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THESIS SUMMARY

0.1. ENGLISH

Title

Unlocking the Potential of Dynamic Susceptibility Contrast Perfusion Magnetic Reso-

nance Imaging for Non-Invasive Pre-Surgical Diagnosis of Brain Tumors

Introduction

Dynamic Susceptibility Contrast PerfusionMagnetic Resonance Imaging (DSC-PWI) is a

non-invasive imaging technique that evaluates the vascular and microvascular environ-

ments of central nervous system tissues. This technique uses the dynamic passage of

a gadolinium-based contrast bolus to generate time-intensity curves that provide vari-

ous metrics. The most commonly used metric in neuro-oncology is cerebral blood vol-

ume (CBV). DSC-PWI complements morphological MRI and provides advanced semi-

quantitative information that has proven useful in the non-invasive pre-surgical differen-

tial diagnosis of brain tumors.

Clinical evaluations are often visual or semi-quantitative and mainly rely on CBV. Visual

assessments using color-coded maps can be insufficient in high-complexity scenarios

and, in some cases, even misleading. Standard semi-quantitative analyses in routine

clinical practice involve the manual selection of a region of interest (e.g., the tumor) and

a reference for normalization, usually on a single axial slice. This approach can exclude

large portions of the tumor from evaluation, is highly operator-dependent, and has low
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reproducibility. Additionally, focusing solely on CBV oversimplifies the information avail-

able in the time-intensity curves, which constitute the rawdata of the sequence and allow

for deriving more metrics beyond CBV.

Therefore, there is an unmet need in this field: on the one hand, to automate the selection

of regions of interest, including the entire tumor heterogeneity, as well as the references

for normalization, to make interpretations more robust and reproducible. On the other

hand, to integratemultiplemetrics, such as Percentage of Signal Recovery (PSR) or Peak

Height (PH), beyond the isolated assessment of CBV, to extract richer and more multi-

dimensional information. An interesting alternative for this latter point is to analyze the

time-intensity curves as a unit of analysis in an unsupervised manner (without the need

to extract predefined metrics such as CBV, PSR, or PH), an approach we have termed

DSC-PWI curvology. With these approaches, the sequence would not only provide in-

formation about overall vascularity, as CBV does, but also data on blood-brain barrier

integrity, vascular dynamics, and aspects of cytoarchitecture and vasculoarchitecture.

Hypothesis

Multiparametric and/or curvological evaluation of DSC-PWI provides enhanced diagnos-

tic capability surpassing the information offered by CBV alone.

The application of three-dimensional segmentation methods, semi-automatic analyses,

and voxel-level approaches reduces operator-dependence and incorporates tumor he-

terogeneity, improving the performance of conventional approaches based on a single

metric and a single value from a manual and two-dimensional region of interest.
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Objectives

The objectives of this thesis are:

1. To improve the pre-surgical diagnostic precision and analysis robustness of

DSC-PWI in the evaluation of brain tumors through a semi-automatic, volumet-

ric, curvological, and multiparametric approach.

2. To differentiate types and subtypes of brain tumors in adults in a non-invasive,

pre-surgical manner using these advanced DSC-PWI analysis methods.

3. To develop practical and clinically applicable classifiers that are explainable and

based on a solid pathophysiological foundation.

Methods

Seven original studies were conducted with retrospective cohorts, both single-center

andmulti-center. All studies followed a commonmethodology for data extraction, based

on:

• Volumetric segmentations of tumors andnormalwhitematter reference regions

for normalization in morphological MRI sequences.

• Co-registration of segmentations to DSC-PWI.

• And data extraction (voxel-by-voxel time-intensity curves, CBV, PSR, and/or PH)

from the entire tumor volume.
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Thus, the common unit of analysis was constituted by the multiple metrics or time-

intensity curves in each voxel within the tumor, which were analyzed using different

data analysis methods and applied to various clinically relevant tumor differentiations,

impacting patient management.

Results

In this thesis, an innovative method for normalizing DSC-PWI time-intensity curves was

developed, enabling robust point-by-point statistical comparisons. Thismethod achieved

diagnostic accuracies ranging from 71% to 96% for pairwise differentiation of cerebral

lymphoma from glioblastomas, metastases, and meningiomas, and was also success-

fully applied to immunodeficiency-associated cerebral lymphomas, with accuracies be-

tween 82% and 93%.

This approach was also adapted to address the differentiation between glioblastoma

and solitary brain metastasis using voxel-by-voxel percentile analysis to better capture

the heterogeneity of these tumors. This yielded a diagnostic accuracy of 81%.

Additionally, an automated deep learning-based tool (DISCERN) was developed, integrat-

ing normalized curves and voxel-by-voxel analyses for the three-class, single-step clas-

sification of glioblastoma, metastases, and lymphoma. This tool achieved accuracies

of 80% to 95% in training and test datasets and 75% to 80% in multi-center validation co-

horts, demonstrating robustness and generalizability. For intra-axial cerebellar tumors,

different metrics (CBV, PSR, PH, and normalized curves) were combined with machine

learning methods, achieving an accuracy of 85% in differentiating metastases, medul-

loblastomas, hemangioblastomas, and pilocytic astrocytomas.
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Finally, a multiparametric analysis (CBV and PSR) based on voxel percentiles was ap-

plied to capture tumor heterogeneity in molecular subtypes of adult diffuse gliomas.

This allowed differentiation between IDH-mutant astrocytomas and IDH-mutant oligo-

dendrogliomas with 1p19q codeletion (grades 2-3) with an area under the ROC curve of

0.87, and between grade 4 IDH-mutant astrocytomas and IDH-wildtype glioblastomas

with an area under the ROC curve of 0.81.

In all studies, the innovative methodologies employed demonstrated superiority over

standard metrics and analyses based on a single metric and a single value.

Conclusions

1. Our innovative methodologies significantly increased the diagnostic precision

of DSC-PWI, enabling amore reliable and detailed understanding of the vascular

and microvascular characteristics of brain tumors.

2. Their application facilitates the non-invasive, pre-surgical differentiation of vari-

ous clinically relevant tumors, such as lymphomas, glioblastomas, metastases,

cerebellar tumors, and molecular subtypes of adult diffuse gliomas.

3. These results can be transferred to daily clinical practice through robust and

comprehensible classifiers that integrate the potential of advanced data analy-

sis, classical statistics, and a solid pathophysiological basis.

XXXIII



0. THESIS SUMMARY

0.2. CATALAN

Títol

Desbloquejant el Potencial de la Ressonància Magnètica de Perfusió per Susceptibilitat

Dinàmica de Contrast en el Diagnòstic Prequirúrgic No Invasiu de Tumors Cerebrals

Introducció

La Ressonància Magnètica (RM) de Perfusió per Susceptibilitat Dinàmica de Contrast

(DSC-PWI) és una tècnica d’imatge no invasiva que permet avaluar els entorns vasculars

i microvasculars dels teixits del sistema nerviós central. Aquesta tècnica utilitza el pas

dinàmic d’un bolus de contrast basat en gadolini per generar corbes temps-intensitat

que proporcionen diverses mètriques. La mètrica més utilitzada en neuro-oncologia és

el volum sanguini cerebral (CBV). La DSC-PWI complementa la RMmorfològica i aporta

informació semiquantitativa avançada que ha demostrat utilitat en el diagnòstic diferen-

cial prequirúrgic i no invasiu dels tumors cerebrals.

Les avaluacions clíniques solen ser visuals o semiquantitatives i es basen principalment

en el CBV. Les avaluacions visuals mitjançant mapes codificats per colors poden ser in-

suficients en escenaris d’alta complexitat i, en alguns casos, fins i tot enganyoses. Les

anàlisis semiquantitatives més estàndards en la pràctica clínica habitual impliquen la

selecció manual d’una regió d’interès (p. ex., el tumor) i una referència per a la normal-

ització, generalment en un únic tall axial. Aquest enfocament, d’una banda, pot deixar

fora de l’avaluació una gran part del tumor i, de l’altra, fa que aquestes anàlisis siguin

altament dependents de l’operador i presentin una baixa reproductibilitat. Amés, limitar-
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se exclusivament al CBV simplifica en excés la informació disponible en les corbes

temps-intensitat, que constitueixen la dada crua de la seqüència i permeten derivar més

mètriques, més enllà del CBV.

Per tant, hi ha una necessitat no resolta en aquest camp: d’una banda, automatitzar la

selecció de les regions d’interès, incloent-hi tota la heterogeneïtat tumoral, així com de

les referències per a la normalització, per tal de fer les interpretacions més robustes i re-

produïbles. De l’altra, integrar múltiples mètriques, com el Percentatge de Recuperació

de Senyal (PSR) o l’Alçada del Pic (PH), més enllà de la valoració aïllada del CBV, per

extreure una informació més rica i multidimensional. Una alternativa interessant per

aquest darrer punt és analitzar les corbes temps-intensitat tractant-les com una unitat

d’anàlisi de manera no supervisada (sense necessitat d’extreure mètriques predetermi-

nades com el CBV, el PSR o el PH), en un enfocament que els autors hem denominat

corbologia de DSC-PWI. Amb aquestes aproximacions, la seqüència no només propor-

cionaria informació sobre la vascularitat global, com fa el CBV, sinó que també aportaria

dades sobre la integritat de la barrera hematoencefàlica, les dinàmiques vasculars i as-

pectes de citoarquitectura i vasculoarquitectura.

Hipòtesi

L’avaluació multiparamètrica i/o corbològica de la DSC-PWI proporciona capacitat diag-

nòstica millorada superant la informació oferta pel CBV en solitari.

L’aplicació de mètodes de segmentació tridimensional, anàlisi semiautomàtics i a nivell

del vòxel redueixen la operador- dependència i incorporen la heterogeneïtat tumoral mi-
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llorant el rendiment dels enfocaments convencionals basats en una única mètrica i un

únic valor d’una regió d’interès manual i bidimensional.

Objectius

Els objectius d’aquesta tesi són:

1. Millorar la precisió diagnòstica prequirúrgica i la robustesa d’anàlisi de la DSC-

PWI en l’avaluació de tumors cerebralsmitjançant un enfocament semi-automàtic,

volumètric, corbològic i multiparamètric.

2. Diferenciar tipus i subtipus de tumors cerebrals en adults de manera prequirúr-

gica i no invasiva emprant aquests mètodes avançats d’anàlisi de DSC-PWI.

3. Desenvolupar eines classificadores pràctiques i aplicables a la pràctica clínica,

que siguin explicables i fonamentades en una base fisiopatològica sòlida.

Mètodes

S’han realitzat set treballs originals amb cohorts retrospectives, tant unicèntriques com

multicèntriques.

En tots els estudis s’ha seguit una metodologia comuna per a l’extracció de dades,

basada en:

1. Segmentacions volumètriques dels tumors, i de les referències de substància

blanca normal per a la normalització, en seqüències morfològiques de RM.

2. Coregistre de les segmentacions a la DSC-PWI.
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3. Y extracció de les dades (corbes temps-intensitat, CBV, PSR i/o PH) vòxel a

vòxel de tot el volum tumoral.

Per tant, la unitat comuna d’anàlisi ha estat constituïda per les múltiples mètriques o les

corbes temps-intensitat en cada vòxel dins del tumor, les quals s’han analitzat utilitzant

diferents mètodes d’anàlisi de dades i s’han aplicat a diverses diferenciacions tumorals

d’interès clínic, amb un impacte en el maneig del pacient.

Resultats

En aquesta tesi, s’ha desenvolupat un mètode innovador de normalització de corbes

temps-intensitat de DSC-PWI, que permet comparacions estadístiques robustes punt-

per-punt. Aquest mètode ha aconseguit precisions diagnòstiques d’entre el 71 % i el 96

% per diferenciar per parelles el limfoma cerebral de glioblastomes, metàstasis i menin-

giomes, i s’ha aplicat també amb èxit a limfomes cerebrals associats a la immunodefi-

ciència, amb precisions del 82 % al 93 %.

També s’ha adaptat aquest enfocament per abordar la diferenciació entre glioblastoma

imetàstasi cerebral solitària, amb una anàlisi basada en percentils vòxel-a-vòxel per cap-

turar millor l’heterogeneïtat d’aquests tumors. Això ha permès aconseguir una precisió

diagnòstica del 81 %.

A més, s’ha desenvolupat una eina automàtica basada en aprenentatge profund (DIS-

CERN), que integra corbes normalitzades i anàlisis vòxel-a-vòxel per a la classificació, a

tres bandes i en un únic pas, de glioblastoma, metàstasis i limfoma. Aquesta eina ha

aconseguit precisions d’entre el 80 % i el 95 % en conjunts d’entrenament i prova, i del
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75 % al 80 % en cohorts de validació multicèntriques, demostrant robustesa i generalit-

zabilitat.

En el cas dels tumors cerebel·losos intraaxials, s’han combinat diferentsmètriques (CBV,

PSR, PH i corbes normalitzades) amb mètodes d’aprenentatge automàtic, aconseguint

una precisió del 85 % per diferenciar metàstasis, medul·loblastomes, hemangioblas-

tomes i astrocitomes pilocítics. Finalment, s’ha aplicat una anàlisi multiparamètrica

(CBV i PSR) i basada en percentils dels vòxels per capturar l’heterogeneïtat tumoral en

subtipus moleculars de gliomes difusos d’adults. Això ha permès diferenciar entre as-

trocitomes IDH-mutats i oligodendrogliomes IDH-mutats i amb codelecció 1p19q graus

2-3 amb un àrea sota la corba ROC de 0,87; i entre astrocitomes IDH-mutats grau 4 i

glioblastomes IDH-wildtype amb un àrea sota la corba ROC de 0,81.

En tots els treballs, les metodologies innovadores emprades han demostrat superar les

mètriques i anàlisis estàndard basades en una única mètrica i un únic valor.
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Conclusions

1. Les nostres metodologies innovadores han augmentat significativament la pre-

cisió diagnòstica de la DSC-PWI, permetent una comprensió més fiable i deta-

llada de les característiques vasculars i microvasculars dels tumors cerebrals.

2. La seva aplicació facilita la diferenciació prequirúrgica i no invasiva de diver-

sos tumors clínicament rellevants, com limfomes, glioblastomes, metàstasis,

tumors cerebel·losos i subtipus moleculars de gliomes difusos en adults.

3. Aquests resultats es poden transferir a la pràctica clínica diària mitjançant clas-

sificadors robustos i comprensibles que integren el potencial de l’anàlisi de

dades avançada, l’estadística clàssica i una base fisiopatològica sòlida.
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Título

Desbloqueando el Potencial de la Resonancia Magnética de Perfusión por Susceptibi-

lidad Dinámica de Contraste en el Diagnóstico Prequirúrgico No Invasivo de Tumores

Cerebrales

Introducción

La ResonanciaMagnética (RM) de Perfusión por Susceptibilidad Dinámica de Contraste

(DSC-PWI) es una técnica de imagen no invasiva que evalúa los entornos vasculares

y microvasculares de los tejidos del sistema nervioso central. Esta técnica utiliza el

paso dinámico de un bolo de contraste basado en gadolinio para generar curvas tiempo-

intensidad que proporcionan diversas métricas. La métrica más utilizada en neuro-

oncología es el volumen sanguíneo cerebral (CBV). La DSC-PWI complementa la RM

morfológica al aportar información semicuantitativa avanzada que ha demostrado utili-

dad en el diagnóstico diferencial prequirúrgico y no invasivo de los tumores cerebrales.

Las evaluaciones clínicas suelen ser visuales o semicuantitativas y se basan principal-

mente en el CBV. Las evaluaciones visuales mediante mapas codificados por colores

pueden ser insuficientes en escenarios de alta complejidad y, en algunos casos, incluso

engañosas. Los análisis semicuantitativos estándar en la práctica clínica habitual im-

plican la selección manual de una región de interés (p. ej., el tumor) y una referencia

para la normalización, generalmente en un único corte axial. Este enfoque, por un lado,

puede dejar fuera de la evaluación una gran parte del tumor y, por otro, hace que estos
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análisis sean altamente dependientes del operador y presenten baja reproducibilidad.

Además, limitarse exclusivamente al CBV simplifica en exceso la información disponible

en las curvas tiempo-intensidad, que constituyen el dato bruto de la secuencia y per-

miten derivar métricas adicionales más allá del CBV.

Por lo tanto, existe una necesidad no resuelta en este campo: por un lado, automatizar

la selección de las regiones de interés, incluyendo toda la heterogeneidad tumoral, así

como de las referencias para la normalización, con el objetivo de hacer las interpreta-

cionesmás robustas y reproducibles. Por otro lado, integrarmúltiplesmétricas, como el

Porcentaje de Recuperación de Señal (PSR) o la Altura del Pico (PH), más allá de la valo-

ración aislada del CBV, para extraer una información más rica y multidimensional. Una

alternativa interesante para este último punto es analizar las curvas tiempo-intensidad

tratándolas como una unidad de análisis de manera no supervisada (sin necesidad de

extraer métricas predeterminadas como el CBV, el PSR o el PH), en un enfoque que

los autores hemos denominado curvología de DSC-PWI. Con estos enfoques, la secuen-

cia no solo proporcionaría información sobre la vascularidad global, como hace el CBV,

sino que también aportaría datos sobre la integridad de la barrera hematoencefálica, las

dinámicas vasculares y aspectos de citoarquitectura y vasculoarquitectura.

Hipótesis

La evaluación multiparamétrica y/o curvológica de la DSC-PWI proporciona una capaci-

dad diagnóstica mejorada, superando la información ofrecida exclusivamente por el

CBV.
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La aplicación de métodos de segmentación tridimensional, análisis semiautomáticos y

a nivel de vóxel reduce la dependencia del operador e incorpora la heterogeneidad tu-

moral, mejorando el rendimiento de los enfoques convencionales basados en una única

métrica y un único valor de una región de interés manual y bidimensional.

Objetivos

Los objetivos de esta tesis son:

1. Mejorar la precisión diagnóstica prequirúrgica y la robustez del análisis de la

DSC-PWI en la evaluación de tumores cerebrales mediante un enfoque semiau-

tomático, volumétrico, corbológico y multiparamétrico.

2. Diferenciar tipos y subtipos de tumores cerebrales en adultos de manera pre-

quirúrgica y no invasiva utilizando estos métodos avanzados de análisis de

DSC-PWI.

3. Desarrollar herramientas clasificadoras prácticas y aplicables a la práctica clínica,

que sean explicables y estén fundamentadas en una sólida base fisiopatoló-

gica.

Métodos

Se han realizado siete trabajos originales con cohortes retrospectivas, tanto unicéntri-

cas como multicéntricas.

En todos los estudios se ha seguido unametodología común para la extracción de datos,

basada en:
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• Segmentaciones volumétricas de los tumores y de las referencias de sustancia

blanca normal para la normalización, en secuencias morfológicas de RM.

• Coregistro de las segmentaciones a la DSC-PWI.

• Extracción de los datos (curvas tiempo-intensidad, CBV, PSR y/o PH) vóxel a

vóxel de todo el volumen tumoral.

Por lo tanto, la unidad común de análisis ha sido constituida por las múltiples métricas

o las curvas tiempo-intensidad en cada vóxel dentro del tumor, las cuales se han anal-

izado utilizando diferentes métodos de análisis de datos y se han aplicado a diversas

diferenciaciones tumorales de interés clínico, con un impacto en el manejo del paciente.

Resultados

En esta tesis, se ha desarrollado unmétodo innovador de normalización de curvas tiempo-

intensidad de DSC-PWI, que permite comparaciones estadísticas robustas punto por

punto. Este método ha logrado precisiones diagnósticas del 71 % al 96 % para diferen-

ciar por pares el linfoma cerebral de glioblastomas, metástasis y meningiomas, y tam-

bién se ha aplicado con éxito a linfomas cerebrales asociados a la inmunodeficiencia,

con precisiones del 82 % al 93 %.

Asimismo, se ha adaptado este enfoque para abordar la diferenciación entre glioblas-

toma y metástasis cerebral solitaria, utilizando un análisis basado en percentiles vóxel

a vóxel para capturar mejor la heterogeneidad de estos tumores. Esto permitió alcanzar

una precisión diagnóstica del 81 %.
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Además, se ha desarrollado una herramienta automática basada en aprendizaje pro-

fundo (DISCERN), que integra curvas normalizadas y análisis vóxel a vóxel para la clasi-

ficación, en tres categorías y en un único paso, de glioblastoma, metástasis y linfoma.

Esta herramienta logró precisiones del 80 % al 95 % en conjuntos de entrenamiento y

prueba, y del 75 % al 80 % en cohortes de validación multicéntricas, demostrando ro-

bustez y generalización.

En el caso de los tumores cerebelosos intraaxiales, se combinaron diferentes métri-

cas (CBV, PSR, PH y curvas normalizadas) con métodos de aprendizaje automático,

logrando una precisión del 85 % para diferenciar metástasis, meduloblastomas, heman-

gioblastomas y astrocitomas pilocíticos.

Finalmente, se aplicó un análisis multiparamétrico (CBV y PSR) y basado en percentiles

de los vóxeles para capturar la heterogeneidad tumoral en subtipos moleculares de

gliomas difusos en adultos. Esto permitió diferenciar entre astrocitomas IDH-mutados

y oligodendrogliomas IDH-mutados con codelección 1p19q grados 2-3 con un área bajo

la curva ROC de 0,87; y entre astrocitomas IDH-mutados grado 4 y glioblastomas IDH-

wildtype con un área bajo la curva ROC de 0,81.

En todos los trabajos, las metodologías innovadoras empleadas han demostrado su-

perar las métricas y análisis estándar basados en una única métrica y un único valor.

XLIV



0.3. SPANISH

Conclusiones

1. Nuestras metodologías innovadoras han incrementado significativamente la

precisión diagnóstica de la DSC-PWI, permitiendo una comprensión más fiable

y detallada de las características vasculares y microvasculares de los tumores

cerebrales.

2. Su aplicación facilita la diferenciación prequirúrgica y no invasiva de diversos

tumores clínicamente relevantes, como linfomas, glioblastomas, metástasis,

tumores cerebelosos y subtipos moleculares de gliomas difusos en adultos.

3. Estos resultados son transferibles a la práctica clínica diaria mediante clasifi-

cadores robustos y comprensibles que integran el potencial del análisis avan-

zado de datos, la estadística clásica y una base fisiopatológica sólida.
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1. INTRODUCTION

1.1. DSC-PWI: the Basis

Dynamic Susceptibility Contrast PerfusionWeighted Imaging (DSC-PWI) is a non-invasive

magnetic resonance imaging (MRI) technique used for in vivo assessment of the vas-

cular and microvascular environments in CNS tissues. It is widely utilized in clinical

settings and is a standard component of consensus protocols for brain tumor imaging

[1–4].

DSC-PWI involves a dynamic acquisition as the gadolinium-based contrast agent (GBCA)

bolus transits the vasculature. In the realm of brain tumor imaging, gradient-echo-based

sequences are preferred. The introduction of GBCA causes an initial decrease in the T2*

signal intensity of the tissues, which subsequently recovers during the washout phase.

This sequence generates time-intensity curves (TICs) as showed in figure 1, which yield

various metrics. Among these metrics, cerebral blood volume (CBV) is most commonly

used for brain tumor evaluations [1,2].

The CBV is determined by evaluating the area under the time-intensity curve. It is ty-

pically considered relative since the signal intensity is not quantified in absolute values

but rather in terms of the change in intensity or, more preferably, the change in relaxation

rate (∆R2*) and its value is only relative to that of other regions of the brain [1,2].
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Figure 1 (Original graphic created by the author, redesigned by Norarte Visual Science for this thesis): A.
Illustration of a time-intensity curve. The curve showcases the initial baseline, followed by signal decay
attributed to the T2* reduction caused by the contrast agent. This leads to a maximum signal intensity
drop, or peak, before transitioning to signal recovery during the contrast washout phase. Following the
ascent of the curve is the post-contrast vascular transit recovery phase. B. Illustration of the CBV calcula-
tion process using the AUC method after leakage correction.

The transformation from signal intensity to ∆R2* is considered relevant for calculating

CBV because this metric directly depends on the concentration of the contrast agent

within a specific region and establishes a linear relationship with this concentration. In

contrast, T2* signal intensity has an exponential relationshipwith contrast concentration,
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which makes it less suitable for quantitative calculations. For example, it may lead to

signal saturation at high contrast concentrations, resulting in an underestimation of the

actual contrast levels [5].

∆R2* is derived from the equation: ∆R2*(t)=-1/TE ln (S(t)/So). This transformation con-

verts the nonlinear changes in signal intensity into a metric directly proportional to the

contrast concentration in the tissue. It also mitigates some technical variabilities en-

abling more accurate CBV calculations. Ultimately, CBV is calculated by integrating the

area under the time- ∆R2* curve during the contrast passage phase. Performing this

integration directly using time-intensity data would theoretically be less reliable due to

the nonlinear relationship and signal saturation at high contrast concentrations [5].

However, all these calculations assume that GBCA remains exclusively intravascular and

that the time required for it to flow through the vessels is uniform and consistent. Under

these assumptions, the recovery phase of the time-intensity curve would return identi-

cally to the baseline (i.e., the signal intensity in vessels within the tissue would begin at a

baseline value x, experience a decay as the contrast enters, reach a peak, and then return

entirely to the initial x value). However, this idealized scenario does not reflect the reality,

particularly in brain tumors, where factors such as vascular heterogeneity, blood-brain

barrier (BBB) disruption, and vascular tortuosity introduce complexities. These devia-

tions from the assumed vascular dynamics lead to additional intra- and extra-vascular

effects, commonly referred to as T1 and T2* (leakage) effects that affect the curve mor-

phology [6,7]. Consequently, these phenomena can introduce inaccuracies, causing the

area under the curve (AUC) to be either underestimated or overestimated, depending on

the recovery phase of the curve, which may be influenced by T1 effects (recovery above
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baseline, leading to underestimations) or T2* effects (recovery below baseline, leading

to overestimations), particularly in tumor tissue. A more in-depth discussion on leakage

effects is presented later in this introduction. At any rate, this emphasizes the impor-

tance of applying leakage correctionmethods to achieve accurate CBVcalculations. The

most widely adopted approach for this purpose is the Boxerman-Schmainda-Weisskoff

(BSW) model [1,2]. Figure 1.

It is worth noting that modern commercial software packages typically include tools

that streamline this entire process, automating steps such as the conversion from signal

intensity to ∆R2*, as well as leakage correction.

Furthermore, for robust quantification, given its relative nature, the CBV of a specific

region should be normalized, most commonly to the normal-appearing white matter

(NAWM). This results in the frequently utilized metric of relative, corrected, and norma-

lized CBV (nrCBVcorr), though it is often simply referred to as CBV or rCBV. This metric

correlates with histological measures of tissue vascularization [1,2].

1.2. Clinical Use, Interests and Applications of DSC-PWI

DSC-PWI is an advanced additional sequence that complements morphological MRI.

While morphological MRI is valuable, it has limitations and is highly dependent on the

radiologist’s experience. In this context, DSC-PWI provides advanced semi-quantitative

information, offering added value to the evaluation provided by morphological imaging

alone.
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DSC-PWI has demonstrated significant efficacy in the scientific literature, and it is re-

garded as a valuable clinical tool by a majority of neuroradiologists across various sce-

narios such as:

• Differentiation of tumoral and non-tumoral entities [8]; (example in figure 2).

• Pre-surgical diagnosis of tumors with characteristic perfusion patterns such as

lymphoma [9]; (example in figure 3).

• Differentiation of high-grade glioma andmetastasis, considering the enhancing

tumor and particularly the peri-enhancing area [10]; (example in figure 3).

• Histological grading [11,12] and prognostic stratification [11,13] of astrocytomas

[14].

• Differentiation of tumor recurrence and post-treatment effects [15].
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Figure 2 (Created by the author for this thesis): Example case illustrating a mass-like enhancing lesion
with low CBV, raising suspicion of a non-tumoral entity. A. The CE-T1 sequence from the diagnostic MRI
suggested a right temporal tumor. B. However, the low CBV observed on the CBV color map indicated the
possibility of a non-tumoral lesion. C. CE-T1 in follow-upMR imaging at 1month demonstrated a reduction
in lesion size. D. The reduction continued at the 4-month follow-up, confirming the lesion was indeed not
a tumor. Consequently, the patient was spared unnecessary aggressive neurosurgery.
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Figure 3 (Created by the author for this thesis): Three different example cases demonstrating how CBV
contributed to the differential diagnosis of adult brain tumors, enabling reliable pre-surgical assessment.
CE-T1 and CBV color maps provided for each case. A. High CBV observed around a right parietal bifocal
enhancing necrotic tumor suggested an infiltrative neoplasm, consistent with Glioblastoma. B. In contrast,
lowCBVsurrounding a necrotic enhancing tumor in the right insular and opercular regions pointed towards
a solitary Metastasis. C. A homogeneously enhancing mass with low CBV in the splenium of the corpus
callosum indicated the possibility of a Lymphoma.
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The favored approach for clinical analysis and visualization involves creating CBV color-

encoded maps. These maps facilitate the comparison of specific regions of interest

(e.g., tumor regions) with other reference areas within the brain. For example, a red

color usually signifies a structure with high vascularity and elevated CBV, while a blue

color represents structures with low vascularity and diminished CBV.

All of these applications are of great clinical interest and utility for patient care. Firstly,

the management and treatment of tumor and non-tumoral entities differ entirely [8]. Se-

condly, the pre-surgical identification of lymphoma is of utmost importance because

corticosteroids should not be administered before a definitive diagnosis is made. In ad-

dition, lymphomas should be managed with a biopsy to prioritize chemo-radiotherapy,

rather than direct maximal resection as is done in suspected glioblastomas [9,16–18].

Thirdly, when ametastasis is suspected, additional diagnostic studiesmay be conducted

to identify a primary tumor and perform staging in non-oncologic patients or re-staging

in known oncologic patients, to decide the best systemic or local treatment approach.

In contrast, if glioblastoma is suspected, surgery may be performed without further diag-

nostic studies [10,17,18]. In summary, the maximal resection of a tumor pre-surgically

miss-diagnosed as glioblastoma could represent a non-beneficial and morbid approach

in case of lymphoma or metastasis.

Fourthly, the histological grading of astrocytomas can be biased in cases where only

a biopsy is performed instead of a maximal resection. This bias can be reduced by

DSC-PWI, which may suggest a higher histological grade than the actual biopsy result

(known as biopsy bias). Additionally, non-invasive astrocytoma grading may be used to

guide patient management, especially in cases where biopsy carries risks (e.g., brain
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stem tumors) [11–13]. Finally, tumor recurrence typically necessitates modifications in

oncospecific treatment, while post-treatment effects do not. Therefore, misdiagnosing

these entities may result in discontinuing effective treatments or continuing ineffective

ones that may cause complications.

Recent literature also enhances the role of DSC-PWI in gliomas’ molecular characteriza-

tion (e.g., IDH, MGMT, or 1p19q mutation status) [11,19]. Given the World Health Organi-

zation trends in considering biomolecular profiling the cornerstone of gliomas’ classifi-

cation, this potential application may continue to increase. At any rate, this may still be

considered under research and has not widely reached the clinic in most neuroradiology

departments.

Ultimately, the inclusion of DSC-PWI in the most recent consensus recommendations

[2–4] for brain tumor imaging is an essential proof of its importance in current neurora-

diology.

In this thesis, the use of DSC-PWI for the specific identification of various types of brain

lymphomas will be examined, with an emphasis on their differential diagnosis from a

wide spectrum of brain tumors. Additionally, the challenging differentiation between

single metastases and glioblastoma will be addressed. The study will also focus on the

detection of distinct imaging signatures of rarer adult cerebellar tumors—pilocytic astro-

cytoma, hemangioblastoma, medulloblastoma, and metastases—which are infrequent,

remain underexplored and present unique management challenges. Furthermore, the

molecular classification of adult-type diffuse gliomas will be explored. In particular, the

differentiation between IDH-mutant astrocytomas and oligodendrogliomas, as well as
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the distinction between IDH-mutant grade 4 astrocytomas and glioblastomas, will be

analyzed. These topics will be expanded upon through the works presented in the sub-

sequent sections of this thesis.

1.3. Brief Insights from Morphological MRI

As previously introduced, morphological MRI can be helpful but remains insufficient for

optimal evaluations. However, some morphological features can provide valuable in-

sights in different clinical scenarios.

For instance, regarding entities relevant to this thesis, lymphomas typically appear as ho-

mogeneously hyperdense lesions on CT, hypointense on T2-weighted MRI, exhibit diffu-

sion restriction, and show homogeneous post-contrast enhancement [9,20]. However,

in the context of immunodeficiency and Epstein-Barr virus positivity, lymphomas may

present with extensive necrosis, mimicking other brain tumors such as glioblastomas

or metastases [21]. Necrotic lesions with an infiltrative pattern and coexisting ill-defined

enhancing and non-enhancing tumor regions suggest glioblastoma [14,22]. In contrast,

expansile well-defined ring-enhancing lesionswith an expansile nature are characteristic

of metastases [23].

On the other hand, in adult cerebellar tumors, hemangioblastomas and pilocytic astrocy-

tomas often present as cystic lesions with a solid mural nodule, whereas medulloblas-

tomas are characterized by prominently restricted diffusion in their solid components

[24].
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Furthermore, molecularly defined adult-type diffuse gliomas also exhibit distinct mor-

phologic characteristics: IDH-mutant astrocytomas are typically nodular, well-defined,

and may show a T2-FLAIR mismatch sign; whereas oligodendrogliomas often display

calcifications, heterogeneity, and ill-defined margins, with growth patterns that tend to

follow the cortex [14,25,26]. Meanwhile, IDH-mutant grade 4 astrocytoma remains a re-

latively poorly understood entity. Differentiating its features from those of IDH-wildtype

glioblastoma, particularly in young adults, is a challenging but still under-researched

topic [14,27].

Although these summarized morphological imaging findings can be helpful, they are

highly variable, not always present, sometimes overlap, and rare presentations of disea-

ses exist. Additionally, their detection and characterization depend on the radiologist’s

experience and skills. This variability underscores the potential added value of advanced

physiological and quantitative/semi-quantitative sequences such asDSC-PWI, aswell as

the importance of integrating this sequence into comprehensive evaluations, as recom-

mended by the most recent consensus guidelines for brain tumor imaging [2–4].

1.4. The Current Limitations of the DSC-PWI Sequence

The CBV is widely accepted among clinicians due to its intuitive correlation with under-

lying pathophysiology and its straightforward visualization in color maps, typically inte-

grated within PACS tools. However, several limitations should be acknowledged.

Relying solely on a dichotomous visual representation (the "hot-red" versus "cold-blue"

approach) can be insufficient for addressing more complex cases. Moreover, an im-

13



1. INTRODUCTION

portant caution to note in visual evaluations of color maps is that many color-encoding

schemes are non-linear, which can artificially amplify very subtle differences in perfusion,

potentially leading to misinterpretation [1].

