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ARTICLE INFO ABSTRACT
Keywords: Purpose: Gadolinium-enhancing necrosis in glioblastoma multiforme (GBM), as an occasionally
Glioblastoma multiforme occurring false positive in contrast enhancement (CE) imaging, leads to trouble for segmentation

Gadolinium-enhancing necrosis
Active metabolically contours
5-Aminolevulinic acid

Quantitative susceptibility mapping

of GBM and treatment. Therefore, the investigation of complementary detection way to identify
the metabolically active volume of the tumor with high reliability is very worth to be addressed.
Here, we reported on a case of GBM with gadolinium-enhancing necrosis in an experimental CE
imaging study in mice and evaluated the discrimination of the necrosis and metabolically active
parts of the GBM using conventional and state-of-the-art susceptibility-based MRI.

Methods: In this study, following 5-aminolevulinic acid (ALA) and iron supplements (FAC, 6 h
after ALA, intra-tumoral injection) to animal, To*-W imaging and quantitative susceptibility
mapping (QSM) were performed, and compared with CE imaging.

Results: The signal intensity (SI) of the active and necrosis areas of the case in the CE image
demonstrated no significant difference while the SI on the T2*-W images and susceptibility value
in QSM changed 24 and 150%, respectively.

Conclusion: The preclinical case report provides valuable insights into the potential of
susceptibility-based MRI using ALA + FAC to apply as a robust discriminator between necrotic
and viable tumors.

1. Introduction

Glioblastoma Multiforme (GBM) is a malignant type of brain tumor and featured with a high recurrence rate and poor diagnosis [1].
Therefore, Recent studies have addressed the development of effective imaging techniques achieving the accurate segmentation of
tumor [2]. Magnetic resonance imaging (MRI) using contrast enhancement (CE) based on gadolinium is the common method of choice
for the evaluation of GBM [3]. However, this method has inherent obstacles, such as Gd-related toxicity [4,5] and a poor detection of
active parts of the tumor [6,7] causing enhancement of necrosis area (false positive) in some cases [8]. Gadolinium-enhancing necrosis
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could be mistaken for active tumor, leads to Gadolinium-enhancing necrosis in glioblastoma multiforme (GBM), as an occasionally
occurring false positive in contrast enhancement (CE) imaging, leads to trouble for segmentation of GBM and treatment. Therefore,
new imaging technique for detecting active volumes of the tumor with high sensitivity and specificity is very worth to be addressed.

Therefore, recent studies focused on fluorescence imaging (FI) of brain tumor with 5-aminolevulinic acid (ALA) as a useful way to
visualize the active parts of GBM with fluorescent ALA-induced protoporphyrin IX (PpIX) accumulation, intraoperatively [9-11].
However, there are some pitfalls in this method, including dependency of the fluorescence intensity to the distance and direction of the
light source, photobleaching, absorption of the light source with hemorrhages, and leakage of PpIX [10].

In 2014, Cho et al. first demonstrated the applicability of ALA in MR imaging for the detection of malignant glioma usinga 7 T
scanner in an animal model [12]. The study revealed that dosage of 100 mg/kg ALA caused the accumulation of iron in GBM creating
T2*-W (T2*-W) contrast in tumor areas.

Recently, we conducted an experimental imaging study to introduce “ALA with standard dosage (20 mg/kg) plus iron supplement
(ferric ammonium citrate (FAC))” as an effective agent for creating augmented ferritin clusters in high-grade glioma representing
clinical MRI (3 T) contrast due to its susceptibility effect [13]. As a piece of supportive information, the accumulation of ferritin
clusters has been demonstrated on tumor sections of an animal after administration of “ALA + FAC” using Prussian blue staining (Fig. 1
(a-d)).

However, the specificity of this method still remains unclear. Therefore, in the current study, the effectiveness of this metabolic
method for truly discriminative detection between necrosis and active volumes of GBM was demonstrated using To*-W magnitude and
QSM in comparison with other methods, including CE, and FI.

2. Materials and methods
2.1. Animal imaging

First, a total of 1.5 x 10° G glioma cells were injected into the right frontal lobe of rat brain. After two weeks, six male Cg rat GBM
model (weighing 220-250 g, 6-8 weeks, Iranian Pasteur Institute, Tehran, Iran) received ALA (25 mg/kg, subcutaneous injections)
and/or of FAC (1 mM, 4 pL, 6 h after ALA, intra-tumoral injection), and the detection of GBM was evaluated using To* and QSM (6).
Also, each animal received dotarem (Gd-DOTA), and was imaged using CE imaging [14].

