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Resumo

Contexto: Os astrocitomas sdo um grupo heterogéneo de tumores primarios do sistema nervoso
central (SNC) com elevado potencial infiltrativo e elevada mortalidade. Consistem tipicamente num
nucleo de tumor sélido com areas de necrose, rodeado por edema, que pode, ou nao, estar
infiltrado por células malignas. Embora a ressonancia magnética (RM) seja o método atual para a
avaliagdo ndo invasiva (pré-cirurgica) destes tumores, apresenta algumas limitagdes, por exemplo,

relacionadas com a sua capacidade limitada de estadiamento e delimitacao das margens tumorais.

Durante a cirurgia de resse¢do tumoral, tenta-se limitar a remocao do tecido cerebral edemaciado,
pois corresponde a dreas que podem, eventualmente, vir a recuperar a sua fungdo normal apds o
tratamento cirdrgico. Consequentemente, ha uma necessidade urgente de uma nova técnica de
imagem que seja capaz de fazer uma distingdo mais precisa entre o tecido cerebral potencialmente
recuperavel e aquele que deve ser removido. O Amide-Proton Transfer (APT) é uma nova técnica de
RM que pode fornecer informacgdes visuais e quantitativas mais precisas sobre o grau e as margens

tumorais, distintas daquelas fornecidas pelas sequéncias convencionais de RM atualmente em uso.

Objetivos: O objetivo deste estudo é avaliar as aplicagdes clinicas do APT num ambiente de rotina
clinica, para a avalia¢do inicial de astrocitomas no cérebro humano, focando-nos na sua capacidade
de distingdo entre tumor e edema peritumoral e na correlacdo entre a intensidade do sinal e o grau

histopatoldgico do tumor.

Materiais e Métodos: Nove pacientes com achados imagioldgicos sugestivos de glioma, e nos quais

previamos que o APT fosse fornecer informacdes adicionais foram selecionados. A sequéncia de APT
foi adicionada ao protocolo bésico de aquisicdo de imagens, e todas as imagens foram analisadas. Os
valores de intensidade do sinal APT foram obtidos desenhando regides de interesse (ROIs) nas areas
correspondentes ao nucleo do tumor, periferia do tumor e substancia branca contralateral de
aparéncia normal (CNAWM). Foi feito um estudo comparativo entre as imagens APT e as respetivas
medicdes, as sequéncias convencionais de ressonancia e os achados histopatoldgicos para cada

tumor.

Resultados: Foram estudados dois tumores de grau 4, dois tumores de grau 3, trés tumores de grau
2 e dois tumores sem diagndstico definitivo (com achados imagioldgicos na ressonancia sugestivos
de lesGes de baixo grau). Para tumores de alto grau, a intensidade do sinal APT medida foi

significativamente maior no tumor do que na substancia branca contralateral de aparéncia normal



(CNAWM). Para além disso, em tumores de alto grau captantes, a intensidade no core tumoral foi
significativamente maior em comparacao com a intensidade nas regidoes consideradas periferia do
tumor, e com a CNAWM. Para tumores de baixo grau, a intensidade do APT foi também
significativamente maior na regido do tumor em comparagao com a CNAWM, mas esse aumento
nao foi tao significativo como nos tumores de alto grau. Por fim, ao comparar as intensidades de
sinal obtidas em tumores de alto e baixo grau, os tumores de alto grau apresentaram um aumento

significativamente maior em comparacdo com os tumores de baixo grau.

Conclusdes: As imagens de APT foram capazes de fornecer novos dados para caracterizacdo dos
tumores estudados, potencialmente delimitando o nucleo do tumor do edema peritumoral
acrescentando precisdo as técnicas de contraste usadas atualmente, revelando-se uma ferramenta
potencialmente util para o planeamento do tratamento cirdrgico. Também foi encontrada uma
correlagdo entre a intensidade do sinal APT e o grau histopatolédgico do tumor, permitindo distinguir
tumores cerebrais de alto e baixo grau com mais precisdo do que as sequéncias de RM atualmente
em uso. Para além disso, esta técnica foi capaz de identificar areas de maior agressividade dentro de
um tumor, um achado significativo, visto que permite decidir o local mais indicado para realizar a

bidpsia e determinar corretamente o grau histopatolégico do tumor.



