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Objective: A long-lasting concern has prevailed for the
identification of predictive biomarkers for high-grade
gliomas (HGGs) using MRI. However, a consensus of
which imaging parameters assemble a significant survival
model is still missing in the literature; we investigated the
significant positive or negative contribution of several MR
biomarkers in this tumour prognosis.

Methods: A retrospective cohort of supratentorial HGGs
[11 glioblastoma multiforme (GBM) and 17 anaplastic
astrocytomas] included 28 patients (9 females and
19 males, respectively, with a mean age of 50.4 years,
standard deviation: 16.28 years; range: 13-85 years).
Oedema and viable tumour measurements were acquired
using regions of interest in 7; weighted, 7>, weighted,
fluid-attenuated inversion recovery, apparent diffusion
coefficient (ADC) and MR spectroscopy (MRS). We
calculated Kaplan-Meier curves and obtained Cox’s pro-
portional hazards.

INTRODUCTION

Quantitative imaging methods have depicted potential
parameters that are able to increase care and new devel-
opments in patient treatments.' In the case of brain
tumours, there has been a long-lasting attention in the
documentation of predictive biomarkers for gliomas,”
supported by the fact that they constitute the most frequent
primary brain tumours with a frequency of approximately

Results: During the follow-up period (3-98 months),
17 deaths were recorded. The median survival time
was 1.73 years (range, 0.287-8.947 years). Only 3 out
of 20 covariates (choline-to-N-acetyl aspartate
and lipids-lactate-to-creatine ratios and age) showed
significance in explaining the variability in the
survival hazards model; score test: x*> (3)=9.098,
p=0.028.

Conclusion: MRS metabolites overcome volumetric
parameters of peritumoral oedema and viable tumour,
as well as tumour region ADC measurements. Specific
MRS ratios (Cho/Naa, L-L/Cr) might be considered in
a regular follow-up for these tumours.

Advances in knowledge: Cho/Naa ratio is the
strongest survival predictor with a log-hazard function
of 2.672 in GBM. Low levels of lipids-lactate/Cr ratio
represent up to a 41.6% reduction in the risk of death
in GBM.

38%.” The majority of them are diagnosed with glioblas-
toma multiforme (GBM). Conventional imaging is con-
sidered the “tip of the iceberg” in current imaging of GBM,
with a significant portion of the GBM cells already invading
the peripheral tissue.* The biological behaviour of gliomas
produces microscopic invasion in surrounding tissues, es-
pecially white matter (WM) tracts,” from the visible area of
disease.” Then, normal appearance WM is a term used
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when infiltration is not able to be detected using conventional
imaging protocols of MR.” Nowadays, it is considered that
regions of widespread oedema surrounding the tumour on T,
weighted imaging encompass neoplastic cells that have pene-
trated into WM regions.® These factors affect the survival rate of
patients because after surgeons excise all radiologically visible
portions of a tumour, the surgical margins may not be “clean”,
and further neoplastic growth can occur in the adjacent brain,
leading from microscopic residual to macroscopic recurrence.’

GBM shows a median survival of 14 months, which has not
been increased by contemporary treatments.'® The mean life
expectancy in anaplastic astrocytoma (AA) is 41 months.'' The
biological behaviour of GBM and AA does not allow a total
surgical resection without tumour recurrence. Integrative
treatment approaches currently combine image-guided surgery
supplemented by radiotherapy and chemotherapy.'?

Predictive studies for survival in GBM have considered clinical
factors such as the Karnofsky score, tumour location and size,
histopathology, degree of resection, ionizing radiation, second
surgery and genetics; however, many of these variables have
shown conflicting results.” Some patients develop a satisfactory
response, while others have an unsuccessful evolution.!® Con-
ventional MR examinations for the diagnosis of gliomas around
the world are usually limited to identifying oedema boundaries
and local tumour infiltration to those patterns detected in the T)
and T, weighted images.'*'> The apparent diffusion coefficient
(ADC) has been proved to convey predictive value.'® Similar
results were found in the ratio of choline-to-N-acetyl aspartate
(Cho/Naa) using MR spectroscopy (MRS)'” and in the presence
of immediate (<1cm) and distant oedema (>1cm), in the
survival analysis of patients with GBM. "

Despite the growing evidence of studies exploring the prognostic
ability of MR biomarkers in patients with high-grade gliomas
(HGGs), a consensus of the best survival biomarkers is still
missing in the literature. We considered it necessary to in-
vestigate additional evidence of potential quantitative MR bio-
marker contribution towards a positive or adverse effect on
survival in these groups of patients. We aimed to assess the role
of the fundamental demographics of a small group of patients
together with conventional MR volumetric measurements,
diffusion-weighted imaging (DWI) and MRS to detect which
imaging variables are reliable parameters of overall survival (OS)
in patients with AA and GBM.

