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ABSTRACT

Background: While oxygen extraction fraction (OEF) reflects the underlying variations in cerebral brain oxygen
metabolism, tissue voxels having elevated volume fraction of blood vessel network with deoxygenated blood, will
apparently contribute to higher cerebral venous blood volume fraction (CVBVF). This Case report examines the
difference in intra and peri-tumoral topographical patterns of OEF and CVBVF in cases of a meningioma tumor (Case-I)
and a low- grade glioma (Case-II). Methods: Using a “static dephasing regime” BOLD model, we use the BOLD signal
model containing parameters representing OEF and CVBVF. For each voxel in the region of interest, the parameters are
solved by non-linearly fitting the signal model using paired differences between logarithms of the measured echo signal
after inhomogeneity correction. Results: OEF and CVBVF maps in Case-I reveals an interesting phenomenon in the
peritumoral parenchyma showing reduced OEF and increased CVBVF levels. The uniformly low CVBVF and elevated
OEF in Case-II indicates that even with less density of vasculature, the region extracts higher amount of oxygen.
Conclusion: While topographic mapping using qBOLD revealed elevated levels of intra-tumoral OEF for both cases, the
pattern of CVBVF variation was uniformly low in Case-II.
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1. Introduction

Oxygen extraction fraction (OEF) is a physiological biomarker
reflecting the percentage of oxygen extracted from the blood supply,
which is directly associated with cerebral metabolism™. With varying
oxygen demand in tumor cells, OEF can also provide information
about the discrepancies in cerebral blood supply. Also given that the
tumor cells respond differently towards decreased oxygenation
leading to cell death or cell survival, may further lead to the
discrepancy in the OEF rangel®®. The wide variation of tumor
oxygenation, coupled with the heterogeneities in the volumetric
distribution of the venous blood vessel network is indicated by the
cerebral venous blood volume fraction (CVBVF)671,

Failure of vasculature in brain tumors to maintain oxygen levels
will correspondingly result in increased OEF to maintain tissue
oxygen metabolism. Tumors are well adapted to grow and expand in
this oxygen-depleted tumour micro-environment. When there is not
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enough blood flow to an area, oxygen does not reach the cells, then OEF is increased with reduced cerebral
blood flow. This implies that a major proportion of the tumour tissue might be sufficiently perfused to match
its metabolic demands for oxygen and that the OEF analysis provides better discrimination between tumour
and the surrounding tissues.

Intracranial meningioma tumors and high-grade gliomas are generally observed to have variable degrees
of vascularity® with possible presence of tumor cell aggregation, necrosis and edema. Generally, these are
slowly growing, with the growth rate at least partly dependent on the ability of the tumour tissues to adapt to
variations in oxygen availability following vascularization. The vascular network within the tumor has been
observed to have an impact on both Oxygen Extraction Fraction (OEF) and Cerebral Blood VVolume Fraction
(CVBVF) in the adjacent ipsilateral cortex®*4,

The gBOLD method is based on the principle that the magnetic susceptibility of blood changes with its
oxygenation level. This change affects the MRI signal and can be used to infer the OEF in tissues. The acquired
MRI data is then used to fit mathematical models that describe the relationship between the observed signal
and the underlying tissue properties, including OEF. These models often consider factors like blood volume,
oxygenation levels, and the magnetic susceptibility of blood. Therefore, an investigation into the differences
in the spatial patterns of OEF and CVBVF are essential for evaluation of different tumor sub types. As for the
current standards, PET with O tracers is the reference standard for quantitative mapping of OEF*?). In contrast
to this, with MRI acquisition, tissue cerebral oxygen consumption is estimated from the susceptibility
difference between paramagnetic deoxy-heme in the vasculature and the tissue parenchyma. Whereas echo
planar imaging (EPI) is perfumed in diffusion, perfusion and functional imaging due to its ability to image
rapid physiologic processes of the human body™3-5],