For clarification, the difference between linear and nonlinear CBV maps lies in how the

values are visually represented. Linear CBV maps display values proportionally to their

actual magnitude. For instance, a CBV value that is twice as high will be represented by

a color that is twice as intense on the scale. The advantage of this approach is that it

preserves the true quantitative relationship between values. In contrast, nonlinear CBV

maps apply a transformation, such as a logarithmic scale, which distorts the true pro-

portionality of the values and can lead to less precise interpretations. Also, the common

radiological practice of manual thresholding, in nonlinear color maps, may further exag-

gerate the contrast between structures, even though the actual underlying CBV values

remain unchanged—another potential limitation that can lead to visualmisinterpretation

and is significantly mitigated with linear maps.

On the other hand, in standard clinical practice, for situations requiring quantification,

the manual selection of regions of interest (ROIs) in tumor tissue and normal-appearing

white matter (NAWM) references is highly operator-dependent, resulting in limited repro-

ducibility and reduced inter-reader agreement. To address this, adopting more robust

and reproducible data extraction methods—such as automated selection of the entire

tumor volume of interest (VOI) or standardized/automated NAWM references—could

significantly enhance global reliability, reproducibility, generalizability, and robustness

[28–30]. Figure 4.

14



1.4. The Current Limitations of the DSC-PWI Sequence

Figure 4 (Created by the author for this thesis): A. CE-T1 imaging demonstrates a necrotic tumor with pe-
ripheral enhancement located in the right parietal lobe.B. Representation of the current standardmethods
of quantification in clinical practice, focusing on manually depicted ROIs (Circle 1 and Circle 2). ROI 1 rep-
resents tumor tissue (note that the vast majority of the tumor is not included in the ROI). ROI 2 represents
the NAWM reference. Note that these ROIs may differ in size, shape, and location, depending on the oper-
ator. The software provides a single quantifiable value corresponding to the normalized CBV of the tumor:
5.789 (tumor ROI) / 1.358 (NAWM ROI) = 4.264 (normalized corrected relative CBV). C. Representation of
an alternative method using volumetric, full-tumor, and automatic NAWM selection for improved data ex-
traction from the sequence. In contrast to the standard methodology, computations can be performed
using 3D automatic segmentations of both the tumor (red) and NAWM (green). This approach allows
raw-data extraction at the voxel level and extends beyond CBV, enabling the incorporation of additional
metrics derived from the time-intensity curve in each voxel.
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Furthermore, limiting evaluations to CBV alone oversimplifies the wealth of informa-

tion available from the sequence. Incorporating complementary metrics alongside CBV

offers an opportunity to enrich the depth and accuracy of sequence evaluations [1,31,32].

1.5. DSC-PWI Data Selection/ Extraction Methods

The literature presents various approaches to DSC-PWI analysis, encompassing a broad

spectrum of complexity. Analyses range from determining average or extreme (maxi-

mum or minimum) values within manually delineated 2D axial ROIs to employing voxel-

level histograms and percentiles derived from 3D volumetric segmentations [28,33].

Assessing mean CBV values frommanual axial ROIs or obtaining maximum CBV values,

primarily through manual ’hot-spots’, is not uncommon. While this relatively simplistic

approach might suffice in situations where the anticipated differences between entities

are pronounced or the tissues are histologically homogeneous, it may not be the most

robust.

To achieve the best outcomes in challenging scenarios, it is essential to employ volumet-

ric, voxel-level analysis that accounts for tissue heterogeneity and extracts critical infor-

mation on a voxel-by-voxel basis. Additionally, NAWM references should be selected au-

tomatically to reduce operator dependency and enhance the robustness of normalized

values. Indeed, such methods should be considered requisite for optimal evaluations

[1,28,33]. Figure 4.
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1.6. More Than Just CBV in DSC-PWI Sequences: PSR (and the Leak-

age Effects) and Peak Height

The main raw data of DSC-PWI are time-intensity curves. These curves convey much

more information than just CBV. For instance, a metric that has gained traction in neuro-

oncology radiology is the Percentage of Signal Recovery (PSR) [31,34–37].

It is currently well understood that the curve morphology is not solely determined by

the intravascular transit of gadolinium. If the BBB is compromised, leakage can occur,

which then modifies the recovery phase of the curves. This alteration is influenced by

the disruption of the BBBand by the composition of the extravascular-extracellular space

(EES) - including cells and molecules - that interacts with the leaked contrast. Moreover,

evenwithout BBBdisruption, certain abnormal vascular structures canmodify the typical

contrast transit through vessels, further affecting curve morphology. These events lead

to what are known as leakage effects, which can manifest as both T1-effects and T2*-

effects [6,7]. Figure 5. For clarity through simplification: T1 effects result in an elevation

of the recovery line, while T2* effects lead to its descent. These effects necessitate

the correction for leakage when calculating CBV. If T1 effects dominate, the AUC and,

consequently, the CBV could be underestimated. Conversely, if T2* effects are more

prominent, there is a risk of overestimation.

17



1. INTRODUCTION

Figure 5 (Original graphic created by the author, redesigned by Norarte Visual Science for this thesis):
This illustration depicts the physiopathological mechanisms underlying leakage effects and the interplay
between extra- and intravascular phenomena, which depend on BBB integrity (permeability), EES compo-
sition (cyto-architecture), and vascular characteristics (vasculo-architecture). In summary: intravascular
GBCA reduce the T2* signal, while gadolinium in the EES increases the T1 signal. When the BBB is in-
tact, the contrast remains confined within the blood vessels. In normal tissue, this results in an ideal
time-intensity curve that provides accurate information about total vascularity. In tissue without BBB dis-
ruption but with abnormal vascularity or microvascularity, dense capillaries may retain GBCA, leading to
T2* effects that indirectly provide additional information about the vasculo-architecture. Lastly, in cases
where the BBB is disrupted, GBCA leaks into the EES, producing T1 effects. These effects are further influ-
enced by the interaction of GBCAmolecules with each other and with cell membranes, offering additional
insights into BBB permeability and integrity and also indirectly about the cyto-architecture. Note that in
cases of BBB disruption, there may also be a contribution of vasculature architecture to the final leakage
effects and curve morphology, which ultimately reflect the equilibrium between permeability, vascularity,
vasculo-architecture, and cyto-architecture.
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However, it is crucial not to disregard these leakage effects as irrelevant. In reality, they

encapsulate a broad spectrum of underlying pathophysiological phenomena that can

provide valuable insights into tumor tissue evaluation. In this context, the PSR serves as

an indirect indicator of these effects, and its diagnostic value has been well-established,

particularly when differentiating between tumor types that vary in permeability, cellular-

ity, and vascularity. For instance, pronounced BBB disruption observed in Lymphomas

can lead to a heightened PSR, primarily due to T1 effects [9,34,36]. Conversely, marked

vascular tortuosity seen in hypervascular metastases or hemangioblastomas can result

in a reduced PSR, stemming primarily from T2* effects [36,38].

These effects can be distinctly interpreted based on whether the tumor is associated

with BBB disruption or integrity. In the presence of disruption: gadolinium that has dif-

fusely leaked into the EES (i.e., in an environment with low cell volume and/or density)

can lead to an increase in T1, manifesting as T1-effects and a consequent elevation

in PSR. In contrast, concentrated leaked gadolinium in the EES (i.e., in an environment

with high cell volume and/or density) results in the shortening of T2*, culminating in

a decreased PSR. Thus, within the context of BBB disruption, PSR also offers insights

into cellularity. In contrast, in tumors without BBB (such as metastases, meningiomas,

and hemangioblastomas) or in cases without BBB disruption (like non-enhancing lower-

grade gliomas), the PSR primarily serves as a vasculo-architectural marker. This is be-

cause both permeability and cellularity, phenomena that occur within EES, are excluded

from consideration, as all the contrast remains intravascular in such cases. Hence, from

this understanding, it is evident that both intra- and extravascular components play roles

in determining leakage effects [6,7]. However, the entirety of this data is intricate to deci-
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pher (disentangle) givenmulticausality deriving only in somewhat binary leakage effects

[39,40]. I.e., PSR is only a reflection of the equilibrium between T1 and T2* effects, there-

fore, a high PSR may indicate significant BBB rupture but not necessarily the absence

of vascular tortuosity, or vice versa: it simply represents an estimation of the proportion

between these phenomena. Figure 5. From the author’s perspective, an in-depth unders-

tanding of leakage effects is essential for clinical neuroradiologists usingDSC-Perfusion.

This understanding is crucial both for interpreting derived metrics and for maintaining a

critical perspective when using a DSC sequence with specific pulse-sequence parame-

ters.

Another fundamental metric derived from time-intensity curves, in addition to PSR, often

incorporated in DSC-PWI evaluations in neuro-oncology, is peak height (PH). Figure 6. PH

is characterized as a measure of the total capillary volume, distinguishing it from CBV,

which quantifies the overall gross vascularization [38,41].

Figure 6 (Original graphic created by the author, redesigned by Norarte Visual Science for this thesis): Illus-
tration of PSR and PH on a time-intensity curve.
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Usually, authors using PSR and/or PH, compares the results with CBV, as if one must

choose between the metrics. However, the information provided by each metric is diffe-

rent and they probably provide additive rather than exclusive information. In fact, inclu-

ding PSR and PH to single CBV evaluations (making combined use of all the information)

could be a step toward richer data interpretation.

However, the time-intensity curves hold even more information. For instance, time pa-

rameters (time to peak, mean transit time), descending and ascending curves slopes,

recovery at different time-points, etc. can offer also valuable and otherwise hidden and

unknown information. At this regard, another approach to enhance the insights derived

from DSC curves is a comprehensive analysis of the whole curves themselves, evalu-

ated unsupervisedly (exploratory, without the input of prior knowledge or assumptions)

point-by-point, without reliance on pre-selected specific metrics such as CBV, PSR or PH.

1.7. Unsupervised Analysis of the Whole Time-intensity-curves

As previously explained, DSC-PWI produces time-intensity curves by dynamically moni-

toring T2* signal intensity changes during contrast administration. Metrics such as CBV,

PSR, and PH are derived from these TICs. Several methods, ranging from visual evalua-

tion [42] to complex curve components analyses or deep-learning pattern recognition of

the entire TICs has been suggested by some authors [43–45] .

However, no prior studies have quantitatively assessed the entire TIC by viewing it as

a continuum of points that together form the curve. Such an approach is more repro-

ducible than visual evaluations and also more intuitive, contrasting with complex meth-
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ods that often remain beyond the grasp of many clinicians. This challenge may arise

from various technical and physiological factors that impede direct point-by-point com-

parisons, such as variations in the timing of dynamics between sequences or differing

heart rates among patients. Therefore, for a point-by-point comparison to be feasible,

the curves must be normalized both in time and, as somewhat commonly done with

CBV, also in intensity. I.e., given that raw intensity is arbitrary and relative, its signifi-

cance emerges only when compared to the intensity of reference normal white matter.

Additionally, temporal aspects are crucial; for instance, the curve of a patient with a

heart rate of 40 beats per minute might vary significantly from that of a patient with a

heart rate of 90. Thus, the creation of normalized TICs would mitigate the effects of

both physiological and certain technical factors. This includes considerations such as

patient’s cardiovascular constants and the dynamic timing of sequences. For normali-

zation, both reference intensity and time values should be derived from the contralateral

normal-appearing contralateral white matter (NAWM). To ensure reproducibility and ro-

bustness, the optimal parameters would be the maximal signal intensity drop and the

time to peak minus the time to arrival (TTP-TTTA). The latter can be equivalently ex-

pressed as relative time to peak (rTTP). Figure 7.

Implementing this approach could offer several compelling advantages: 1) It may en-

able the possibility of performing a direct comparison of the entire TIC between tumor

types on a point-by-point basis, not limited to concrete parameters such as CBV or PSR;

and 2) it may enhance the construction of user-friendly classifiers based on quantitative

and visual comparison of the curves of new unknown particular cases to a data set of
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Figure 7 (Original graphic created by the author, redesigned by Norarte Visual Science for this thesis): Illus-
trative scheme emphasizing the necessity for TIC normalization to facilitate comparison. Tumor curves
from two distinct patients and their corresponding NAWM curves are displayed. Direct comparison of
the tumor curves is hindered due to variations in baseline, starting points, timings. The reference values,
maximal signal intensity drop (PH) and time-to-peak minus time-to-arrival (rTTP) from the NAWM, are in-
dicated. Resulting normalized curves are shown, being now comparable visually and quantitatively on a
point-by-point basis.
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different brain tumors. This alternative hypothetical methodology was named DSC-PWI

Curvology by the author of this thesis.

For clarification, one might wonder whether curve morphology analysis, like CBV calcu-

lation, should be performed using time- ∆R2* curves. However, when analyzing DSC

curve morphology (which applies not only to overall curvology but also to specific curvo-

logic metrics such as PSR), it is important to note that this evaluation should be based

on time-intensity curves rather than time-∆R2* curves. Time- intensity curves preserve

the raw data acquired by the scanner, capturing both T1 and T2* effects. While the con-

version from signal to ∆R2* is crucial for accurate CBV calculation, it may oversimplify

or obscure critical morphological features of the curve, such as recovery dynamics influ-

enced by contrast leakage or vascular heterogeneity. For a comprehensive analysis of

DSC curve morphology, the original time- intensity data offer a more complete represen-

tation of the complex interplay between physiological and technical factors.

Ultimately, by recognizing DSC as a complex, four-dimensional data matrix (dynamic

sequence) that captures a broad spectrum of TIC point values, CBV, PSR, and PH values,

we gain insight into its intricate nature and its place in the emerging realm of big data.

This viewpoint situates the sequence squarely within the expanding domains of artificial

intelligence, deep learning, machine learning, and radiomics.

1.8. MR Technique: Pulse-sequence Parameters Considerations

Historically, DSC-PWI quantitative results from single-site and localized studies have

sometimes deteriorated or failed during external validation or clinical trials. Apart from
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potential variances in metric calculations steps—ranging from normalization, relativiza-

tion, and leakage correction to data selection—these discrepancies can be attributed to

pulse-sequence parameters. Primary factors include the flip angle (FA), taking into ac-

count the common echo time (TE) and repetition time (TR) values of approximately 35

ms and 1500 ms, respectively, whether contrast preload (dose of contrast given before

the main DSC acquisition) is used, and the interaction between these parameters [2].

Currently, it is widely recognized that an intermediate-FA (approximately 60°) with a full-

dose preload, and a low-FA (approximately 30°) without a preload, are the preferred flip

angles for accurate CBV measurements, minimizing leakage phenomena. Fractional

dose preloads are not commonly recommended [2]. Firstly, it is important to emphasize

that using a preload is not essential for acquiring accurate CBV measurements when

low FAs are employed. Avoiding preload simplifies the technical process, reduces po-

tential variables (such as preload dose and incubation time), and eliminates the need

for a double dose of contrast when it is not warranted. Notably, the choice to use a

preload and its associated dose significantly impacts the leakage effects (and conse-

quently metrics such as PSR or curve morphology), which ideally should be evaluated

in sequences without a preload [46]. I.e., administering a preload of contrast saturates

the extravascular extracellular space (EES), thereby preventing contrast leakage. Con-

sequently, this eliminates the ability to capture information regarding such phenomena.

In fact, the two most recent consensus guidelines recommend using a 30°FA sequence

without preload as the primary option, unless there are specific reasons to administer a

double dose of contrast [3,4].
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However, the debate remains open. The sequences recommended by the consensus are

rooted in theoretical models, computer simulations, in vivo studies, and clinical data, all

aimed at accurately capturing CBV values. This necessitates the reduction of leakage

effects. However, while sequences optimized for CBV might provide accurate values,

they could potentially compromise the performance of those metrics related to leakage

effects. This is of note since for example PSR has already also been highlighted as a

valuable diagnostic tool in certain neuroradiological challenges, such as distinguishing

lymphomas or even identifying post-treatment effects [31,32,34,36,47,48]. Given these

considerations, one must question: Are sequences optimized for CBV always the best

choice for diagnostic accuracy across all clinical scenarios? This is likely open for de-

bate.

The solution could involve tailoring data acquisition strategies based on the specific cli-

nical context, or perhaps by merging different acquisition or post-processing methods

to best capture all pertinent metrics. Future innovations may address these potential

limitations, for instance, by developing DSC-PWI protocols that combine different pulse-

sequence parameters to harness optimal information for every metric (e.g. dual-echo

DSC-PWI) [37,39]. However, nowadays single pulse-sequence parameters acquisitions

(standard DSC) dominate the clinic and are the one considered in this thesis mainly fo-

cused on direct clinical applicability. At any rate, regardless of the approach, the authors

acknowledge standardization—frompulse-sequence parameters to post-processing and

data generation—is crucial for achieving widespread generalizability and global applica-

bility. All these more technical aspects will also be discussed in this thesis.
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1.9. Summarizing Rationales and Proposed Approaches

Time-intensity curves offer a wealth of information not just about total gross vascular-

ization (CBV), but also about the nature of vascularity and vasculoarchitecture (whether

it is venous, arterial, capillary, or irregular and tortuous), permeability of the BBB, and cel-

lularity. While some of this informationmay be somewhat grasped by including PSR and

PH in the analysis, some information may still remain hidden. Undoubtedly, the full TIC

provides a richer understanding than any single metric alone, leading to the emergence

of DSC-PWI Curvology. Also, metrics such as CBV, PSR, TICs, and PH might be viewed

as complementary rather thanmutually exclusive. Thus, integrating them in a voxel-wise

manner could herald the advent of a holistic Perfunomics.

The main goals of this thesis focus on addressing specific challenges associated with

data selection, the process of extraction for analysis, and the exclusive reliance on CBV

evaluation from DSC. To meet these objectives, the research introduced in this thesis

proposesmultiplemethodologies. Thesemethodologies predominantly hinge on the un-

supervised (exploratory, without the input of prior knowledge or assumptions) selection

of metrics (PSR, PH, CBV and TICs) derived from comprehensive tumor segmentations.

This approach ensures an encompassing representation of all DSC-PWI information to-

gether with whole tumor heterogeneity, drawing a sharp contrast to the narrow but usual

perspective offered by 2D manual ROIs and preselected values of only CBV. Also impor-

tant, the automatic selection of NAWM references is a preferred method for improving

reproducibility.
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The innovation of this work is underscored by the introduction of unsupervised analysis

of time-intensity curves on a point-by-point basis. Additionally, by amalgamating various

metrics and optimally selecting their values without pre-determined criteria, we break

new ground. The utilization of normalized curves, multi-metric considerations, and un-

supervised value selection in a voxel-wise methodology is anticipated to significantly

enhance diagnostic outcomes, setting it apart from traditional approaches that rely on

single metrics with predetermined values.

Ultimately, we will leverage our methodologies on retrospective datasets, aiming to ad-

dress salient clinical inquiries pertaining to the non-invasive pre-surgical diagnosis of

brain tumors. While the author proudly recognizes that this entire research line extends

beyond the pre-surgical diagnosis scope of the thesis, and its fields of application are

vast (e.g., imaging follow-up of treated brain tumors), he wants to highlight that the non-

invasive diagnostic field has a burgeoning clinical impact and continues to address a

crucial unmet need. As personalizedmedicine advances, the capability to non-invasively

identify specific entities directly influences patient management, surgical approaches,

treatment strategies, and prognostic estimations. Ultimately, this profoundly affects the

delivery of patient care in a tailored fashion.

Of note, two narrative reviews and one extensive scientific commentary published during

the course of this thesis are included following this introduction (See section introduc-

tion appendix). These reviews explore the importance and state of the art of imaging-

based pre-surgical diagnostic approaches for major adult brain tumors, such as lym-

phomas and gliomas, and provide a comprehensive, up-to-date critical overview of DSC-

PWI sequences relevant to clinical neuroradiologists.
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1.10. Introduction Appendix - Review Articles

This appendix comprises three articles, presented in their published form and organized

in the following order:

1. Pons-Escoda A, Smits M. Dynamic-susceptibility-contrast perfusion-weighted-

imaging (DSC-PWI) in brain tumors: a brief up-to-date overview for clinical neu-

roradiologists. Eur Radiol. 2023 Nov;33(11):8026-8030. doi: 10.1007/s00330-

023-09729-3. Epub 2023 May 13. PMID: 37178200.

2. Pons-Escoda A, Naval-Baudin P, Velasco R, Vidal N, Majós C. Imaging of Lym-

phomas Involving the CNS: An Update-Review of the Full Spectrum of Disease

with an Emphasis on the World Health Organization Classifications of CNS Tu-

mors 2021 and Hematolymphoid Tumors 2022. AJNR Am J Neuroradiol. 2023

Apr;44(4):358-366. doi: 10.3174/ajnr.A7795. Epub 2023 Feb 23. PMID:

36822829; PMCID: PMC10084903.

3. Pons-Escoda A, Majos C, Smits M, Oleaga L. Presurgical diagnosis of diffuse

gliomas in adults: Post-WHO 2021 practical perspectives from radiologists in

neuro-oncology units. Radiologia (Engl Ed). 2024 May-Jun;66(3):260-277. doi:

10.1016/j.rxeng.2024.03.002. Epub 2024 Mar 23. PMID: 38908887.
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Abbreviations
CBV	� Cerebral blood volume
DSC-PWI	� Dynamic-susceptibility-contrast 

perfusion-weighted-imaging
GBCA	� Gadolinium-based contrast agent
IDH	� Isocitrate dehydrogenase
MGMT	� O(6)-Methylguanine-DNA methyltransferase
PSR	� Percentage of signal recovery
ROI	� Region of interest

Introduction

Dynamic-susceptibility-contrast perfusion-weighted-imag-
ing (DSC-PWI) is an MRI technique that provides non-inva-
sive in vivo assessment of microvascular environments. It 
consists of a dynamic acquisition during the vascular transit 
of a gadolinium-based contrast agent (GBCA) bolus. In the 
field of brain tumors, it is preferably gradient-echo based. 
The GBCA causes an initial reduction in T2* signal inten-
sity of tissues and subsequent recovery during ‘washout’. 
Time-intensity curves are generated from this process and 
render various metrics. The most used for brain tumors is 
cerebral blood volume (CBV) [1], but some others, such as 

percentage of signal recovery (PSR), have gained interest in 
recent years [1, 2].

The basics

The CBV is calculated by assessing the area under the sig-
nal intensity curve and is usually relative, because the signal 
intensity is not measured in absolute values but as the change 
in intensity or, preferably, in relaxation rate (∆R2*). Leak-
age correction methods should be applied (the most com-
mon being the BSM, Boxerman-Schmainda-Weisskoff) to 
avoid miscalculations due to leakage effects [1]. The lead-
ing current commercial software packages perform all these 
steps automatically. Finally, the CBV of a concrete region 
should also be normalized, the most accepted to the normal-
appearing white matter. The result is the most frequently used 
parameter of relative, corrected, and normalized CBV (often 
terminologically [mis]-simplified as rCBV), which has been 
related to histological measures of tissue vascularization.

On the other hand, the PSR is measured relative to the 
time-intensity curve baseline. It quantifies the T1 (signal 
recovery above baseline) or T2 (signal recovery below base-
line) leakages. These effects are explained by a complex 
combination of blood–brain barrier permeability, vascular 
volume fraction and vessel size, and tumor cell size and 
density [2].

In an oversimplified statement, higher CBV and lower 
PSR may be related to hypervascularization and angiogen-
esis, while lower CBV and higher PSR may correspond to a 
leaky blood–brain barrier.

Clinical applications

DSC-PWI has shown excellent results in scientific litera-
ture, and it is considered of actual clinical aid by most of 
the neuroradiologists in many scenarios:
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(a)	 differentiation of tumoral and non-tumoral entities [3];
(b)	 presurgical diagnosis of tumors with characteristic per-

fusion patterns such as lymphoma [4, 5];
(c)	 histological grading [6, 7] and prognostic stratification 

[6, 8] of astrocytomas;
(d)	 differentiation of tumor-recurrence and post-treatment 

effects [9];
(e)	 differentiation of high-grade glioma and metastasis, 

considering the enhancing tumor and particularly the 
peri-enhancing area [10, 11].

All of these applications are of great clinical interest 
and utility for patient care. Firstly, the management and 
treatment of tumor and non-tumoral entities differ entirely 
[3]. Secondly, the presurgical identification of lymphoma 
is of utmost importance because corticosteroids should 
not be administered before a definitive diagnosis is made. 
In addition, lymphomas should be managed with a biopsy 
to prioritize chemo-radiotherapy, rather than direct maxi-
mal resection as is done in suspected glioblastomas [4, 5]. 
Thirdly, the histological grading of astrocytomas can be 
biased in cases where only a biopsy is performed instead 
of a maximal resection. This bias can be reduced by DSC-
PWI, which may suggest a higher histological grade than 
the actual biopsy result (known as ‘biopsy bias’). Addi-
tionally, non-invasive astrocytoma grading may be used 
to guide patient management, especially in cases where 
biopsy carries risks (e.g., brain stem tumors) [6–8]. 
Fourthly, tumor recurrence typically necessitates modi-
fications in oncospecific treatment, while post-treatment 
effects do not. Therefore, misdiagnosing these entities may 
result in discontinuing effective treatments or continuing 
ineffective ones that may cause complications [9]. Finally, 
concerning the differentiation of metastasis and glioblas-
toma, it is worth noting that histology is not always avail-
able. For instance, in known oncologic patients with imag-
ing findings consistent with metastases, a biopsy of the 
brain lesion may not be performed, and the tumor may 
be treated based solely on its radiological features. On 
the other hand, when a metastasis is suspected in non-
oncologic patients, additional diagnostic studies may be 
conducted to identify a primary tumor. In contrast, if glio-
blastoma is suspected, surgery may be performed without 
further diagnostic studies [10, 11].

Recent literature also enhances the role of DSC-PWI in 
gliomas’ molecular characterization (e.g., IDH, MGMT, 
or 1p19q mutation status) [6, 12]. Given the World Health 
Organization trends in considering biomolecular profiling 
the cornerstone of gliomas’ classification, this potential 
application may continue to increase. At any rate, this 
may still be considered under research and has not widely 
reached the clinic in most neuroradiology departments.

Of note, the inclusion of DSC-PWI in the most recent 
consensus recommendations for brain tumor imaging [1, 
13, 14] is an essential proof of its importance in current 
neuroradiology.

Clinical implementation issues

Data selection/extraction methods

The understandability of the pathophysiology behind CBV 
and PSR, the availability of friendly software for CBV cal-
culation, and the simplicity of PSR have probably yielded 
their success among clinical users. However, PSR quantifica-
tions are (still) not included in the main commercial software 
packages and thus is generally still limited to visual inspec-
tion of time-intensity curves.

Different approaches with a wide range of complexity 
in DSC-PWI analysis are found in academic literature. The 
analysis can include from average or extreme (maximum or 
minimum) values of manually delineated 2D axial regions 
of interest (ROI) to voxel-level histograms and percentiles of 
3D volumetric segmentations [10]. From a clinical perspec-
tive, the more complex and time-consuming the method, the 
fewer possibilities to be used in the overloaded daily prac-
tice. In the authors’ experience, visual assessment of CBV 
color maps or, in particular situations, CBV values assess-
ment of manual axial ROIs are the most frequent DSC-PWI 
evaluation performed by clinical neuroradiologists. An 
important word of warning here is that many color-encoding 
schemes are non-linear, and may artificially enhance small 
differences in perfusion. Only those more ‘DSC-motivated’ 
professionals may venture out and try volumetric segmenta-
tions, obtention of maximum CBV values (through manual 
‘hot-spots’ or at best, automatically), and visual evaluations 
of PSR or time-intensity curve morphology. This quite ‘sim-
plistic’ approach may be valid for situations where expected 
differences between entities are extreme or tissues are histo-
logically homogenous. Nevertheless, volumetric voxel-level 
information that considers tissue heterogeneity and extracts 
the most relevant information is necessary to reach the best 
performances in the most challenging situations and, indeed, 
are the currently preferred methods on the academic side.

An obstacle that may hinder the clinical implementation 
of more complex approaches is the scarcity of commercial 
software packages that facilitate straightforward data extrac-
tion and user-friendly displays that ideally should be inte-
grated into the PACS system; i.e., voxel-level volumetric 
information of different DSC-PWI metrics could be pre-
sented understandably through visually friendly histograms 
or percentile tables, facilitating the implementation of the 
latest research insights into daily practice.
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Pulse‑sequence parameters

Historically specific DSC-PWI quantitative results obtained 
in single-site and local studies tended to worsen, or even fail, 
when externally validated or clinically tested. Additional to 
possible differences in any of the steps of metrics calculation 
(from the normalization, relativization, and leakage correc-
tion to data selection), this is explained by pulse-sequence 
parameters: mainly flip angle (FA) (considering usual echo 
time (TE) and repetition time (TR) around 35 and 1500 ms), 
preload administration or not, and the interaction between 
both [1].

It is currently accepted that intermediate-FA (≈60°) with 
full-dose preload and low-FA (≈30°) without preload are the 
preferred flip angles to obtain accurate CBV measurements 
reducing leakage phenomena. Fractional dose preloads are 
not among the main recommendations [1, 13, 14]. First, 
the authors consider it necessary to point out that preload 

is not mandatory to obtain accurate CBV measures if low 
FAs are used. Moreover, preload avoidance reduces tech-
nical complexity and potential confounders (preload dose 
and incubation time) while preventing a double dose of con-
trast administration when unnecessary. Also interestingly, 
preload usage and dose greatly influence the PSR, which 
should be optimally evaluated in non-preloaded sequences 
[15]. Indeed, the two most recent consensus recommend the 
30°FA sequence without preload as the first option if there 
are no other reasons for double contrast dose [1, 13, 14].

However, the discussion may still arise. The consen-
sus sequences are based on theory, computer simulations, 
in vivo studies, and clinical data to specifically obtain the 
most accurate CBV values, which requires minimization of 
leakage effects. Therefore, CBV-optimized sequences could 
limit the PSR performance, which has also been described 
as of diagnostic interest in some neuroradiologists’ clinical 
challenges, such as lymphoma or even post-treatment effects 

Fig. 1   Examples of the impact of DSC-PWI technique in clinical appli-
cations. Two different DSC-PWI sequences. First, FA = 75° without 
preload (A and D), highly T1-weighted, theoretically favoring PSR 
performance. Second, FA = 60° with preload (B and E), optimized for 
CBV calculations. Two different patients. First patient (A–C): Leakage-
corrected rCBV color maps (A and B) of fronto-parietal ring enhanc-
ing lesions (C) that could be multifocal glioblastoma or metastasis. In B 
(preloaded, FA = 60°), the CBV increase around the enhancing lesions 
(arrows) is visually much more pronounced than in A, which confirms 

the infiltrative nature of the lesion and  supports the diagnosis of glio-
blastoma. Second patient (D and E): Time-intensity-curves (D and E) 
of a posterior temporal homogeneously enhancing lesion (F) that could 
be a lymphoma. In D (non-preloaded, FA = 75°), the curve morphology 
with a high recuperation part above the baseline—high PSR- (dashed 
arrow) strongly suggests lymphoma, whereas the curve in E (preloaded, 
FA = 60°) would not provide such specific information. Case A–C was 
an IDH-wildtype glioblastoma and case D–F was a primary diffuse 
large B-cell lymphoma of the CNS, both histopathologically confirmed
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identification [16–19]. Under this specific consideration: are 
CBV-optimized sequences, always and without question, 
the most diagnostic accurate in all clinical scenarios? It is 
probably debatable, and could be addressed by tailoring the 
approach to acquiring data based on the clinical context, 
or by combining acquisitions or post-processing methods 
that optimally adapt to all relevant metrics. Surely further 
developments will overcome these potential limitations: e.g., 
by designing DSC-PWI protocols combining acquisitions 
with different pulse-sequence parameters, such as acquiring 
a non-preloaded sequence followed by a preloaded sequence, 
to extract optimal information for all metrics; or even by 
constructing correction methods that render comparable 
CBVs and PSRs regardless of pulse-sequences parameters. 
At any rate, standardization in all the several steps from 
pulse-sequences parameters to post-processing and data gen-
eration is mandatory towards the desired generalizability and 
global applicability.

Conclusions

Radiologists should be familiar with the DSC-PWI tech-
nique, post-processing details, and their impact on perfusion 
metrics calculation to evaluate imaging accordingly. E.g., the 
clinician probably should not expect such a prominent T1 
leakage effect (or high PSR) in a lymphoma when using low 
FA or preloaded sequences; or such optimal CBV perfor-
mances in assessing high-grade tumor recurrence vs. treat-
ment effects or peri-enhancing area infiltration in glioblas-
toma when using an intermediate-high FA non-preloaded 
sequence, non-corrected values, or average values instead 
of specific percentile or extreme values (see examples in 
Fig. 1).

Consensus recommendations must be followed in support 
of generalizability, but research should go on to provide pro-
tocols that fit optimally in all clinical scenarios.

Commercial software packages must also converge in 
alignment with consensus recommendations and provide 
optimized tools to enable the clinical application of the most 
recent academic advances.

Recent advances have been magnificent and DSC-PWI 
could be considered unquestionably successful. Neverthe-
less, there may still be chances for improvement to ensure 
and maintain the maximal DSC-PWI’s widespread success 
in the neuroradiological practice.
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Imaging of Lymphomas Involving the CNS: An Update-Review
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2021 and Hematolymphoid Tumors 2022
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ABSTRACT

SUMMARY: Lymphomas of the CNS are the second most frequent primary brain malignancy in adults after gliomas. Presurgical sus-
picion of lymphoma greatly impacts patient management. The radiologic features of this tumor have been widely covered in the
literature for decades, but under current classifications, mainly corresponding to the most common presentations of the most fre-
quent type: primary diffuse large B-cell lymphoma of the CNS. Nevertheless, rarer presentations of this specific lymphoma and of
other World Health Organization lymphoma subtypes with different imaging features are rarely treated. Moreover, important
advances in imaging techniques, changing epidemiologic factors with relevant impact on these tumors (eg, immunodeficiency/dys-
regulation), and recent updates of the World Health Organization Classification of CNS Tumors 2021 and Hematolymphoid Tumors
2022 may have rendered some accepted concepts outdated. In this article, the authors aim to fulfill a critical need by providing a
complete update-review, emphasizing the latest clinical-radiologic features of the full spectrum of lymphomas involving the CNS.