The case animal was randomized to the “ALA + FAC” group. After administration of ALA and FAC, MR imaging was performed
using a MRI scanner (3T, Siemens Prisma, Erlangen, Germany) with a 2-channel phased-array coil for rat brain using a 3D Ty*-W
gradient-echo sequence [14]. Furthermore, for the T;-W magnitude images, a 2D T;-W turbo spin-echo sequence was used after
administration of Dotarem (Guerbet, France; 0.1 mmol/kg body weight). All parameters of imaging were set as our previous study
[13].

To verify the active parts of the GBM using FI, rat-bearing GBM was also injected with 100 mg/kg of ALA intraperitoneally. Six
hours later, brain sections of a rat imaged using a small animal in vivo optical imaging system (Excitation: 430 nm, Emission: 600-700
nm, Fluovision, Iran).

Fig. 1. (a—c) Prussian blue staining of a section of rat brain containing GBM after administration of ‘ALA + FAC’. (b) Red arrows demonstrate
ferritin clusters in the cytoplasm of tumor cells with a size of more than 1 pm (d) Corresponding T,*-W magnitude image with clear signal loss in
tumor area accumulated with ferritins. Based on the stained GBM images, a specific accumulation of ferritin clusters in the tumor cells was verified.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Quantitative analysis

The estimation of susceptibility values of GBM was performed with the QSM algorithm using T>*-W phase and magnitude images as
described in the previous study [14] and summarized in Fig. 2. Briefly, the rat brain images were masked in MIPAV software. Then,
phase unwrapping and background field removal were conducted using Laplacian-based algorithm and PDF algorithm, respectively.
Finally, the estimation of magnetic susceptibility was performed with the MEDI method using Matlab software [31].

The histograms and mean SI of three regions of the brain (active area of GBM, necrosis area of GBM, and non-tumor brain tissue)
were obtained for Ty*-W images, susceptibility map, post-contract T;-W images, and also fluorescence images using ALA (Fig. 2).

2.3. Statistical analysis

For statistical analysis between three regions of the brain (active area of GBM, necrosis area of GBM, and non-tumor brain tissue),
analysis of variance (ANOVA) was used for all quantitative parameters. The software used for this study was Prism 8 (version 8.0.2,
GraphPad Software, San Diego, Calif) and Matlab (the Mathwork, Inc., Natick, Ma, USA) for statistical analysis (significance level of
less than 0.05).

3. Results

2D histogram of necrosis areas of the tumor had a distribution of pixels with higher intensity than the active parts of the tumor on
the T1-W image after administration of dotarem. In the necrosis area, an enhancement was observed, representing a case of
gadolinium-enhancing necrosis (Fig. 3d). However, there was no significant difference between the active and necrosis areas (153 + 6
vs. 149 £+ 8 a. u., P > 0.05, Fig. 3(a-c)).

However, 2D histograms of the active parts of the tumor revealed a distribution of pixels with lower intensity for the To*-W image
and higher intensity for the susceptibility map than the necrosis area after administration of “ALA + FAC” (153 + 8vs. 117 &+ 7 a. u. for
To*-W image, Fig. 4(a-d) and 0.4 £+ 0.2 vs. —0.8 £ 0.7 ppm for susceptibility, p < 0.05, Fig. 4(e—j)). No enhancement was found in the
necrosis part for the QSM (Fig. 4h).

There was a distribution of pixels with higher fluorescence intensity for the active part of the GBM than the necrosis (252 + 5 vs.
208 + 8 a. u., P < 0.05, Fig. 5(a—c)). A clear enhancement was seen in the active regions of the GBM in the ALA-based fluorescence
image Fig. 5(d), which was consistent with the enhanced area in QSM.

4. Discussion

In this study we present a metabolic imaging approach to allow highly accurate discrimination of the necrosis and metabolically
active areas of the GBM in an animal case using susceptibility-based MRI and compared with the conventional method.

Over the last several years, the fluorescence property of ALA has been utilized as a neurosurgical adjunct to aid the discrimination
of tumor and normal brain, which has been widely documented in the literature [15-17]. In 2014, ALA (dosage of 100 mg/kg) was
reported for the first time as an MRI contrast agent creating To*-based contrast using a 7 T scanner, which was not clinically applicable
[12]. To make ALA in MRI clinical applicable, we previously introduced “ALA plus iron” as a metabolic method to detect GBM with

Mag Brain mask

MIPAV
-

Susceptibility

Edge information MEDI

i
Phase Image
Wrapped phase Unwrapped phase

et B 245 5 o] .
= .}\'\\* iz }‘: o7 = B\ Phase unwrapping Field estimation
Nk o apla PDF
s AR . PD
A by "