METHODS AND MATERIALS

Patients

This retrospective study received approval from the local in-
stitutional review board. A retrospective cohort of 28 patients
with AA and GBM underwent follow-up from December 1999
to January 2012. The cohort included 19 males and 9 females,
with an average age of 50.4 years (standard deviation: 16.28;
range: 13-85 years). We obtained patient post-operative survival
times (in years) from the Oncology Unit tumour register data-
base. Pathologic findings included 11 GBM and 17 anaplastic
gliomas. We excluded cases with missing imaging data, struc-
tural abnormalities, histopathology or presence of artefacts and
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also those with a previous history of surgery, ionizing radiation
or chemotherapy. Most of the subjects received (after resection)
the Stupp protocol. The histopathologic report followed the
World Health Organization criteria.

Brain image and data acquisition

Brain examination used a 3.0-T scanner (Signa HDxt; GE
Healthcare, Waukesha, WI) with an eight-channel head colil
(Invivo Corporation, Gainesville, FL). MR sequences included
conventional T, weighted imaging, fluid-attenuated inversion
recovery (FLAIR), Spoiled Gradient Echo (SPGR), DWI and
axial T, weighted imaging, and contrast dose (Magnevist®;
Schering, Berlin, Germany). DWI used b-values 0 and
1000 s mm 2. Figure 1 shows the appearance of conventional
MRI sequences in a patient with GBM.

Axial MRS used the multivoxel Point resolved spectroscopy
(PRESS) technique. The volume of interest size was positioned
over the lesion, minimizing the effect of partial volume owing to
neighbouring tissues including bones and cerebral spinal fluid of
the ventricles. MRS was recorded with T weighted post-contrast
images, field of view 24 X 24 cm, a 256 X 256 matrix size (frequency
encoding steps) repetition time 1500 ms, echo time 26 and 144 ms,
1-cm section thickness and 24 X 24 phase encoding.

Image post-processing and data analysis

One radiologist, blind to the clinical history of each patient,
manually traced the boundaries of the tumour regions. We
accepted T; and T, weighted images as the selected MRI
sequences to evaluate the tumour size and extension of oe-
dema, respectively.14 In addition, we calculated volumes of
the oedema and tumour regions to obtain objective meas-
urements of the maximum extent of these tumour regions
that we included in our statistic analysis: T; weighted post-
contrast volume, T, weighted pre-contrast volume, T,
weighted/T, weighted ratio, FLAIR pre-contrast volume and
FLAIR to T, weighted ratio. Additional T; weighted to T,
weighted and FLAIR to T; weighted ratio sequences intended
to capture the relationship of oedema to tumour size in case
any of these rates showed statistical significance as survival
predictors.

We measured ADC at five tumour regions. The viable tumour
region was the enhanced rim at T} weighted post-contrast im-
aging, necrosis (the cystic cavity). We recorded two oedema
regions: an immediate zone (a 1-cm-wide band) and distant
zones (adjacent to the immediate area, also a 1-cm-wide band).
In addition, a region of normal appearance WM was drawn in
the patient contralateral hemisphere.

Metabolite signal peaks were analyzed from MRS and centred
within a range of 0-4.35 ppm. They included N-acetyl aspartate
(Naa) at 2.0 ppm, choline located at 3.2 ppm (Cho) and creatine
(Cr) at 3-3.1ppm. A compound peak containing lipids and
lactate (LL) was found at 0.8-1.4 ppm, and two peaks of myo-
Inositol were located at 3.56 and 4.06 ppm.'® Automatic shim-
ming and water suppression pulses were applied. Quantitative
data were analyzed with the software FuncTool v. 9.4.04b (GE
Medical Systems, Milwaukee, WTI).
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Figure 1. Conventional MRI sequences in a patient with glioblastoma multiforme: axial plane images in (a) 7> weighted, (b) post-
gadolinium T; weighted, (c) fluid-attenuated inversion recovery and (d) gradient echo.