ABBREVIATIONS: ALK1/ALK� ¼ anaplastic lymphoma kinase positive and negative; CLIPPERS ¼ chronic lymphocytic inflammation with pontine perivascu-
lar enhancement responsive to steroids; DLBCL ¼ diffuse large B-cell lymphoma; EBV ¼ Epstein-Barr virus; MALT ¼ mucosa-associated lymphoid tissue; NK ¼
natural killer; PSR ¼ percentage of signal recovery; WHO ¼ World Health Organization

Lymphomas of the CNS are the second most frequent primary
brain malignancy in adults after gliomas, accounting for 7% of

all malignant tumors.1 A presurgical suspicion of this tumor will
greatly impact patient management. Corticoids should be avoided
before a definitive diagnosis is made, and prompt biopsy is recom-
mended to prioritize chemoradiotherapy instead of tumor resec-
tion, such as in the case of suspected glioblastoma.2,3

The radiologic features of these tumors have been widely cov-
ered in the literature in recent decades. Imaging characteristics of
lymphomas may be considered typical, leading to a potential mis-
understanding of this tumor as a straightforward presurgical sus-
picion. Nevertheless, this is often far from the reality in daily
practice. In fact, the typical appearance of lymphomas is currently
almost exclusively related to the most common presentations of

the most frequent type: primary diffuse large B-cell lymphoma
(DLBCL) of the CNS, negative for Epstein-Barr virus (EBV). If rarer
presentations of this specific lymphoma or other specific subtypes
with different characteristic imaging features are considered, the
complexity increases, and it becomes a great mimicker with a chal-
lenging differential diagnosis. Also, important advances in imaging
techniques, dynamic changes in epidemiologic factors with relevant
impact on these tumors (eg, immunodeficiency/dysregulation), and
recent changes in the World Health Organization (WHO) classifi-
cations of CNS2 and hematolymphoid4 tumors may have rendered
some well-accepted concepts of the disease outdated.5-8

The Research Ethics Committee of the Hospital Universitari
de Bellvitge approved this article for publication (PR348/22).

WHO Classification of Tumors, 5th Edition
Insights. Some basic concepts regarding WHO classifications need
to be understood for an optimally up-to-date comprehension of
lymphomas in the CNS. First, these tumors fall between two 5th
edition WHO classifications: the CNS2 and the hematolymphoid.4

Second, despite impressive advances in molecular pathology, the
mainstay in lymphomas remains histology of biopsy specimens;
this differs greatly from other brain tumors such as gliomas, for
which molecular pathology is vital. Nevertheless, clinically rele-
vant pathogenesis, mutation profiles, and genetic drivers have
been characterized in recent years. Recurrent mutations frequently
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activate the B-cell receptor, toll-like receptor, and NF-kB path-
ways, and alterations in genes involved in chromatin structure
and modification, cell-cycle regulation, and immune recognition
are common.MYD88 and CD79Bmutations may be of clinical in-
terest because they can be detected in several body fluids (plasma
and CSF), potentially assisting in disease-monitoring under treat-
ment and in minimally-invasive initial diagnosis. Also, knowledge
of genetically activated pathways, tumor immune microenviron-
ment, and expression of immune-response biomarkers may point
to specific treatment targets. Finally, lymphoma classifications
include clinical factors, especially regarding the immune status of
patients, which plays an essential role in tumor classification with
important treatment implications.2,4

Updates. Thus, some changes may be identified in the updated
WHO Classifications of CNS Tumors 2021 and Hematolymphoid
Tumors 2022, first in CNS immunodeficiency-associated lym-
phoma. Whereas the prior CNS classification included a hetero-
geneous group of diseases primarily defined by the patient
immunodeficiency setting, currently, it is exclusively defined as
DLBCL and EBV positive (both essential criteria) lymphoma.2

Moreover, the current spectrum of immunodeficiency includes
immune-dysregulation according to the hematolymphoid classi-
fication, in which immunocompromised settings without a fully
demonstrable immunodeficiency, such as immunosenescence
(among others), are included.2,4

Next, a change in terminology is recommended in the upcom-
ing hematolymphoid classification, representing a paradigm shift.
Currently, the type of immunodeficiency-associated lymphoma is
not first determined by the immunodeficiency/dysregulation set-
ting, as in the previous classification (eg, AIDS-related DLBCL).
Instead, it is defined primarily by the tumor histology with the
so-called 3-part nomenclature, composed of the following: 1) his-
tologic lesion, 2) oncogenic virus status, and 3) immunodefi-
ciency background of the patient (eg, DLBCL, EBV-positive, and
autoimmune setting).4 This integrated nomenclature allows the
grouping of specific types of immunodeficiency-associated lym-
phomas (such as DLBCL EBV-positive), despite the underlying
immunodeficiency/dysregulation, to better define the unique
shared pathogenetic mechanisms.4,9,10

On the other hand, lymphomatoid granulomatosis is no lon-
ger considered an immunodeficiency-associated entity. It occurs
exclusively in immunocompetent patients, and in the case of an
underlying immunodeficiency, it should be considered a subtype
of a polymorphic lymphoproliferative disorder.4

Also, according to the WHO classification of hematolym-
phoid tumors, the term primary CNS lymphoma may be consid-
ered imprecise, and it is no longer recommended for referring
specifically to primary DLBCL of the CNS,4 which is the currently
preferred term.2,4

Finally, some tumors do not differ in their specific histology but
rather in their precise location. This is because in the new WHO
hematolymphoid classification, primary DLBCL of the CNS is clas-
sified together with DLBCL of the vitreoretina and of the testes of
immunocompetent patients as primary DLBCL of immune-privi-
leged sites. All these entities arise in so-called immune sanctuaries
created by their anatomic and functional immune regulatory

barriers (eg, the blood-brain barrier). However, large B-cell lym-
phomas occurring in the dura (dural lymphoma) or inside the brain
vessels (intravascular lymphoma) escape these immune privileges
and are, therefore, classified separately.2,4

With all these upgraded concepts in mind, the authors aim to
provide a complete update-review of imaging features of the full
spectrum of lymphomas involving the CNS, mainly based on those
entities included in the 5th edition WHO Classification of Tumors
of the CNS 2021.2 Primary DLBCL of the CNS, immunodeficiency-
associated CNS lymphoma, lymphomatoid granulomatosis, intra-
vascular large B-cell lymphoma of the CNS, mucosa-associated
lymphoid tissue (MALT) lymphoma of the dura, other low-grade
B-cell lymphomas of the CNS, anaplastic large-cell lymphoma (ana-
plastic lymphoma kinase positive and negative [ALK1/ALK–]),
and T-cell and natural killer (NK)/T-cell lymphoma are discussed.
Finally, the clinical-radiologic entity “lymphomatosis cerebri” and
secondary lymphomas are also reviewed.

Imaging of CNS Lymphomas
Primary DLBCL of the CNS. Primary DLBCL of the CNS corre-
sponds to 80%–85% of all CNS lymphomas, occurs almost always
in immunocompetent patients, is EBV-negative, and is of unknown
etiology.2 The term primary CNS lymphoma may be considered
imprecise, and it is no longer recommended by the WHO classifi-
cation of hematolymphoid tumors4 for referring specifically to pri-
mary DLBCL of the CNS, which is the currently preferred term.2,4

It usually appears as single or multiple (30%–35%) parenchy-
mal lesions, located supratentorially (.80%), with a particular af-
finity for the basal ganglia, periventricular regions, midline, and
corpus callosum (�45%). It is also frequent in brain hemispheres
(�40%), rarely found in the posterior fossa, and exceptionally in
the spinal cord (Fig 1).2 Associated leptomeningeal or subependy-
mal enhancement is characteristic, but an exclusive presentation
of the disease in this location may raise suspicion of secondary
lymphoma. The typical perivascular histologic pattern also carries
a characteristic perivascular enhancement on imaging (Fig 1).
Parenchymal lesions are most frequently solid and homogeneous,
but their presentation can range from well-defined expansive to
ill-defined infiltrative lesions.2,5-7,11

Notably, these lesions are frequently hyperattenuating on
NCCT,2,5-7,11 which is important to keep in mind because CT is
the first-line radiologic examination and suspicion at this point
may lead to corticoid avoidance (Fig 1). If administered, corticoids
can complicate subsequent imaging and histologic diagnosis.2,3,12

Regarding specific tumor MR imaging features, lymphoma typi-
cally appears hypointense on T2WI with marked diffusion restric-
tion on DWI. Nevertheless, a T2-blackout effect consisting of a
persistent hypointensity on b¼ 1000 images due to very low T2 sig-
nal may lead to misinterpretation. Thus, ADC map hypointensity
might be more reliable than b ¼ 1000 hyperintensity in assessing
actual diffusion restriction.2,5-7,11 NCCT hyperattenuation, low T2
signal, and diffusion restriction correlate with high cellularity on his-
tology, with Ki-67 proliferation indexes usually above 90% (Fig 1).13

Historically, the presence of hemorrhage or signs of necrosis
on preoperative imaging in immunocompetent patients have
been considered a factor arguing strongly against a diagnosis of
lymphoma.14 However, the histologic appearance of tumor
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samples frequently includes hemorrhagic tumors with central ne-
crosis.2 Accordingly, recent literature reports the presence of hem-
orrhage on imaging in up to 50% of patients evaluated with SWI
(20% with T2WI) and heterogeneous or ring enhancement (usually
associated with necrosis) in up to 10%–15% of cases.3,15 Therefore,
the authors discourage this classic assumption and believe that a
certain degree of hemorrhage and heterogeneous or ring enhance-
ments does not rule out suspicion of lymphoma, considering other
imaging features as well (Fig 2).

Regarding quantitative imaging techniques beyond DWI, 1H-
MR spectroscopy and DSC-PWI, included in consensus recom-
mendations for imaging CNS lymphoma,16 have shown promis-
ing results for presurgical diagnosis. Attention must be paid to
pulse-sequence parameters (TE, TR, flip angle), prebolus usage,
and leakage corrections for DSC-PWI, but in general terms, this

tumor shows low-to-intermediate
CBV, a high percentage of signal recov-
ery (PSR), and characteristic time-in-
tensity curve morphology.7,17,18 Lower
CBV values in lymphomas have para-
doxically been related to a worse prog-
nosis of survival.19 1H-MR spectroscopy
can also reinforce a presurgical suspi-
cion in basically 2 ways: Short TE
depicts much lower mIns (described as
a glial marker) than that associated with
enhancing non-necrotic astrocytoma
(ie, grade 3), and long TE shows much
lower mobile lipids (associated with ne-
crosis) than glioblastoma or metastasis
(Fig 2).20

Brain FDG-PET may play a role in
the presurgical differentiation of lym-
phoma and other malignant brain
tumors such as glioblastoma and metas-
tasis because most lymphoma lesions
are highly FDG-avid, with homogene-
ous uptake.16

As an additional comment on pri-
mary DLBCL of the CNS, it has been
reported that “sentinel” inflammatory
lesions, which may disappear after anti-
inflammatory treatment, can precede
the diagnosis of lymphoma by up to 2
years,21 so attention must be paid to the
patient’s history of prior inflammatory
brain lesions (Fig 3).

Immunodeficiency-Associated CNS
Lymphoma. According to the latest
WHO classification, the immunodefi-
ciency-associated CNS lymphoma sub-
type specifically corresponds to primary
DLBCL of the CNS, EBV-positive.
Indeed, large B-cell histology and lym-
photropic EBV tissue–positivity are cur-
rently the essential diagnostic criteria

for immunodeficiency-associated lymphoma of the CNS.2 It repre-
sents 8%–10% of all primary CNS lymphomas. Despite being con-
sidered an infrequent entity, this is the second most frequent type
of primary lymphoma of the CNS. Its clinical context has changed
during recent decades. Whereas in the 1990s, AIDS due to HIV
was the leading cause, currently and especially in more developed
countries, other causes predominate, such as post transplant status,
autoimmune disease, and iatrogenesis.22-28 This shift in the mech-
anisms of immunodeficiency and other developments in patient
monitoring as well as in imaging techniques have also resulted in a
change in the main differential diagnoses to consider. Currently,
therefore, glioblastoma or metastases are more likely than oppor-
tunistic infections, in contrast to previous decades.8,29,30

Morphologic imaging of this lymphoma is quite characteristic,
and the opposite of that of the “typical” CNS lymphoma. It can

FIG 1. Primary DLBCLs of the CNS, EBV-negative. A–C: Usual deep, periventricular, corpus callosum,
and midline location (A); a rare location in the posterior fossa (B); and exceptional in the spinal cord
(C). D–G: Parenchymal lesions with associated characteristic leptomeningeal (D), subependymal (E),
and perivascular (arrow, F ) enhancement patterns. Histologic hematoxylin-eosin stain (original mag-
nification �20) shows highly cellular, perivascular accumulation of lymphoma cells (G). H–J: Mass
lesion with ill-defined infiltrative (H) or well-defined expansive (I) margins. Hyperattenuated lesions
on NCCT (J). K–N: Deep T2 hypointensity of a lesion (K) with a T2-blackout effect at b¼ 1000 image
(L) but a low signal of actual diffusion restriction on the ADC map (M ). Ki-67 proliferation index by
immunohistochemistry (original magnification�20) exceeding 90% (N ).
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be deep or hemispheric, with a slightly greater tendency to multi-
plicity. It is almost constantly highly necrotic with ring enhance-
ment and intermediate-to-prominent signs of hemorrhage. T2WI
and DWI signal patterns are both variable and inconsistent. In
summary, it is a tumor that differs from the typical appearance of
lymphoma and, rather, presents more like the main differential
diagnoses, which are glioblastoma and metastasis.8,29,30 A charac-
teristic T2WI heterogeneous hypointensity of the nonenhancing
“necrosis,” not corresponding to blood products or mineralization,
has recently been suggested in these tumors, in contrast to the
usual hyperintense T2 signal of nonhemorrhagic necrosis in other
tumors (Fig 4).8

While conventional imaging is often insufficient to reach a
presurgical diagnosis of this challenging entity, quantitative imag-
ing, especially DSC-PWI, can provide diagnostic clues. Indeed,

the perfusion features of this lymphoma
follow those of low-to-intermediate
CBV, high PSR, and the characteristic
time-intensity curve morphology when
depicting an ROI in the solid parts of
tumors (Fig 4).8 Finally, the 1H-MR
spectroscopy pattern seems of low value
for presurgical characterization as lym-
phoma because this tumor has promi-
nent mobile lipids overlapping with
necrotic glioblastomas or metastasis.20

In conclusion, we suggest that in
dealing with a necrohemorrhagic tumor,
potential immunodeficiency/dysregula-
tion of the patient must be thoroughly
examined. If this cannot be ruled out,
DLBCL EBV-positive should be consid-
ered, and careful DSC-PWI assessment
can provide a presurgical diagnostic
clue.

Lymphomatoid Granulomatosis. Ac-
cording to the new WHO classification
of hematolymphoid tumors, lympho-
matoid granulomatosis is a lymphopro-
liferative disorder with large atypical
EBV-positive B-cells, T-cell infiltration,
and tissue necrosis occurring exclu-
sively in immunocompetent patients.4

Previously, it was included in the group
of immunodeficiency-associated enti-
ties, but currently, the identification of
an underlying immunocompromised
status rules out lymphomatoid granulo-
matosis, and it should instead be con-
sidered a subtype of a polymorphic
lymphoproliferative disorder in the
setting of immunodeficiency/dysre-
gulation.4 Lymphomatoid granulo-
matosis is a very rare entity that
exceptionally occurs primarily in the
CNS, though CNS involvement is

usually secondary. It represents a spectrum of lymphoid dis-
ease graded from 1 to 3, with corresponding degrees of aggres-
siveness from indolent to very aggressive.2,4

On imaging, typical findings are those of secondary lymphoma
with frequent subependymal or leptomeningeal involvement and
perivascular enhancement. Occasionally, it may be angiocentric
and angiodestructive, resembling intravascular lymphoma. When
there is isolated CNS involvement, it usually corresponds to grade
3 disease, and brain biopsy demonstrates DLBCL EBV-positive,2,4

in which case imaging findings may consist of masslike lesions
with hemorrhage and necrosis.2,4,31,32

In the recent literature, lymphomatoid granulomatosis has
been correlated with chronic lymphocytic inflammation with pon-
tine perivascular enhancement responsive to steroids (CLIPPERS).
Some authors hypothesize that this entity is a kind of a sentinel

FIG 2. A–C: Primary DLBCLs of the CNS, EBV-negative, with imaging signs of central necrosis (A)
and tumoral hemorrhage (B and C). D–G: DSC-PWI features of a left frontal primary DLBCL of the
CNS, EBV-negative (D). Low-to-intermediate CBV on noncorrected (E) and corrected (F) color
maps. Characteristic lymphoma DSC-PWI time-intensity curve morphology with ascending-part
of the curve recovering signal intensity far above the baseline (high PSR) (G).

FIG 3. Sentinel inflammatory lesions preceding primary DLBCL of the CNS. Two enhancing peri-
ventricular temporal lesions were detected in a patient (A). A biopsy was obtained, and histopa-
thology showed an inflammatory infiltrate without evidence of neoplasia. The lesions disappeared
on further imaging controls during the following 2 years (B). In a subsequent MR imaging control,
new masslike lesions reappeared (C and D). A biopsy of the new lesions yielded the final histopa-
thologic diagnosis of primary DLBCL of the CNS.
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lesion, while others postulate that
CLIPPERS may be an inflammatory
response to lymphomatous tumor cells,
responding to corticosteroids preceding
the definitive tumor recurrence.33,34

Intravascular Large B-Cell Lymphoma
of the CNS. Intravascular large B-cell
lymphoma of the CNS is defined by the
selective proliferation of malignant B
large-tumor cells within the brain ves-
sels, particularly small- to medium-sized
blood vessels, without or with minimal
parenchymal extension. The tumor cells
may occlude vessels causing patched
bleeding and ischemia. Also, it is not
exceptional for some tumor cells to
extravasate beyond the vessels, focally
reaching brain parenchyma. Regarding
clinical presentation, strokelike symptoms
are typical, though not always present.35

The main phenomena detected on
imaging are ischemic and hemorrhagic
lesions, which usually suggest the dif-
ferential with vasculitis, emboli, or
hypercoagulability. The ischemia-like
lesions appear dynamic and evanescent
between near-in-time imaging follow-
ups. Furthermore, those possible tumor
cells that extravasate beyond the vessels
may focally reach the brain parenchyma,
forming tumor islands that can appear
as enlarging areas of parenchymal
enhancement.2,36 Morphologic imaging
features on these enhancing islands may
be helpful for presurgical suspicion
because they can express the signal char-
acteristics of typical lymphoma. In addi-
tion, ependymal and leptomeningeal
enhancement may also be present.36,37

Advanced imaging features may include
a tumoral pattern on 1H-MR spectros-
copy with high Cho to NAA ratios, as
well as a characteristic DSC-PWI pat-
tern with shortened MTT (differing
from ischemic lesions), low-to-interme-
diate CBV, high PSR, and the character-
istic time-intensity curve morphology of
lymphomas in the CNS.7,18,20

In summary, this entity should be
kept in mind whenever encountering
MR imaging with hemorrhage and
multiple dynamic ischemic lesions on
T2WI and DWI, enlarging parenchy-
mal enhancement, and possible associ-
ated leptomeningeal or subependymal
disease (Fig 5).36,37

FIG 4. Primary DLBCLs of the CNS, EBV-positive (immunodeficiency/dysregulation-associ-
ated). Single (A) and multiple (B) lesions with prominent necrosis (C and E) and tumoral hemor-
rhage (D and F). Heterogeneous deep T2 hypointensity (H) of the nonenhancing central
content (G) of lesions, so-called necrosis. Low-intermediate CBV on the corrected color map
(I) and DSC-PWI time-intensity curve with high PSR ( J), also very characteristic of this lym-
phoma subtype.
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MALT Lymphoma of the Dura. Lymphomas arising primarily in
the dura are rare (�1%) and usually correspond to MALT lym-
phoma. Occasionally, large B-cell lymphoma may also be primar-
ily dural. Etiology and underlying associations are unknown.2,38

On conventional imaging, they appear as extra-axial lesions
with a wide dural base, soft attachment angles, and a possible
CSF cleft between the lesion and brain parenchyma. In addition,
edema or brain tissue infiltration can occur. They usually appear

FIG 5. Intravascular lymphoma (A–D). Acute patched ischemia-like lesions on DWI (A), hemorrhages (B), and an area of enhancement (C), which grows
on the subsequent few days of imaging control (D). Dashed arrow in C–D indicates the growth of the same enhancing-lesion in few days. DLBCL fol-
lowing a lymphomatosis cerebri pattern (E–J): extensive, patched, bilateral, and diffuse FLAIR hyperintensity on the basal ganglia (E) and white matter (F),
with an area of enhancement in the left cerebellum (H) and associated leptomeningeal disease (arrow in H). Intermediate CBV in DSC-PWI color maps
(I) and characteristic high PSR and time-intensity curve morphology (J). Tumoral pattern on 1H-MR spectroscopy at long TE with a high Cho-to-NAA ra-
tio (H) and absent mIns at the short TE (not shown), helpful in the differential diagnosis with nontumoral entities and gliomatosis cerebri, respectively.
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homogeneous, NCCT hyperattenuated, T2WI hypointense, and
with restricted diffusion; however, these features overlap with
those of the most frequent extra-axial tumor in adults, meningi-
oma (Fig 6).39,40

Regarding advanced imaging, 1H-MR spectroscopy can be of
help for the differential diagnosis because meningiomas charac-
teristically present with alanine, metastases present abundant mo-
bile lipids, and the rarer solitary fibrous tumors (formerly termed
hemangiopericytoma) show a high myo-inositol peak.39

A clue for the presurgical suspicion of this tumor is provided
by a characteristic pattern of bone infiltration or transdiploic
extension. Characteristically, lymphoma presents as an extensive
soft-tissue mass without bone destruction (normal bone to subtle
permeative patterns) (Fig 6). This pattern is explained by the
extension of tumor cells through Haversian canals. It differs from
what is seen in meningiomas with hyperostosis or in plasmacy-
toma or metastasis with aggressive lytic destruction.39

Other Low-Grade B-Cell Lymphomas of the CNS, Anaplastic
Large Cell Lymphoma ALK+/ALK�, T-Cell and Natural Killer
(NK)/T-Cell Lymphoma. The CNS WHO classification 2021
includes low-grade B-cell lymphoma of the CNS, ALK1/ALK�,
T-Cell, and NK/T-cell lymphoma classified as miscellaneous, rare
lymphomas in the CNS.2 They represent a heterogeneous group
of tumors with scarce evidence of concrete imaging findings.
While low-grade B-cell lymphomas may occasionally appear as
lymphoma-like lesions, other very different radiologic appearan-
ces are described, such as resembling edema, glial tumor, meningi-
oma, and gliosis.41 Regarding anaplastic large-cell and T-cell or
NK/T-cell lymphomas, some authors postulate that they may
resemble lymphoma or lymphomatosis cerebri on imaging, with
other nonspecific presentations also possible (Fig 7). In summary,
very heterogeneous imaging presentations, occasionally resem-
bling lymphoma, can be seen in this heterogeneous group of
exceptional entities.41-43

Lymphomatosis Cerebri. Lymphomatosis cerebri corresponds to
a clinical-radiologic pattern that is not included as a concrete his-
topathologic WHO entity. It may be observed in the context of
different histologic lymphoma subtypes, but in most cases, it cor-
responds to primary DLBCL of the CNS. The typical clinical pre-
sentation is a subacute onset of dementia, cognitive impairment,
and personality changes.44,45

It consists of a nonenhancing or scarcely-enhancing (30%)
T2-FLAIR hyperintense infiltration of brain tissue. It is usually
located in white matter regions, with different distributions rang-
ing from focal to patched or diffuse. The main differential
includes gliomatosis cerebri (also considered a radiologic pattern
and not a WHO entity) and inflammatory and toxic-metabolic
diseases. Of note, in this form of CNS lymphoma, brain lesions
may be highly variable and change between near-in-time follow-
up scans.44-47

In line with what was detailed in the intravascular lymphoma
section, the detection of a tumoral pattern on 1H-MR spectros-
copy without relevant amount of mIns (potential glial marker
present in gliomatosis) in abnormal areas of T2-FLAIR hyperin-
tensity, as well as the above-described characteristic DSC-PWI
pattern in the possible enhancing lesions, supports presurgical
suspicion46,47 (Fig 5).

Secondary Lymphomas of the CNS. Secondary lymphoma refers
to the CNS spread of lymphoma that originated elsewhere. It may
be as an isolated recurrence or as a synchronic systemic disease
with an overall incidence of around 5%–10% in patients with sys-
temic lymphomas, usually non-Hodgkins. Its occurrence is
directly correlated with pathologic aggressiveness and ranges
from ,3% in the indolent, less-aggressive histologies to as high
as 50% in the very aggressive ones such as Burkitt lymphoma.48

FIG 6. Dural lymphomas. MALT dural lymphoma (A–D) with extra-
axial lesion features such as a CSF cleft (A) and a wide-implantation
dural base with soft marginal angles (C), as well as T2-hypointensity
(A) and diffusion restriction (B). Almost normal calvarial bone; only
subtle sclerosis seen (D), despite the great soft-tissue component on
both sides of the diploe (A–C). Similar imaging features with minimal
bone destruction and a subtle permeative pattern (F) in comparison
with the prominent soft-tissue component (E) in another diffuse large
B-cell dural lymphoma (E and F).

FIG 7. NK/T-cell lymphoma presenting with a lymphomatosis cerebri
radiologic pattern (A–C). Patched and diffuse, bilateral and asymmet-
ric, deep and subcortical, hyperintense lesions on FLAIR (A and B)
without contrast enhancement (C).
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Although historically, it has been thought that secondary lym-
phomas presented with leptomeningeal involvement in a high
proportion of cases (around 70%11); more recent data differ, sug-
gesting parenchymal involvement in 40%–60%, leptomeningeal
in 20%–30%, and both in 10% (Fig 8).49,50 This higher proportion
of parenchymal involvement in secondary lymphoma is impor-
tant to consider in the radiologic interpretation because it is non-
specific for differentiation from primary CNS lymphoma, in
which parenchymal lesions are almost constant.11 Despite these
differing disease distributions, imaging can frequently overlap,
and differentiation between primary and secondary must rely on
other staging examinations, such as a PET/CT scan, bone marrow
aspiration, testicular sonography, vitreal examination, and the
patient’s history of systemic lymphoma.48,50

CONCLUSIONS
The classification of CNS lymphomas is evolving. The radiologist
plays a key role in the initial management of lymphomas, and a
failure to suggest the possibility of this diagnosis on initial imag-
ing may have a negative clinical impact. For this reason, the radi-
ologist needs to be aware of the full spectrum of imaging
presentations of CNS lymphoma. In this sense, we note some key
points:

1) Primary DLBCLs of the CNS present as homogeneous lesions,
hyperdense on NECT, T2 hypointense, and with restricted dif-
fusion. The presence of a certain degree of hemorrhage or signs
of necrosis should not rule out their presurgical diagnosis.

2) Immunodeficiency-associated lymphomas (primary DLBCLs
of the CNS, EBV-positive) appear as necrohemorrhagic tumors
in potentially immunocompromised hosts. Special attention
must be paid to the features of DSC-PWI, which may provide
findings that suggest lymphoma.

3) Dural lymphoma should be suspected when a disproportion-
ate soft-tissue mass without relevant bone destruction is iden-
tified in an extra-axial transdiploic tumor.

4) Intravascular lymphoma and lymphomatosis cerebri may be
evolutive diagnoses of suspicion when dynamically changing
T2-FLAIR areas of signal abnormality (and hemorrhage in
intravascular lymphoma) are found. Also, attention must be
paid to leptomeningeal and subependymal enhancement.

5) DSC-PWI and 1H-MRS provide clues of great help in the dif-
ferential diagnosis for each lymphoma subtype.

6) Secondary lymphomas often appear as parenchymal lesions.
Isolated leptomeningeal or subependymal disease is charac-
teristic but apparently less prevalent than formerly assumed.
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Abstract  The  2021  World  Health  Organization  classification  of  CNS  tumours  was  greeted  with
enthusiasm  as  well  as  an  initial  potential  overwhelm.  However,  with  time  and  experience,  our
understanding  of  its  key  aspects  has notably  improved.  Using  our  collective  expertise  gained  in
neuro-oncology  units  in  hospitals  in different  countries,  we  have compiled  a  practical  guide  for
radiologists that  clarifies  the  classification  criteria  for  diffuse  gliomas  in adults.  Its  format  is
clear and  concise  to  facilitate  its  incorporation  into  everyday  clinical  practice.  The  document
includes  a  historical  overview  of  the  classifications  and  highlights  the most important  recent
additions.  It describes  the  main  types  in  detail  with  an  emphasis  on their  appearance  on  imag-
ing. The  authors  also  address  the most debated  issues  in  recent  years.  It  will  better  prepare
radiologists to  conduct  accurate  presurgical  diagnoses  and  collaborate  effectively  in  clinical
decision making,  thus  impacting  decisions  on treatment,  prognosis,  and  overall  patient  care.
© 2024  The  Authors.  Published  by  Elsevier  España,  S.L.U.  on behalf  of  SERAM.  This  is an  open
access article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Diagnóstico  prequirúrgico  de gliomas  difusos  en  adultos:  perspectivas  prácticas de

radiólogos  de  Unidades  de  neurooncología  Post-WHO  2021

Resumen  La  Clasificación  2021  de  tumores  del  SNC  por  la  Organización  Mundial  de  la  Salud
(OMS)  fue acogida  con  entusiasmo,  aunque  al  principio  pudo  parecer  abrumadora.  Con el
tiempo, hemos  comprendido  los puntos  clave,  y  basándonos  en  nuestra  experiencia  en  unidades
de neurooncología  de hospitales  internacionales,  hemos  elaborado  una  guía  práctica  para  radiól-
ogos. Esta  guía  esclarece  los criterios  de clasificación  de  los Gliomas  Difusos  en  los adultos  y
presenta un formato  claro  para  su aplicación  diaria.  El manuscrito  repasa  la  evolución  histórica
de las  clasificaciones  y  destaca  las  novedades  más  relevantes.  Ofrece  un  análisis  detallado  de  las
entidades  principales,  centrándose  en  manifestaciones  radiológicas.  Además,  discute  los temas
más controvertidos  de los últimos  años.  Con  este  documento,  los radiólogos  estarán  prepara-
dos  para  realizar  diagnósticos  prequirúrgicos,  y  sobre  todo  colaborar  eficazmente  en  la  toma
de  decisiones  clínicas,  con  impacto  directo  sobre  el tratamiento,  el  pronóstico  o  la  atención
personalizada.
© 2024  Los  Autores.  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de  SERAM.  Este  es  un
art́ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

Following  the launch  of  the World  Health  Organization
(WHO)  2021  Classification  for  Central  Nervous  System (CNS)
tumors,  there  was  a  sudden  rise  of  related  radiological
papers.1---3 Initially,  the wealth  of  these  publications  could
seem  daunting  to  many  radiologists.  But with  time  and  prac-
tice,  our  grasp  of  the  new  key  aspects  has  notably  improved.
By  sharing  our  expertise,  gathered  in neuro-oncology  units
at  international  hospitals,  we  believe  we  can  now  provide
a  practical  guide.  This  guide,  aimed  at radiologists  (and
other  related  clinicians),  highlights  the crucial  components
of  the  classification’s  5th  edition  in  a  clear,  comprehensi-
ble  manner  that  can  be  promptly  incorporated  into  daily
practice.

The  main  aim  of  this paper  is  to  offer  a  practical
review  based  on  the  authors’  firsthand  experience  in  char-
acterizing  adult diffuse  gliomas  in  multidisciplinary  units.
Ultimately  it is  done  through  visual  assessments  of radio-
logical  images,4 but  it is  essential  not to  overlook  critical
clinical  concepts  that  are foundational  for  optimal  imaging-
guided  knowledge  implementation.  While  elucidating  the
fundamental  concepts  and  foundations  of  the  classifica-
tion  from  a  critical-applied  perspective,  the  content  is
designed  to be  comprehensible  to  a wide  audience.  The
more  imaging-centric  guide  can  be  adapted  to  standard  MRI
protocols.5---7 without  requiring  complex  processing  or  data
analysis,  thereby  ensuring  its  applicability,  practicality  and
relevance.

Historical  background

Back  in  2007,  the  classification  relied on  the  histologi-
cal  examination  of  surgical  samples.  Diffuse  gliomas  were
classified  as  astrocytic,  oligodendrocytic,  or  mixed  oligo-
astrocytic.8 Thus,  each tumor  classification  depended  on
pathologists’  evaluations  with  a  degree  of  subjectivity.9

Especially,  the consensus  among  pathologists  did not  achieve
ideal  precision when  handling  tumors  with  any  oligoden-
droglial  elements.10

Substantial  progress  in  molecular  pathology  led  to  the
integration  of molecular  criteria  with  histological  evalua-
tion  in the WHO  2016  classification.  A key  update  involved
differentiating  oligodendrogliomas  from  astrocytomas  by
mandating  the  presence  of IDH mutation  and  1p/19q  codele-
tion  in oligodendrogliomas,  thereby  reducing  subjectivity
in histological  classification.10,11 Another  significant  update
involved  categorizing  astrocytomas  based  not  only on  his-
tological  grade  but  also  on their  IDH  mutation  status.  This
change  was  prompted  by  the recognition  of  substantial
biological  and  prognostic  distinctions  between  IDH-mutant
and  IDH-wildtype  tumors,  which  transcend  histological
grading.11

After  some years  of growing  influence  from  molecu-
lar  pathology,12 the  paradigm  shift  completed  in 2021,
when the  classification  focused  primarily  on genetic
entities.