Abstract

Context: Astrocytomas are a heterogenous group of primary central nervous system (CNS) tumors
with a high infiltrative potential and elevated mortality rate. They typically consist of a solid tumor
core with areas of necrosis, surrounded by regions of edema, which may or may not be infiltrated with
malignant cells. Although magnetic resonance imaging (MRI) is the method currently in use for a non-
invasive (pre-surgical) evaluation of brain tumors, it still has several limitations, for example, related

to its limited capacity for grading and delineating tumor boundaries.

Tumoral resection surgery attempts to limit the resection of edematous brain tissue, as these areas
may be able to recover normal function after surgical treatment. Consequently, there is an urgent
need for a new imaging technique, that can make a more accurate distinction between potentially
recoverable brain tissue, and the one that needs to be removed. Amide-Proton Transfer (APT) imaging
is a new MRI technique that may provide more accurate visual and quantitative information about

tumor grade and margins, distinct from that provided by conventional MRI sequences currently in use.

Aim of the study: The aim of this study is to assess the clinical applications of APT-weighted (APT-w)

imaging in a clinical routine setting in the initial evaluation of astrocytomas in the human brain,
focusing on its ability to distinguish tumor from peritumoral edema, and seeking a correlation

between APT signal intensity and the histopathologic grade of a tumor.

Materials and Methods: Nine patients with brain lesions whose MRI findings suggested the diagnosis

of glioma, and in whom we predicted APT-w imaging would be able to provide additional
information were selected. APT-w imaging sequence was added to the basic image acquisition
protocol and all images were analyzed. Values for APT signal intensity were obtained by drawing
regions of interest (ROIs) in areas corresponding to tumor core, tumor periphery, and contralateral
normal appearing white matter (CNAWM). A comparative analysis between APT-weighted
sequences and their respective APT signal intensity measurements, conventional MR sequences and

histopathological findings for each tumor was performed.

Results: Two WHO Grade 4, two WHO Grade 3, three WHO Grade 2, and two tumors without a final
diagnosis were studied. For high-grade tumors, APT signal intensity was found to be significantly

higher in the tumor region than in the CNAWM. Furthermore, in high-grade tumors with gadolinium
enhancement, the tumor core intensity was found to be much higher in comparison to the intensity

in regions assumed to represent tumor periphery, and also to the CNAWM. For low-grade tumors,



APT intensity was also found to be significantly higher in the tumor region in comparison to the
CNAWM, but this increase was not as significant as for high-grade tumors. Finally, when comparing
signal intensities obtained in tumors of high and low-grade, high-grade tumors appeared to have a

significant increase in signal in comparison to low-grade tumors.

Conclusion: APT images were able to provide new data for the characterization of tumors,
potentially delineating tumor core from peritumoral edema more accurately than gadolinium-based
imaging alone, revealing a potentially useful tool when planning surgical treatment. APT signal
intensity has also been found to be correlated to histopathologic grade, allowing it to distinguish
high from low-grade tumors with more accuracy than conventional MR images alone. Moreover, this
technique was also able to identify areas of higher malignancy within a tumor, which is a significant
finding, as it allows for the choice of the most appropriate location to biopsy and a more accurate

determination of the histopathological grade of a tumor.

Key Words: CEST; APT; magnetization transfer; brain tumor; astrocytoma; MRI.
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Introduction

In brain tumor resection surgery, the extent of resection is positively correlated with survival.
However, due to its diffuse and invasive nature, the identification of malignant tissue is extremely
difficult, making tumor resection surgery and its pre-operative planning imaging guided. During
tumor resection, the goal is to find balance between maximizing the extent of resection and
preserving brain functions since surgery-induced neurological deficits result in a lower quality of

life and shortened survival.!

