessary to
preoperatively identify sites of significant tumour
infiltration that appear normal on conventional
MRI and in the follow-up of glioblastoma patients.
DTI, in combination with MRS, are additional tools
of the “biologic targeting” for radiation therapy.
DTI and MRS biomarkers answer different ques-
tions; peritumoral oedema represents the biggest
challenge with at least ten significant correlations
between DTI and MRS that need additional stud-
ies. The fact that DTI and MRS measures are not
specific of one histologic type of tumour broadens
their application to a wider variety of intracranial
pathologies. Correlation maps between DTI and
MRS might help researchers supplement the di-
agnosis and treatment planning of brain tumours,
decreasing the underlying empiricism in this area.
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