WHO  2021 classification  of diffuse  gliomas  in
adults, key  summary

The  new  classification  system  now  centers  around  three  pri-
mary  genetically  defined  categories:  IDH-wildtype  Glioblas-
toma,  IDH-mutant  astrocytoma,  and IDH-mutant  1p/19q-
codeleted  oligodendroglioma.  Astrocytomas  had grades  2
to  4, while  oligodendrogliomas  had  grades  2  and 3.  The
term  anaplastic  was  dropped  and  replaced  by  grade  3,
and  grade  4 IDH-mutant  astrocytoma  was  no  longer  called
Glioblastoma  (reserved  exclusively  for IDH-wildtype).  The
grading  system  for  each tumor still  fundamentally  relies
on  histology,  with  high  mitosis  and necrosis  or  microvascu-
lar  proliferation  indicating  grade  4. However,  new genetic
criteria  could  upgrade  a (solely) histological  grade  2  or  3
to  a WHO  grade  4 (molecular  grades  4):  1. A homozygous
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Figure  1  Classification  Scheme  for  IDH-wildtype  Gliomas  in  Adults.  H3-mutations  are  considered  pediatric-type  gliomas,  but  they
are included  here  due  to  their  potential  relevance  in  young  adults.  The  dashed  box  highlights  the  stage  at which  molecular  pathology
can determine  a  Grade  4 tumor  regardless  histology.  MVP  stands  for  microvascular  proliferation.

codeletion  of  CDKN2A  or  CDKN2B  in IDH-mutant  astrocy-
toma  carries  a grade 4  IDH-mutant  astrocytoma,  or  2.
EGFR-amplification,  TERT  promoter-mutation,  or  7+/10−

concurrent  gain  of  chromosome  7  and  loss  of  chromo-
some  10  in  IDH-wildtype  carries  a glioblastoma  (WHO  grade
4),  regardless  of  histological  traits.13 Therefore,  in sum-
mary,  the  major  key  updates  were:  1. Simplification  of
the  classification  to  three  genetically  defined  categories
(IDH-wildtype  glioblastoma,  IDH-mutant  astrocytoma,  IDH-
mutant  1p/19q-codeleted  oligodendroglioma);  and  2. Tumor
grading  incorporation  of  molecular  grades  4 alongside tradi-
tional  histological  assessments.2,13

Moreover,  the latest  classification  notably  differentiates
between  adult-  and  pediatric-type  gliomas,  acknowledg-
ing  that  certain  pediatric  types  can  occur  in young  adults.
This  adds  another  crucial  molecular  marker  for  classifying
IDH-wildtype  tumors  in  young  adults,  especially  if midline-
located:  the  histone  H3-mutations.  H3K27M  mutations  are
frequently  observed  in diffusely  infiltrating  gliomas  situated
in  midline  structures.  H3.3G34R/V  mutations  are found in
a  smaller  group  of  high-grade  gliomas  in cerebral  hemi-
spheres,  with  a  more  favorable  prognosis.  Therefore,  in
young  individuals,  H3-mutations  must  be  ruled  out  before
confirming  a glioblastoma.13---15

Lastly,  it  is  crucial  to  comprehend  two  terms:  NOS  (not
otherwise  specified)  and NEC (not  elsewhere  classified).
NOS  indicates  that  the necessary  tests  for  definitive  classi-
fication  are  unavailable.  NEC  signifies  that  after  performing
all  necessary  tests,  the  tumor  cannot  be  classified  into
any  of  the  established  WHO  categories.13,16 The  primary
focal  entities  in the  NEC  category  are grade  2  or  3 IDH-
wildtype  astrocytic  tumors.  These  tumors  do not  meet
the  histological  or  molecular  criteria  for  grade  4 and  thus
cannot  be  classified  as  glioblastoma.2,17 These  somewhat
enigmatic  entities  have attracted  significant  atten-
tion  in  academic  discussions  and  will  be  debated  here in a
subsequent  dedicated
subsection.

A simplified  framework  of  the classification  is  shown  in
Fig.  1  for  IDH-wildtype  and  Fig.  2  for IDH-mutant.

Main molecular  tests:  immunohistochemistry,
fluorescence  in  situ  hybridization  (FISH)  and  DNA
sequencing

Understanding  the available  molecular  tests,  along  with
their  strengths  and  limitations,  is  crucial.  Immunohisto-
chemistry  is the  most  accessible  to  evaluate  IDH-mutation
status.  However,  it  exclusively  evaluates  IDH1  p.R132H
mutations,  accounting  for more  than  90%  of  all  IDH-
mutations.

Gene  sequencing,  less  accessible  and  more  costly,
extends  the  detection  to  other  loci  of IDH1  and IDH2,
known  as  non-canonical  IDH-mutations.  Therefore,  if the
immunohistochemistry  result  is  negative,  DNA-sequencing
is  recommended.  However,  it is not  required  for  grade  4
gliomas  in patients  aged  ≥55,  where a negative  immuno-
histochemistry  result  is  sufficient  to  classify  the tumor  as
IDH-wildtype13,18,19

Also,  regarding  oligodendrogliomas  and  1p/19q-
codeletion;  if the histology,  IDH-mutation,  and  p53 and  ATRX
status  are consistent  with  IDH-mutant  astrocytoma,  there
is  no  additional  need  for  FISH  for 1p/19q-codeletion13,20,21

(Table1).
Understanding  this,  empowers  radiologists  to contribute

effectively  in reaching  the most  accurate  diagnosis  and
recommending  specific  tests  in  unique  scenarios.  As  an
example,  we  might insist  on  non-canonical  IDH-testing  when
a tumor  presents  with  a T2-FLAIR  mismatch,  highly  spe-
cific  for IDH-mutants  astrocytoma,  if immunohistochemistry
results  are  negative.

WHO 2021  diffuse  gliomas imaging  differential
diagnosis in adults

Radiology  in  the  era  of genetic classification,
current  trends  and critical  perspective

Given  the recent  advances  in the genetic  characterization
of  gliomas,  there  is  an increasing  interest  in  radiogenomics:
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Table  1  Molecular  pathology  tests  summary.  PCR  = polymerase  chain  reaction.

Method  Evaluated  mutations  Accessibility/costs  Recommended  for
negative  result

Comments

Immunohistochemistry  IDH1  p.R132H
(canonical,  90%  of  all
IDH mutations)

High/Low  DNA  Sequencing  IDH1  p.R132H-negative  results  is enough  to  classify  as
Glioblastoma  a  CNS  WHO  grade  4  glioma  >  55  years.

Immunohistochemistry  ATRX  and  p53  mutations  High/Low  FISH IDH-mutant  gliomas  with  astrocytic  histology,  ATRX  loss
and  p53  mutation  can  be classified  as Astrocytomas
without  FISHFISH 1p  19q  codeletion  High/Medium  N/A

DNA sequencing  Non-IDH1  p.R132H  IDH1
and  IDH2  (non-canonical,
10%)

Low/High  N/A  Required  in in  gliomas  <  55  years  IDH1  p.R132H-negative
to rule  out  non-canonical  IDH-mutant  Astrocytoma.

DNA sequencing  TERT,  EGFR,  7+/10-  Low/High  N/A  Required  in IDH-wildtype  histological  WHO  grade  2−3,
to  detect  molecular  Glioblastoma.  Initial  evaluation
possible  through  PCR  and  FISH.

DNA sequencing  CDKN2A/B  Low/High  N/A  Required  in IDH-mutant  histological  WHO  grade  2−3,  to
detect  molecular  grade  4  Astrocytoma.

DNA sequencing  H3  Low/High  N/A  Required  in IDH-wildtype  <  55  years,  to  rule-out
H3-altered  gliomas  (pediatric-type).  Initial  evaluation
possible through  immunohistochemistry.
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Figure  2  Classification  Scheme  for  IDH-mutant  Gliomas  in Adults.  The  dashed  box  highlights  the  stage  at  which  molecular  pathology
can determine  a  Grade  4 tumor  regardless  histology.  MVP  stands  for  microvascular  proliferation.

categorizing  genetically  defined  entities  based on  imaging
phenotypes.22 Typically,  it is  quantitative  and  deals  with
big-data,  and  is  widely  represented  in scientific  literature.
However,  visual/qualitative  radiogenomics  is  also  feasible
and  useful;  and,  in  fact,  visual  assessment  continues  to  dom-
inate  in  clinical  practice.23---28

When  reviewing  radiological  literature  on the  2021  clas-
sification,  a  critical  perspective  is  essential.  Many  studies
claim  to  distinguish  between  different  genetic  entities,  but
these  claims  often  require  careful  interpretation  because
there  is  a  strong  correlation  between  genetic  markers  and
histological  grades.  For instance,  IDH  wildtype  tumors  are
mostly  glioblastomas  with  histological  grade  4,  while  IDH
mutant  astrocytomas  are usually  grade  2−3.  Therefore,
some  studies’  claims  of  differentiation  of  IDH-mutation  sta-
tus  might  actually  be  a  more  familiar  distinction  between
grades  2−3  and 4. For  example,  is  the  presence  of  necro-
sis  a  marker  of  IDH-wildtype  or  is  it just a grade  4
marker  as  we  already  knew  it?  All this  invites  debate.  For
example,  in  younger  patients,  where  IDH-mutant  and  IDH-
wildtype  coexists  more  evenly  than  in  the elderly,13,19,29

necrosis  may  be  an unreliable  marker  of  the  IDH-status
beyond  the  histological  grade  4. Or conversely,  an IDH-
wildtype  grade  2−3  astrocytoma  NEC  should  not  present
necrosis,13 another  situation  in which  the absence  of  this
radiological  marker  would  fail in determining  IDH-status.
Therefore,  there  is  a  delicate  interplay  between  clinical-
epidemiological  data,  histological  grade, and genetic  profile
which  the  radiologist  should  skillfully  manage  when  suggest-
ing  a  specific  diagnosis  in clinical  reports  or  neuro-oncology
boards.

Preliminary  key concepts

The first  factor  to  consider  when  approaching  the  appro-
priate  differential  diagnosis  may  be  the  patient’s  age.
IDH-mutations  are much  more  common  in  patients  under  55
years  of  age.13,17,19,29 Therefore,  in patients  over  55, there
exists  a  substantial  likelihood  of identifying  an  IDH-wildtype
tumor,  which  is  almost  always  a  glioblastoma.

Imaging  accuracy  in detecting  histological  grade  4  in
astrocytic  gliomas,  regardless  of  the  IDH-mutation  status,
is  crucial  to  remember  for  radiologists.  Aligned  with  the
WHO’s  histological  criteria  for  grade  4,  there  are two
primary  methods.  The  first  is  by identifying  necrosis  on
post-contrast  T1-weighted  (T1w)  sequences.30,31 The  second
involves  assessing  indirect  signs  of  microvascular  prolifera-
tion  using DSC-PWI.32,33 To  simplify:  unremarkable  (without
significant  increases  nor  decreases)  CBV maps  are  typi-
cally  associated  with  grade  2  astrocytomas.  In  grade  3,
one  might  observe  a  range  from  unremarkable  to  some foci
of  slightly  elevated  CBV.  In  contrast,  clear  nodular  or  dif-
fuse  frank  elevations  in CBV  are  more  indicative  of  a grade
4.34 Additionally,  Diffusion-Weighted-Imaging  (DWI)  can  pro-
vide  information  on  cellular  density  and therefore  mitotic
activity,  important  for histological  grading.35,36 All  these
imaging-based  grading  criteria  are  more  controversial  for
oligodendrogliomas.24,37

Finally,  it  is  important  to  mention  a well-known  and
extremely  specific  radiological  sign  for IDH-mutant  astro-
cytomas:  the T2-FLAIR  mismatch.  This  consists  of  a high
T2w  and  low  FLAIR  signal  within  solid  tumor,  often  accompa-
nied by  a peripheral  rim  of  FLAIR  hyperintensity.38 This  sign
serves  as  a specific  marker  for  IDH-mutation  and  is  absent
in  1p19q-codeleted  gliomas,  facilitating  the differentiation
between  astrocytomas  (IDH-mutant,  1p19q-  non  codeleted)
and  oligodendrogliomas  (IDH-mutant,  1p19q-  codeleted).
Additionally,  it may  function  as  a  favorable  prognostic  indi-
cator  for  astrocytomas.23

IDH-wildtype, glioblastoma

Glioblastoma  is  the  most common  malignant  primary
tumor  in adults,  particularly  affecting  individuals  over
55  years.13,17,19,29,39 The  clinical  symptoms  are  acute  to
subacute.40 It is  an  astrocytic  glioma,  IDH-wildtype  and
H3-wildtype,  with:  microvascular  proliferation  or  necro-
sis;  or  altered  TERT,  EGFR,  or  7+/10−.13,15 It arises
in  the subcortical  white  matter  and  infiltrates  cortex
and  deep  grey  matter.  Extension  through  the corpus
callosum  is  a  well-known  growth  pattern.41 Survival  prog-
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Figure  3  Three  different  typical  presentations  for  IDH-wildtype  glioblastoma  in patients  between  60-  and  70  years  old.  In  a---c,
the most  paradigmatic  imaging  features  are  seen  in axial  T1w-post  contrast  images  of  three  different  patients,  with  ring-enhancing
irregular margins  and  extensive  necrosis.  In  d---f:  axial  FLAIR,  T1w-postcontrast,  and CBV  color  maps  from  DSC-PWI.  Extensive  FLAIR
left temporal  infiltrative  lesion  (d)  with  associated  solid  nodular  enhancement  without  necrosis  (arrow  in e) but  with  clearly  elevated
CBV (circle  in  f).  In  g---i:  axial  FLAIR,  T1w-postcontrast,  and  CBV  color  maps  from  DSC-PWI.  Focal  FLAIR  left  temporal  infiltrative
lesion (g)  with  minimal  enhancement  and  absent  necrosis  (arrow  in  h) but  clearly  elevated  CBV  (circle  in  i).

nosis  is  poor,  around  15---18  months  after  therapy.13

MGMTpromoter-methylation,  is an independent  predic-
tor  of  longer  survival  beyond  age  and  performance
status.42,43

Imaging

Glioblastoma  characteristic  imaging  consists  of  an
expansive-infiltrative  lesion  with  prominent  irregular
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Figure  4  Possible  Presentation  of  TERT  or  EGFR  Altered  Molecular  IDH-wildtype  glioblastoma.  Two  patients,  80-year-old  (a-c)
and 55-year-old  (d---f).  In  axial  FLAIR  sequences  (a---b  and  d---e),  diffuse  and  extensive  infiltrative  hyperintensities  reminiscent  of  a
gliomatosis cerebri  pattern  in TERT  promoter  mutated  glioblastomas.  T1w  post-contrast  images  (c  and  f) show  no  enhancement  or
signs of  necrosis.

enhancement,  extensive  central  necrosis  and ill-defined
margins.  Different  degrees  of  hemorrhage  are  frequently
observed.  Moderate  to  large  areas  of  edema  and  mass
effect  are  usual.1---3,23 Signs  of  pial and  ependymal  inva-
sion  are  frequent.44 Non-enhancing  T2w  and  FLAIR  tumor
components  may  be  radiologically  visible,  although  usually
not  the  dominant  part  of the  tumor.45,46 Areas  of  clearly
elevated  CBV and  restricted  diffusion,  within  enhancing
tumor,  are  very  frequent.47,48 Furthermore,  the  detection  of
these  hyperperfused/diffusion  restricted  areas  beyond  the
enhancing  tumor  is  helpful  in  differentiating  glioblastoma
from  solitary  metastases49---51 (Fig.  3).

In  certain  instances,  glioblastoma  can manifest  with-
out  clear  necrosis  and  predominantly  display  an infiltrative
pattern.  These  tumors  are characterized  by  large  and
poorly  defined  non-enhancing  components,  with  absent
or  different  degrees  of enhancement.13 In  these  non-
enhancing  and non-necrotic  tumors  the presence  of
clear  restricted  diffusion  or  increased  CBV are  particu-
larly  relevant,  as  they  strongly  support  the  diagnosis  of
glioblastoma23,52 (Fig.  3).

In  summary,  when  faced  with  an  expansive-infiltrative
lesion  in  an  adult  over  55,  the  neuroradiologist  should thor-
oughly  search  for  signs of  histological  grade  4 which  should
strongly  suggest  a  diagnosis  of  glioblastoma.  Specifically,
necrosis  in T1w  post-contrast,  hypercellularity  on  DWI and
hypervascularization  on  DSC-PWI.

As  an aside,  no  sound  qualitative  imaging  markers  for
MGMTpromoter-methylation  status  have  been  elucidated.
Nevertheless,  according  to  one  study,  MGMTpromoter-
methylated  glioblastoma  is  more  likely  to  show less  edema,
higher  ADC,  and  lower  CBV  than  unmethylated.53

Molecular  glioblastoma

The  typical  radiology  for  glioblastoma  may  not  work  for
those  that  are not histologically  but  only  molecularly  defined
(TERT,  EGFR,  7+/10−), for which imaging  remains  rela-
tively  unknown.  They  can  present  as  ill-defined  infiltrative
lesions  on  T2w  and  FLAIR  sequences,  with  minimal  or
no-enhancement,  absent  necrosis,  and unremarkable  find-
ings  on  DWI  and  DSC-PWI.  In  fact,  they  may  present
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Figure  5  Two  exemplifying  cases  in which  biopsy  results  could  render  histological  grade  2---3 results  for  an  actual  grade  4  tumor.  A-
c, 57-year-old  patient.  Axial FLAIR  (a),  T1w  post-contrast  (b)  and  DSC-PWI  derived  CBV  color  maps  (c).  Extensive  FLAIR  hyperintense
medial left  temporal  infiltrative  lesion  (a),  without  enhancement  or necrosis  (b),  and  a  subtle  nodular  focus  of  clearly  elevated
CBV (circle  in  c). i.e.,  a  biopsy  not  capturing  the  high  CBV  foci  would  be at risk  of  undergrading  this  pathology  proven  IDH-wildtype
astrocytic tumor  as  grade  2-3.  (d---f),  58-year-old  patient.  Axial  FLAIR  (d),  T1w  post-contrast  (e)  and  DSC-PWI  derived  CBV  color  maps
(f). Extensive  FLAIR  hyperintense  medial  left  temporal  infiltrative  lesion  in (d),  with  a  more  focal  area  of  prominent  enhancement
and necrosis  (arrow  in e) as  well  as high  CBV  (circle  in f).  i.e.,  a  biopsy  not  capturing  the  necrosis  and/or  high  CBV  component
would be  at  risk  of  undergrading  this pathology  proven  IDH-wildtype  astrocytic  tumor  as  grade  2---3.  Both  patients  were  treated  as
IDH-wildtype glioblastomas  under  a  tumor  board’s  consensus  decision.

as a  classic  histological  grade  2−3 appearance.  How-
ever,  some  studies  have  indicated  a  tendency  towards
multifocality  and  multicentricity,  as  well  as  a gyriform  pat-
tern  of  cortical  infiltration  in  tumors  with  EGFR  or  TERT
mutations.54---56 From  a  practical  perspective,  the  presence
of  a  gliomatosis  cerebri  pattern  (with  some  gyriform  cor-
tical  infiltration)  in an adult  over  55 may  raise  suspicion
of  a  molecular  glioblastoma,  particularly  TERT  mutated54---56

(Fig.  4).  No  qualitative  imaging  description  have  been  found
for  7+/10−.

IDH-wildtype,  astrocytoma  grade  2−3, NEC

These tumors,  not  included  as  a distinct  WHO  entity,
are  the  primary  focal  entities  in the  NEC  category  and
have  been  subject  of  debate.  They  are  diffuse,  astrocytic
gliomas  IDH-wildtype  and  H3-wildtype,  lacking  histological
and  molecular  markers  of  grade  4.

These  somewhat  enigmatic  entities  have  attracted  signif-
icant  attention  in  the  most  recent academic  discussions.  In
theory,  such  tumors  should  be exceptional,  and any  poten-
tial  biases  in  their  characterization  need to  be ruled  out.
For  instance,  there  could  be  a  biopsy  bias:  gliomas  are
heterogeneous,  and different  histological  grades  may  coex-
ist,  so  a focal  sample  from  a  biopsy  may  not reflect  the
highest  histological  grade  within  a tumor  that  might  other-
wise  be  undergraded.  This  bias can  potentially  be addressed
with  imaging:  initially  guiding  the biopsy;  and  subsequently
detecting  necrosis  or  clear  high  vascularization  possibly
missed  in  the biopsied  tissue,  both  of which  would  suggest  a
grade  4.31 Although  this  is  not  explicitly  specified  in  the WHO
2021  classification,  potential  biopsy  biases  are  not  excep-
tional  in  neuro-oncology  units.  Therefore,  radiologists  need
to  be aware  of  this  possibility  and  understand  their  crucial
role  in  its  prevention.
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Figure  6  Two  different  patients  with  typical  imaging  features  of  IDH-mutant  grade  2---3 astrocytoma.  31  (a---d)  and  34  (e---h)
years-old patients.  Axial  T2w  (a  and  e),  FLAIR  (b  and  f),  DWI  (c  and  g),  and  DSC-PWI  derived  CBV  color  maps  (d  and  h).  Rounded,
well-defined  T2w  hyperintense  masses  with  corresponding  FLAIR  hypointensity,  with  a  thin  peripheral  rim of  hyperintensity:  T2-FLAIR
mismatch sign.  Without  significant  diffusion  restriction  in  DWI and  low  CBV  in CBV  color  maps.

On  imaging,  based  on  assumptions  from  publications
prior  to the  5th  edition,  these  tumors  could  present
as  ill-defined  infiltrative  lesions,  with  minimal  or  no-
enhancement,  absent  necrosis,  and  unremarkable  findings
on  DWI  or DSC-PWI.  They  may  present  more  ill-defined
margins,  and possible  propensity  for  temporal  location,  as
well  as  absent  T2-FLAIR  mismatch  compared  to  IDH-mutant
counterparts57 (Fig.  5).

From  a  radiological  management  perspective,  the
authors  recommend  to  keep  in  mind  the  radiologists’
role  in:  1.  guiding  biopsies  to  target  the  higher-grade
regions  of  tumors,  and 2. carefully  analyzing  the  images
to  identify  markers  of  histological  grade  4  which  may
not  have  been  captured  in the biopsy.  These  practices
should  minimize  potential  biopsy  biases  and  resultant
undergrading.31

IDH-mutant, astrocytoma

Astrocytoma  IDH-mutant  is  1p/19q-non  codeleted  and fre-
quently  associated  with  ATRX  loss  and  TP53  mutation.58

Overall  they  mostly  occur in patients  under  55  years13,17,19,29:

grade  2−3  between  30---40 years,  and grade  4  in slightly  older
patients.59 They  have a predilection  for the frontal  lobes57,60

and  symptoms  are  rarely  abrupt  unless  they  present  with
seizures.60

Focal  oligodendroglioma-like  components  are possible
and  were  a  source  of  misclassifications  prior  to  the  estab-
lishment  of  molecular  criteria.9,10 Recent  years  have  seen
debate  regarding  the prognostic  value  of  tumor  grad-
ing  among  grade  2−3  IDH-mutant  astrocytomas,  with
several  scientific  publications  discussing  these  grades
collectively.18,59,61,62 According  to  the last  WHO,13 median
overall  survival  is  >5  and >10 years  respectively.  Conversely,
grade  4 IDH-mutant  astrocytomas  show  shorter  survival  rates
(about  3  years13);  yet  longer  than IDH-wildtype,  despite
sharing  histological  characteristics.63 Molecular  grade  4
are determined  by  homozygous  deletion  of  CDKN2A or
CDKN2B,  even  in the absence  of  necrosis  and  microvascular
proliferation.13,17 Finally,  contrary  to  classical  belief,  recent
work  indicates  that most grade  4  IDH-mutant  astrocytomas
occur  de  novo,  rather than  with  a  history  of a lower-grade
glioma.13,64
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Figure  7  Imaging  features  in two patients  with  IDH-mutant  astrocytoma  grade  4. a---c,  37  years-old.  Axial T2w,  FLAIR,  and  T1w
post-contrast. Extensive  well-defined  lesion  hyperintense  on T2w  (a)  with  corresponding  FLAIR  hypointensity  and  thin  peripheral
hyperintense  rim  in  (b), consistent  with  T2-FLAIR  mismatch  sign  suggesting  IDH-mutation.  A  small  focus  of  enhancement  and  necrosis
is seen  within  the deep  margin  of  the  tumor  (c),  suggesting  grade  4.  Also  note  that  in this  case,  a  biopsy  not  capturing  the  necrosis
could undergrade  the  tumor  as  grade  2---3.  Detection  of  grade  4 imaging  features  within  a  tumor  with  T2-FLAIR  mismatch  could  be
a specific  presentation  of  IDH-mutant  astrocytoma  grade  4. d---f,  49  years-old.  Axial  FLAIR  (d),  T1w  post-contrast  (e),  and DSC-PWI
derived CBV  color  map  (f).  Well-defined,  rounded  tumor  mass  on  FLAIR  (d)  with  internal  areas  of  solid  enhancement  (e)  within
non-enhancing tumor.  Small  foci  of  necrosis  (arrows  in e) and  clearly  elevated  CBV  (circle  in  f).  Of  note,  more  extensive  necrosis
existed in  other  parts  of  the  tumor  not  captured  in  this figure.  A grade  4  looking  glioma  in a  patient  under  55  with  some  atypical
features for  glioblastoma  such  as clear  rounded  morphology  and  well-defined  margins  could  suggest  an  IDH-mutant  astrocytoma
grade 4.

Imaging

Grade  2−3  IDH-mutant,  astrocytoma

These two  different  grades  are  usually  treated  together  due
to  similar  behaviours.18,59,61,62 The  most  frequent  imaging
presentation  is an infiltrative  lesion,  non-  or  scarcely-
enhancing,  with  well-defined  margins and  nodular/oval
morphology.  Despite  relatively  low sensitivity,  T2---FLAIR  mis-
match  sign  shows  an almost  perfect  specificity  in adults
(when  it  represents  at  least >25---50%  of tumor extent).
The  mass  effect  is  relatively  limited  as well  as  the
perilesional  edema.  They  should  lack  imaging  signs  of
necrosis.4,23---27,38 DWI may  vary  between  facilitated  and
homogeneous  in grade  2  to  slightly  heterogeneous  in grade
3.  No  frank  CBV  elevations  should  be  seen  with  DSC-PWI34---36

(Fig.  6).  Lack  of  calcification  and  cysts as  well  as  the
nodular/oval  morphology  instead  of a  gyriform  pattern  fol-
lowing  the  cortex  may  help  in the  main  differential  with
oligodendrogliomas.4,23---27

In  summary,  the neuroradiologist  should  consider  this
entity  when  encountering  a  young  adult  with  a  frontal  lobe
tumor  that  appears  nodular  or  oval,  exhibits  well-defined
borders,  lacks  necrosis,  shows  minimal  to  no  contrast
enhancement,  and  displays  unremarkable  DWI  and DSC-
PWI.  If a T2-FLAIR  mismatch  is observed,  it indicates  a
strong  diagnostic  possibility;  and  in  the event  of  negative
immunohistochemistry  results,  DNA-sequencing  should  be
considered  for  additional  assessment  of  IDH-mutations  from
a  radiologist’s  perspective.

Grade  4  IDH-mutant,  astrocytoma

This  subgroup  of  IDH-mutant  astrocytomas  has  been  less
extensively  studied  compared  to grades  2−3,  remain-
ing  a  major  radiological  challenge.  Unfortunately,  these
tumors  often  get  grouped  together  (and  consequently  under-
represented)  with  grades  2−3  under  the  broader  category  of
IDH-mutant  astrocytomas.  However,  this  generalized  group-
ing  may  be counterproductive  because:  1. The  differences
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Figure  8  IDH-mutant  1p/19q-codeleted  oligodendrogliomas  grade  2---3.  a---f,  53-year-old  patient.  Axial  non-enhanced  CT (a),  T1w
(b), T2w  (c),  FLAIR  (d),  T1w  post-contrast  (e),  and  CBV  color  map  (f).  Ill-defined  diffuse  bifrontal  mass  with  extensive  cortical
infiltration (c  and  d)  and  heterogeneous  signal  on  T1w  and  T2w  (b  and  c).  Prominent  calcifications  on  CT (a).  Very  subtle  irregular
enhancement (arrows  in  e) and areas  of  elevated  CBV  (circle  in f).  (g  and  h)  52-year-old  patient.  Axial  T2w  (g)  and  FLAIR  (h).  Ill-
defined infiltrative  parietal  mass  with  heterogeneous  signal  and  extensive  cortical  infiltration  (g---h).  Presence  of  small  characteristic
intratumoral non-enhancing  fluid  signal  intensity-like  areas  consistent  with  cystic  foci  (arrows  in g  and  h).  (I and  j),  38-year-old
patient.  Axial  T1w  (i)  and  CBV  color  map  (j).  An  example  of  a small  intratumoral  cyst  on T1w  (arrow  in  i) and  clearly  elevated
CBV (j).  K-l,  35-year-old  patient.  Axial  FLAIR  (k)  and  T1w  post-contrast  (l).  Infiltrative  ill-defined  FLAIR  hyperintense  mass  clearly
centered on  the cortex  and  following  its  gyriform  morphology:  continuous  cortex  sign  (circle  in  k).  Associated  small  foci  of  solid
enhancement  (arrow  in  l).  Also  note  absent  T2-FLAIR  mismatch  sign  in c-d  and  g-h.

between  IDH-mutant  grades  2−3  and  4  are  vital  for patient
management,  and  2. The  application  of  the  same  imaging
indicators  across  grades  2−3  and 4  may  not  yield  accurate
results  for  grade  4, which  share imaging  characteristics  with
glioblastomas  (also  grade  4).  Indeed,  the  imaging  of  grade  4
IDH-mutant  astrocytomas  is  hypothesized  to  fall somewhere
between  that  of  grade  2−3  IDH-mutant  astrocytomas  (with
which  they  share  IDH-mutation  status)  and  IDH-wildtype
glioblastomas  (with  which  they  share grade).  Therefore,
based  on  histological  grade  this  tumor  should  present  necro-
sis,  restricted  diffusion  and elevated  CBV  often;  while  based
on its  IDH-mutation  status  should  appear  in patients  below
55 years,  being  well-defined  and  nodular/oval  in morphol-
ogy.  Furthermore,  the presence  of  a T2-FLAIR  mismatch  has
been  recently  described  specific  also  for  grade  4  IDH-mutant
astrocytoma.  Added  to prior  knowledge,  this  suggests  that  if
a tumor  with  a T2-FLAIR  mismatch  exhibits  necrosis,  promi-
nent  enhancement,  restricted  diffusion,  or  elevated  CBV,  it
should  be  highly  indicative  of an IDH-mutant  astrocytoma
grade  465,66 (Fig.  7).

Regarding  molecular  grade  4  IDH-mutant  astrocytomas
(CDKN2A/B  homozygous  deletion),  to  the  authors’  knowl-
edge  there  are  not  described  imaging  features  that  allow
presurgical  detection.2,25

Oligodendroglioma, IDH-mutant
1P/19Q-codeleted

These  tumors  are uncommon  in  patients  >55 years.13,17,19,29

Approximately  two-thirds  of patients  present  with  seizures
as  initial  symptom.13,67 Survival  data  for genetically  defined

oligodendrogliomas  (only  since  WHO  2016)  are lacking,
because  prior  registries  are confounded  by  the  inclusion  of
gliomas  without  IDH-mutation  or  1p/19q-codeletion.  How-
ever,  overall,  they  are associated  with  favorable  response  to
therapy  and  possibly  the highest  median  survival,  above  10
years.68,69 There  is  also  a tendency  in radiological  literature
to  treat  grade  2−3 together.

Imaging

These  tumors  often  demonstrate  a  predilection  for  the
frontal  lobes.  They  typically  present  as  mass  lesions  cen-
tered  in the  cortex  and  subcortical  white  matter.  Their
cortical  epicenter  is  characteristic  and often  marked  by
a typical  continuous-cortex  sign.  This  term  refers  to  the
involvement  of the cortex  in  more  than  50%  of  the tumor
extension.  Calcifications  (best  detected  on  CT)  and cysts
are commonly  seen  and can be distinctive.  Hemorrhage
is  possible.  These  three  features  are infrequent  for IDH-
mutant  astrocytomas.  Also,  they  typically  exhibit  prominent
heterogeneity  on  T1w  and  T2w  images,  with  indistinct
tumor  margins.  They  most  often  appear  non-enhancing,
but  some  do enhance,  possibly  more  common  in grade  3.
Their  morphology  often  follows  a  gyriform  pattern  along
the  cortex,  instead  of  the nodular/rounded  appearance
of  IDH-mutant  astrocytomas.4,23---27 Additionally,  oligoden-
drogliomas  exhibit  more  heterogeneous  DWI  and  DSC-PWI
patterns,  possibly  presenting  areas  of  higher  CBV  and
restricted  diffusion,34---36 and  imaging-based  grading  is  not
reliable24,37 (Fig.  8).
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In summary,  radiologists  should  suspect  an oligoden-
droglioma  in young  adults  presenting  with  a near-frontal
mass  that  exhibits  heterogeneity  on T1w  and  T2w
calcifications  or  cysts,  ill-defined  borders,  gyriform  mor-
phology  and  continuous  cortex  sign.  Radiologists  should
also  be  cognizant  of possible  heterogeneity  on  DWI  and
DSC-PWI.

Some  authors  postulate  that additional  molecular  test-
ing  should  be  considered  for  IDH-mutant  gliomas  with
discordant  neuroimaging  and  FISH  results.  For instance,
if  imaging  is  highly  suggestive  of  oligodendroglioma  and
FISH  is  negative  for  1p19q  co-deletion,  other  techniques,
such  as  chromosomal  microarray  analysis can act  as  a
tiebreaker.70

Finally,  leptomeningeal  spread  is  occasionally  seen
in  patients  with  oligodendroglioma,  particularly  at
recurrence.71

Diffuse midline glioma H3K27-altered and
diffuse  hemispheric glioma, H3  G34-mutant

These  pediatric-type  gliomas,  which  lack  IDH-mutations,
can  occasionally  present  in younger  adults.  Consequently,
in  this  age group,  without  IDH-mutations  in  immuno-
histochemistry  and  DNA-sequencing,  radiologists  must  be
attentive.  They  should  promptly  inform  clinical  colleagues
when  a  tumor  is  midline  located,  because  it becomes  cru-
cial  to  rule  out a  diffuse  midline  glioma  H3K27-altered
before  classifying  the  tumor  as  a glioblastoma.  Moreover,
in cases  of hemispheric  tumors  in the same  patient  sub-
set,  it  is also  important  to  consider  H3.3G34R/V-mutant
diffuse  hemispheric  gliomas,  as  recommended  in the latest
classification.13,15 In  the  authors’  experience,  H3K27-altered
midline  diffuse  gliomas  in  adults  may  manifest  as  classic
brainstem  gliomas,  occasionally  with  certain  atypical  fea-
tures,  that  serve  as  red  flags,  such  as  clear  enhancement  and
DWI  or  DSC-PWI  anomalies.  Alternatively,  these  tumors  can
present  in  brainstem  or  other  midline  structures  (thalamus)
with  clear  aggressive  features,  including  avid  heteroge-
nous  enhancement,  restricted  diffusion,  high  CBV,  necrosis
and  hemorrhage  (Fig. 9). This  latter  presentation  has  been
described  to  be  more  frequent  when  they  have  extended
outside  the  strict midline.72

Imaging  descriptions  and  key-features  of  all  documented
tumors  can be  found in  Table2.

Additional considerations

A subset  of  gliomas  occurs  with  multiple  lesions,
termed multifocal  or  multicentric.  Multifocal  gliomas
demonstrate  contiguous  pathways  of  spread  between
foci,  whereas  multicentric  are  widely  separated.  Also,
widespread  intracerebral  dissemination  may  be  referred  to
as  gliomatosis  cerebri.  These  pattern  can  be  seen  in IDH-
wildtype  glioblastomas  and  IDH-mutant  1p/19q-codeleted
oligodendrogliomas.13,73

The  terms  primary  and secondary  gliomas  should  be
used  cautiously  in radiological  context,  given  current  knowl-
edge.  It is now  understood  that  most grade  4  IDH-mutant
astrocytomas  are  de  novo,13,64 and  the presence  of  non-

enhancing  tumor  components  may  not  necessarily  indicate
subjacent  lower  aggressiveness.74 Therefore,  radiologists
should  categorize  a  glioma  as secondary  only  when a prior
lower-grade  tumor is  demonstrable.  Simply  put,  radiologists
should  avoid  labeling  a glioma  as secondary  just  because
they  observe  high-grade-looking  foci  accompanied  by  low-
grade-looking  areas,  unless  there  is  further  evidence  to
support  it.