The current standard imaging techniques used in daily clinical practice for the evaluation of brain
tumors are T2-weighted (T2-w), T2 Fluid Attenuated Inversion Recovery (T2-FLAIR) and T1-
weighted (T1-w) images, with and without gadolinium enhancement.>? Other imaging modalities,
such as positron emission tomography (PET), and intraoperative techniques, including the use of
fluorescence, are also available. More recently, function-oriented sequences have been
introduced such as perfusion®* and diffusion studies,>®” and proton magnetic resonance
spectroscopy imaging (MRSI).%%1° The localization of important brain functions and white matter
tracts is possible with functional magnetic resonance imaging (f-MRl), diffusion tensor imaging,
magnetoencephalography, and navigated transcranial magnetic stimulation.! These techniques
are used for localizing, diagnosing and characterizing brain tumors as well as to guide treatments

and assess its effects.1?

Nevertheless, although MRI is the standard of care for assessing brain tumors before, during, and
after treatment, these imaging techniques sill have several limitations, especially regarding its
ability to determine tumor grade or to separate solid tumor from peritumoral edema. When it
comes to delineating tumor boundaries, for example, the hyperintensity observed on a T2-w
image of a glial brain tumor may be either due to tumor infiltration or peritumoral vasogenic
edema.'>1314 At the same time, a Gadolinium-T1w (Gd-T1w) image only reveals focal areas of
malignant tissue if the blood-brain barrier is disrupted. These limitations pose a challenge for the
accurate planning of surgical treatment and for the precise resection of a brain tumor, as the
imaging techniques that are currently available are unable to precisely differentiate tumor
infiltration from the surrounding brain tissue.® MRSI may accomplish such tissue delineation, but

it suffers from reduced sensitivity, limited spatial resolution and increased scanning time.?%10

Chemical exchange saturation transfer (CEST) imaging is a recent molecular imaging technique
which works as a new contrast mechanism for MRI.17:1819 |t uses selective radiofrequency (RF)

saturation of specific protons whose magnetization is then transferred via chemical exchange and



dipolar interactions, to protons in bulk water, lowering its signal. *?* The degree of signal
suppression is greater for tissues with high protein content and high rates of water-
macromolecular interactions.??>242° Currently, the most widely used type of CEST imaging is amide
proton transfer (APT) imaging which generates contrast based on the saturation of amide protons
in the peptide bonds of mobile proteins and peptides.'®* 2°35> When a selective RF pulse is applied
at 3.5 ppm downfield from the water resonance, the protons attached to the amide bond become
saturated, subsequently moving to the neighboring water and are exchanged with the free water
protons. APT values in tissues typically range between -5 and 5% and can be displayed as color
maps overlaid on conventional images.?%?42° APT-weighted (APT-w) MRI has been used in several
applications to evaluate brain tumors, showing potential as a tool for brain tumor detection,
grading, identification of genetic markers and treatment monitoring. It may also potentially aid in

guiding brain tumor treatments, such as surgery, radiotherapy and local chemotherapy.!?

The reason for the increase in APT signal found in high-grade brain tumors in comparison to
peritumoral edema and contralateral normal-appearing white matter (CNAWM), is the fact that
they are highly cellular tissues, where many proteins are over-expressed.3® The hyperintense
regions usually appear larger than the areas of contrast enhancement on Gd-T1w images, but
smaller than the areas identified as tumor on T2-w, T1-w and FLAIR, due to its potential ability to
delineate tumor boundaries, superior to that of morphological sequences currently used. This
ability means that APT-w imaging has the potential to become extremely helpful in planning
maximal tumor resection, which is especially important as about 80% of recurring brain tumors