Survival time

Evolution of GBM monitored changes in baseline images ac-
quired at the time of the first operation. OS counted time from
the baseline to death or, in living patients, from the first MRI to
last follow-up.

Statistical analysis

According to the aims of the study, only 20 variables related to
basic demographics and MRI biomarkers were included in the
assessments. We recorded three variables related to clinical
findings (gender, age, tumour grade). From the visual inspection
of conventional MRI, we obtained two variables (affected side
and tumour location). From the MRI sequences, five variables
were calculated from the post-processing of volumetric
measurements (T} weighted post-contrast volume, T, weighted
pre-contrast volume, T; weighted/T, weighted ratio, FLAIR
pre-contrast volume and FLAIR/T; weighted ratio). The could
measure ADC values at ROIs corresponding to five tumour
regions (viable tumour region, necrosis, an immediate zone of
oedema, a distant zone of oedema, normal-appearing WM).
Finally, we only included five metabolites ratios, derived from

MRS metabolites quantification (Naa/Cr, Cho/Cr, LL/Cr, Cho/
Naa and myo-Inositol/Cr). We used the Kaplan—Meier'® and
Cox’s proportional hazards model analyses.”” For all analyses,
statistical significance was accepted at p-value <5%. We used
IBM SPSS® software v. 23.0.0.1 (IBM Corp., New York, NY;
formerly SPSS Inc., Chicago, IL).

RESULTS

General data

Patients had a follow-up from 3 to 98 months with 17 deaths
recorded. The median survival was 1.73 years (range, 0.287—
8.947 years). Table 1 summarizes descriptive statistics of the selected
variables; the survival curve for this cohort is depicted in Figure 2.

Survival analysis

We performed consecutive Cox’s proportional hazards re-
gression analyses, a first one to fit a null model containing only
an intercept parameter (residual X2 (13) = 22.647, p = 0.046),
which allowed us to select the major parameters of survival;
in the first analysis, only the 3 variables with the smallest
p-value (out of the 20 available covariates) were selected:
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Table 1. Descriptive statistics of the selected variables

Categorical variables ‘ Number | Percent

Gender

Male 19 67.9%

Female 9 32.1%
Tumour grade

111 11 39.3%

v 17 60.7%
Cerebral hemisphere

Left 13 52%

Right 8 32%

Both 4 16%
Tumour location

Zone 1 10 35.7%

Zone 11 3 10.7%

Zone 11T 12 42.9%

Zone IV 3 10.7%
Continuous variables Mean SD
Age (years) 50.54 16.283
ADC tumour (mm?s ") 0.001310 0.000391
ADC necrosis (mm?*s~ ') 0.002290 0.000927
ADC proximal oedema (mm?*s™") 0.001294 0.000460
ADC distal oedema (mm?®s ") 0.001323 0.000283
ADC normal tissue (mm?s~ ") 0.000885 0.000200
Naa/Cr 0.874 0.637
Cho/Cr 2.353 1.190
Lipids—lactate/Cr 3.806 3.204
ml/Cr 1.572 1.272
Cho/Naa 3.613 2.033
Post-contrast T; volume (cm?) 24.047 29.551
Pre-contrast T, volume (cm?) 74.948 46.699
T,/T, volume ratio 0.337 0.316
FLAIR volume (cm”) 79.031 44.647
T,/FLAIR volume ratio 0.298 0.270

ADC, apparent diffusion coefficient; FLAIR, fluid-attenuated inversion
recovery; ml, myo-Inositol; SD, standard deviation.

Cho/Naa ratio (p=0.017), age (p=0.072) and lipids—
lactate/creatine (p = 0.109).

A second Cox’s regression analysis used the three selected
covariates. A regression analysis for age (years) and Cho/Naa and
lipids—lactate/creatine ratios provided an “Omnibus Test of
Model Coefficients” that explained the survival hazards: x* (3)
=9.098, p = 0.028. For this new model, the —2 X log likelihood
depicted an increased significance after adding the selected
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Figure 2. A survival curve depicting the median survival time in
patients with anaplastic astrocytoma and glioblastoma
multiforme.
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covariates: )(2 (3) = 14.591, p = 0.002. At the 0.05 level, the three
covariates significantly affected the hazard function (Table 2).