Clinical relevance of non-invasive presurgical
diagnosis

As radiologists,  we  could  encounter  the  question:  ‘‘which
is  the  importance  of  attempting  to  diagnose  specific enti-
ties  non-invasively  if the definitive  diagnosis  is  ultimately
based on  pathology?’’  This  perspective  minimizes  the
radiologist’s  role  and  misrepresents  the reality  in neuro-
oncology  units.  Although  at  face  value  this  statement
might  seem  valid,  it overlooks  the  vital role  radiolo-
gists  play  in securing  a  definitive  diagnosis  efficiently  and
safely.

The  first-line  molecular  biology  testing  typically  involves
immunohistochemistry  and  FISH  due  to  their  wide  availabil-
ity.  However,  DNA-sequencing  is the  preferred  method  for
detecting  non-canonical  IDH-mutations  and  other genetic
alterations  involved  in classification.  Unfortunately,  in many
centers  worldwide,  DNA-sequencing  is  either  costly or
unavailable.  This  lack  of  access  to  DNA-sequencing  in many
centers  underscores  the  pivotal  role  of  the  radiologist  in
guiding  testing  procedures.13,18---21,70

Early  identification  of  specific molecular  subtypes  is
becoming  increasingly  important.  This  aids  in  selecting
optimal  candidates  for specific  treatments  or  clini-
cal  trials  that  evaluate  novel  targeted  therapies.  For
example,  a  recent  study  showcased  the  significant  effi-
cacy  of  IDH-targeted  therapy  in managing  IDH-mutant
astrocytomas.75

Accurate  non-invasive  imaging  diagnosis,  especially  in
certain  locations  like  the brain  stem,  corpus  callosum,
or  basal  ganglia,  can  help  avoid  aggressive  diagnostic  or
treatment  interventions.  It  is  essential  to  identify  early
those  tumors  that  may  benefit  from aggressive  and  rapid
treatment,  and  those  that might  not. Ultimately,  in excep-
tional  situations,  treatment  could  be initiated  without
a  definitive  diagnosis,  an  option considered  in European
guidelines.15

Also,  detecting  and  correcting  possible  biopsy  biases  can
significantly  impact  treatment  strategies.  For example,  if
a  patient  is  diagnosed  with  a grade  2−3 tumor,  but  the
radiologist  clearly  identifies  necrosis  suggesting  a  grade  4,
the  treatment  approach  must  be more  aggressive  than if
we  assume  that  pathology  is  the only  truth.  It is  impor-
tant  for radiologists  to  be aware  and  speak  up in such
situations.31

Finally,  although  often  also  inherently  linked  to  specific
tumor  presurgical  classifications,  radiological  descriptions
encompass  relevant  prognostic  information.  For  example,  a
present  T2-FLAIR  mismatch  can indicate  a  more  favorable
prognosis,  while  the presence  of necrosis,  enhancement,
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Table  2 Summary  of  imaging  features  of  diffuse  gliomas  in adults.  The  ‘‘*’’  in ‘‘Molecular  IDH-wildtype  glioblastoma’’  indicates  this  is not  a specific  WHO  category,  but  a
subgroup within  IDH-wildtype  glioblastomas  that  can  appear  with  different  imaging  patterns.

Tumor  subtype  Age  group  Typical  imaging  Key  imaging

IDH-wildtype  glioblastoma  >55  Ill-defined  margins,  expansive-infiltrative,
heterogeneously  enhancing.  Hemorrage  possible.  Large
edema  and mass  effect

Prominent  enhancement  and  necrosis,  restricted
diffusion,  high  CBV

*Molecular  IDH-wildtype  glioblastoma  >55  Ill-defined,  infiltrative,  minimal  or no-enhancement,
absent necrosis,  predominant  unremarkable  DWI  and
PWI

Gliomatosis  cerebri  and  gyriform  pattern,  associated
with  EGFR  and  TERT

IDH-wildtype,  astrocytoma  grade  2−3,
NEC

>55  Ill-defined,  infiltrative,  minimal  or no-enhancement,
absent necrosis,  predominant  unremarkable  DWI  and
PWI

Temporal.  Ill  defined  margins,  absent  T2-FLAIR
mismatch.  Special  attention  to  potential  biopsy  biases

IDH-mutant, astrocytoma  grade  2−3  <55  Well-defined,  homogeneous,  infiltrative,  minimal  or
no-enhancement,  round/oval  morphology,  predominant
unremarkable  DWI and  PWI.  Low  edema

Frontal.  Well  defined,  homogeneous,  round/oval.
T2-FLAIR  mismatch  highly  specific

IDH-mutant, astrocytoma  grade  4  <55  Well-defined,  infiltrative  to  expansive-  infiltrative,
minimal  to  prominent  enhancement,  round/oval
morphology

Any  degree  of  clear  nodular  enhancement,  necrosis,
restricted  diffusion  or  high  CBV  within  a  tumor  with
T2-FLAIR  mismatch  highly  specific

IDH-mutant 1P19Q  codeleted,
oligodendroglioma

<55  Ill-defined,  T1-  and  T2- heterogeneous,  infiltrative.
Different  degrees  of  enhancement.  Possible
heterogeneity  on  DWI  and  DSC-PWI

Calcifications  or  cysts,  heterogeneity,  gyriform
morphology,  centered  and  following  the  continous
cortex sign

H3K27-altered, diffuse  midline  glioma  <55  Brain  stem  or  midline,  well  to  ill-defined,  infiltrative  to
expansive-  infiltrative.  Possible  prominent
enhancement,  necrosis,  restricted  diffusion  and  high
CBV

Brain  stem  or  midline  glioma  with  any  sign  of
’agressiveness’:  enhancement,  necrosis,  restricted
diffusion  and  high  CBV
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Figure  9  Diffuse  mid-line  gliomas  H3K27-altered.  a---c,  52-year-old  patient.  Axial  FLAIR  (a),  T1w  post-contrast  (b),  and  CBV  color
map (c).  Brain-stem  glioma,  slightly  paramedian,  nodular,  and  well-defined  in  FLAIR  (a),  with  foci  of  enhancement  (arrow  in b)
and slightly  elevated  CBV  (circle  in c). d---f,  48-year-old  patient.  Axial FLAIR  (d),  T1w  post-contrast  (e),  and CBV  color  map (f).
Bithalamic FLAIR  hyperintense  infiltrative  mass  (d)  with  multifocal  solid  nodular  enhancements  (e)  and  high  CBV.  G-i,  33-year-old
patient. Axial  FLAIR  (g),  T1w  post-contrast  (h),  and  CBV  color  map  (i).  Thalamic  FLAIR  hyperintense  mass  with  extensive  edema  (g),
irregular thick  ring  enhancement  with  central  necrosis  (arrow  in h)  and  elevated  CBV  in the  enhancing  ring (arrow  in  i).

restricted  diffusion,  or  elevated  CBV usually  implies  less
favorable  outcomes.  Radiologists  should  remain  mind-
ful  of  these  prognostic  indicators,  recognizing  that  their
significance  goes  beyond  merely  achieving  an accurate
non-invasive  presurgical  diagnosis  aligned  with  the final
pathology  results.23

Conclusions

Radiologists  must  have  an in-depth  understanding  of  the
WHO  classification,  its strengths,  and  limitations,  and  rec-
ognize  how  radiology  can  contribute  to  ensuring  optimal
patient  care.
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This  work  highlights  areas  where  further  research  is
needed  to optimize  the role of  radiology  in the application  of
the  WHO  classification  and  its potential  to  improve  patient
outcomes.

Finally,  the authors  wish  to  emphasize  the  pivotal  role  of
radiology  in optimally  applying  the  WHO  classification,  and
to  express  confidence  in that  future  editions  will  incorporate
radiology  to a greater  extent.  Nonetheless,  radiologists  must
be  prepared  to  rise  to  such  a responsibility.
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2. HYPOTHESIS

DSC-PWI sequences allow differentiation, pre-surgically and noninvasively, between rel-

evant tumor types and subtypes in adults.

DSC-PWI sequences contain significantly more diagnostic information than the primary

CBV metric alone.

This additional information canbe extracted through unsupervised analysis of time-intensity

curves or by integrating multiple metrics (such as PSR and PH).

It is feasible and practical to develop a method for objective, quantitative, and visual

analysis of DSC time-intensity curves.

Semi-automatic methods can be developed to extract this data, minimizing operator de-

pendency and capturing tumor heterogeneity, in contrast to the current standard of man-

ual region-of-interest selection for both tumor and normalization references.

Unsupervised analysis of voxel-wise information provides superior diagnostic accuracy

compared to the standard single-metric (CBV) and single-value (mean/max) evaluation

approach.

Incorporating additional DSC-PWI metrics — such as time-intensity curves, PSR, and PH

— alongside CBV in a semi-automatic, unsupervised, and voxel-wise manner enhances

the diagnostic capabilities of DSC-PWI sequences and enables the development of clas-

sifiers for pre-surgical brain tumor diagnosis that are useful in daily practice and have

implications for patient management.
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3. OBJECTIVES

Primary Objectives:

1. Toenhance the presurgical diagnostic accuracy of DSC-PWI sequences for brain

tumor evaluation by incorporating a curvologic and multi-parametric approach.

2. To differentiate between relevant tumor types and subtypes in adults presurgi-

cally and noninvasively, through improved DSC-PWI analysis methods.

Secondary Objectives:

1. To develop a feasible and practical framework for quantitative and visual analy-

sis of DSC time-intensity curves that can be applied in routine clinical practice.

2. To implement semi-automatic methods that minimize operator dependency in

DSC-PWI analysis, allowing consistent data extraction and comprehensive tu-

mor heterogeneity inclusion.

3. To apply curvologic and/or multi-parametric unsupervised and voxel-wise anal-

ysis for DSC-PWI that surpasses the diagnostic accuracy of standard single-

metric (CBV) and single-value (mean/max) approaches.
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4. MATERIAL, METHODS AND RESULTS

This thesis was approved by the Research Ethics Committee of Hospital Universitari de

Bellvitge under project number PR216/21.
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Presurgical Identification of Primary Central Nervous System
Lymphoma with Normalized Time-Intensity Curve: A Pilot

Study of a NewMethod to Analyze DSC-PWI
A. Pons-Escoda, A. Garcia-Ruiz, P. Naval-Baudin, M. Cos, N. Vidal, G. Plans, J. Bruna, R. Perez-Lopez, and

C. Majos

ABSTRACT

BACKGROUND AND PURPOSE: DSC-PWI has demonstrated promising results in the presurgical diagnosis of brain tumors. While
most studies analyze specific parameters derived from time-intensity curves, very few have directly analyzed the whole curves.
The aims of this study were the following: 1) to design a new method of postprocessing time-intensity curves, which renders
normalized curves, and 2) to test its feasibility and performance on the diagnosis of primary central nervous system
lymphoma.

MATERIALS AND METHODS: Diagnostic MR imaging of patients with histologically confirmed primary central nervous system lym-
phoma were retrospectively reviewed. Correlative cases of glioblastoma, anaplastic astrocytoma, metastasis, and meningioma,
matched by date and number, were retrieved for comparison. Time-intensity curves of enhancing tumor and normal-appearing
white matter were obtained for each case. Enhancing tumor curves were normalized relative to normal-appearing white matter.
We performed pair-wise comparisons for primary central nervous system lymphoma against the other tumor type. The best dis-
criminatory time points of the curves were obtained through a stepwise selection. Logistic binary regression was applied to obtain
prediction models. The generated algorithms were applied in a test subset.

RESULTS: A total of 233 patients were included in the study: 47 primary central nervous system lymphomas, 48 glioblastomas, 39
anaplastic astrocytomas, 49 metastases, and 50 meningiomas. The classifiers satisfactorily performed all bilateral comparisons in the
test subset (primary central nervous system lymphoma versus glioblastoma, area under the curve ¼ 0.96 and accuracy ¼ 93%; ver-
sus anaplastic astrocytoma, 0.83 and 71%; versus metastases, 0.95 and 93%; versus meningioma, 0.93 and 96%).

CONCLUSIONS: The proposed method for DSC-PWI time-intensity curve normalization renders comparable curves beyond techni-
cal and patient variability. Normalized time-intensity curves performed satisfactorily for the presurgical identification of primary
central nervous system lymphoma.

ABBREVIATIONS: AUC ¼ area under the curve; NAWM ¼ normal-appearing white matter; nTIC ¼ normalized time-intensity curve; MSID ¼ maximal signal
intensity drop; PCNSL ¼ primary central nervous system lymphoma; PSR ¼ percentage of signal recovery; TIC ¼ time-intensity curve; CE-T1WI ¼ contrast-
enhanced T1WI; TTA ¼ time-to-arrival; rCBV ¼ relative cerebral blood volume

The presurgical diagnosis of brain tumors is highly relevant to
patient management. Although histopathology remains the

criterion standard, a presurgical suggestion of particular tumor
types, such as primary central nervous system lymphoma
(PCNSL) or metastasis, may greatly influence further proce-
dures.1-4

MR imaging plays a pivotal role in the presurgical identifica-
tion of brain tumors. Conventional MR imaging findings have
been widely described; nevertheless, their performance is lim-
ited.5-11 Given this limitation, an increasing number of studies
have focused on monitoring physiologic and metabolic character-
istics. In this sense, parameters derived from DSC-PWI have
shown promising results in the diagnosis of brain tumors, and
especially PCNSL.12-20 DSC-PWI generates time-intensity curves
(TICs) from dynamic monitoring of T2* signal intensity changes
during contrast administration. Specific well-known parameters
such as relative cerebral blood volume (rCBV) and percentage of

Received May 5, 2020; accepted after revision July 3.

From the Radiology Department (A.P.-E., P.N.-B., M.C., C.M.), Institut de Diagnòstic
per la Imatge, Pathology Department (N.V.), Neurosurgery Department (G.P.),
Neurology Department (J.B.), and Neurooncology Unit (A.P.-E., N.V., G.P., J.B., C.M.),
Insitut Català d’Oncologia, Institut d’Investigació Biomèdica de Bellvitge, Hospital
Universitari de Bellvitge, L’Hospitalet de Llobregat, Barcelona, Spain; and Radiomics
Group (A.G.-R., R.P.-L.), Vall d’Hebron Institut d’Oncologia, Barcelona, Spain.

Please address correspondence to Albert Pons-Escoda, MD, Radiology
Department, Institut de Diagnòstic per la Imatge (IDI), Hospital Universitari de
Bellvitge. C/Feixa Llarga SN, L’Hospitalet de Llobregat, 08907, Barcelona, Spain;
e-mail: albert.pons.idi @gencat.cat; @PonsEscoda

Indicates article with supplemental on-line tables.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A6761

1816 Pons-Escoda Oct 2020 www.ajnr.org



signal recovery (PSR) are extracted from these TICs. Although
visual evaluation of the entire TICs has been suggested by some
authors,21 to the best of our knowledge, there are no previous
studies that have quantitatively evaluated the whole range of
points that form the TIC altogether. This is probably because
technical variability and patient physiologic characteristics hinder
direct point-by-point comparisons.22-24

Constructing normalized TICs (nTICs) would minimize the
influence of physiologic and some technical parameters (espe-
cially regarding the timing of dynamics) on the TIC, offering
interesting advantages: 1) It enables the possibility of perform-
ing a direct comparison of the entire nTIC between tumor types
on a point-by-point basis, not limited to concrete parameters
such as rCBV or PSR; and 2) it enhances the construction of
user-friendly classifiers based on quantitative and visual com-
parison of particular cases to a data set of brain tumors.

The present article has 2 aims: first, to design an applicable
method of processing TICs from DSC-PWI that allows obtaining
normalized and comparable curves beyond technical and patient
variability; and second, to test the applicability of this method by
evaluating its diagnostic performance in a large series of patients
with PCNSL.

MATERIALS AND METHODS
This article has been revised for publication by the research ethics
committee of our tertiary hospital (Hospital Universitari de
Bellvitge). The patient data were anonymized for this analysis.
The confidential information of the patients was protected in
accordance with national and European norms. Unspecific
informed consent to participate in research projects was obtained
from all patients. A waiver of a specific informed consent was
provided by the ethics committee for this retrospective study.

Patients
Newly diagnosed patients with histologically confirmed PCNSL
(2006–2019) were retrieved from our center database. Correlative
cases by date and number, of glioblastoma, anaplastic astrocy-
toma, metastasis, and meningioma were retrieved from the same
database for comparison.

Patients without PCNSL were selected to achieve the same
number of patients with PCNSL, matched by year of acquisition.
The rationale was to equalize the influence of technical differen-
ces of MR imaging sequences during such a long period (2006–
2019) among tumor types. Inclusion criteria for the study were as
follows: 1) confirmed tumor diagnosis by histology according to
TheWorld Health Organization 2007 or 2016 criteria, 2) an avail-
able diagnostic MR imaging examination including DSC-PWI
and axial contrast-enhanced T1WI (CE-T1WI), 3) absence of
previous oncospecific treatment at the time of the MR imaging
examination, and 4) enhancing tumor on CE-T1WI with a short-
est diameter of at least 10 mm. The flow diagram of study partici-
pants is shown in the On-line Figure.

Imaging
All the MR imaging examinations included in the study were
acquired in the same tertiary hospital with 1 of 3 different
scanners: Ingenia 3T with a 32-channel head coil, Ingenia or

Intera 1.5T with a 16-channel head coil (Philips Healthcare).
Acquisition parameters for DSC-PWI sequences (all gradient-
echo) are summarized in On-line Tables 1 and 2. The intrave-
nous contrast (gadobutrol; 1mmol/mL, 0.1mmol/kg) injection
protocol was as follows: 18- or 20-ga peripheral intravenous
access. No preload was performed. Baseline acquisition was on
the order of 10 points. The start of the automatic injection
(power injector at 4–5 mL/s) was by a manual setting. A final
bolus of saline (25–50 mL) was injected at the same speed. The
time and number of dynamics ranged from 1.26 to 3.55 sec-
onds and 30 to 60, respectively.

The quality of the sequences was evaluated by visual inspec-
tion by 2 neuroradiologists (A.P.-E. and C.M.) with 5 years of ex-
perience in MR imaging of brain tumors. The examinations were
labeled as poor quality and excluded from the study under the
following circumstances: 1) artifacts prevented enhancing tumor
segmentation on CE-T1WI or coregistration of CE-T1WI and
DSC-PWI, or 2) an obvious low signal-to-noise ratio was
observed in the raw TICs.

Postprocessing
Supervised semiautomatic volumetric segmentations (histogram
thresholding and morphologic operations) of the enhancing tu-
mor and normal-appearing white matter (NAWM) were per-
formed on CE-T1WI and coregistered with DSC-PWI. Necrosis
and nonenhancing components of the tumors were excluded
from the segmentation. Semiautomatic volumetric segmentation
of the whole enhancing lesion instead of partial, manual, or
single-section ROI selection methods was chosen to minimize
operator-dependency as well as to include all the intrinsic hetero-
geneity of the tumors in the analysis. 3D Slicer, Version 4.10
(http://www.slicer.org) was used for segmentation,25 and the
BRAINSFit module of 3D Slicer, for coregistering.26

Two TICs for each case, 1 of the enhancing tumor and 1 of the
NAWM, were obtained by averaging the TICs for all voxels within
the segmented area. Baseline and the initial point of the descending
curve were aligned. Signal intensity values (SIi) of the enhancing tu-
mor TIC were normalized by dividing by the maximal signal inten-
sity drop (MSID) of the NAWM (SIi/MSIDNAWM). Time values
(Ti) were normalized as relative to the period of the descending
curve on NAWM, which is the subtraction of time-to-peak (TTP)
minus time-to-arrival (TTA) [Ti / (TTPNAWM – TTANAWM)]. We
used TTP-TTA instead of TTP to normalize time values to avoid
the potential human operator variability of TTA, mainly due to dif-
ferences in the coordination between contrast infusion and
sequence start. Finally, the same constant time points (0.2 TTP-
TTA fractions from 0 to a total of 5, resulting in 26 constant time
points) were extrapolated for all the curves (Fig 1). To detect the
initial point of the descending curve necessary for alignment and
TTA calculation, we calculated the average slope and SD of the 4
points before and after the MSID, and the first point where the
curve slope became greater than the average minus the SD was
established as the initial descending point.

The TICs were processed using Python 3.6 software (https://
www.python.org/downloads/release/python-360/).

As a secondary subanalysis, to compare our method with con-
ventional rCBV and PSR measures, we obtained mean rCBV and
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PSR values. rCBV was obtained with leakage correction27 and
normalized to the NAWM; PSR was obtained as described by
Cha et al.28 Both parameters were calculated using the same volu-
metric segmentation and coregistration as in the main analysis.

Statistics
The study sample was split into training (70%) and test (30%)
subsets, which were balanced by the date of examination to

minimize the impact of quality and technical differences between
TICs of the more distant-in-time examinations. For the statistical
analysis, pair-wise comparisons between PCNSL and each of the
other tumor types were made. First, a stepwise selection was run
in the training set, which rendered the 5 best discriminatory
points per comparison pair. Stepwise selection is an unsupervised
automatic procedure for variable selection, which can be used in
cases of a large number of potential explanatory variables but

FIG 1. Solid (A and B) and necrotic (D and E) tumors and respective NAWM segmentations on axial CE-T1WI (A and D) and coregistered on DSC-
PWI (B and E). Resultant raw curves by averaging the TIC for each voxel within the segmented areas (C and F), noncomparable due to differences
in time, intensity, baseline, or initial point of the descending curve. Exemplification of the parameters used to normalize the curves, MSID, and
TTP-TTA, relative to NAWM (G). Resultant normalized tumor curves, superimposable and comparable point by point (H). Curves with the exact
same number of time-matching points and sharing common units of time (relative to TTP-TTA of the NAWM) and intensity (relative to MSID of
the NAWM).
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with no underlying theory on which to base the model.
Subsequently, predictive models were trained using logistic bi-
nary regression in each pair of the training set. Finally, the con-
structed classifiers based on the algorithms from the training set
were applied to the test set.

All the statistical computations were performed with R statis-
tical and computing software, Version 3.5.1 (http://www.r-
project.org).29

RESULTS
Patients
Fifty PCNSLs fulfilled the inclusion criteria and were included in
the study. An additional 50 glioblastomas, 45 anaplastic astrocy-
tomas, 50 metastases, and 50 meningiomas balanced with
PCNSLs by date were included for comparison. The entire initial
dataset included 245 patients (133 men; mean age, 59 years;
range, 18–85 years). Demographics of the study sample are sum-
marized in On-line Table 3.

Anaplastic astrocytoma was the only tumor type whose num-
ber of cases could not match the total of PCNSLs. Although the
prevalence of anaplastic astrocytoma was higher than that of
PCNSL, this was because only 45 cases fulfilled inclusion criterion
number 4, “Enhancing tumor on CE-T1WI with a shortest diam-
eter of at least 10 mm.”

A total of 3 PCNSLs, 2 glioblastomas, 6 anaplastic astrocyto-
mas, and 1 metastasis were ruled out by the quality filter. As a
result, 47 PCNSLs, 48 glioblastomas, 39 anaplastic astrocytomas,
49 metastases, and 50 meningiomas were included in the final
dataset (total n=233). The patient dataset was split into training
(70%) and test (30%) subsets balanced by the date of examination
(training: 33 PCNSLs, 35 glioblastomas, 29 anaplastic astrocyto-
mas, 36 metastases, and 36 meningiomas; test: 14 PCNSLs, 13
glioblastomas, 10 anaplastic astrocytomas, 13 metastases, and 14
meningiomas) (On-line Figure).

Normalized Curve Analysis and Pair-Wise Comparisons
with PCNSL
Mean nTICs obtained from the training subset for each tumor
type are shown in Fig 2. These mean curves are superimposable
and comparable in a single graph due to the applied normaliza-
tion method. This format provides a user-friendly tool for visual
comparisons of nTICs. In this sense, notable differences were
found between tumor-type nTICs on a first visual assessment, the
most obvious around the MSID and the signal recovery segments.
It is remarkable that all the curves in Fig 2 have the same number
of time-matching points as well as sharing common units of time
(relative to TTP-TTA of the NAWM) and intensity (relative to
MSID of the NAWM). These features enable point-by-point
absolute quantification of differences.

The 5 best discriminatory time points per pair of tumors
achieved by stepwise selection are represented in Fig 2. The classi-
fier algorithms, based on the logistic binary regression with the
intercept and the relative power (coefficient) for each stepwise
selected time point, are shown in On-line Tables 4 and 5.

Satisfactory results were obtained to enable segregating tumor
types in all pair-wise comparisons in the training set. In sum-
mary, the area under the curve (AUC) values for all bilateral

comparisons ranged between 0.86 (PCNSL versus anaplastic
astrocytoma) and 1.00 (PCNSL versus meningioma), while the
classification accuracies ranged between 74% (PCNSL versus ana-
plastic astrocytoma) and 97% (PCNSL versus meningioma). The
same algorithms were applied to the test subset of tumors, con-
firming satisfactory classifications with AUC values between 0.83
(PCNSL versus anaplastic astrocytoma) and 0.96 (PCNSL versus
glioblastoma) and accuracies between 71% (PCNSL versus ana-
plastic astrocytoma) and 96% (PCNSL versus meningioma)
(Table).

The discriminating threshold of the constructed predictive
model was set to zero to calculate the exposed results. Zero value
corresponds to the point of maximum accuracy in binary logistic
regressions. Nevertheless, this threshold can be easily modified,
allowing the algorithm to be adapted to different clinical scenar-
ios requiring specific sensitivity or specificity profiles.

Figures 3 and 4 are real clinical examples of the classifier user-
friendly applicability. The nTIC curves of particular “problem”

cases are overlapped on mean nTIC curves of each tumor type to
visually assess similarities. The values after running the algorithm
on the “problem” cases are depicted in a scatterplot to visually
assess the likelihood of a particular diagnosis.

Regarding the rCBV and PSR subanalyses, the performance of
these parameters is summarized in On-line Tables 6 and 7. In a
general sense, mean rCBV and PSR showed inferior diagnostic
performance to nTICs, with the only accuracies being slightly
superior for PSR in PCNSL versus anaplastic astrocytoma and
PCNSL versus metastasis in the test subgroups.

DISCUSSION
In this study, we have reported the design of an innovative
method to obtain normalized TICs from DSC-PWI beyond
patient and technical differences, which allows the following: 1)
constructing mean curves for visual analysis, 2) performing
point-by-point statistical comparisons between curves, and 3)
building classifiers. We have tested its applicability in the presur-
gical identification of PCNSL and obtained satisfactory results.

DSC-PWI is an MR imaging technique that can be performed
on most MR imaging units currently and provides noninvasive in
vivo assessment of microvascular systems. It consists of a
dynamic temporal acquisition during the vascular first pass of a
contrast bolus. The injection of gadolinium results in an initial
reduction in T2 signal intensity of tissues and subsequent signal
recovery during contrast washout. TICs can be generated from
this process. Well-studied parameters such as rCBV and PSR are
extracted from these curves. The rCBV corresponds to the AUC,
is usually measured relative to the NAWM, and has been related
to histologic measurements of tumor vascularization.22,24,30 The
PSR is measured relative to the TIC baseline and may quantify
the predominant T1 (signal recovery above baseline) or T2 (sig-
nal recovery below baseline) effects. These effects represent differ-
ent leakage phenomena, which are explained by a complex
combination of blood-brain barrier permeability, vascular vol-
ume fraction and vessel size, and tumor cell size and den-
sity.22,30,31 The extraction of rCBV or PSR from TICs may
represent an oversimplification of the information contained in
the entire TIC. In fact, the curves have many other points that
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remain excluded from these parameters. Along this line, some
studies have suggested analyzing the whole curve to obtain
improved information. Unfortunately, the proposed analysis was
qualitative and limited to the visual pattern evaluation of the
curve.21 Quantitative assessment of the entire curve has not been

accomplished to date, to our knowledge. This could be due to
differences in the acquisition technique (including operator-de-
pendency on some parameters) and patient physiologic features,
which produce noncomparable TICs between different examina-
tions or patients.22,23 For example, there may be differences in

FIG 2. Normalized mean tumor curves for each type (PCNSL, glioblastoma, anaplastic astrocytoma, metastasis, and meningioma) obtained
in the training subset (A). The curves are superimposable and comparable in a single graphic. This format provides a user-friendly tool for
visual comparison of curves. Paired comparisons of normalized mean tumor curves for PCNSL against glioblastoma (B), anaplastic astrocy-
toma (C), metastasis (D), and meningioma (E), as well as representation of the 5 stepwise selected discriminatory TTP-TTA time points per
pair (black dots).
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the number and time of dynamics, in contrast injection start
point and speed, or in patient heart rate preventing TICs from
being comparable.16,22-24

With these considerations in mind, we have developed a novel
method for obtaining standardized, normalized, and comparable
TICs independent of some technical and patient variability. We
considered 2 parameters to be normalized to obtain comparable

curves: time and intensity signal. Time was normalized as con-
stant proportions of TTP-TTA from NAWM, and the time axis
was re-dimensioned from seconds to fractions of 0.2 TTP-TTA
units. Signal intensity was normalized to the MSID in NAWM.
This normalization approach provided superimposable curves
that could be visually analyzed and a list of point values that
could be statistically compared among cases. Indeed, after nor-
malization, mean curves for each tumor group could be con-
structed, allowing visual comparisons; the best discriminatory
points with their optimal weighting for discrimination could be
statistically determined, enabling the construction of classifiers;
and particular cases could be displayed on scatterplots, providing
visual representations of the likelihood of the diagnostic classifi-
cation. Accordingly, we consider that this methodology could be
further applied to construct user-friendly classifiers for the diag-
nosis of brain tumors. Examples of this potential application are
shown in Figs 3 and 4.

We tested the performance of our method in the presurgical
identification of PCNSL.

Reliable presurgical identification of PCNSL is vital because
its management greatly differs from that of the other most prev-
alent enhancing brain tumors.1-3,32 Maximal PCNSL resection
is not recommended, and early stereotactic biopsy before

FIG 3. Example of clinical applicability on a “real” problem case. Axial CE-T1WI of 2 different patients (A and D) depicting 2 subcortical right fron-
tal, solid enhancing tumors. PCNSL and anaplastic astrocytoma may be diagnostic possibilities to consider. Tumor normalized curves of each
case overlapped to PCNSL, and anaplastic astrocytoma mean curves for visual assessment (B and E) show that the case in the upper row has sim-
ilarities with PCNSL while in contrast, the case in the lower row has similarities with anaplastic astrocytoma. Representation of the classifier
results on a scatterplot (C and F) demonstrates that the case in the upper row remains on the inferior side and may likely be a PCNSL, while the
case in the lower row is more likely to be an anaplastic astrocytoma. We pathologically confirmed both diagnoses: case in the upper row,
PCNSL; case in the lower row, anaplastic astrocytoma.

Summary of the results in training and test subsets

AUC Accuracy Sensitivity Specificity
PCNSL vs GB
Training 0.96 88% (60/68) 88% (29/33) 89% (31/35)
Test 0.96 93% (25/27) 93% (13/14) 92% (12/13)

PCNSL vs AA
Training 0.86 74% (46/62) 76% (25/33) 72% (21/29)
Test 0.83 71% (17/24) 93% (13/14) 60% (6/10)

PCNSL vs MET
Training 0.92 81% (56/69) 81% (26/32) 81% (30/37)
Test 0.95 93% (25/27) 100% (14/14) 85% (11/13)

PCNSL vs MEN
Training 1.00 97% (67/69) 97% (32/33) 97% (35/36)
Test 0.93 96% (27/28) 100% (14/14) 93% (13/14)

Note:—GB indicates glioblastoma; AA, anaplastic astrocytoma; MET, metastasis;
MEN, meningioma.
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corticosteroid administration is mandatory when it is suspected
from imaging.32-35 Conventional MR imaging in PCNSL has
been widely analyzed and may be useful for guiding initial man-
agement.5-7 Nevertheless, these features may vary between
patients and may overlap with other tumors.8-11 Thus, radio-
logic diagnosis of PCNSL remains a challenge, and additional
advanced imaging techniques such as DSC-PWI are increas-
ingly being evaluated. Many articles have evaluated the potential
of DSC-PWI for differentiating PCNSL from other tumors with
excellent results. These studies focus on rCBV and PSR quantifi-
cations. Basically, PCNSL shows low rCBV and high PSR.12-20

Some authors recently reported an additional parameter directly
extracted from TICs termed “peak height,” which has shown
promising results.12,15 However, the lack of technique standard-
ization, which causes variability in the identification of the best
discriminating parameter and its relevant thresholds between
different studies, as well as the lack of a user-friendly way to
depict the results, impedes the widespread clinical application
of these perfusion parameters.16,22-24

We obtained satisfactory accuracy values in the comparisons
between PCNSL and glioblastoma, anaplastic astrocytoma, me-
tastasis, and meningioma in the test subset. Accuracies ranged
between 71% (versus anaplastic astrocytoma) and 96% (versus

meningioma). Moreover, the performance of the new method is
overall superior compared with the analysis of conventional
rCBV or PSR measures in our dataset (On-line Tables 6 and 7).
Visual differences between the standardized nTICs of the differ-
ent tumors were noted, especially in the segments around the
MSID and the return to baseline (Fig 2). Statistical analysis con-
firmed that the best discriminatory points were situated around
those segments of the curves that may somehow be related to the
traditional rCBV, peak height, and PSR, which can be evaluated
on conventional raw TICs. Indeed, we hypothesize that our
method evaluates a mixture of these known relevant values along
with other potentially discriminatory and otherwise hidden val-
ues of the curve, all together in a single step. Additionally, the
method enables a user-friendly representation of the results (Figs
3 and 4). For this, we used a pair-wise model that takes advantage
of the radiologist’s interaction by narrowing the most probable
diagnoses. Then, the classifier is used as a support tool for diag-
nosis and not as an independent reader.