occur at the resection margin.37-43

Besides being able to differentiate solid tumor from peritumoral edema, and accurately define
tumor boundaries, APT signal has also been found to offer additional information related to the
histopathologic grade of gliomas. Currently, perfusion studies are considered the best method of
estimating histopathologic grade, by using the relative cerebral blood volume (rCBV). High-grade
gliomas (World Health Organization [WHO] grades 3 and 4) have regions of higher rCBV in
comparison to low-grade gliomas (WHO grades 1 and 2). Exceptions to this rule include the
pilocytic astrocytoma and oligodendroglioma, which can show foci of high rCBV that does not
relate to tumor grade.** In turn, APT-w hyperintensity is associated with high-grade gliomas, while
APT-w isointensity was observed predominantly in low-grade gliomas.*>>® This happens due to the
fact that APT-w imaging indirectly reflects protein content and high-grade tumors tend to show
accelerated cell proliferation and increased protein expression in comparison to low-grade

tumors. A recent study has shown that APT-w imaging has a linear positive correlation with the



pathologic tissue proliferative index and cell density.>* This is an important advantage of APT-w
imaging, as gadolinium-enhancement in MRl is not always specific for tumor grading (low grade
gliomas occasionally enhance® and some high-grade gliomas show no enhancement®®).
Furthermore, APT-w imaging can identify high-grade regions within heterogeneous gliomas,
allowing for more precise biopsies of the most aggressive region of a tumor>>3, This technique
has the potential to become a valuable imaging biomarker for distinguishing high from low-grade
gliomas and detecting high-grade tumors with no gadolinium enhancement as well as enhancing

low-grade gliomas.*!

Another, more recent use for this technique is to distinguish active glioma from normal treatment
effects.>” When assessing radiation treatment, tumors appear to enlarge during the first several
weeks (12 weeks) as judged from T2-w and gadolinium-enhancement MRI. Meanwhile APT-w
signal gradually decreases, appearing hypo or isointense compared to normal-appearing
contralateral tissue.>® This happens because, in post-treatment imaging, enhancement can result
from other causes, besides tumoral growth.>® Radiation necrosis, for example, is associated with
the absence of mobile cytosolic proteins due to the loss of cytoplasm and organelles, thus
appearing as hypointense or isointense in an APT-w MRI.!! Several studies have shown that APTw
imaging provides a unique imaging method for evaluation of tumor response to

radiotherapy,®®®%¢! chemotherapy®? and high-intensity focused ultrasound therapy.®3

Since 2003, APT-w imaging has been the subject of many scientific papers, which collect data from
an investigational point of view. On the other hand, APT-w imaging is available at Unidade Local
de Saude Santo Antdnio (ULSSA) since September 2023 on a Phillips 3T MRl scanner installed at
CMIN (Centro Materno-Infantil do Norte), but a few months after the installation, this technique

had not yet been implemented into daily clinical practice.



Research Objectives:
In this study, we aim to test the feasibility of APTw imaging in a clinical routine setting and to
assess its clinical applications in the initial evaluation of astrocytomas in the human brain,

focusing on its ability to distinguish tumor from peritumoral edema, and how APT signal

correlates to histopathological grade.



Materials and Methods

Patients with brain lesions whose MRI findings suggested the diagnosis of glioma and in whom we
predicted APT-w imaging would be able to provide additional information were selected. APT-w
imaging sequence was added to the basic image acquisition protocol and all images were
analyzed. Four patients had already undergone surgery when these MRI images were acquired,
and three of them underwent surgery afterwards. Two of the patients have not yet been

operated, and so, their final diagnosis remains unknown.

The MR scanner Phillips Ingenia 3T (Software Release 5.7) was used to acquire the basic image
acquisition protocol for expansive brain lesions which included: Axial T1-w (TR 663, TE 10, slice
thickness 3mm, slice gap 4mm), axial 2D Gd-T1w (TR 698, TE 10, slice thickness 3mm, slice gap
4mm), 3D Gd-T1w (TR 600, TE 26.8, slice thickness 1.1mm, slice gap 0.55), axial T2-w (TR 3877,
TE102, slice thickness 3mm, slice gap 3.3mm), coronal T2-w (TR 4577, TE 109, slice thickness
3mm, slice gap 3.3mm), 3D FLAIR (TR 4800, TE 340, Tl 1650, slice thickness 2mm, slice gap 2mm),
axial T2*-weighted images (TR 1284, TE 16, flip angle 25, slice thickness 3mm, slice gap 4mm), T2*
weighted perfusion MR (TR 994, TE 40) and diffusion study (TR 5130, TE 91.5, B-value 1000, slice

thickness 3mm, slice gap 4mm).