Fig. 2. Overview of the study protocol and QSM pipeline, including brain mask, phase unwrapping using the laplacian method, local field map
using projection onto dipole fields (PDF), and susceptibility estimation with morphology enabled dipole inversion (MEDI) algorithm.
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Fig. 3. 2D histograms of the (a) active area of the tumor, (b) necrosis area of the tumor, and (c) non-tumor brain tissue after administration of
dotarem for T;-W contrast enhancement (CE) image in MRI. (d) The corresponding MR image was also shown. A clear enhancement was seen in the
necrosis part compared with the active area of the tumor (false positive).
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Fig. 4. 2D histograms of the active part of the tumor, necrosis area of the tumor, and non-tumor brain tissue after administration of “ALA + FAC” for
(a—c) To*-W image (e—j) and QSM. Corresponding images or map were shown in the first right column. There was a significant contrast between
necrosis and the active part of the GBM. No enhancement was found in the necrosis part in QSM (true negative).

high sensitivity using the standard dosage of ALA (20 mg/kg) and a clinical 3 T scanner [13]. However, in the current work, we focused
on the ability of “ALA plus iron” as a metabolic method in susceptibility-based MRI to discriminate the necrosis and metabolically

active areas of the tumor, in comparison to T;-W CE.

In the T;-W image, a clear enhancement was seen in the necrosis part (False Positive), representing possible penetration of contrast
into the necrotic area [8]. While in the same case, non-enhancing necrotic area and enhancing viable tumor were discriminately
observed using fluorescence imaging, after ALA, and susceptibility-based MRI, after “ALA + FAC”, due to more activation of the heme

signaling pathway in mitochondria by ALA and iron creating augmented fluorescent protoporphyrin IX (PpIX) and superparamagnetic
ferritin clusters in viable cells as reliable metabolic biomarkers [13,18].
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Fig. 5. 2D histograms of the (a) active area of the tumor, (b) necrosis area of the tumor, and (c) non-tumor brain tissue after administration of ALA
for fluorescence image. (d) The corresponding fluorescence image was also shown. A clear enhancement was seen in the active areas of the GBM in
the ALA-based fluorescence image (true negative).

Superparamagnetic ferritin clusters create magnetic field inhomogeneity leading to the proton spin dephasing and darkening of
To*-W images with a physical mechanism called static dephasing regime (SDR) or slow-motion regime [19]. There are some reasons for
considering SDR; the first one is to identify no change of signal intensity in the T9-W image after “ALA + FAC” (supplementary data),
despite a significant decrease of signal intensity in To*-W images [14]. This reveals the complete elimination of spin dephasing induced
by field inhomogeneity using a 180° radiofrequency pulse in a spin-echo sequence, representing a lack of spin dephasing caused by
diffusion called motion-narrowing regime [20]. The second one is forming ferritin clusters with a size of more than 1 pm, as shown
with the Prussian blue staining of the GBM. It has been proved that SDR can be considered as physical model in MRI for ferritin clusters
having a size of about 0.4 pm or more in the brain for a 3T scanner [21]. Therefore, it could be concluded that field inhomogeneity is
the main susceptibility effect of ferritin clusters, which has a linear relationship with phase changes in gradient-echo images. By
deconvolving the phase information to map ferritin distribution as the susceptibility source, QSM opens the door to study viable tumor
without blooming artifact [22,23].

Interestingly, the current study reveals that QSM followed by ALA + FAC illuminates a promising potential to apply as a robust
discriminator between necrotic and viable tumor with high specificity. The specific augmented accumulation of PpIX and ferritin
clusters in metabolically active glioma cells after “ALA plus iron”, as demonstrated in FI and prussian blue stating, could guarantee
specificity of this method with regards to discrimination of necrosis and metabolically active parts of GBM. Therefore, the suggested
method would be of further clinical interest to directly assess accurate auto-segmentation of the tumor volume in radiotherapy in a
future study.

However, one of the limitations of this study is intra-tumoral hemorrhage as an interfering factor for ferritin accumulation induced
by “ALA plus iron”, needs more investigations in future studies. To resolve this problem, performing the subtraction of images before
and after “ALA plus iron” might be an effective strategy. Also, iron supplements used in this study can be considered safe in iron-
deficient states that are dominant in patients with brain tumor. However, there is only one contraindication in a rare genetic disor-
der [48,49], which should be considered. Moreover, ALA with a dosage of 20 mg/kg is an FDA-approved organic safe agent used in this
study.

5. Conclusion

Our study suggests that ferritin imaging using “ALA + iron supplement” as a metabolic imaging method could discriminate the
necrosis and active volume of the tumor, reliably. Therefore, the suggested method could be used for accurate auto-segmentation of the
tumor volume in the radiotherapy.
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