The variety of DSC pulse sequence parameters included in
this retrospective study deserves special attention. Differences on
these parameters (flip angle, TE, TR) affect the curve morphology
and indeed seem to partially justify the variability in values and
thresholds found in the literature regarding both rCBV and

FIG 4. Example of clinical applicability on a “real” problem case. Axial CE-T1WI of 2 different patients with similar tumors (A and D): well defined,
solid, avidly enhancing and right frontal peripherally located. PCNSL and meningioma were the 2 main diagnostic options considered. The tumor
normalized curve of each case overlapping with PCNSL and meningioma mean curves (B and E) show that the case in the upper row is similar to
PCNSL while the case in the lower row is close to meningioma. Representation of the classifier results on the scatterplot (C and F) suggests that
the cases are likely to be PCNSL and meningioma, respectively. We pathologically confirmed both diagnoses: case in the upper row, PCNSL,
case in the lower row, meningioma.
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PSR.31 In this sense, an overall predominantly high T1-weighting
of the sequences in our study (On-line Table 1) seems to be carry-
ing higher PSR values if compared with some prior studies.20

Several limitations of our study must be considered. The sin-
gle-site and retrospective character of the study may affect
reproducibility. Nevertheless, the single-site origin may confer
homogeneity that could be useful for this pilot study. At any
rate, multicentric and prospective studies in new real clinical
scenarios are needed for validation. The inclusion of a wide
range of MR imaging examination dates and consequent techni-
cal differences may have affected the consistency of results.
Some of them, such as the timing of dynamics or little heteroge-
neities in technical parameters, may be considered positive for
the study by demonstrating the robustness of the method.
Other parameters, such as variations in TE, TR, or flip angle,
may be considered potentially confusing. In particular, higher
T1-weighting of older sequences in our study may overestimate
PSR values.20,31 Balancing of cases between tumor types and
training and test cohorts was an attempt to minimize its impact
on the results. Finally, we did not stratify subtypes of tumors or
DSC sequence parameters used to avoid excessive fragmenta-
tion of the dataset.

On the other hand, our study has several strong points. First,
a large sample of PCNSL was included, which provides a robust
method and very high accuracy rates despite heterogeneity.
Second, a wide-but-logical differential diagnosis was considered
in the comparisons, which emphasizes the clinical usefulness of
the results. Third, there is the semiautomatization of the image
segmentation and coregistration as well as the TIC processing,
which minimized operator-dependency in favor of reproducibil-
ity. Last, the method allowed including all the nTIC point values
in the analysis without supervision, which provides an objective
approach to the classification process.

CONCLUSIONS
The novel proposed method of assessing DSC-PWI renders nor-
malized point-by-point comparable TICs beyond technique and
patient variability, enables the construction of classifiers that can
be presented in user-friendly interfaces, and shows good per-
formance when tested, with excellent results in the presurgical
identification of PCNSL.
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ADULT BRAIN

Diffuse Large B-Cell Epstein-Barr Virus–Positive Primary CNS
Lymphoma in Non-AIDS Patients: High Diagnostic Accuracy

of DSC Perfusion Metrics
A. Pons-Escoda, A. García-Ruíz, P. Naval-Baudin, F. Grussu, M. Viveros, N. Vidal, J. Bruna, G. Plans, M. Cos,

R. Perez-Lopez, and C. Majós

ABSTRACT

BACKGROUND AND PURPOSE: Immunodeficiency-associated CNS lymphoma may occur in different clinical scenarios beyond AIDS.
This subtype of CNS lymphoma is diffuse large B-cell and Epstein-Barr virus–positive. Its accurate presurgical diagnosis is often unfea-
sible because it appears as ring-enhancing lesions mimicking glioblastoma or metastasis. In this article, we describe clinicoradiologic
features and test the performance of DSC-PWI metrics for presurgical identification.

MATERIALS AND METHODS: Patients without AIDS with histologically confirmed diffuse large B-cell Epstein-Barr virus–positive pri-
mary CNS lymphoma (December 2010 to January 2022) and diagnostic MR imaging without onco-specific treatment were retrospec-
tively studied. Clinical, demographic, and conventional imaging data were reviewed. Previously published DSC-PWI time-intensity
curve analysis methodology, to presurgically identify primary CNS lymphoma, was used in this particular lymphoma subtype and com-
pared with a prior cohort of 33 patients with Epstein-Barr virus–negative CNS lymphoma, 35 with glioblastoma, and 36 with metastasis
data. Normalized curves were analyzed and compared on a point-by-point basis, and previously published classifiers were tested. The
standard percentage of signal recovery and CBV values were also evaluated.

RESULTS: Seven patients with Epstein-Barr virus–positive primary CNS lymphoma were included in the study. DSC-PWI normalized
time-intensity curve analysis performed the best for presurgical identification of Epstein-Barr virus–positive CNS lymphoma (area
under the receiver operating characteristic curve of 0.984 for glioblastoma and 0.898 for metastasis), followed by the percentage
of signal recovery (0.833 and 0.873) and CBV (0.855 and 0.687).

CONCLUSIONS: When a necrotic tumor is found in a potentially immunocompromised host, neuroradiologists should consider
Epstein-Barr virus–positive CNS lymphoma. DSC-PWI could be very useful for presurgical characterization, with especially strong
performance of normalized time-intensity curves.

ABBREVIATIONS: AUC ¼ area under the receiving operating characteristic curve; CE ¼ contrast-enhanced; DLBC ¼ diffuse large B-cell; EBV ¼ Epstein-Barr
virus; GE ¼ gradient-echo; nTIC ¼ normalized time-intensity curve; PCNSL ¼ primary CNS lymphoma; PSR ¼ percentage of signal recovery; rCBV ¼ relative
CBV; TIC ¼ time-intensity curve; WHO ¼ World Health Organization

Presurgical suspicion of CNS lymphoma is crucial for patient
management. When it is suspected, initial corticosteroids

should be avoided, and biopsy instead of surgical resection is
recommended.1,2

Conventional imaging features of CNS lymphoma are widely
described,3-7 but they mainly refer to primary CNS lymphomaReceived April 27, 2022; accepted after revision September 2.

From the Departments of Radiology (A.P.-E., P.N.-B., M.V., M.C., C.M.), Pathology (N.V.),
and Neurosurgery (G.P.), Hospital Universitari de Bellvitge, Barcelona, Spain;
Neurooncology Unit (A.P.-E., N.V., J.B., G.P., C.M.), Institut d’Investigació Biomèdica de
Bellvitge-IDIBELL, Barcelona, Spain; Radiomics Group (A.G.-R., F.G., R.P.-L.), Vall
d’Hebron Institut d’Oncologia, Barcelona, Spain; and Department of Radiology (R.P.-L.),
Hospital Universitari Vall d’Hebron, Barcelona, Spain.

A.P.-E. and A.G.-R. are co-first authors of the manuscript. A.P.-E., P.N.-B., and C.M.
created the experimental design. A.P.-E. led the investigation. A.P.-E. did the data
collection. A.G.-R., F.G., and R.P.-L. led the data processing and statistical analysis in
direct collaboration with A.P.-E., P.N.-B., and C.M. A.P.-E., P.N.-B., and C.M. wrote
the manuscript and chose the best images. J.B. made important contributions to
the final manuscript. A.P.-E. did the bibliographic research. M.V., M.C., N.V., G.P.,
and J.B. played an important role in imaging, patient data, or pathology sample
acquisitions. All the authors have participated in the realization, review, and
correction of the manuscript and its images, and all the authors have read and
approved its submission to this journal.

This work was partially supported by a grant from the Instituto de Salud Carlos III
(PI20/00360) to Carles Majós and Albert Pons-Escoda. Francesco Grussu has
received funding from the postdoctoral fellowships program Beatriu de Pinós
(2020 BP 00117), funded by the Secretary of Universities and Research (Government
of Catalonia). Raquel Perez-Lopez is supported by a Prostate Cancer Foundation
Young Investigator Award, CRIS Foundation Talent Award (TALENT-05), Fero
Foundation, and the Instituto de Salud Carlos III.

Please address correspondence to Albert Pons-Escoda, MD, Radiology
Department, Institut de Diagnòstic per la Imatge (IDI), Hospital Universitari de
Bellvitge, C/Feixa Llarga SN, L’Hospitalet de Llobregat, 08907 Barcelona, Spain;
e-mail: albert.pons.idi @gencat.cat; @PonsEscoda

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7668

AJNR Am J Neuroradiol 43:1567–74 Nov 2022 www.ajnr.org 1567



(PCNSL), which specifically is Epstein-Barr virus (EBV)–negative
and occurs in immunocompetent patients.8 However, less frequent
subtypes of CNS lymphoma do not follow this imaging pattern.
This is the case of immunodeficiency-associated CNS lymphoma,
which usually appears as ring-enhancing lesions with central
necrosis complicating accurate presurgical diagnosis.9-14

The World Health Organization (WHO) Classification of
Tumors of the CNS includes B-cell and EBV-positivity as essential
criteria for immunodeficiency-associated CNS lymphoma. Diffuse
large B-cell (DLBC) EBV positive8,15 lymphoma is considered a
distinct immunobiologic entity and represents nearly 10% of all
CNS lymphomas.16 In the scientific literature, DLBC EBV-posi-
tive CNS lymphoma is mainly described in the context of AIDS.
However, while the AIDS incidence is decreasing, other causes of
immunodeficiency are increasing. This is the case for iatrogenesis
(treatment-induced immunosuppression) in the context of post-
transplantation or for other causes such as autoimmune diseases,
or even for other situations such as immunosenescence and
chronic inflammation.17-21

DSC-PWI is a quantitative MR imaging technique that has
shown promising results for presurgical identification of PCNSL.
This tumor shows a characteristic time-intensity curve (TIC),
which can be precisely evaluated with a newmethodology that ren-
ders normalized TICs (nTICs)22,23 as well as by a lower relative
CBV (rCBV) and a higher percentage of signal recovery (PSR)
than glioblastoma or metastasis.22,24-30 However, to the best of our
knowledge, there is very little literature regarding DSC-PWI fea-
tures specific to DLBC EBV-positive CNS lymphoma.10

In summary, DLBC EBV-positive CNS lymphoma constitutes
a unique clinical immunobiologic entity with particular imaging
features that challenge its presurgical diagnosis. Conventional
imaging is usually misleading, and comprehensive analysis of the
full potential of DSC-PWI in this scenario is lacking.

In this article, the clinical and radiologic features of a homoge-
neous data set of patients with DLBC EBV-positive CNS lymphoma
without AIDS are comprehensively described. The main objective
of the study was to test the performance of DSC-PWI metrics
(nTIC, PSR, CBV) for the presurgical differentiation of this entity
from glioblastoma and metastasis.

MATERIALS AND METHODS
The research ethics committee of the Hospital Universitari de
Bellvitge tertiary center approved this retrospective study and
issued a waiver for a specific informed consent. Patient data were
protected and anonymized in accordance with European Union
General Data Protection Regulation legislation.

Patients
Records of patients with confirmed primary DLBC EBV-posi-
tive CNS lymphoma (December 2010 to January 2022) were
retrieved from our center’s database. Inclusion criteria were the
following: 1) confirmed tumor diagnosis by histology (2016
WHO lymphoid neoplasm15 and 2021 WHO CNS tumor8 clas-
sification); 2) extension study without evidence of systemic lym-
phoma; and 3) available diagnostic MR imaging examination
without onco-specific treatment.

Relevant clinical and demographic data were retrieved from
the hospital records, including age, sex, underlying conditions,
radiologic diagnosis, histopathologic diagnosis, and initial diag-
nostic-therapeutic patient management.

For comparison of the obtained perfusion metrics, we retrieved
DSC-PWI data from previously published22 cases of EBV-negative
PCNSL, glioblastoma, and metastasis, which are balanced by tech-
nique and demographic characteristics, as well as quality-filtered.

Imaging
The MR images included in the study were acquired in a single
center with 1 of 2 scanners, either an Ingenia 1.5T or an Intera
1.5T (Philips Healthcare), both using a 16-channel head coil.
MR imaging examinations included T1WI, contrast-enhanced
(CE) T1WI, TSE-T2WI, gradient-echo (GE) T2*WI, DWI, and
DSC-PWI.

Conventional Imaging. Two experienced neuroradiologists from
our tertiary reference center neuro-oncology unit, A.P.-E. and
C.M., with .8 and 25 years of experience in neuro-oncologic ra-
diology, respectively, visually assessed T1WI, CE-T1WI, TSE-
T2WI, GE-T2*WI, and DWI sequences. The assessment was
done independently and included the number of lesions, location,
ring enhancement, TSE-T2WI signal intensity, GE-T2*WI hem-
orrhagic components, and diffusion restriction. Discrepancies
were resolved by consensus.

Perfusion Imaging Acquisition. Two GE DSC-PWI sequences
were used. The first (2 cases) included 40 dynamic volumes with a
temporal resolution of 1.9 seconds with the following parameters:
flip angle ¼ 7°, TE¼ 25–30 ms, TR¼ 16–20 ms, in-plane resolu-
tion ¼ 1.72mm, and section-thickness ¼ 1.5mm. The second (5
cases) included 60 dynamic volumes with a temporal resolution of
1.6 seconds with flip angle ¼ 75°, TE ¼ 40ms, TR ¼ 1522–1771
ms, pixel spacing ¼ 1.75mm, and section thickness ¼ 5mm. The
intravenous contrast was gadobutrol, 1mmol/mL, 0.1mmol/kg.
No contrast preload administered. Baseline acquisition was on the
order of 10 points. The start of the automatic injection (4–5mL/s)
was by a manual setting.

Postprocessing. The segmentations of enhancing tumor and
contralateral normal-appearing WM were performed on CE-
T1WI semiautomatically (histogram intensity thresholding) and
coregistered with DSC-PWI. Necrosis was not included in the
segmentations. Segmentations were performed on 3D Slicer,
Version 4.10 (http://www.slicer.org), and coregistration was
with the BRAINSFit module (3D Slicer). TICs were prepro-
cessed using the method proposed by Pons-Escoda et al,22,23

which renders nTICs: Signal-intensity values of the enhancing
tumor TIC were normalized by dividing by the maximal signal
intensity drop of the normal-appearing WM, and time values
were normalized as relative to the period of the descending
curve on normal-appearing WM. The resultant nTICs are time-
and intensity-normalized, making them comparable among
patients. The TICs were processed using Python 3.6 software
(https://www.python.org/downloads/release/python-360/).

Visual evaluation of the average curves and point-by-point
statistical comparison (Mann-Whitney U test) were performed.

1568 Pons-Escoda Nov 2022 www.ajnr.org



Two previously published classifiers to differentiate PCNSL
from glioblastoma and metastasis through nTICs were used to
assess the performance in the particular group of DLBC EBV-
positive CNS lymphomas.22 Also, we assessed the performance
of mean rCBV and PSR. rCBV was obtained after leakage cor-
rection and normalized to the contralateral normal-appearing
WM31 with 3D Slicer, Version 4.10, and PSR was obtained as
described by Cha et al.32

Additionally, replicating the same prior methodology22 (logis-
tic binary regression on the 5 most discriminatory points of the
curve), we trained a 1-way nTIC model to differentiate PCNSL
and glioblastoma/metastasis as a single group and tested it for
DLBC EBV-positive CNS lymphoma.

RESULTS
Patients
Seven patients fulfilled the inclusion criteria and were included in
the study (4 men; mean age, 70 years; range, 62–78 years). The
underlying conditions were the following: 3 iatrogenic in the
context of posttransplant, 2 iatrogenic in the context of autoim-
mune disease, 1 chronic inflammation, and 1, elderly, related to
immunosenescence.15,17,19-21 The original radiologic diagnosis

was metastasis or glioblastoma in all patients. Initial biopsy was
recommended in 4 cases, while the remaining patients were candi-
dates for initial maximal safe resection. Patient characteristics are
specified in Table 1. Four patients with DLBC EBV-positive CNS
lymphoma were on corticosteroids at the time of MR imaging.

For perfusion metrics comparisons, DSC-PWI data from 33
patients with EBV-negative primary CNS lymphomas, 35 with glio-
blastomas, and 36 patients with metastases (total, 104; fifty-five
men; mean age, 60 years; range, 18–82 years) were included. These
data were previously acquired in the same center, with same techni-
cal parameters,22 and there were no significant differences in their
distributions with the currently analyzed cohort (x 2 test, P¼ .108).

Imaging
Conventional Imaging. Conventional imaging findings are shown
in Table 2. The most relevant findings on MR imaging were the
following: single lesions and peripheral cortico-subcortical loca-
tion; necrotic lesions with ring enhancement and different degrees
of hemorrhage; and heterogeneous signal on DWI (Table 2 and
Fig 1). An unexpected TSE-T2 heterogeneously iso-/hypointense
signal of the central nonenhancing content of lesions was also
described.

Table 1: Clinical overview of the included patients with pathology-confirmed DLBC EBV-positive CNS lymphoma

Age (yr) Sex Underlying Conditions Radiologic Diagnosisa
Diagnostic-Therapeutic Initial

Management
P 1 66 Male Kidney transplant Multiple metastasesb Biopsy: reason, multiple lesions
P 2 76 Male Chronic myeloproliferative disorder;

essential thrombocythemia
Glioblastoma Biopsy: reason, patient basal

clinical status
P 3 74 Male Liver transplant Single metastasisc Biopsy: reason, second-look

radiologic opinion
P 4 62 Female Systemic sclerosis and

discoid cutaneous lupus
Glioblastoma Maximal safe surgical resection

P 5 70 Female Immunosenescence Multiple metastases or
multifocal glioblastoma

Biopsy: reason, multiple lesions

P 6 63 Male Autoimmune hepatitis Metastasis or glioblastoma Maximal safe surgical resection
P 7 78 Female Kidney transplant Single metastasis Maximal safe surgical resection

Note:—P indicates patient.
a Based on a radiologic report from our neuro-oncology reference tertiary university hospital.
b Atypical infection was considered, but as an unlikely option.
c A second-look opinion raised the possibility of atypical lymphoma.

Table 2: Radiologic overview of the included patients with pathology-confirmed large B-cell EBV-positive primary CNS lymphoma

No. Location Necrosis CE-T1WI Ring T2WI Solid Parts
T2*WI

Hemorrhage
DWI

Solid Parts
P 1 Multiple Bilateral basal ganglia and

cortico-subcortical
Yes Irregular thick

and nodular
Heterogeneous
hyperintense

Moderate Heterogeneous
restricted

P 2 Single Parietal corticosubcortical Yes Irregular thick Heterogeneous
intermediate

Subtle Heterogeneous
intermediate

P 3 Single Frontal cortico-subcortical Yes Irregular thick Heterogeneous
hypointense

Moderate Heterogeneous
restricted

P 4 Single Parietal cortico-subcortical Yes Irregular thick Heterogeneous
hyperintense

Prominent Heterogeneous
restricted

P 5 Multiple Cortico-subcortical unilateral Yes Irregular thin Heterogeneous
hypointense

Prominent Heterogeneous
intermediate

P 6 Single Basal ganglia Yes Irregular thick Homogenous
hypointense

Prominent Heterogeneous
restricted

P 7 Single Frontal subcortical Yes Regular thin Homogenous
hypointense

Moderate Homogeneous
restricted
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Perfusion Imaging. Figure 2 overlays the average nTIC for DLBC
EBV-positive CNS lymphoma, PCNSL (EBV-negative), metastasis,
and glioblastoma. Few differences were detected between DLBC
EBV-positive CNS lymphoma and PCNSL. The most relevant vis-
ual differences with metastasis or glioblastoma were seen around
the maximal-signal-intensity drop and signal-recovery segments of
the curves. The Mann-Whitney U test found significant differences
between DLBC EBV-positive CNS lymphoma and glioblastoma or
metastasis at almost all time points of the curve, with the greatest
level around the maximal-signal-intensity drop and signal-recovery
segments, reinforcing the visual assessment.

Results of the 2 previously published classifier algorithms,22

along with the classification potential of PSR and rCBV, can be

found in Table 3, Fig 3, and the Online
Supplemental Data. The 2 nTIC algo-
rithms showed the most significant dif-
ferences (P, .001 for glioblastoma and
metastasis) and the best classification
results. For glioblastoma, they yielded an
area under the receiver operating curve
(AUC) of 0.984, accuracy of 0.93, sensi-
tivity of 1.0, and specificity of 0.91, while
for metastasis, they yielded an AUC of
0.898, accuracy of 0.82, sensitivity of 1.0,
and specificity of 0.78. Additionally, PSR
was also significant for both compari-
sons, albeit slightly less so (P, .01 for
both, AUC ¼ 0.833 and 0.873). Finally,
rCBV yielded significant differences for
DLBC EBV-positive CNS lymphoma
against glioblastoma (P ¼ .003, AUC ¼
0.855), but not against metastasis (P ¼
.122, AUC¼ 0.687).

Furthermore, when we compared
DLBC EBV-positive CNS lymphoma
and PCNSL, visual assessment of average
nTICs showed very similar morphology,
and statistical comparison confirmed no
significant differences between them in
the Mann-Whitney U test. Moreover, no
significant differences were found in
PSR, while rCBV showed a barely signifi-
cant difference (P ¼ .05). All results are
summarized in Table 3, Fig 3, and the
Online Supplemental Data.

Last, the 1-way adapted classifier
results can be found in the Online
Supplemental Data. The nTIC algorithm
(Online Supplemental Data) discrimi-
nated between DLBC EBV-positive CNS
lymphoma and glioblastoma/metastasis
as a whole, with AUC ¼ 0.90, while the
AUC was 0.85 for PSR and 0.77 for
rCBV.

No significant differences were found
in all time points of nTICs, CBV, or PSR
values among the different DSC-PWI

techniques (Mann-Whitney U test, P values ¼ .245–1), neither
among patients with nor without corticosteroids at the time of MR
imaging (Mann-WhitneyU test, P values¼ .157–.724).

DISCUSSION
In this study, we present a unique cohort of 7 patients with DLBC
EBV-positive CNS lymphoma without AIDS in whom DSC-PWI
was performed and compare them with those with PCNSL (EBV-
negative), glioblastoma, and metastasis. While conventional imag-
ing was misleading due to the strong similarity between DLBC
EBV-positive CNS lymphoma and glioblastoma or metastasis,
DSC-PWI metrics provided promising results, the best determined
by nTIC analysis. Moreover, this is the first study to describe and

FIG 1. Visual summary of MR imaging features in 4 patients with pathology-confirmed DLBC EBV-
positive CNS lymphoma. One patient in each row: CE-T1WI, TSE-T2WI, GE-T2*WI, and DWI at
b ¼ 1000. Regular thin ring enhancement of a subcortical lesion in A, irregular thick ring enhance-
ment of a basal-ganglia lesion in B. The solid walls of lesions show homogeneous TSE-T2WI low
signal and restricted diffusion. Incidental right frontal chronic infarct in D. Irregular thick ring
enhancement in cortico-subcortical lesions: frontal in C, parietal in D. Heterogeneous signal on
TSE-T2WI: hypointense in C, iso- to hyperintense in D. Intermediate heterogeneous signal on
DWI. Different amounts of hemorrhage in all cases are depicted by the GE-T2*WI. Note the TSE-
T2WI heterogeneous iso- to hypointense signal of the nonenhancing central content of tumors
in A–C, especially in B and C.
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analyze DLBC EBV-positive CNS lymphoma nTIC features and
PSR values, to the best of our knowledge.

Currently, it is recognized that DLBC EBV-positive CNS lym-
phoma is a specific subtype of CNS lymphoma associated with
immunodeficiency.8,15,16 AIDS-related CNS lymphoma appeared
to become one of the most frequent brain tumors in the 1990s due
to the explosion of the AIDS pandemic.33 However, with the
advent of antiretroviral therapies, AIDS-related CNS lymphoma
has gradually decreased in the 2000s.34,35 Inherent to medical
advances, other non-AIDS immunodeficiencies such as iatrogenic
(posttransplantation and others), immunosenescence, and chronic
inflammation have increased and probably overtaken AIDS as a
cause of immunodeficiency-related CNS lymphoma.17-21,36 Also,
due to the differing underlying physiopathologies of these condi-
tions, strict monitoring of patients, and the improvement in imag-
ing techniques, necrotic tumors have become the main radiologic
differentials.14,37-39

In the authors’ opinion, radiology literature regarding DLBC
EBV-positive CNS lymphoma without AIDS is scarce, probably
due to the constantly evolving epidemiologic scenario and the rela-
tive rarity of the disease, making it difficult to pool these patients
accurately.14,16-21,33-35,37-39 However, DLBC EBV-positive CNS
lymphoma without AIDS is a clear and specific clinical immuno-
biologic entity that is challenging to diagnose because of the
uncommon signatures for the much more frequent PCNSL and its
great similarity to glioblastoma and metastasis on conventional
imaging.14,37-39 Last, its identification before any surgical approach
is crucial for optimal management because prompt biopsy without
corticosteroids is the best choice, while surgical resection is not
recommended.1

In reference to the role of DSC-PWI, our literature search iden-
tified only 1 article that specifically assessed DSC-PWI of patients
with DLBC EBV-positive CNS lymphoma without AIDS.10

Another article14 analyzed a subgroup of CNS lymphomas under
the term “atypical PCNSL” in patients without AIDS. Lee et al10

specifically assessed rCBV values of patients with DLBC EBV-posi-
tive CNS lymphoma and compared them with those in patients
who were EBV-negative. They did not find differences between
EBV-positive and EBV-negative CNS lymphomas, while we found
a slightly significant difference. On the other hand, Suh et al14

reported relevant differences in rCBV values between their patients
with atypical PCNSL and glioblastoma, congruent with our results.
Nevertheless, in both articles the DSC-PWI analysis remained lim-
ited to rCBV, and the absence of AIDS is considered enough to
rule out immunodeficiency, which raises the question of whether
CNS lymphomas included in these articles could actually be “other

FIG 2. Average nTIC of DLBC EBV-positive CNS lymphoma, PCNSL (EBV-negative), metastasis, and glioblastoma. Few differences may be seen
between DLBC EBV-positive CNS lymphoma and PCNSL. The most relevant visual differences between DLBC EBV-positive CNS lymphoma and
metastasis or glioblastoma are seen around the maximal-signal-intensity drop and the signal-recovery segments of the curves.

Table 3: Summary of results

Pa AUC
nTIC algorithms
vs glioblastoma ,.001 0.984
vs metastasis ,.001 0.898

PSR
vs glioblastoma .006 0.833
vs metastasis .002 0.873

rCBV
vs glioblastoma .003 0.855
vs metastasis .122 0.687

a Statistical significance, Mann-Whitney U test.
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immunodeficiency-associated,” such as ours. Finally, the mere
comparison of EBV-positive and EBV-negative CNS lymphoma10

and the noninclusion of metastasis in the differential14 may con-
dition the lack of clinically relevant information from our point
of view and experience. To overcome these issues, we present a
unique cohort with comprehensive clinical and demographic
information and pathologic diagnosis according to the 2016
WHO lymphoid neoplasm15 and the 2021 WHO CNS tumor8

classifications, and we systematically describe conventional imag-
ing and analyze the full potential of DSC-PWI to presurgically
identify DLBC EBV-positive CNS lymphoma.

In this study, standard DSC-PWI metrics of PSR and rCBV
achieved good or acceptable results in pair-wise discrimination of
DLBC EBV-positive CNS lymphoma and glioblastoma or metas-
tasis. Nonetheless, the application of previously reported nTICs
analysis methodology22 yielded improved diagnostic performance.
We mainly applied the previously published PCNSL presurgical
classifier algorithms22 to our data set; but as a secondary analysis,
we generated a dedicated algorithm to differentiate PCNSL and
glioblastoma/metastasis as a whole group, also obtaining excellent
results. Additionally, the curve-normalization process allows over-
laying the averaged nTICs of relevant differential diagnoses

(Fig 2), which offers radiologist-friendly visual evaluation of curve
differences. An additional advantage of the nTIC classifier results
is the high-sensitivity levels provided, which is ideal in this sce-
nario in which the most relevant goal is to raise suspicion of CNS
lymphoma to avoid prebiopsy corticosteroids and potentially
harmful tumor resection.2

DSC-PWI pulse-sequence parameters are known to influence
CBV and PSR values, often paradoxically (ie, those sequences
optimized for CBV calculations may be suboptimal for PSR and
vice versa).40 In this respect, we believe that the use of nTICs
could be an alternative, especially in heterogeneous samples with
nonstandardized technical acquisitions, which could be the situa-
tion among many neuroradiology departments worldwide such
as ours because in this scenario, the evaluation of the whole nor-
malized curve could surpass standard approaches such as CBV
and PSR calculations.22,23

On the other hand, in our experience, conventional imaging
findings were insufficient to raise suspicion of CNS lymphoma
because these tumors appear almost consistently as ring-enhancing
necrotic lesions, with differing amounts of hemorrhage, mimicking
glioblastoma or metastasis.9-14 We noted a prevalent heterogeneous
low TSE-T2 signal from the central nonenhancing content of lesions,

FIG 3. Boxplots depicting the results of the nTIC algorithms to differentiate PCNSL versus glioblastoma (upper left) and PCNSL versus metasta-
sis (upper right) for each tumor subtype. Lower row: Boxplots depicting PSR and rCBV values for each tumor subtype.
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not attributable to hemorrhage or calcification and, to the best of
our knowledge, not usually seen in glioblastoma or metastasis.

Several considerations should be taken into account concerning
this study. The single-site and retrospective character of the study
may affect reproducibility. Nevertheless, they may also have con-
ferred useful homogeneity to the study. Also, the limited number of
cases of DLBC EBV-positive CNS lymphoma included may raise
objections. However, this is a rare condition that needs to be
detected presurgically, and the DSC-PWI characteristics have hardly
been evaluated in the literature. At any rate, the data set suffices for
a proof-of-concept demonstration, and our results warrant further
multicentric prospective studies for validation. Furthermore, hetero-
geneous DSC-PWI technique acquisition parameters may compro-
mise the generalizability of our concrete results. However, nTIC
methodology is appliable elsewhere, and thresholds could be
adapted in technically different cohorts.

Moreover, in our data set, no significant differences were found
in nTICs among different DSC-PWI techniques, and indeed the
nTIC method was created itself to hypothetically attenuate the
impact of technical and physiologic variability on isolated parame-
ter evaluation. Some of the data used in this investigation were part
of previously published studies,22,23 but the aims of the study were
clearly differentiated, and prior data were used for comparisons
and differential diagnoses. Moreover, the use of previously pub-
lished algorithms conferred a certain robustness on the study.
Additionally, the reliability of data is ensured because they are
available, well-balanced, curated, and filtered for prior publication.
Finally, the absence of infection and brain abscess in the differen-
tial is a limitation. However, in our clinical experience with this
data set of patients, glioblastoma and metastasis were the main dif-
ferential diagnoses considered.

CONCLUSIONS
DSC-PWI could be very useful to presurgically differentiate
DLBC EBV-positive CNS lymphoma and glioblastoma or metas-
tasis. Among DSC-PWI metrics, nTIC curvology assessment
could surpass the performance of standard PSR and rCBV meas-
ures. Neuroradiologists should be aware of any risk factors for
immunodeficiency when facing a necrotic tumor in the brain. In
the event of potential immunodeficiency, careful assessment of
DSC-PWI may raise the suspicion of DLBC EBV-positive CNS
lymphoma, which would drastically alter patient management.
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Abstract
Objective  Standard DSC-PWI analyses are based on concrete parameters and values, but an approach that contemplates all points 
in the time-intensity curves and all voxels in the region-of-interest may provide improved information, and more generalizable  
models. Therefore, a method of DSC-PWI analysis by means of normalized time-intensity curves point-by-point and voxel-by-voxel 
is constructed, and its feasibility and performance are tested in presurgical discrimination of glioblastoma and metastasis.
Methods  In this retrospective study, patients with histologically confirmed glioblastoma or solitary-brain-metastases and 
presurgical-MR with DSC-PWI (August 2007–March 2020) were retrieved. The enhancing tumor and immediate peritu-
moral region were segmented on CE-T1wi and coregistered to DSC-PWI. Time-intensity curves of the segmentations were 
normalized to normal-appearing white matter. For each participant, average and all-voxel-matrix of normalized-curves were 
obtained. The 10 best discriminatory time-points between each type of tumor were selected. Then, an intensity-histogram 
analysis on each of these 10 time-points allowed the selection of the best discriminatory voxel-percentile for each. Separate 
classifier models were trained for enhancing tumor and peritumoral region using binary logistic regressions.
Results  A total of 428 patients (321 glioblastomas, 107 metastases) fulfilled the inclusion criteria (256 men; mean age, 
60 years; range, 20–86 years). Satisfactory results were obtained to segregate glioblastoma and metastases in training and 
test sets with AUCs 0.71–0.83, independent accuracies 65–79%, and combined accuracies up to 81–88%.
Conclusion  This proof-of-concept study presents a different perspective on brain MR DSC-PWI evaluation by the inclusion 
of all time-points of the curves and all voxels of segmentations to generate robust diagnostic models of special interest in het-
erogeneous diseases and populations. The method allows satisfactory presurgical segregation of glioblastoma and metastases.
Key Points   
• An original approach to brain MR DSC-PWI analysis, based on a point-by-point and voxel-by-voxel assessment of normal 
   ized time-intensity curves, is presented.
• The method intends to extract optimized information from MR DSC-PWI sequences by impeding the potential loss of  
   information that may represent the standard evaluation of single concrete perfusion parameters (cerebral blood volume,  
   percentage of signal recovery, or peak height) and values (mean, maximum, or minimum).
• The presented approach may be of special interest in technically heterogeneous samples, and intrinsically heterogeneous  
   diseases. Its application enables satisfactory presurgical differentiation of GB and metastases, a usual but difficult diag- 
   nostic challenge for neuroradiologist with vital implications in patient management.

Keywords  Brain neoplasms · Glioblastoma · Metastases · Magnetic resonance imaging · Perfusion imaging
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PR	� Peritumoral region
PSR	� Percentage of signal recovery
TIC	� Time-intensity curve

Introduction

Presurgical diagnosis of brain tumors is of vital importance 
for patient management. While histopathology remains the 
final reference standard, the presurgical approach mainly 
lays on neuroimaging with magnetic resonance (MR) as the 
lead actor. In this sense, one of the most challenging dif-
ferentials for neuroradiologists is glioblastoma (GB) versus 
solitary brain metastasis, the two most common malignant 
intracranial tumors in adults [1, 2]. It is a cause of frequent 
debate in neurooncology units, whether the patient has a 
known extracranial primary tumor or not, and the ability 
to presurgically differentiate these two entities will signifi-
cantly impact further steps on therapeutic decisions [3–8]. 
Consequently, achieving the highest diagnostic accuracy 
with non-invasive assays is an unmet critical need in the 
clinical practice.

Unfortunately, both tumor types are highly heterogeneous 
in their presentations, and morphological MR is too often 
limited to reach a trustable diagnosis [9, 10]. For this reason, 
the use of so-called advanced or functional MR imaging 
techniques in this context has been growing in recent years. 
These techniques go beyond morphology to offer informa-
tion on the metabolic, cellular, or vascular environment lev-
els. One of these MR techniques is dynamic susceptibility 
contrast–perfusion weighted imaging (DSC-PWI), which 
has shown promising results for the diagnosis of brain 
tumors [11–13].