APT-w images were acquired for the nine patients. A 3D-TSE multi-point mDiXON sequence was
used for amide proton saturation, which provides two series of images that allow the calculation
of water amide saturation differences/asymmetry as a percentage (MTR - Magnetization Transfer
Ratio) on a scale from -5% to 5%. The two series are then processed using the "Image View/Color

LUT - APT-w/capture slices" application, which generates a color map.

Values for APT signal intensity were obtained by drawing regions of interest (ROls), obtaining the
mean value * standard deviation. For gadolinium enhancing brain tumors, three ROls were drawn,
tumor core, tumor periphery, and contralateral normal-appearing white matter (CNAWM),
according to the T2-FLAIR and Gd-T1w images. We assigned the whole area with T2-FLAIR
abnormality as tumor, and gadolinium enhanced regions as tumor core while the non-enhancing
regions were assigned as tumor periphery. For non-enhancing brain tumors, only two ROls were

drawn, tumor (region of T2-FLAIR abnormality) and CNAWM.

The statistical analysis involved measures of descriptive statistics (means and respective standard
deviations) and inferential statistics. For the latter, the Student's t-test for paired samples and the

Student's t-test for independent samples were used. The significance level for rejecting the null



hypothesis was set at (a) < 0.05. The statistical analysis was performed using SPSS (Statistical

Package for the Social Sciences) version 28 for Windows.



Results
The lesion location, post-operative or assumed diagnosis and a quantitative analysis of the APT-w

images from all nine patients are shown in Table I.

Table I. APT results for human brain tumor patients.

Patient ¢ Previous Surgical Gadolinium APTw intensity (%)’

No ex Lesion Location Intervention Diagnosis Enhancement
' Tumor Core® Tumor Periphery CNAWM

Glioblastoma IDH-wildtype

M T | N Y 2.69+0.23 0.97+0.2 . .
1 Left Tempora o (WHO Grade 4) es 0.86 +0.31
Glioblastoma IDH-wildtype
i 3.36+0.53 1.15+0.31 . .
2 F Right Frontal Yes (WHO Grade 4) Yes 0.51+0.20
3 M  Left Frontotemporal No Astrocytoma [DH-mutated No d 0.34+0.22
€ emp (WHO Grade 3) 2.21+0.13 . .
4 M Left Front ietal Y Astrocytoma IDH-mutated N 4 035 £0.29
eft Frontoparietal es (WHO Grade 3) o 1.67+0.24 EERAS
5 M  Left Parietooccipital No Presumed Low Grade* No 1.29+0.21¢ 0.18+0.18
6 F Right Temporal No Presumed Low Grade* No 1.97 +0.48° 0.41+0.24
7 . Left Frontal Y Astrocytoma IDH-mutated N 4 0614012
e onta es (WHO Grade 2) o 0.93+0.18 .61x0.
8 F Left Frontal Yes Astrocytoma IDH-mutated No ¢ 0.65 £0.40
(WHO Grade 2) 15204 0520
Oligodendroglioma IDH-mutated
9 F Left Frontal Yes and 1p/19q-codeleted No 1.04 +0.14° 0.87+0.27
(WHO Grade 2)

aValues are mean +/- SD.

bldentified by Gd-T1w imaging (Gd-enhancing area).

Difference between areas with FLAIR abnormality and Gd-enhancement.
dAreas of FLAIR abnormality.

*Presumed diagnosis according to MRI findings (patients have not undergone a biopsy of the lesion).