Cho/Naa ratio was the strongest survival predictor with a log-
hazard function of 2.672. This value indicated that for every ad-
ditional unit increase in the Cho/Naa ratio, patients increased
2.672 times the hazard function to report a death stage compared
to those who did not have an increase, controlling for all other
factors in the model. The LL/Cr ratio depicted a log-hazard
function of 0.584; considering the negative sign of its beta value,
this hazard value can be interpreted as a 41.6% reduction in the
risk to report a death stage. The age has a positive value with
a log-hazard function of 1.062, indicating a 6.2% increase in the
risk to report death for every additional year of the patient age.
Figure 3a shows an axial plane of a FLAIR sequence depicting an
HGG; a white arrow on the grid for multivoxel MRS points to an
area of the solid tumour. Figure 3b shows the spectroscopy of the
selected tumour region; the major increase of the Cho and LL
peaks of the spectrum is evident, depicted by black arrows.

We completed our Cox’s analysis by plotting the Schoenfeld resid-
uals to check for proportional hazards;”' they evaluated uncensored
survival times. For the first two covariates (Cho/Naa and LL/Cr),
the locally weighted scatterplot smoother (Lowess) curve varied in
a non-systematic way from the zero reference line (Figure 4a,b).
After the fourth year, we noticed a smooth line suggesting a trend
over time with a negative slope; for both variables, the plots were
based on only few events. Residuals showed a large influence on
plots at the first-time points. For the covariate age, after the fourth
year, the fitted line signals that the hazard ratio for this covariate
increases over time (suggestive positive slope) (Figure 4c).

DISCUSSION
Survival time for GBM continues to be approximately 1 year
despite advances in surgery and treatment.” The presence of AA
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Table 2. Wald’s tests assessment of the covariates effects on the hazard function

Selected brain X Log-hazard 95.0% CI
boli . B SE Wald p-value functi
metabolites ratios (Wald test) unctions Lower | Upper
Cho/Naa ratio 0.983 | 0.448 4.821 0.028 2.672 1111 6.423
LL/Cr ratio —0.538 | 0.268 4.039 0.044 0.584 0.345 0.987
Age (years) 0.060 0.034 3.059 0.080 1.062 0.993 1.136

B, B values correspond to the standardized coefficient values in a constructed regression equation; Cl, confidence interval; SE, standard error.

and GBM explains the median survival time of 1.73 years. Al-
though some researchers reported a 3-year life period for
patients with glioblastoma of 3% and a 5-year lifetime of 0%,
there are citations of patients surviving GBM up to 10 years.”>*

To date, the usually selected variables for survival prediction in
AA and GBM include age, Karnofsky score, tumour region and
size, histopathology, the amount of resected tissue, ionizing ra-
diation and additional surgeries. Although current studies
combine clinical and genetics feature, there is still an exclusion
of an integrative assessment of MR quantitative biomarkers
(such as those from spectroscopy) in the prognosis.**

A biomarker is “a biologic feature measured and evaluated in
an objective manner and considered an indicator of normal
biologic processes, pathogenic processes or pharmacologic
responses to a therapeutic intervention”>> One of the most
clinically relevant findings in our study was the evidence that
the Cho/Naa ratio is a biomarker with a higher impact on the
survival time (p <0.028). Recent studies proved that anti-
angiogenic drugs can change the relation of the Cho to Naa
ratio and as a consequence be predictors of treatment re-
sponse.”® Our data support a similar study using the same

index almost a decade ago, although that study did not report
on the influence of lipids-lactate-to-creatine ratio;'” a pre-
vious report found that MRS parameters may precede the
perfusion abnormalities and contrast enhancement features
in AA and GBM.”’ It is interesting for our group that despite
the evidence supporting the use of these MR biomarkers,
there is still not an international consensus whether the
quantification of MRS metabolites becomes a supplement of
the conventional MRI for brain tumours performed at most
tertiary-care hospitals. The reality is that spectroscopy, MRI
perfusion and quantitative DTT are not used to forestall brain
tumour development on a day-to-day basis;'? then, classic T,
weighted and T, weighted features prevail as the diagnostic
hallmarks.®

Recent studies have proved a significant association of ADC in
subgroup stratification;'® for example, in the degree of methyla-
tion by the O6-methylguanine-DNA methyltransferase (MGMT)
promoter in patients with GBM.** However, these studies missed
to complement their analyses including a Cox’s regression model;
simultaneous assessment of ADC values from several tumour
regions did not provide significant biomarkers using a Cox’s
regression method.