DSC-PWI has been correlated with different histologi-
cal features of tumor vascularization, microvascularity, and 
blood–brain barrier integrity [14–20]. In this respect, prior 
work has shown that tumor vasculature significantly differs 
between glioblastoma and metastasis. GB is characterized 
by heterogeneous blood–brain barrier disruption, while in 
metastasis, blood–brain barrier is absent and angiogenesis 
is the predominant phenomenon. Regarding the peritumoral 
region, metastases cause pure vasogenic edema, while in 
GB, infiltrative tumor cells may be found among edema [11, 
21–24]. DSC-PWI exploits these tissular characteristics to 
try to monitor and discriminate different tumor types and 
environments.

Many authors have tried to presurgically differentiate 
GB and metastasis based on DSC-PWI [25–41]. Among the 
different studies, many different perfusion parameters are 
used, with a high heterogeneity in the results and thresholds. 
The most evaluated classical parameters are cerebral blood 
volume (CBV), percentage of signal recovery (PSR), and 
peak height (PH). These are all extracted from DSC-PWI 

time-intensity curves (TICs). Prior work has suggested that 
analyzing and comparing the entire TIC instead of these con-
crete parameters may provide better information, by means 
of normalized TICs (nTICs) that can be compared individu-
ally or combined to train predictive models [42].

Furthermore, the standard parameters are usually evalu-
ated in terms of mean or extreme (minimum or maximum) 
values obtained from the voxels in the region of interest 
(ROI). We consider this kind of approach further discards 
potentially useful information by not accounting for atypi-
cal distributions of these parameters. This atypical spatial 
distribution of perfusion may be, actually, common in some 
cases of predominant heterogeneity, as the current scenario 
of GB and metastases, which are proved highly heterogene-
ous tumors on histology [21–24].

We hypothesize that the study of the entire nTIC and the 
whole range of voxels included in the volumetric segmenta-
tions of enhancing tumor and peri-enhancing region could 
provide more accurate tissue characterization and improve 
tumor classification. Furthermore, the use of normalized 
perfusion data and model training based on all time-points 
and all voxels offers a new perspective in MR perfusion 
imaging which should facilitate the construction of more 
robust and generalizable models than isolated parameters 
such as CBV, PSR, or PH, by being able to take into account 
tumoral and technical heterogeneity more completely.

With these considerations in mind, we aim to present 
this novel method of DSC-PWI nTICs voxel-level percen-
tile intensity-histogram analysis and test it for the clinical 
discrimination of glioblastoma and metastasis.

Material and methods

This work was approved by the Research Ethics Committee 
of Hospital Universitari de Bellvitge. A waiver of a specific 
informed consent was provided by the ethics committee for 
this retrospective study.

Patients

Newly diagnosed patients with histologically confirmed GB 
or solitary brain metastases (August 2007–March 2020) 
were retrospectively retrieved from our center’s database. 
Inclusion criteria for the study were as follows: (1) con-
firmed tumor diagnosis by histology according to The World 
Health Organization 2007 or 2016 criteria [43, 44], (2) an 
available diagnostic presurgical MR imaging examination 
including DSC-PWI and contrast-enhanced T1WI (CE-
T1WI), (3) enhancing tumor on CE-T1WI with the shortest 
diameter of at least 10 mm.
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Imaging

All the MR imaging examinations included in the study were 
acquired in the same hospital with 1 of 3 different scan-
ners: Ingenia 3 T with a 32-channel head coil, Ingenia 1.5 T, 
or Intera 1.5 T both with a 16-channel head coil (Philips 
Healthcare). Acquisition parameters for DSC-PWI (all gra-
dient echo) and CE-T1WI sequences are summarized in 
Supplemental Table 1, and DSC-PWI technique distribution 
between groups is specified in Supplemental Table 2. The 
intravenous contrast (gadobutrol; 1 mmol/mL, 0.1 mmol/kg) 
injection protocol was as follows: 18- or 20-ga peripheral 
intravenous access. No preload was performed. Baseline 
acquisition was on the order of 10 points. The automatic 
injection start (power injector at 4–5 mL/s) was by a manual 
setting. A final bolus of saline (25–50 mL) was injected at 
the same speed. The time and number of dynamics ranged 
from 1.26 to 3.55 s and 30 to 60, respectively. The qual-
ity of the sequences was evaluated by visual inspection by 
2 neuroradiologists (A.P.-E. and C.M.) with more than 6 
and 25 years of experience in MR imaging of brain tumors. 
The examinations were labeled as poor quality and excluded 
from the study under the following circumstances: (1) arti-
facts prevented enhancing tumor segmentation on CE-T1WI 
or coregistration of CE-T1WI and DSC-PWI, or (2) an obvi-
ous low signal-to-noise ratio was observed in the raw TICs.

Postprocessing

The enhancing tumor (ET) and contralateral normal-appear-
ing white matter (NAWM) were segmented on CE-T1WI 
using a supervised semiautomatic volumetric method with 
histogram thresholding and morphologic operations. The 
peritumoral region (PR) segmentation included a 2-cm-
wide rim of brain parenchyma immediately around the ET, 
excluding ventricles and extraaxial spaces and structures. 
Segmentations were then coregistered with DSC-PWI. 
Necrosis was excluded from the segmentations as it is avas-
cular tissue which does not generate time-intensity curves. A 
2-cm rim of PR was used because this is the distance around 
the enhancing tumor where it is assumed that most brain 
microinfiltration occurs in GB, and which is consequently 
used for concomitant radiotherapy planning as the “safety-
margin” to be treated [45–48]. We used semiautomatic volu-
metric segmentations instead of partial, manual, or single-
section ROI selection methods in order to minimize operator 
dependency as well as to include all the intrinsic heteroge-
neity of the tumors in the analysis. 3D Slicer, Version 4.10 
(http://​www.​slicer.​org) was used for segmentation, and the 
BRAINSFit module of 3D Slicer, for coregistering.

All TICs included for analysis were normalized fol-
lowing the method proposed by Pons-Escoda et al. [42], 
generating multiple normalized TICs (nTICs). For each 

participant, we obtained the following nTICs: average 
curve of all ET voxels, average curve of all PR voxels, 
a matrix of nTICs for all segmented voxels in the ET, 
and another matrix in the PR. The matrices had as many 
nTICs as voxels included in the segmentations. All result-
ant nTICs are superimposable and comparable between 
patients in a single graph, as they are composed of the 
same number of time-matching points and intensity units 
normalized to NAWM.

The TICs were processed using Python 3.6 software 
(https:// www.​python.​org/​downl​oads/​relea​se/​python-​360/).

Data analysis

The study sample was split into “training” (70%) and “test” 
(30%) subsets. The groups were balanced by date of exami-
nation to minimize the impact of quality and technical dif-
ferences between TICs of the more distant-in-time exams.

The 10 best discriminatory time-points were selected by 
performing area under the curve–receiver operating char-
acteristic (AUC-ROC): the analysis was performed for all 
time-points on the segmentation-average ET and PR nTICs 
of the training subset, and those 10 points with the high-
est AUC were the chosen. Ten was selected semi-arbitrarily 
as the highest number of information to be included with 
acceptable AUC-ROCs and while avoiding overtraining [49, 
50].

Then, an intensity histogram analysis was performed on 
each of these 10 time-points to select the voxel percentile 
which showed greater differences between groups. This pro-
duced 10 histograms for ET segmentation and 10 for the 
PR segmentation (1 histogram for each discriminatory time-
point). These histograms depict the signal-intensity distribu-
tion of all the voxels included in the segmentations for each 
discriminatory time-point. For each time-point, the voxel 
percentile that showed greater differences between tumor-
types was selected.

Subsequently, separate classifier models were trained for 
the ET and PR segmentations using binary logistic regres-
sion on these 10 variables on the “training” subset. The best 
discriminatory thresholds of the algorithms were obtained 
by receiver operating characteristic (ROC) analysis. Finally, 
the constructed classifiers and thresholds were applied to 
the “test” set.

Additionally, we also analyzed the classification perfor-
mance of average nTICs, in order to compare the present 
method with a previous method that compared average 
nTICs, without performing the voxel-level percentile inten-
sity-histogram analysis [42].

All the statistical computations were performed with R 
statistical and computing software, Version 3.5.1 (http://​
www.​rproj​ect.​org).

3707European Radiology (2022) 32:3705–3715



1 3

Results

Patients

A total of 428 patients (321 glioblastomas and 107 metas-
tases) fulfilled the inclusion criteria (256 men; mean age, 
60 years; range, 20–86 years). A partial overlap of 48 glio-
blastomas and 49 metastases which participated in a prior 
published study with different objectives and methodology 
[42] is reported. The flow diagram of study participants 
is shown in Fig. 1. Demographics of the study sample are 
summarized in Table 1. Three GBs and 3 metastases were 
ruled out by the quality filter. As a result, 318 GB and 

104 metastases were included in the final dataset (total 
n = 422). The Metastases dataset was split into training 
(70%) and test (30%) subsets. The same resultant number 
of GB was included in the training set, and the remaining 
number was left for testing. Our intention with this was to 
avoid overweighting of the classifier to the most prevalent 
tumor type (glioblastoma) in our set. The resultant subsets 
were as follows: training, 73 GB and 73 metastases; test, 
245 GB and 31 metastases. The lesser proportion of metas-
tases is justified by the fact that only single or grouped 
oligometastases, which hypothetically created real diag-
nostic doubts on daily practice, were included in the study.

nTIC and percentile histogram analysis

Average ET and PR nTICs for each tumor type and the 10 
discriminatory time-points are shown in Fig. 2. Notable 
differences were found between each tumor type nTICs on 
a first visual assessment. The most obvious were around 
the maximal signal intensity drop and the signal recovery 
segments.

The classifier algorithms are shown in Fig. 2 with the 10 
best discriminatory points, the selected intensity-percentiles, 
and the model coefficients for each.

Satisfactory results were obtained to segregate GB and 
metastases with the constructed classifiers. In the training 
set (ET AUC = 0.81, accuracy = 79%; PR AUC = 0.83, accu-
racy = 78%). In the test set (ET AUC = 0.79, accuracy = 71%; 
PR AUC = 0.71, accuracy = 65%). Moreover, improved 
results were obtained when combining matching classifica-
tions of the ET and PR (72% of classifications matched in 
training set providing 88% accuracy. In the test set, 61% of 
classifications matched, providing 81% accuracy). Results 
are summarized in Table 2 and Fig. 3.

Additionally, the performance of whole segmented ROIs 
average nTICs was poorer in training and test sets for both 
the ET (training accuracy = 71%; test accuracy = 70%) and 
PR (training accuracy = 73%; test accuracy = 61%).

Figure 4 depicts an example of the classifier applicability.

Discussion

In this study, we applied the previously reported nTIC meth-
odology [42] to retrospectively analyze DSC-PWI studies of 
glioblastomas and metastasis, and explored its applicability 
for the discrimination between these two tumor types. We 
adapted the method to better approach the tumors’ inherent 
high histological, vascular, and microvascular heterogene-
ity. The new modified method allows constructing classi-
fiers that take into account the lesions’ heterogeneity on 
a voxel-level by performing a point-by-point percentile 
intensity-histogram analysis of nTICs to generate a classifier 

Fig. 1   Study participants flow chart

Table 1   Demographics of study participants

Cases Men Women Age

Tumor types
 Glioblastoma 321 197 124 60 (20–86)
 Metastasis 107 59 48 60 (24–81)
 Total 428 256 172 60 (20–86)
Study subgroups
 Train 146 93 53 59 (26–86)
 Test 276 178 98 60 (20–86)
 Total 422 253 169 60 (20–86)
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model based on optimal time-points and optimal voxels. We 
obtained satisfactory results that provided up to 81% accu-
racy discrimination between glioblastoma and metastasis in 
the test set.

Reliable presurgical differentiation of GB and metastasis 
is crucial as management of these two entities differs signifi-
cantly. While a suspected GB should undergo maximal safe 
gross surgical resection as treatment of choice, suspected 
metastases require systemic staging or re-staging before 
determining different local therapeutic approaches combined 

with systemic treatments [3, 4]. For example, if a metasta-
sis was surgically removed under the erroneous assumption 
of glioblastoma, the overall benefit of this potential morbid 
approach is lost or unknown [5, 6]. Moreover, improving the 
accuracy of the radiological assessment may be also relevant 
in patients with radiologically suspected GB, who are not 
candidates for specific therapeutic procedures due to their 
performance status or high basal morbidity, and in whom 
the final diagnostic assumption rests solely on neuroimag-
ing [7]. This also applies in a vast majority of patients with 

Fig. 2   Overlapped average nTICs of glioblastoma (line) and metasta-
sis (dashed line), discriminatory time-points highlighted by an X, and 
generated algorithms; everything obtained in the training set. Upper 

row for enhancing tumor, lower row for peritumoral region. The algo-
rithms depict the best percentile (p) for each time-point (X) and the 
relative power for each combination
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known systemic primary tumor and brain lesion suspicious 
of brain metastasis, who are directly treated for an assumed 
brain metastasis without confirmative histology [4], despite 
the knowledge that some of these tumors may end up not 
corresponding to the assumed histology [8]. These different 
scenarios in which the MR imaging diagnosis is the key to 
patient management warrant the highest possible diagnostic 
accuracy.

DSC-PWI is an MR imaging technique that can currently 
be performed on most MR imaging units and which provides 
a noninvasive in vivo assessment of microvascular systems. 
It consists of a dynamic temporal acquisition during the vas-
cular first pass of a contrast bolus. The injection of gado-
linium results in an initial reduction in T2 signal intensity of 
the tissue, followed by signal recovery during contrast wash-
out. The TICs can be extracted from this process. Well-stud-
ied parameters such as CBV, PSR, or PH are generated from 
these curves. The CBV corresponds to the area under the 
curve and is usually measured relative to the NAWM (rela-
tive CBV). It has been correlated to histologic measurements 
of tumor vascularization [14, 20, 38]. The PSR and the PH 
are measured relative to the TIC baseline. PSR may quantify 
the predominant T1 effect (signal recovery above baseline) 
or T2 effect (signal recovery below baseline). These effects 
represent different leakage phenomena, which are explained 
by a complex combination of blood–brain barrier permeabil-
ity, vascular volume fraction and vessel size, and tumor cell 
size and density [14, 17, 38]. The more recently popularized 
parameter PH is a measure with hypothetical parallelism to 
rCBV and also potentially related to tumor vascularization 
[29, 31]. Tumor vascularity is known to be different between 
GB and metastasis, and these differences could be monitored 
with DSC-PWI. Both tumors are heterogeneous, but their 
classical hallmarks are heterogeneous blood–brain barrier 

disruption in GB and angiogenesis in metastases. Regard-
ing the peritumoral region, metastasis causes pure vasogenic 
edema, while GB associates infiltrative tumor cells among 
the perilesional edema [11, 21–24]. These histological fea-
tures seem to be represented in the case of GB mainly by a 
higher PSR in the enhancing tumor [25, 26, 30, 31] and a 
higher CBV in the peritumoral region [25, 27–30, 32–37]. 
Some authors also report higher CBV in the enhancing 
tumor [26], or higher PSR [31] and PH [29, 31] in peritu-
moral region. On the other hand, some papers are unable to 
find significant differences between GB and metastasis with 
any of these variables [38–41]. As previously stated, ana-
lyzing the entire TIC instead of these concrete parameters 
may provide improved information [42]. On the other hand, 
the heterogeneous results in the different papers evaluating 
DSC-PWI could be at least partially explained by technical 
variability between studies. The nTICs method allows per-
forming unsupervised point-by-point curve analysis to mini-
mize the influence of technical parameters on the results.

DSC-PWI pulse-sequence parameters (flip angle and 
time of echo) influence curve morphology and thus affect 
the value of CBV and PSR, often paradoxically [16–18]. 
For this reason, the best results in the literature are obtained 
from homogeneous populations, but the best discrimina-
tory parameters and thresholds vary between these studies. 
Meanwhile, those papers that do include technical hetero-
geneities, do not achieve optimal results. At this respect, our 
center’s sample has changing DSC-PWI parameters between 
MRI scanners and between years, and may be a paradigm of 
heterogeneity, which is probably also the real-life scenario 
for most clinical centers worldwide. Indeed, this is why it 
is important to develop a method which can minimize the 
impact of technical variability on perfusion metrics. We 
hypothesize that in heterogeneous samples with non-stand-
ardized technical acquisition characteristics, the evaluation 
of the whole nTIC would be more powerful than standard 
approaches, as the paradoxical effects of pulse-sequence 
parameters would be better integrated.

Moreover, it is well known that GB and metastases are 
histologically highly heterogeneous tumors [21–24], so 
an approach which takes into account this heterogeneity 
by selecting the best predictive habitats seems necessary 
to obtain the best performing results. Most works in this 
field contemplate only mean, maximum, or minimum values 
for each evaluated parameter (CBV, PSR, PH). This kind 
of approach disregards most of the values contained within 
the whole tumor, even though the best discriminating value 
might not be one of these isolated metrics.

For all these reasons, we propose an approach for 
analyzing nTICs based on a volumetric voxel-by-voxel 
intensity-histogram evaluation of the enhancing tumor 
and the immediate peritumoral region with semi-unsu-
pervised selection of the discriminatory time-points and 

Table 2   Summary of the results in training and test subsets

AUC​ Accuracy Sensitivity Specificity

Enhancing tumor
 Training 0.81 78% 

(114/146)
71% (52/73) 85% (62/73)

 Test 0.79 71% 
(195/276)

84% (26/31) 69% 
(169/245)

Peritumoral region
 Training 0.83 78% 

(114/146)
70% (51/73) 86% (63/73)

 Test 0.71 65% 
(179/276)

55% (17/31) 66% 
(162/245)

Combined Match Accuracy Sensitivity Specificity
 Training 72% 

(105/146)
88% 

(92/105)
86% (44/51) 89% (48/54)

 Test 61% 
(169/276)

81% 
(135/169)

75% (13/16) 80% 
(122/153)

3710 European Radiology (2022) 32:3705–3715



1 3

voxel-intensity percentiles. With this approach, we aim to 
face the issue of tumors’ vascular heterogeneity and maxi-
mize the discriminatory capacity of DSC-PWI. In summary, 
our approach not only minimizes the impact of physiologi-
cal and technical variability, but also avoids the problem of 
choosing a concrete DSC-PWI parameter to analyze. We 
achieve these goals by selecting the most discriminatory 
time-points in the nTICs and then selecting the most dis-
criminatory voxel-intensity percentile for those time-points.

Another potential weakness in DSC-PWI literature is 
the inhomogeneity in ROIs selection method. Many of 
these studies do not include the whole tumor, while others 
are operator dependent, focusing on extreme values such 
as “hot-spots” or tumor average. We minimized operator-
dependent variability by performing volumetric segmenta-
tions of the whole enhancing tumor and statistical unsuper-
vised selection of discriminatory variables without prior 
knowledge inputs.

Fig. 3   Graphic representation of AUC-ROC in training (left) and test 
(right) groups, for enhancing tumor (line), peritumoral region (dashed 
line) and matching combinations (lower row). Training (enhancing 
tumor AUC = 0.81, peritumoral region AUC = 0.83, matching com-

bined AUC = 0.90). Test (enhancing tumor AUC = 0.79, peritumoral 
region AUC = 0.71, matching combined AUC = 0.84). All significant 
(p < 0.00015)
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Some limitations of our paper must be considered. The 
single-site and retrospective character of the analysis may 
affect reproducibility, so multicentric and prospective stud-
ies in new real clinical scenarios are needed for validation. 
Nonetheless, our test subset results are promising in this 
regard. Secondly, the inclusion of a wide range of MR imag-
ing examination dates and technical differences may have 
affected the consistency of results, although this could be 
considered a positive aspect in terms of generalizability of 
the method. Thirdly, balancing of cases between tumor types 
and training and test cohorts was necessary, to solve the 
biased excess of GB in our sample compared to the general 
population; however, our test data maintained the specific 
characteristics of our sample with excess GB, and nonethe-
less rendered still good results. Lastly, our method involves 
complex data processing, but we believe it is still easy to 
explain as a method intended to improve generalizability by 
means of nTIC methodology, and to extract the maximum 
information through the voxel-level percentile intensity-
histogram analysis.

On the other hand, our study has several strengths: first, 
the large sample of patients included; second, the marked 
technical parameter heterogeneity, which supports credibility 
and generalizability; third, the minimal operator dependency 
with semiautomatic segmentation of enhancing components 
and automatization of the rest of the process; fourth, the use 
of a recently described method of perfusion-curve normali-
zation, favoring reproducibility; fifth, the application of a 
completely novel perspective on perfusion-imaging analy-
sis, which considers all time-points and all voxels for the 
diagnostic model generation, instead of isolated summary 
parameters; sixth, the aforementioned comprehensibility 

which may lead to clinicians’ trust in the method and results; 
and last, potential clinical implementation which could be 
achieved by developing user-friendly tools with visual dis-
plays similar to the one presented in Fig. 4.

Finally, we would like to highlight that we believe the 
currently proposed method is especially useful in situations 
in which tissue heterogeneity has important implications, 
such as this study’s, but also in many others, such as radione-
crosis versus tumor recurrence, progression versus pseudo-
progression, or post-treatment high-grade tumor follow-up 
among others.

Conclusion

This proof-of-concept study presents a new perspective 
on DSC-PWI analysis beyond the interpretation of iso-
lated parameters such as CBV, PSR, or PH and their mean 
or extreme values. Our novel method offers a minimally 
operator-dependent technique for analyzing every single 
time-point in the normalized perfusion curves and every 
single voxel in the tumor and peritumoral area to generate  
robust diagnostic models of special interest in heterogene-
ous tissues and heterogeneous populations. The method 
allowed satisfactory pre-surgical segregation of glioblastoma 
and metastases.

We also firmly believe that further development and 
application of this methodology may aid in bridging some 
of the many problems of comparability and heterogeneity 
in the field of MR perfusion imaging. It will facilitate data 
aggregation and result comparison between studies, promote 

Fig. 4   Example problem case. Axial T1CE-wi shows an intraaxial, 
frontal and insular, enhancing, necrotic tumor which could corre-
spond to a GB or to a single brain metastasis. The results of the algo-
rithms applied to the problem case (represented by an X) are over-
lapped to scattered boxplots of our training set, those facilitating a 

visual assessment of the diagnostic classification probability. In this 
problem case, the classification favors single brain metastasis for both 
the enhancing tumor and peritumoral region. Pathology confirmed 
this tumor corresponded to a renal cell carcinoma single brain metas-
tasis
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more robust and generalizable research, and ultimately favor 
large-scale analyses and clinical implementation.
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SUMMARY

Noninvasive differential diagnosis of brain tumors is currently based on the assessment of magnetic reso-
nance imaging (MRI) coupled with dynamic susceptibility contrast (DSC). However, a definitive diagnosis
often requires neurosurgical interventions that compromise patients’ quality of life. We apply deep learning
on DSC images from histology-confirmed patients with glioblastoma, metastasis, or lymphoma. The convo-
lutional neural network trained on�50,000 voxels from 40 patients provides intratumor probability maps that
yield clinical-grade diagnosis. Performance is tested in 400 additional cases and an external validation cohort
of 128 patients. The tool reaches a three-way accuracy of 0.78, superior to the conventional MRI metrics ce-
rebral blood volume (0.55) and percentage of signal recovery (0.59), showing high value as a support diag-
nostic tool. Our open-access software, Diagnosis In Susceptibility Contrast Enhancing Regions for Neuro-
oncology (DISCERN), demonstrates its potential in aiding medical decisions for brain tumor diagnosis using
standard-of-care MRI.

INTRODUCTION

Differential diagnosis between the most common brain malig-

nancies (i.e., glioblastoma multiforme [GBM], brain metastasis

from solid tumors, and primary CNS lymphoma [PCNSL]) repre-

sents a clinical unmet need because each of these entities re-

quires a distinct therapeutic approach.1–3 Although pathology

evaluation of tumor samples remains the gold standard for diag-

nosis, it requires invasive neurosurgical procedures, with a sig-

nificant risk of complications, and eventually can be confounded

by the use of prior medication, such as steroids.4,5

To overcome the need for surgery, magnetic resonance imag-

ing (MRI) with intravenous contrast injection is being used as a

noninvasive support system for differential diagnosis of brain

malignancies. GBM, brain metastasis, and PCNSL represent

up to 70% of all malignant brain tumors and more than 80% of

contrast-enhancing tumors within the brain.6 Nevertheless, the

enhancing patterns on imaging exhibit a high degree of similarity

across these tumor types, making differential diagnosis chal-

lenging even for experienced neuroradiologists.7–9

The noninvasive characterization of brain tumors on MRI has

been an active subject of study for years,10,11 gaining renewed

interest with the application of recent machine learning tech-

niques to imaging data. Among the existing literature, some

studies have focused on differentiating GBM from solitary

brain metastasis, either with anatomical12–17 or functional imag-

ing,10,18–23 whereas other works have concentrated on the iden-

tification of PCNSL.24–27 Of particular significance is dynamic

susceptibility contrast (DSC) perfusion MRI, which enables the

visualization of vascular characteristics, including vascular den-

sity and permeability, and is proving to be valuable for brain tu-

mor diagnosis.9,10,18,20,22,27–37

DSC is a quantitative MRI technique that consists of a temporal

T2*-weighted acquisition during the administration of a vascular

Cell Reports Medicine 5, 101464, March 19, 2024 ª 2024 The Authors. 1
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contrast bolus. The contrast agent causes an initial decrease in

the T2*-weighted signal intensity, followed by the signal recovery

during washout. In DSC, every voxel in the image yields a unique

dynamic curve that describes the temporal evolution of the

T2*-weighted signal intensity and reflects local tissue vascular

properties. The standard approach to analyze DSC is to derive

metrics such as the relative cerebral blood volume (rCBV) and

the percentage of signal recovery (PSR), both of which simplify

the dynamic signal. The rCBV relates to the tumor vascular density

with respect to normal tissue, and the PSR reflects the vascular

permeability.38 Both parameters remain the main focus of DSC

analyses for tasks such as tumor type differentiation, grade strat-

ification, and treatment response assessment.28,39,40 However,

among diverse clinically used DSC protocols, the performance

of these parameters differs greatly,38,41,42 which limits its use in

routine clinical practice. Although recent multidisciplinary efforts

have beenmade in the community to agree on a commonproced-

ure,43–45 a global standardized DSC workflow is still lacking,

regarding variations in the contrast preload settings, imaging pa-

rameters, and processing methods, all of which pose additional

challenges to the generalizability of the technique and the estab-

lishment of reference rCBV/PSR values.

Regarding the use of DSC in aiding brain tumor diagnosis, it is

worth noting that, with a few exceptions,16,21,46 most studies to

date have been designed to discriminate between two tumor

types or pairs of malignancies. Furthermore, even fewer ana-

lyses can be found over large populations or validating external

data, thus limiting the generalizability and clinical utility of the

presented approaches.

DSC curve normalization and voxel-by-voxel analyses of the full

dynamic range can overcome the limitations of conventional met-

rics and unlock the potential of DSC as a tool for differential diag-

nosis among the most common brain malignancies. Moreover,

the application of deep learning techniques may enable new stra-

tegies of analysis and inference for dynamic data. In one of the first

works exploring deep learning in DSC data,47 the authors

described an end-to-end pipeline to obtain model-free perfusion

metrics from the raw data. They used one-dimensional (1D) con-

volutional neural networks (CNNs) to characterize the dynamic

DSC data of individual voxels. Park et al.34 developed an autoen-

coder and a clustering strategy to distinguish different brain areas,

including pathologies, from the 1D dynamic data.

In this work, we describe the development and validation of an

innovative, comprehensive framework for differential diagnosis of

GBM, brainmetastasis, and PCNSL, taking advantage of all of the

time points of the normalized DSC (nDSC) data. The proposed

Diagnosis In Susceptibility Contrast Enhancing Regions for

Neuro-oncology (DISCERN) app provides voxel-by-voxel signa-

tures of tumor type and is based on training 1D deep CNNs,

with only a small number of pilot scans for a given DSC protocol.

In the present study, we demonstrate the feasibility and accuracy

of the method and show its superior performance compared to

classifiers based on conventional DSC metrics. In addition, our

method exhibits on par or higher diagnostic capabilities in com-

parison to those of expert neuroradiologists. The potential of

DISCERN is to aid radiologists in interpreting brain MRI data,

thereby enhancing the diagnostic capacity of experienced neuro-

radiologists and allowing less experienced radiologists to achieve

a higher level of proficiency. To facilitate ease of use, we have de-

signed a user-friendly interface with the ultimate goal of mini-

mizing the need for invasive brain biopsies and guiding the selec-

tion of optimal treatment strategies in clinical practice.

RESULTS

Population demographics
In this multicenter, retrospective study, we analyzed MRI data

from a total of 568 patients with biopsy-confirmed GBM, brain

metastasis, or PCNSL. The classification model was developed

and tested with 440 patients from a single center, and additional

independent cohorts with varying imaging protocols were pro-

cessed for external validation (Figure 1A). Further information

about the study cohorts and classification results can be found

in the STAR Methods and in Table S1. No statistically significant

differences (p > 0.05) in terms of age and gender were observed

between the three tumor types.

Development of a CNN for brain tumor classification
We trained our CNN classifier on a development cohort in which

patients were randomly split into training and test sets. For the

training set, we included 20 patients with PCNSL and 20 non-

PCNSL patients (10 with GBM and 10 with metastasis). This pro-

vides a comparable number of voxels for each tumor type and

each binary classification (i.e., PCSNL vs. non-PCNSL; GBM

vs. metastasis for the non-PCNSL cases). The test set consisted

of 25 patients with PCNSL, 85 with metastasis, and 290 with

GBM (Figure 1). Approximately 50,000 nDSC curves from voxels

of the enhancing region in the training group were used to train

the classifier. Each nDSC curve corresponds to a specific spatial

voxel of the enhancing tumor.

DISCERN outperforms standard classifiers for brain
tumor diagnosis
Following a hierarchical classification approach, our CNNmethod

successfully achieved three-way tumoral classification, outper-

forming the traditional perfusion metrics (i.e., rCBV and PSR)

and standing out from simpler binary classifiers. Specifically, for

the task of PCNSL diagnosis, DISCERN achieved superior perfor-

mance, with an accuracy of 0.94 (95% confidence interval [CI]:

0.93–0.94), and mean rCBV and mean PSR classified patients

with accuracies of 0.72 (95% CI: 0.70–0.74) and 0.84 (95% CI:

0.83–0.85), respectively. In a second step, patients not classified

as PCNSL were categorized as GBM or brain metastasis.

DISCERN differentiated GBM frommetastases, with an accuracy

of 0.81 (95%CI: 0.79–0.82). By contrast, the performance of stan-

dard DSC-derived metrics was markedly lower: rCBV classifica-

tion achieved an accuracy of 0.69 (95% CI: 0.67–0.71) and a

mean PSR of 0.65 (95%CI: 0.63–0.67). In Figure 2, the area under

the receiver operating characteristic (AUC ROC) curves of the bi-

nary classifiers and 3-way average ROC curves are shown for

both the DISCERN classifier and conventional rCBV/PSR. For

PCNSL vs. non-PCNSL, the CNN provided a significantly higher

AUC than rCBV (DeLong test against rCBV: p = 0.0019, against

PSR, p = 0.4615). For GBM vs. metastasis, the CNN resulted in

a higher AUC than rCBV and also than PSR (against rCBV: p =

0.0049, against PSR, p < 0.001).
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Lastly, we mimicked a real-world clinical scenario in which our

diagnostic support system is confronted with brain lesions

comprising the three most common malignancies, in this case

represented by the internal test dataset (unseen in the training).

In this setting, DISCERN achieved an accuracy of 0.78 (95%

CI: 0.76–0.79), which is substantially better than the three-way

accuracy achieved using mean rCBV, 0.59 (95% CI: 0.57–0.60)

and mean PSR, 0.55 (95% CI: 0.53–0.56). Furthermore, the

combination of rCBV and PSR into a logistic regression model

also yielded poor performance (Table S2). When validating

DISCERN, the tool obtained a three-way classification accuracy

of 0.71 evaluating 80 scans of patients from external centers,

0.72 on 25 cases from a 3T scanner (same center as the 1.5T

development data), and 0.78 on 23 patients with GBM from the

Ivy GAP public dataset (Table S3). These data underscore the

potential of DISCERN for differentiating among the three

most common clinical diagnostic challenges in patients with

enhancing brain lesions.

Voxel-wise explainable representation of the CNN
decision process
DISCERN provides spatial probability maps of tumor classifica-

tion, which are then used to obtain a voxel proportion and a pa-

tient classification label. In Figure 2A, we present three examples

per tumor type of the voxel-wise probability maps according to

the DISCERN classifier. The probability maps are shown overlaid

onto the CE-T1WMRI for anatomical references. Overall, the tu-

mor type probability maps are smooth and identify the tumor

type with high confidence in most voxels, even when intratumor

signal heterogeneity is seen in the contrast-enhanced T1W scan.

Voxels exhibiting a high probability of belonging to the incorrect

tumor class tend to be located either in the boundary of the

enhancing area or around necrotic intratumoral spots. This

potentially reflects partial volume (i.e., inclusion of signal from

tumor and nontumor areas within a voxel) or intratumoral

heterogeneity.

Visual interpretation of the CNN classification
We further sought to implement Class Activation Mapping

(CAM) to provide a visual explanation of the DISCERN classi-

fication network. The ScoreCAM48 method yields a normal-

ized score of the contribution of every input to the final classi-

fication of a CNN. This allows us to identify the most

discriminative time points for nDSC differentiation.

ScoreCAM spatial maps were obtained for each binary classi-

fication (Figure 3A). The CNN focuses mostly on the bolus

passage to classify the central tumor region (middle row for

PCNSL vs. non-PCNSL and lower row for GBM vs. metastasis

A B

Figure 1. Summary of the population and study design

(A) Collected, excluded, and included data for analysis and further split into the development cohort and external validation cohorts. The number of patients for

each tumor type and the respective nDSC perfusion distribution are shown for each cohort.

(B) Processing pipeline of the DISCERN app for 3-way tumor classification of DSC data. At the top, the input images of CE-T1WI for automated region of interest

selection and DSC for classification are provided. DSC curves are then extracted voxel-wise from the enhancing tumor and normal white matter in the

contralateral hemisphere. The dynamic DSC signals from the enhancing tumor are normalized (nDSC) to thewhitematter. Every nDSC is classified by 2 sequential

CNNs, obtaining a probability map and an overall tumor classification. CE-T1WI, contrast-enhanced T1-weighted imaging.
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differentiation in Figure 3A). In contrast, the bolus passage

seems less important for some voxels in surrounding regions.

This suggests that the CNN effectively considered the bolus

passage as a discerning characteristic, but also that it pro-

vides additional tissue perfusion differences compared to

the raw perfusion signal (top row in Figure 3A).