Numerous approaches have been suggested for the estimation of these topographic maps by employing
guantitative modelling of either MRI magnitude or phase data. Among the magnitude modelling techniques
are Quantitative Imaging of Extraction of Oxygen and Tissue Consumption (QUIXOTIC)! ¢ calibrated
fMRII20and Quantitative BOLD (qBOLD)*?2, Phase modelling methods have been employed in the
context of whole-brain measurements of cerebral metabolic rate of oxygen consumption(224],

This case report showcases how qBOLD is used to spatially distinguish metabolic states within both the
tumor and its neighbouring area. By analysing various gBOLD parameters, including OEF and CVBVF, we
uncovered distinct patterns of cellular density and vascular distribution in a meningeal tumor. Additionally, in
the case of low-grade glioma, we consistently observed a region with significantly reduced CVBVF, which is
indicative of hypoperfusion.

2. Materials and methods

2.1. Patients

The radiological data included in this case report are taken from participants who underwent MRI scan
as part of a retrospective study, approved by the hospital ethics committee at the National Institute for Mental
Health and Neuro Sciences (NIMHANS, Bangalore, India). Here, we discuss two cases of which Case-1
corresponds to a subject having left parafalcine meningioma with invasion and mass effects. Case-lI
corresponds to a subject having right frontal glioma, characterized with minimal mass effect.

2.2. Data acquisition

T1-weighted, T2-weighted, DWI, ASL, and four-echo 3D GRE sequences were implemented ona3.0 T
MRI scanner (Ingenia 3.0 T, Philips, Netherlands) with a 32-channel head array coil. SWI images were
reconstructed using the GRE magnitude and phase images. The details of each sequence are as follows:



1) 3D GRE: Initial TE = 7.2 ms, Echo spacing = 4.1 ms, TR = 31 ms; flip angle = 20< FA = 20< slice
thickness 2.0 mm, acquisition matrix 384 = 325 x 140, Acquisition voxel size: 0.6 < 0.6 %2 mm,
Reconstruction matrix: 672 %672 <140, Reconstruction voxel size: 0.3 x0.3 x2 mm, BW = 300 Hz/pixel
and FOV = 230 %189 x140 mm?®.

2) DWI: TE = 86 ms; TR = 4480 ms; voxel size: 2.0 x2.0 x2.0 mm, Reconstruction matrix: 112 <110 x
72, and FOV = 224 %224 <144 mm?.

3) ASL: TE =13.5ms; TR = 4400 ms; voxel size: 3.0 x3.0 x7.0 mm, Reconstruction matrix: 80 <78 %19,
and FOV = 230 %240 %133 mm?®.

4) TIW:TE=2.3ms; TR =2310.7 ms; flip angle = 30< voxel size: 2.0 x2.0 x2.0 mm, Reconstruction matrix:
256 %256 %72, and FOV = 224 %224 %144 mm?®,

5) T2W: TE =80 ms; TR = 3112 ms; flip angle = 90< voxel size: 0.50 %0.37 % 2.00 mm, Reconstruction
Matrix: 480 %485 x40, and FOV = 230 %181 <80 mm?.

2.3. OEF computation

The quantitative BOLD (qBOLD) model focuses on the signal decay in the “extravascular” space due to
the local field inhomogeneities induced by the paramagnetic deoxyhemoglobin in the vessel network. Using a
“static dephasing regime” BOLD model in which the vessels are considered to be an ensemble of randomly
oriented cylinders®?®!, we use the BOLD signal model containing parameters representing OEF (Q) and
CVBVF (v). The OEF is computed from the characteristic dephasing time (t.) in the static dephasing regime(?®,
Considering the deviation from a linear exponential decay for the extravascular signal to be negligible for t >
1.5t., the decaying GRE signal is expressed in terms of a simplified two-exponential decay model
representative of a cellular component exp(—R,t), BOLD contribution F;(v,t.) and the macroscopic
inhomogeneities F(t) as?!,
, S(t) = S exp(—=Rzt) Fs(v, t)F (t) (1
where F,(v, t.) = exp [0.3 v (t—tc) ] We use the Voxel Spread Function (VSF)©2728 method to estimate F(t),

which enables the quantification of tissue-specific effective transverse relaxation rates, holds the potential to
give rise to novel MRI biomarkers that can serve as proxies for tissue biological characteristics. These
biomarkers may parallel the role of the widely employed longitudinal and transverse relaxation rate constants
in MRI clinical research. Using paired differences between logarithms, denoted by L, of the measured signal
after inhomogeneity correction, we arrive at the modified gBOLD model with elimination of S,,.