Two patients were diagnosed with glioblastoma IDH-wildtype (WHO grade 4), two with IDH-
mutated astrocytoma (WHO grade 3), and three with low-grade brain tumors (low-grade
astrocytoma [LGA] or low-grade oligodendroglioma [LGO]). Two out of the nine patients selected

have not yet undergone a brain biopsy, and consequently, their final diagnosis remains unknown.

For high-grade tumors (N = 4), APT image intensity was found to be significantly higher in the
tumor region than in the CNAWM (p = 0.009, paired Student’s t-test). Furthermore, in high-grade
tumors with gadolinium enhancement, the tumor core intensity was found to be much higher in
comparison to the intensity in regions assumed to represent tumor periphery, and also to the
CNAWM. For low-grade tumors (N = 5), the image intensity was also found to be significantly

higher in the tumor region in comparison to the CNAWM (p = 0.034, paired Student’s t-test), but



this increase was not as significant as for high-grade tumors. Finally, when comparing signal
intensities obtained in tumors of high and low-grade, high-grade tumors appeared to have a

significant increase in signal in comparison to low-grade tumors (p = 0.02, Student’s t-test).

Below, some illustrative cases are shown.

Patient 2:

Fig. 1. MR images of patient 2, who has a glioblastoma IDH-wildtype (WHO grade 4). a. T1-w image. b. Gd-
T1lw image. c. T2-w image. d. T2-FLAIR image. e. DSC perfusion study. f. APT-w image.

Fig. 1 shows data for patient 2. The T1-w, T2-w, and T2-FLAIR images (Fig. 1a, c and d) show a
large lesion in the right frontal lobe of heterogenous density with hypodense, isodense and
discretely hyperdense regions. The large hyperintense region on T2-FLAIR (Fig. 1d) is considered
to represent the full extent of the tumor while the Gd-T1w image (Fig. 1b) shows areas within the
tumor where the blood brain barrier has been disrupted, considered the tumor core. Although
these two areas can be clearly identified, the distinction between them is sometimes not that

clear. Fig. 1f, shows the APT-w image of the same patient, where a bright red area can be seen on



the right frontal lobe. This is the region with the highest APT signal intensity in this patient’s brain
(3.36 £ 0.53), clearly increased in comparison to the normal appearing white matter (NAWM), and
to the surrounding tumor (seen in yellow), which only appears to have a mild increase in signal
intensity (1.15 £ 0.31) in comparison to the NAWM (0.51 + 0.20). The bright red area appears to
be correlated with the most solid aspects of the tumor. It is much smaller than the abnormal area
on T2-w, T1-w and T2-FLAIR images, and although it appears to be related to the gadolinium
enhancing region on the Gd-T1w image, the two areas do not completely overlap. Furthermore,
regions with lower APT signal intensity, but still increased in comparison to NAWM, appear to be

related to the periphery of the tumor.

The histopathological study revealed a glioblastoma IDH-wildtype (WHO grade 4).

Patient 3:

Fig. 2. MR images of patient 3, with an astrocytoma IDH-mutated (WHO grade 3). a. T1-w image. b. Gd-T1w
image. c. T2-w image. d. T2-FLAIR image. e. DSC perfusion study. f. APT-w image.



Fig. 2 shows MR images of patient 3. T1-w, T2-w and T2-FLAIR images (Fig. 1a, c and d) show a
large lesion located in the left frontal and temporal lobes homogeneously hyperintense on T2-w,
hypointense on T1-w, and partially attenuated on T2-FLAIR suggesting the presence of T2/FLAIR
mismatch sign, considered a highly specific radiogenomic signature for astrocytomas, as opposed
to other low-grade gliomas.® This tumor does not show any contrast enhancement on Gd-T1lw
(Fig. 2b) and has no signs of greater aggressiveness or malignancy such as heterogenous areas of
contrast enhancement or an increased cerebral blood volume (CBV) in the perfusion study (Fig.
2e). However, the APT-w image (Fig. 2f) shows a yellow area of discrete and diffuse elevation in
signal (2.21 £ 0.13), in comparison to NAWM (0.34 £ 0.22). This region is comparable in size to

that on the T2-w, T1-w and T2-FLAIR images, but they do not completely overlap.