Figure 3. (a) An axial plane of a fluid-attenuated inversion-recovery sequence is illustrating a high-grade glioma; a selected voxel on
the grid MR spectroscopy (MRS) is pointing an area of solid tumour (white arrow). (b) In the MRS spectrum of a tumour region, the

major increase of the Cho and LL peaks (black arrows) is evident.
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Figure 4. A residuals plot is depicting the selected variables in the survival model: (a) Cho/Naa ratio and (b) lipids-lactate/creatine
ratio; in both plots, the variation is noticeable in a non-systematic way, from the zero reference line, of the Lowess curves. After the
fourth year, the smooth line reveals a tendency with a negative slope; for both variables, the plots represent few events, and the
residuals were biased at the initial points. For the covariate age, after the fourth year, the fitted line shows a positive incline,
signifying and increased hazard ratio (c).
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The association between low levels of lactate and hypoxia in
tumour tissue was reported four decades ago;” this evidence is
relevant because under hypoxic conditions, the hypoxia-inducible
factor upregulates the production of vascular endothelial growth
factor (VEGF), which plays a part in the intrusion of neoplastic
cells and angiogenesis.” In patients with HGGs, higher lipid and
lactate levels measured by MRS associated with significantly worse
OS have been observed.>® Then, our finding that low levels of
lipids—lactate/Cr ratio represent up to a 41.6% reduction in the risk
of death is a reverse statement that augmented hypoxia within
neoplastic cells is coupled with worse clinical results.*

A significant predictor of clinical response is the time of life at
diagnosis.”®> Younger patients depict a longer survival time.”*
Our findings support the notion that increasing age shows
a decreasing OS; we found an incremental hazard of death per
year of age of 6%.

Although gender was not significant, we found a male domi-
nance (67.8%), which is in agreement with most of the studies
about incidence of malignant glial tumours in the literature.”

The assessment of quantitative MRI biomarkers is becoming
standard in patients with tumour, but a real understanding of
the significant effects of the several MR modalities is still in its
early days. Several studies have reported that tumour regions
influence OS> other multivariate analyses found that the
location of the tumour might have a better prognosis, but its
effect size is not enough to define this feature as an independent
factor.>”” In our analysis, we did not find a significant associa-
tion between tumour region and survival.

We evaluated the effect of peritumoral oedema through meas-
urements of three-dimensional volumes in T, weighted and
FLAIR sequences; although there is a significant association
between larger volumes and smaller survival times,”” no sig-
nificant influence was found in our data set.

We acknowledge some limitations in this study: the data came
from a retrospective cohort. Although the study answers the
questions posed in the introduction (which MRI biomarkers
have a significant association with the survival in patients with
AA and GBM), several clinical and surgical variables were

BUR

intentionally out of the scope of this study: the extent of re-
section, radiation dose and adjuvant chemotherapy. We wanted
to focus our research on the assessment of potential quantitative
MR biomarkers without the influence of other clinical/surgical/
radiotherapy variables. Metabolic changes in the phospholipid
cell membrane turnover are associated with several metabolites
such as glycerophosphocholine, phosphocholine and phos-
phoethanolamine, each one playing significant roles as indica-
tors of tumour growth. The discrimination of these metabolites,
however, cannot be performed using the conventional (1)
Quantitative proton magnetic resonance spectroscopy (HMRS);
it requires specialized hardware with (31) Quantitative phos-
phorus magnetic resonance spectroscopy (PMRS).*® Then, the
research on MR biomarkers still needs additional studies with
prospective cohorts to conclude reliability of the selected vari-
ables and to promote generalizability of the results.

In conclusion, a higher pre-operative Cho-to-Naa ratio, a lower
lipids—lactate-to-creatine ratio and years of age are significant
predictors of survival that overcome the classic T, weighted
pre-gadolinium and T, weighted post-gadolinium volumetric
standards (representatives of peritumoral oedema and viable
tumour, respectively) and the ADC measurements (diffusibility of
water). We acknowledge that MRS can detect the conversion of
normal tissue to tumour infiltration before conventional MR
sequences show striking findings. Because MRS acquisition does
not require contrast, MRI units around the world might adapt the
post-processing methods of MRS to their contexts to validate data
about diagnosis and treatment response. The availability of
complex variables that a radiologist has to evaluate in an advanced
brain MRI together with the use of multivariate assessment
(Kaplan—Meir and Cox’s regression analysis) represents an in-
tegrative approach (qualitative and quantitative) in the clinical
evaluation of these patients.
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