For each echo pair, this log difference model is given by

Liiy1 =log(S;) —1og(Si41) (2)
This is solved as an unconstrained minimization problem by minimizing the cost function
_ 03v , 11I°
J = argmin ||L — [RZAT +—-A T] 3)
Rz,V,tC tC 2

where L = [L; 5, L3, L3_4]', AT =[t, — t;,t; =ty t, — t3]) and A°T = 6,7 — ;7,657 — t,7, 6, — t32]'for the
Multi-echo GRE data (4-echo data). We employed the “fminunc” solver in MATLAB (MathWorks, Natick,
MA\) to tackle the non-linear optimization problem outlined in Equation (3). This solver is used to find the
minimum of unconstrained multivariable functions. We found that the optimization routine consistently
yielded stable solutions across a broad range of initial parameter values, ranging from zero to one.

3. Results

MRI data for a 49-year-old male patient with left parafalcine meningioma (Case-1), a 37-year-old male
patient with low-grade right frontal glioma (Case-11) and a 43-year-old normal subject are obtained from a 3.0
T scanner (Ingenia 3.0 T, Philips, Netherlands) at the National Institute for Mental Health and Neuro Sciences
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(NIMHANS, Bangalore, India). The left-to-right panels of Figure 1 show the representative Axial SWI, T2W

and DWI MRI images of a cortical slice in a meningioma tumor (Case-I) (al-c1) and glioma (Case-Il) (a2—
c2).

SWI T2W DWI

Meningioma |

Glioma

Figure 1. Left-to-right panels show SWI, T2W and DW!I images of an axial cortical slice in a meningioma tumor (Case-I) (al-cl)
and glioma (Case-Il) (a2—c2).

Case-1 revealed Left frontal parasagittal extra axial lesion measuring 5.4 <4.7 cm in the precentral region
with midline shift of ~4 mm. The lesion was isointense to contralateral grey matter on T2W and T1W images.
Absence of focus of blooming on SWI was nonsuggestive of intra-tumoral micro-haemorrhages. Dense
cellularity of the tumour and absence of perilesional edema was revealed by the restricted diffusion patterns
seen in the DWI image. Other imaging features included well-defined lesion outline, absence of peritumoral
cysts and perilesional edema.

Case-Il revealed Right superior frontal parasagittal intra-axial lesion measuring 4.8 < 3.7 cm involving
superior medial frontal and middle frontal gyrus. The lesion was hyperintense on T2W image, hypointense on
T1W image, showing no focus of blooming on SWI. DWI showed a few areas of subtle restriction, suggesting
mild cellularity. ASL perfusion maps revealed no evidence of hyper-perfusion within the lesion. The overall
features conformed to a low-grade glioma.

The left-to-right panels of Figure 2 shows the skull-stripped T1W magnitude image, OEF and CVBVF
maps for the cortical slices in Figure 1. Row-wise panels show maps of an age-matched normal subject (al-
cl), Case-l (a2—c2) and Case-1l (a3—c3).

Tiw OEF CVBVF

Control

Meningioma

Glioma

LR
T _— |
-0 ° .

s ? ° )

Figure 2. Left-to-right panels show the skull-stripped T1W magnitude image, OEF and CVBVF maps for the cortical slices in Figure
1. Row-wise panels show maps of an age-matched normal subject (al—cl), Case-1 (a2—c2) and Case-1I (a3—c3).