The histopathological study revealed a WHO grade 3 IDH-mutated astrocytoma.

Patient 5:

Fig. 3. MR images of patient 5, with a low-grade glioma. a. T1-w image. b. Gd-T1w image. c. T2-w image. d.

T2-FLAIR image. e. DSC perfusion study. f. APT-w image.
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Fig. 3 shows MR images of patient 5. A lesion can be seen on the left parietal and occipital lobes,
showing expansive and infiltrative behaviour, with heterogenous signal, in general hyperintense
in T2-w (Fig. 3c) and T2-FLAIR (Fig. 3d), and no enhancement after contrast injection (Fig. 3b).
Also, a small nodular lesion in the right insular area can be seen, which represents a calcified

granuloma. Interestingly, T1-w, T2-w and T2-FLAIR images all highlight the tumor, and the

perfusion study shows an increase in CBV (Fig. 3e), while no obvious lesion or signal enhancement

can be found in this region on either APT-w (Figure 3) or Gd-T1w images. However, signal
intensity measured in the area of the tumor was found to be slightly increased (1.29 £ 0.21) in

comparison to NAWM (0.18 + 0.18).

At the time of this analysis, the patient had not yet undergone a tumor biopsy. According to
findings in conventional MRI sequences, we presume this might be a low-grade tumor, also
suggested by the patient’s long history of adult epilepsy, which began four years before the
diagnosis. Although the elevation in CBV previously described is a characteristic usually seen in
more aggressive tumors, it may also be present in some low-grade tumors, such as

oligodendrogliomas.
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Discussion

Gliomas are a heterogenous group of primary central nervous system (CNS) tumors, which
constitute the most common type of malignant primary CNS tumor in adults. They originate from
glial progenitor cells, forming highly infiltrative lesions consisting of cores of solid tumor,
sometimes mixed with necrosis, surrounded by regions of edematous brain that are often
infiltrated by tumor cells.®> As previously mentioned, although MRI is the standard of care for the
evaluation of these tumors, it sill poses several limitations, especially regarding its ability to
delineate solid tumor from peritumoral vasogenic edema, and to predict tumor histopathologic
grade. An example of this is the hyperintensity observed on a T2-w image of a glial brain tumor,
which may be either due to tumor infiltration or peritumoral vasogenic edema.'?'34 At the same
time, a Gd-T1w image only reveals focal areas of malignant tissue if the blood-brain barrier is
disrupted.?® In regard to tumor grade prediction, gadolinium enhancement in MRI is not always
specific for estimating tumor grade, as some low-grade gliomas occasionally enhance® and some
high-grade gliomas show no enhancement®®. Currently, perfusion studies are considered the best
method of estimating histopathologic grade, by using the rCBV. High-grade gliomas have regions
of higher rCBV in comparison to low-grade gliomas. But again, even this rule has exceptions,
which include the pilocytic astrocytoma and oligodendroglioma, which can show foci of high rCBV

that does not relate to tumor grade.*

During brain resection surgery attempts are made to limit the resection of brain tissue affected by
edema, as these areas may be able to recover normal function.! Consequently, there is an urgent
need for a new imaging technique, that is able to make a more accurate distinction between
potentially recoverable brain tissue, and malignant tissue that must be removed. APT imaging is a
new MRI technique which may provide more accurate visual and quantitative information about

tumor grade and tumor margins, distinct from that provided by conventional MRI sequences.!!