Case-1 revealed elevated OEF level within the lesion and reduced CVBVF in the periphery compared to
the contralateral white matter. The centre demonstrated a few areas of increased CVBVF. This pattern likely

4



reveals a dense distribution of vascular networks between the center and periphery of the lesion. Due to
compressive effect of the tumor on the adjacent parenchyma, the peritumoral parenchyma showed decreased
OEF and increased CVBVF.

While Case-11 also revealed intra-lesion OEF levels 20%—-25% larger than Case-I, a main difference is
that the CVBVF map showed topographically uniform and low values. This is in concurrence with the ASL
perfusion maps denoting relative hypoperfusion in Case-Il. In contrast to Case-I, the combined features from
OEF and CVBVF are suggestive of increased metabolism in the tumor having poorly vascularized regions.

4. Discussion

Meningioma tumors and high-grade gliomas are characterised by variable vascular networks, ranging
from sparse to highly dense angiogenic subtype!?®l. Generally, hyper vascularity provides excess of oxygenated
blood and diminishes the demands of oxygen intake%1, CVBVF exhibits non-uniform patterns reflecting
heterogeneous composition of aggregated tumor cells. In contrast, the topographic pattern of CVBVF in the
low-grade gliomas is found to be uniformly low. Areas with high CVBVF and OEF can ideally correspond to
metabolically active portions of the tumor cell aggregations.

The energy metabolism of tumorous tissues is characteristically different from that of the healthy tissue.
Recent studies using PET have demonstrated the pathophysiology of intracranial tumours and evaluated the
relationship between tumour oxygenation versus metabolism in ipsilateral and contralateral brain regionst®2,
The intracranial tumor vasculature is often found to be interconnected with declined oxygen metabolism and
cerebral venous blood flow in the overlying ipsilateral cortex, as compared to the contralateral cortical tissue
-1 However, the discrepancy and lack of consistency between oxygenation and tumor vasculature has
already been well established. Tumour cells respond differently towards decreased oxygenation, leading to cell
death or cell survival which may further lead to the discrepancy in the OEF range®™!,

The blood oxygenation level-dependent (BOLD) contrast, based on changes in the ratio
oxyhaemoglobin/deoxyhaemoglobin that exhibit different magnetic properties, opened up the possibility to
use this effect to study brain hemodynamic and oxygen consumption by means of MRI measurements[?®l,
gqBOLD can be used for the evaluation of OEF. A combination of the measurement of OEF and the cerebral
blood flow allows an evaluation to be made of the cerebral metabolic rate of oxygen consumption®%l, It can
also be used to measure oxygen tissue saturation in the braint4l,

Case-1 represents a tumor characterized by high cellularity without necrosis. OEF and CVBVF maps in
Case-1 reveals an interesting phenomenon in the peritumoral parenchyma showing reduced OEF and increased
CVBVF levels. The uniformly low CVBVF and elevated OEF in Case-1I indicates that even with less density
of vasculature, the region extracts higher amount of oxygen. This is indicative of hypo-perfusion. This case
report demonstrates the application of gBOLD to topographically differentiate the metabolic states within the
tumor and its surrounding region. Combined observations of gBOLD parameters inclusive of OEF and
CVBVF revealed a heterogenous characteristic of cellularity and vascular distribution in a meningioma tumor,
and a uniformly low region of CVBVF for the low-grade glioma indicative of hypo-perfusion.

5. Conclusions

The Quantitative BOLD (gBOLD) method exhibits remarkable versatility, finding applications across a
wide range of fields, with a particular emphasis on neurology. It plays a pivotal role in facilitating the
assessment of cerebral oxygenation by researchers and healthcare professionals in diverse scenarios. Its utility
extends beyond the evaluation of brain tumors, encompassing conditions such as ischemic stroke, where
impaired blood flow directly impacts the determination of Oxygen Extraction Fraction, and neurodegenerative
diseases characterized by shifts in oxygen utilization patterns.
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Moreover, the ongoing progress in gBOLD methodology and MRI technology has led to substantial

advancements in terms of accuracy and sensitivity. Innovations in MRI sequences and post-processing
techniques have significantly enhanced the precision of OEF estimation.
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