Data from Table | shows a comparison of APT signal intensities between tumors of different
histopathologic grades, and between different regions of the same tumor. Our results show a
general increase in APT signal intensity in malignant tissues, in comparison to NAWM, which is
much more accentuated in high-grade tumors, as they also show a significantly higher APT
intensity in comparison to low-grade tumors. In tumors where there is a distinction between core
and periphery (gadolinium enhancing tumors), the APT signal obtained from the tumor core has
also been shown to be significantly higher than the one obtained from the periphery of the

tumor.
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Regarding APT sequences of WHO grade 4 glioblastomas, which typically show contrast
enhancement, these tumors are normally represented by a bright red area (corresponding to the
highest APT signal intensity), which is not typically seen in patients with WHO grade 3 non-
enhancing brain tumors. These non-enhancing tumors were found to have a slightly lower APT
signal intensity in comparison to gadolinium enhancing WHO grade 4 tumors, but still significantly
higher than that of NAWM. In these cases, APT images usually show a discrete and diffuse
increase in signal, represented by a light yellow area, somewhat related to the area of
hyperintensity seen on T2-FLAIR images. On the other hand, low-grade brain tumors (which
typically show no gadolinium-enhancement) show no obvious hyperintense areas on APT-w color

maps, but their measured signal intensity is slightly increased.

Our findings suggest that APT-w imaging might be a useful technique in the identification of brain
tumors, and in the distinction between high and low-grade astrocytomas, possibly even in more
detail, differentiating WHO grade 3 from WHO grade 4 tumors. From the four high-grade brain
tumors we studied, only one case, patient 4, had an APT signal intensity closer to that of a low-
grade brain tumor. We suspect this might be due to the fact that this patient had already
undergone a brain biopsy, which aims to resect the most aggressive region of the lesion in order
to obtain a final diagnosis and histopathologic grade. As a result, the lesion we observed on our
study could have been only the remainder of the tumor, probably of a lower, less-aggressive

grade.

We also found that in high-grade tumors, the hyperintense regions on APT-w images are usually
larger than the areas of contrast enhancement on Gd-T1w images (in tumors that enhance), but
smaller than the abnormal areas designated as tumor on T1-w, T2-w and T2-FLAIR images.
Furthermore, on enhancing tumors, the bright red areas with the highest APT signal are probably
related to the most solid regions of the tumor (gadolinium enhancing areas), although the two of
them do not usually completely overlap. These red areas are usually found inside a region of
lower APT signal (yellow regions) in comparison to the tumor core, but higher than that of
NAWM, which are assumed to represent tumor periphery. These areas probably correspond to
areas of lower grade inside a high-grade tumor, as their APT signal intensity is similar to that of

lower-grade tumors.

These findings, once confirmed by targeted biopsies of different regions assumed to represent
tumor core, tumor periphery and edema, may prove how APT-w imaging has the capability of

distinguishing tumor boundaries more accurately than the MRI sequences currently in use, which
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might be a great advantage when guiding tumor resection surgery. Furthermore, this technique
might have another very important use related to determining histopathologic grade. It may be
able to identify the areas of highest grade within a brain tumor, essentially identifying which areas

should be biopsied in order to obtain a more accurate histopathologic grade.

14



Conclusion
This work has definitely established APT imaging as a feasible tool for the pre-surgical

characterization of brain tumors in routine clinical practice at ULSSA.

Although this data was collected from a small sample, APT imaging has been shown to be an
additional useful tool for the characterization of brain tumors, potentially delineating tumor core
from peritumoral edema more accurately than gadolinium-based imaging alone. Such data, when
validated by targeted biopsies used to associate histopathology with different APT intensities,
could verify the viability of this imaging technique for the planning of maximal tumor resections. It
is possible that surgery guided by areas of APT hyperintensity may reduce tumor recurrence,

which, in 80% of cases, occurs in resection margins.3”3

Furthermore, the highest APT signal intensity has been found to be correlated to tumor
aggressiveness and histopathologic grade. This technique may be able to distinguish high from
low-grade brain tumors with more accuracy than other techniques currently in use, even showing
capability to distinguish WHO grade 3 from WHO grade 4 tumors. APT-w imaging is also able to
identify areas of higher malignancy within a tumor and consequently, determine precisely which

areas should be biopsied in order to obtain a more accurate histopathologic grade.
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