The average ScoreCAM values per tumor type and per CNN

classifier can be found in Figure 3B (upper row for PCNSL vs.

non-PCNSL and lower row for GBM vs. metastasis differentia-

tion). Overall, the sharper signal changes of the nDSC (i.e., steep

slopes during contrast arrival and washout) have a higher contri-

bution score. This is especially true for GBM, with greater differ-

ences in these time points with respect to the other two tumor

types (average nDSC shown in black in Figure 3B). For PCNSL

and metastasis, the last part of the signal is also considered

important, which can be expected given the overall higher signal

magnitude reached in these cases. Importantly, applying 1D

CNNs over nDSC signals allowed analysis of the local changes

of the signal over time. In this regard, methods that only consider

the signal magnitude of specific time points, such as PSR, or a

derived measurement such as rCBV, may overlook local nDSC

changes occurring over time that reflect specific physiological

traits of the tumor.

A user-friendly app to aid brain tumor diagnosis
The DISCERN app was successfully implemented at the partici-

pating institutions for validating the tool in external cohorts, as

illustrated in Figure 4 and Table S3. The tool requires approxi-

mately 2 min to process a new case and provides a classification

outcome, in the formof (1) voxel-wise tumor typeprobabilitymaps

and (2) patient-wise tumor type. In addition, it shows the average

nDSC for the enhancing tumor and white matter, as well as a visu-

alization of the segmentation for the user to safely check the pro-

cess. The mask can be automatically segmented from the

enhancing tumor by DISCERN or it can be provided by the user.

The DISCERN app provides a classification label with balanced

sensitivity and specificity (Youden’s index) by default, but a given

clinical scenario may require a different classification threshold.

To that end, sensitivities and specificities for every threshold are

displayed, and the default settings can be changed.

In the benchmark study assessing the diagnostic efficacy of

our tool in comparison to two neuroradiologists, notable

A B

C

Figure 2. Probability maps and diagnostic performance of DISCERN

(A) Nine cases (3 per tumor type) correctly classified by DISCERN are shown, from left to right: PCNSL, metastasis, and GBM. In the upper row, a representative

2D slice of the CE-T1WI registered to the DSC with overlaid probability maps for PCNSL vs. non-PCNSL (center row) and for GBM vs. metastasis (lower row) of

non-PCNSL cases.

(B) ROC curves for binary classifiers PCNSL vs. non-PCNSL (top) and GBM vs. metastasis (bottom) for the proposed CNN, rCBV, and PSR. The CNN provided

significantly higher AUC than rCBV for PCNSL vs. non-PCNSL and higher than rCBV and PSR for GBM vs. metastasis.

(C) Three-class ROC curves showing mean and SD of 2-class combinations, from left to right: the proposed CNN, rCBV, and PSR.
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distinctions were observed between the senior and junior radiol-

ogists, achieving accuracies of 0.80 and 0.40, respectively (it is

worth noting that a random chance accuracy is 0.33 in the

three-way classification scenario). Within this subset, our tool

demonstrated a commendable performance with an accuracy

of 0.73, effectively identifying all of the instances of PCNSL by

relying solely on perfusion-based information. Furthermore, in

cases in which the radiologists exhibited elevated levels of un-

certainty (16 out of 30 cases), our tool accurately diagnosed 11

out of these 16 instances (Figure S1). These results underscore

the potential of the tool to enhance diagnostic accuracy and reli-

ability, particularly in scenarios characterized by increased diag-

nostic complexity.

DISCUSSION

We present a voxel-wise method for analyzing perfusion scans

with CNNs and improve brain cancer diagnosis, built upon prior

DSC signal normalization.49 By applying this method, we were

able to surpass the performance of previousmodels for noninva-

sive differential diagnosis of the most frequent malignant brain

tumors (i.e., GBM, metastasis, and PCNSL, representing up to

70% of all malignant tumors in the brain6), which is critical to

define an optimal treatment approach. Notably, our method

showcases superior diagnostic capabilities compared to those

of neuroradiologists. The potential of DISCERN is to assist radi-

ologists in interpreting brain MRI data, amplifying the diagnostic

proficiency of expert neuroradiologists and enabling less experi-

enced counterparts to attain a heightened level of expertise.

Our deep learning framework takes advantage of the large

amount of information provided by the thousands of voxel-

wise nDSC signals available in each individual DSC MRI

scan,47,50 and achieves optimal performance through training

with a limited number of scans from a few patients at fixed

DSC protocol (on the order of 30–40 cases). Our approach is

particularly appealing for medical imaging applications, in which

the design of robust deep learning methods is challenged by the

limited number of scans available. In addition, our method

A

B

Figure 3. Visual interpretation of the CNN classification

(A) ScoreCAM spatial maps to further understand what the most discriminative nDSC time points for classification per voxel are. We show here a representative

case of a metastasis in a 2D slice of the DSC (red box at leftmost). In the upper row, consecutive DSC dynamic time points, zoomed in on the lesion. In the center

row, spatial importance score maps obtained with ScoreCAM for PCNSL vs. non-PCNSL and for GBM vs. metastasis in the lower row; the score was scaled to

sum 1 over all time points in each voxel to observe relative importance in space.

(B) The average importance of each time point obtained from ScoreCAM that contributes to the tumor classification of nDSC curves, for PCNSL vs. non-PCNSL

(upper row) and GBM vs. metastasis (lower row) differentiation; average tumor type nDSC in the training set is overlaid as a black solid line.
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distinguishes between tumor types in a three-way classification

task. This can be of particular relevance as a support tool for dif-

ferential diagnosis in clinical practice, and is a considerable step

forward as compared to the current literature, which is domi-

nated by binary classification studies.11–14,28

Although three other published works16,21,46 have included

different kinds of three-way classifications among themost com-

mon brain tumors (GBM, metastases, and lymphoma), they

show some limitations. Liu et al.16 used the three-way classifica-

tion as a first step to select the metrics for further pairwise clas-

sifications. They considered T1w and T2w anatomical images,

with DSC regarded as a future step to improve their results. Tar-

iciotti et al.46 developed a three-way classification with multi-

parametric MRI data, using a 2D ResNet model, which would

only take advantage of spatial information, but not of dynamic

temporal information of DSC, and the reported performance of

Figure 4. Implementation of the app with an easy-to-use interface

The image illustrates the web interface of the DISCERN app Docker, used to infer results for external validation cohorts. In the uppermost tile, the user dashboard

shows the ongoing and finished studies in which to run the pipeline. The next tiles show the results, namely the reference image used for segmentation and

respective enhancing tumor and white matter regions, the average nDSC curves of those regions, the tumor probability map and distribution, and a final

classification result.
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the model was only moderate. Wang et al.21 reported a two-step

classification scheme similar to ours, and using only conven-

tional DSCmetrics, with the main limitation being the lack of vali-

dation in external cohorts.

In contrast, we present the largest dataset reported in this

context. The voxel-by-voxel approach to the classification of

DSC data takes advantage of inherently redundant information.

Furthermore, the 1D CNN takes into account the changes in

the temporal profile of the bolus passage, which other methods

ignore or simplify. It also produces probability maps, facilitating

the visual inspection of the spatial distribution of the classifica-

tion. Finally, we have validated the results in external cohorts,

demonstrating the generalizability and potential utility of our

findings.

A noninvasive diagnostic support tool is especially relevant

when considering PCNSL among potential diagnoses. Cortico-

steroids are a reasonable therapeutic option for mitigating

neurological symptoms secondary to edema in patients with

malignant brain tumors. However, early stereotactic biopsy

before corticosteroid administration is mandatory when a brain

PCNSL is suspected, becausemedication with steroids can alter

the histological pattern of PCNSL.5 Moreover, PCNSL is highly

sensitive to chemoradiotherapy instead of resection, which is

contraindicated, as opposed to GBM or metastasis. Therefore,

a reliable characterization of the tumor type by imaging is critical

to devise the appropriate management of patients.

The DISCERN app provides voxel-wise tumor type probability

maps, which are then used to obtain a voxel proportion and a pa-

tient classification label. The default Youden’s index (tradeoff be-

tween sensitivity and specificity) can be changed to the needs of

different clinical scenarios. For instance, some medical cases

may require a very high specificity for suspected GBM and me-

tastases with respect to PCNSL and, if all evidence supports it,

then an additional intervention for a biopsy could be prevented.

Therefore, the voxel proportion can be adjusted in the app to

match the user’s needs.

The presented method successfully achieved three-way tu-

moral classification, outperforming the traditional perfusion met-

rics, and standing out from simpler binary classifiers. When

tested, our method performed with accuracies of 0.94 for

PCNSL identification, 0.81 for differentiation of GBM from

metastasis, and 0.78 for three-way classification.

Of note, the DSC protocol used for model development did

not include contrast preload. Contrast preload is a common

approach described in the literature to achieve a better estimate

of the rCBV.42 However, preload can be undesirable for a num-

ber of reasons. First, it delivers a higher contrast dose to the pa-

tient. Second, it can introduce potential variability sources,

affecting the nDSC signal morphology. As countermeasures,

leakage correction and acquisition parameters that minimize

the T1 effect, such as low flip angle, have been shown to effec-

tively yield reliable rCBV estimates without preload.42,44 In this

study, we only had access to retrospective data with high flip

angle; consequently, rCBV was estimated with leakage correc-

tion, obtaining results comparable to those of PSR. The combi-

nation of both rCBV and PSR in logistic regression was explored

for completeness, but it did not improve the results of the individ-

ual parameters. It is noteworthy that even though the DSC proto-

col used a nonoptimal flip angle for PSR or rCVB quantification,

DISCERN achieved a good level of discriminatory performance.

This was further confirmed by validating the results using hetero-

geneous external validation data, indicating a high level of

robustness in the method.

A key feature of our CNN approach is the computation of

voxel-wise spatial representations of perfusion curve character-

istics in the form of maps describing the probability of a voxel to

belong to a specific tumor type. Such spatial probability maps

provide an explainable representation of the CNN decision pro-

cess andmay enable further studies of intratumor heterogeneity,

making them an appealing tool for integrative multi-omics

research and also of potential clinical interest to plan surgical

procedures. Few studies have applied deep learning to voxel-

wise DSC signals in neuro-oncological applications. A recent

study34 used a deep autoencoder to derive a set of five descrip-

tors of DSC that could differentiate between pairs of tumor types.

However, the reconstructed time signals from such aminimal set

of descriptors, in contrast to the original signal, produce a

smooth perfusion curve morphology, which may omit relevant

details for diagnostic applications.

In conclusion, the presented CNN framework for three-class

brain tumor classification based on voxel-wise DSC signal anal-

ysis is feasible and outperforms classifiers built on conventional

rCBV and PSR metrics. The method can be trained using a

limited number of scans, which most centers are likely to have

available, with notable generalization to external data. In addi-

tion, it provides voxel-wise maps of tumor type signatures that

could be useful to visualize the CNN classification process and

for tumor spatial characterization. As a way to make this tool

more accessible and eventually make an impact in clinical

practice, the proposed method has been implemented on the

user-friendly DISCERN application, which is made freely acces-

sible at http://84.88.64.102:5000/discern-app, to enhance study

reproducibility and accelerate its adoption in future clinical

studies.

Limitations of the study
The diagnostic tool DISCERN was trained with perfusion MRI

data from scans without preload contrast injection, which may

limit its performance on preloaded MRI scans. Tests on all

eligible external 3T scans with a contrast preload of 23 patients

with GBM from the IvyGAP51 dataset yielded 18 cases correctly

classified asGBM (0.78 accuracy). Further testing in preloadMRI

scans should be performed to explore the generalizability of the

results in this context.

The study used automatically segmented regions of interest,

revised by an experienced neuroradiologist. However, the vari-

ability in segmentations among different neuroradiologists has

not been explored. The proposed future segmentation methods

aim to minimize manual input, but this aspect requires further

development.

The training data were obtained from only 40 patients, which

may introduce a bias toward the inherent characteristics of this

subpopulation. To account for patient and scanner biases, we

normalized the signals to those of white matter and we trained

with an equal number of patients for every malignancy. As a lim-

itation of the retrospective nature of this study, older diagnostic
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standards were in place and isocitrate dehydrogenase mutation

status was missing from this study, which would provide a

cleaner glioblastoma cohort.

The current algorithm is limited to certain MRI sequences (T1-

weighted and perfusion MRI) and does not yet incorporate other

potentially useful image data, such as diffusion MRI,52 which

may offer more detailed insights into tumor microstructure and

potentially improve the performance of the tool.

DISCERN is user-friendly and can classify three common brain

tumors, but its application to other tumor types is still under

development. In addition, although the framework shows prom-

ise, it requires further clinical qualification and approval for use

as a medical diagnostic tool.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
All inquiries for further information regarding this work should be directed to and will be fulfilled by the lead contact, Raquel Perez-

Lopez, 115–117 Natzaret, 08035 Barcelona, Spain (rperez@vhio.net).

Materials availability
No materials such as reagents or other products were generated in this study.

Data and code availability
d The datasets used in this study from Bellvitge Hospital, UC San Diego, and HT Medica health centers are not publicly available

due to patient privacy concerns. To request access to the data, please contact the lead contact, who will connect you with the

responsible researcher at each of the centers. Data will be accessible only if the Ethics Committee of each center where the

data were collected grants permission. Therefore, the requester must describe the project for which data access is requested,

detailing the objectives and data management plan. Data access will be considered for research purposes and non-commer-

cial use only. To ensure patient privacy, access to personally identifiable information or sensitive clinical information (including

medical histories) will not be provided, and requests for data access must rigorously adhere to the consent agreements estab-

lished with study participants. Additional terms and conditions for accessing data by collaborating institutions may apply, as

defined by the institutional Ethics Committee. The Ivy GAP dataset including MR DSC and T1w scans is publicly available and

can be accessed through The Cancer Imaging Archive (https://doi.org/10.7937/K9/TCIA.2016.XLwaN6nL), as well as the an-

notated brain regions for the same dataset (https://doi.org/10.7937/9j41-7d44). The references and links for the datasets are

listed in the key resources table.

d All the original codes and the trainedmodels generated in this study are available under the folder ‘‘models’’ both in a repository

at Zenodo (https://doi.org/10.5281/zenodo.8301141) and in a mirroring repository at GitHub (https://github.com/

radiomicsgroup/discern-app), both publicly accessible as of the date of publication. The DOIs and links are listed in the key

resources table. Instructions for use can be found on the GitHub readme file.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cohort and clinical characteristics
Data was retrospectively collected from multiple centers from patients with biopsy-confirmed GBM, brain metastasis or PCNSL. A

total of 568 patients from three institutions (Bellvitge University Hospital, Spain; UC San Diego Health Center, USA; HTMedica Jaen,

Spain) were included in the study.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Ivy GAP imaging dataset Shah et al.51,53,54 https://doi.org/10.7937/K9/TCIA.2016.

XLwaN6nL

Segmentations for the Ivy GAP dataset Pati et al.55,56 https://doi.org/10.7937/9j41-7d44

Trained models for DISCERN (‘‘models’’

folder)

This paper; Zenodo; GitHub https://doi.org/10.5281/zenodo.8301141

https://github.com/radiomicsgroup/

discern-app

Software and algorithms

Code for DISCERN This paper; Zenodo; GitHub https://doi.org/10.5281/zenodo.8301141

https://github.com/radiomicsgroup/

discern-app

Dcm2niix GitHub https://github.com/rordenlab/dcm2niix

3D Slicer Fedorov et al.57; website https://doi.org/10.1016/j.mri.2012.05.001

https://slicer.org/

Python v3 Python Software Foundation https://www.python.org
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Four hundred and forty patients (45 for PCNSL, 95 for metastasis and 300 for GBM) diagnosed from 2007 (2007 WHO criteria58) to

2020 at Bellvitge University Hospital (Spain) with MRI available were included in the development cohort after image quality inspec-

tion and exclusion (Figure 1A). Patient demographics and clinical characteristics per groups are shown in Table S1.

Additional independent cohorts were included and processed for external validation: a) 80 patients fromUCSanDiegoHealth Cen-

ter (USA) and HTMedica Jaen (Spain), b) 25 patients fromBellvitge University Hospital (Spain), acquired at magnet strength of 3T and

c) 23 patients from the IvyGAP51 open database of patients with GBM and MRI scan with pre-bolus contrast administration, to ac-

count for the effect of different DSC protocols in the tool performance.

The research ethics committee of Bellvitge University Hospital (Barcelona, Spain) approved the study and informed consent was

waived. The confidential data from patients were anonymized and protected in accordance with national and European regulations.

METHOD DETAILS

Patient eligibility
Eligibility criteria included: i) histologically confirmed diagnosis of GBM, single brain metastasis or PCNSL, ii) diagnostic MR scan on

1.5T or 3T including DSC and contrast-enhanced T1-weighted imaging (CE-T1WI) acquired prior to any oncological treatment and iii)

a minimum of 10 mm of diameter of enhancing tumor in the CE-T1WI. Exclusion criteria included missing imaging data and poor im-

age quality. The number of patients included can be seen in Figure 1A.

Imaging acquisition parameters
For the training and internal testing cohort, acquisitions were performed with 1.5T Philips scanners. The DSC dynamic sequences

(gradient-echo echo-planar imaging and PRESTO59) salient parameters were: TE of 24–40 ms, and FA of 75� (PRESTO 7�), acquired
during a bolus administration of gadolinium contrast agent (gadobutrol 0.1 mmol/kg) without contrast preload.

The MRI scans from the development set were performed in 1.5T Philips scanners (219 on Ingenia and 221 on Intera). The DSC-

PWI dynamic sequences (gradient-echo echo-planar imaging and PRESTO59) salient parameters were: temporal sampling of 1.26–

1.93 s, 40–60 timepoints, TR of 1640 ms (PRESTO 16 ms) TE of 24–40 ms, FA of 75� (PRESTO 7�) and in-plane resolution of 1.7 mm,

acquired during a bolus administration of gadolinium contrast agent (gadobutrol 0.1 mmol/kg) without contrast preload.

The CE-T1WI main parameters were gradient-echo with repetition time (TR) of 6.58–25 ms, echo time (TE) of 3.17–5.49 ms, flip

angle (FA) of 8�-30�, and spin-echo with TR of 535–625 ms, TE of 10–15 ms, FA of 70�-90�, all with in-plane resolution of 0.9 mm.

The acquisition details of the external datasets were as follows. The DSC-PWI protocol did not include contrast preload, the acqui-

sition parameters were: TR of 1123–3031 ms, TE of 28–60 ms, FA of 40�-90� and in-plane resolution of 0.9 mm. Imaging was per-

formed on Philips Achieva or Intera 1.5T (n = 55), Siemens Essenza (n = 4), Toshiba Vantage Elan 1.5T (n = 2), GE Signa HDxt

1.5T (n = 2), Philips Achieva 3T (n = 9), GE Signa Architect 3T (n = 5), GE Discovery 3T (n = 2) and Philips Panorama HFO 1T (n = 1).

Data pre-processing
The DSC dynamic sequence wasmotion-corrected by rigid registration of all DSC volumes. Bias field correction60 was applied to the

CE-T1WI, which was rigidly registered to the DSC. Brain region masking was obtained on the CE-T1WI using a hierarchical

approach,61 used for normal-appearing white matter segmentation and to split the brain into hemispheres. The white matter in

the hemisphere contralateral to the tumor was selected once the tumor segmentation was available. Segmentations of the enhancing

tumor were first obtained automatically by intensity thresholding on the image histogram. Specifically, an intensity threshold was set

on the histogram right tail (voxels with high intensities) at the intensity where the histogram density falls below the mean histogram

density. This result was followed bymorphological operations to remove spurious voxels and small objects such as vessels. The seg-

mentations were afterward revised by an experienced neuroradiologist.

The DSC signal reflecting the bolus passage in every voxel of the MRI sequence were extracted for the aforementioned enhancing

tumor and white matter regions. According to a previously presented normalisation method,23 the intensity and timescale of the DSC

curves from the enhancing tumor were normalised (nDSC) to the white matter, interpolating to the same time resolution, providing

comparable data among voxels of the same patient and between patients. The minimum peak point of the nDSC signals was

retrieved, the curves were aligned to this point and signals with points within the average plus and minus standard deviation were

used for training the CNNs, to avoid training on low signal or high noise data. Slicer57 (www.slicer.org) and Python 3.8 were used

for segmentation, processing, training, inference and statistical tests.

Conventional DSC-PWI metrics
Standard metrics of DSC analyses were obtained to compare against our voxel-trained CNN. The T2*-weighted signal S from aDSC-

PWI sequence can be expressed as:

Sf e� TE
T2� ;

1

T2� = R2�
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With R2* representing the relaxation rate. In a dynamic acquisition, a signal S(t) is acquired at n discrete time points t = [0,1,2,.,n]

during the contrast bolus passage. The change in relaxation rateDR2*(t) is proportional to the contrast concentration C(t), and can be

obtained as follows:

Ct fDR2�
t = R2�

t � R2�
0 = � 1

TE
ln

St

S0

The relative cerebral blood volume (rCBV) was obtained as the area under the DR2* curve with leakage correction using Slicer.57

The percentage of signal recovery (PSR) was defined as the ratio of the recovered DSC-PWI signal over the baseline signal, as

follows:

PSR =
ðSr � SminÞ
ðSb � SminÞ$100

Where Smin is the minimum peak point reached by the perfusion curve, Sb is the baseline perfusion signal before contrast bolus

arrival and Sr is the recovered signal after bolus passage.

CNN architecture
A 1D convolutional neural network (CNN) allows to take advantage of the convolution operation over the dynamic nDSC curves,

considering the intensity change in a window of neighboring timepoints of size equal to the kernel size.

To take into account the information over different time windows, a CNN was designed with three 1D convolutional layers with

kernel sizes [3,5,7]. A small size would mean looking at the closest neighbor timepoints and considering immediate changes in

the dynamic signal, while bigger kernel sizes would consider further neighbor timepoints, therefore capturing the signal change

over a longer time period. By including three possible kernel sizes, we expected to make the model more flexible toward heteroge-

neous nDSC input signals.

The convolutional layers were followed by a 10% dropout layer and max pooling layer (pool size 2). Because in the previous layers

we extracted many features, these layers act as a filter to retain only relevant information: the dropout layer discards data from the

previous layer and themax pooling layer down-samples the information into a smaller size. By reducing the number of features, these

steps are meant to prevent overfitting and improve generalizability.

Finally, the output was concatenated into a dense layer with 100 nodes of rectified linear units and a final binary output layer with

softmax activation, cross-entropy loss function and Adam optimizer. The internal parameters of the CNN were self-optimised during

training and internal validation, and hyper-parameters were set experimentally as: batch size of 5000, maximum number of epochs of

3000 with a stopping condition of 50 iterations without validation loss improvement. The CNN was built using Tensorflow v2 with

Keras frontend. The CNN classifier receives a given nDSC as input and outputs a binary probability.

Classification scheme
By applying the CNN classifier voxel-by-voxel, a probability map is obtained over the enhancing tumor region. These voxel-wise

probabilities are then converted into a patient-wise classification as:

voxel proportion =
nconfident type 1

nconfident type 1+n confident type 2

: (Equation 1)

Above, nconfident type 1 is the number of voxels with a probability higher than 0.9 for one tumor type and nconfident type 2 is the number of

voxels with a probability higher than 0.9 for the second tumor type on the binary classifier. The tumor type of each patient was inferred

by applying Youden’s index (highest sum of specificity and sensitivity in the training set) to the voxel proportion above. In practice, a

3-class classifier differentiating between PCNSL, GMB and metastases was implemented by concatenating two 2-class classifiers.

The first classifier distinguishes PCNSL from non-PCNSL cases, the least frequent of the three malignancies, while the second clas-

sifier differentiates the non-PCNSL cases into GBM or metastasis (Figure 1). This allows obtaining binary classification performance

to compare with other binary methods and to apply ROC curves.

Classification performance
Classification accuracy, sensitivity and specificity were obtained for 100 groups of 25 randomly-selected patients from the test

cohort in order to obtain average classification performance and 95% confidence intervals (CI) for all classifiers, as reported in

Table S2.

In addition, the area under the ROC curve was obtained for binary classifications, which shows the trade-off between sensitivity

and specificity of different classification thresholds (Figure 2B). The thresholds were set by Youden’s index as described above, but

the app allows users to change them to meet different clinical needs, as discussed. Average ROC curves were obtained for the

3-class problem (Figure 2C).

Classification metrics and ROC curves were obtained for PSR and rCBV applying the same classification structure used for the

CNN-based approach.
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To compare the proposed approach with the performance of different machine learning algorithms, we built Random Forests and

Support Vector Machine models from the rCBV and PSR values, following the classification scheme described for the CNN, i.e.,

applying binary classifications consecutively. Training was performed on the 40 subjects of the training dataset and tested on the

test set of 400 subjects. A Random Forests hyperparameter search was performed with 5-fold cross-validation and the best param-

eters applied were maximum depth of 1 and 500 trees, and an overall 3-way accuracy of 0.61. A Support Vector Machine classifi-

cation model with radial kernel was also trained with 5-fold cross-validation and the best hyperparameters found were gamma = 1

and C = 10, with a three-way accuracy of 0.37 (Table S4).

CNN interpretation
The CNN provides a tumour-type probability value from each nDSC signal found in each voxel. The map inherently informs about the

decision process of the CNN classifier toward one tumor type or another and, more importantly, about the confidence of the clas-

sification in spatial regions.

To further explore the features that the CNN associated with each tumor type, down to the individual timepoints of the nDSC curve,

we applied a score-weighted visual explanation for CNNs (ScoreCAM48). On Figure 3A, the importance score was scaled to sum 1

over all timepoints in every voxel, in order to see the spatial relative importance. On Figure 3B, the average importance score is shown

in each timepoint for each tumor type, with the average tumor nDSC from the training data overlaid in black, in order to see the tem-

poral differences.

Utility in aiding medical decisions for brain tumor diagnosis
A benchmark diagnostic study was conducted to assess and compare the performance of DISCERN with that of expert neuroradi-

ologists. The study also aimed to evaluate the potential improvement in diagnostic accuracy when DISCERN was utilised to support

medical decision-making. For this purpose, two expert neuroradiologists with 10 and more than 20 years of experience in the field

were selected. They were blinded to each other’s assessments and also to the histopathological diagnosis results. The participants

evaluated 30 cases, corresponding to 10 per each tumor type randomly distributed. The neuroradiologists had access to the MRI

scans, given all imaging sequences (including T1w pre and post-contrast and the DSCmaps), age and gender. To facilitate the eval-

uation process, each case was labeled by the neuroradiologists across four categories, ranging from ‘‘very unlikely’’ to ‘‘very likely,’’

based on the likelihood and confidence of their diagnosis for each tumor type. A final diagnosis per radiologist was reached by

considering the malignancy for which each radiologist estimated the highest likelihood, and then compared with the results from

the tool. To measure the confidence in diagnosing, accounting for multiple answers for a given patient, we assigned scores (0.75

to ‘‘very likely’’, 0.25 to ‘‘likely’’ and ‘‘unlikely’’, 0 to ‘‘very unlikely’’) and applied:

Confidence = maxfAg �
 
1 + maxfAg �

X
aeA

a

!

Where ‘A’ is the set of answers ‘a’ for each patient. This function gives amaximum confidence score when assigning ‘‘very likely’’ to

one malignancy and ‘‘very unlikely’’ to the others. The results of this subanalysis are shown in Figure S1.

Development of the online app DISCERN
The processing and classification pipeline was bundled into a Docker image which can run as a standalone application in any system

(Figure 4). The user can input their anonymized DSC and CE-T1WI scans in raw DICOM, Nifti or NRRD formats and, optionally, their

own segmentations. When the study is processed, the tool shows the average nDSC curve, the result of the classification and the

spatial probability map. For demonstrative purposes, the DISCERN app can be accessed at http://84.88.64.102:5000/

discern-app for research purposes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed to compare: (i) patient age distribution between training and test sets of each tumor type (Welch’s

t-test), as well as among tumor types (one-way ANOVA); (ii) patient gender distribution between training and test sets of each tumor

type (Fisher’s exact test), as well as among tumor types (Chi-square test). Relations are shown in Table S1. The DeLong test was used

to compare differences in AUC between ROC curves. Statistical significance was considered for p < 0.05. Variable names and ab-

breviations are explained in each figure or table legend, numbers in tables are explained in the heading of each column.
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Abstract
Objectives  Adult solitary intra-axial cerebellar tumors are uncommon. Their presurgical differentiation based on neuroimag-
ing is crucial, since management differs substantially. Comprehensive full assessment of MR dynamic-susceptibility-contrast 
perfusion-weighted imaging (DSC-PWI) may reveal key differences between entities. This study aims to provide new insights 
on perfusion patterns of these tumors and to explore the potential of DSC-PWI in their presurgical discrimination.
Methods  Adult patients with a solitary cerebellar tumor on presurgical MR and confirmed histological diagnosis of metasta-
sis, medulloblastoma, hemangioblastoma, or pilocytic astrocytoma were retrospectively retrieved (2008–2023). Volumetric 
segmentation of tumors and normal-appearing white matter (for normalization) was semi-automatically performed on CE-
T1WI and coregistered with DSC-PWI. Mean normalized values per patient tumor-mask of relative cerebral blood volume 
(rCBV), percentage of signal recovery (PSR), peak height (PH), and normalized time-intensity curves (nTIC) were extracted. 
Statistical comparisons were done. Then, the dataset was split into training (75%) and test (25%) cohorts and a classifier was 
created considering nTIC, rCBV, PSR, and PH in the model.
Results  Sixty-eight patients (31 metastases, 13 medulloblastomas, 13 hemangioblastomas, and 11 pilocytic astrocytomas) 
were included. Relevant differences between tumor types’ nTICs were demonstrated. Hemangioblastoma showed the highest 
rCBV and PH, pilocytic astrocytoma the highest PSR. All parameters showed significant differences on the Kruskal–Wallis 
tests (p < 0.001). The classifier yielded an accuracy of 98% (47/48) in the training and 85% (17/20) in the test sets.
Conclusions  Intra-axial cerebellar tumors in adults have singular and significantly different DSC-PWI signatures. The com-
bination of perfusion metrics through data-analysis rendered excellent accuracies in discriminating these entities.
Clinical relevance statement  In this study, the authors constructed a classifier for the non-invasive imaging presurgical diag-
nosis of adult intra-axial cerebellar tumors. The resultant tool can be a support for decision-making in the clinical practice 
and enables optimal personalized patient management.
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Key Points 
• Adult intra-axial cerebellar tumors exhibit specific, singular, and statistically significant different MR dynamic-suscepti-

bility-contrast perfusion-weighted imaging (DSC-PWI) signatures.
• Data-analysis, applied to MR DSC-PWI, could provide added value in the presurgical diagnosis of solitary cerebellar 

metastasis, medulloblastoma, hemangioblastoma, and pilocytic astrocytoma.
• A classifier based on DSC-PWI metrics yields excellent accuracy rates and could be used as a support tool for radiologic 

diagnosis with clinician-friendly displays.

Keywords  Brain · Perfusion magnetic resonance imaging · Cerebellar neoplasms

with different patterns depending on the primary tumor 
histology, among other factors. Hemangioblastoma and 
pilocytic astrocytoma often escape the classical image and 
appear heterogeneously solid-cystic or solid. And medul-
loblastoma can appear cystic, compromising the value of 
their characteristic homogeneous diffusion restriction [2, 7].

Functional and quantitative imaging techniques such as 
DSC-PWI have shown promising results in discriminating 
some cerebellar tumors [8–11]. This technique offers in vivo 
information on tumor vascular and microvascular environ-
ments. However, its full potential for the pre-surgical discrim-
ination of cerebellar tumors might not have been achieved. 
Previous papers in this regard are based on the evaluation of 
isolated metrics extracted from the time-T2* intensity curves 
generated during contrast administration. Relative cerebral 
blood volume (rCBV) is the most widely studied perfusion 
parameter. However, some more recently described metrics 
such as percentage of signal recovery (PSR) and peak height 
(PH) [12] are more scarcely investigated in these groups of 
tumors [9]. In summary, the PSR mainly reflects changes in 
capillary blood–brain barrier permeability, whereas the PH is 
thought to reflect the total capillary volume [12]. Moreover, 
the analysis of the whole normalized time-intensity curve 
(nTIC), qualitatively and quantitively assessable with recently 
described methodologies [13–15], remains unknown. In sum-
mary, previous studies only considered isolated DSC-PWI 
metrics and limit their analysis to descriptive statistics [10] or 
pairwise comparisons [8, 9, 11] but multiple-way classifica-
tions have not been performed.

Also, the rarity of adult intra-axial cerebellar tumors 
results in the relatively scarce literature regarding their 
DSC-PWI features [8, 9, 11]. Moreover, most of these pub-
lications involve only two entities (i.e., metastasis versus 
hemangioblastoma [11] or pilocytic astrocytoma versus 
hemangioblastoma [9]) but not the full differential of tumors 
that can be encountered in this location.

To overcome these limitations, the evaluation and com-
bination of all cited DSC-PWI features could allow the 
construction of robust classifiers. These tools would be 
of great added value in the presurgical differentiation of 
these tumors, and ultimately would optimize therapeutic 
management.

Abbreviations
DSC-PWI	� Dynamic-susceptibility-contrast perfusion-

weighted imaging
nTIC	� Normalized time-intensity curves
PH	� Peak height
PSR	� Percentage of signal recovery
rCBV	� Relative cerebral blood volume

Introduction

Solitary intra-axial cerebellar tumors in adults are infre-
quent, representing 2–2.5% of all CNS tumors [1], but 
deserve dedicated attention [1, 2]. Their differential diag-
nosis is limited and specific but diverges from that of the 
much more prevalent intra-axial supratentorial brain tumors. 
In the cerebellum, the most common malignancy in adults 
is metastasis. Meanwhile, the most common primary tumor 
is hemangioblastoma, followed by medulloblastoma and 
pilocytic astrocytoma, both more prevalent in the pediatric 
population [1, 2].

Due to the small volume of the posterior fossa, a slight 
mass effect can cause fatal tonsillar herniation or hydro-
cephalus. This emphasizes the importance of a rapid diag-
nostic imaging workup in which magnetic resonance (MR) 
plays a pivotal role. The presurgical differentiation of these 
tumors will greatly impact patient management [2–6]. A sys-
temic staging study should follow a metastasis suspicion. 
A presurgical embolization would minimize the risk of 
bleeding during the standard-of-care surgery in a suspected 
hemangioblastoma. The possibility of a medulloblastoma 
requires a complete neuroaxis extension study to evaluate 
leptomeningeal dissemination, before deciding on surgery 
and chemo-radiotherapy schemes. Or lastly, a tumor con-
sistent with a pilocytic astrocytoma can be cured with an 
excellent prognosis only with direct surgical removal [3–6].

Despite classic imaging pearls, such as the cystic appear-
ance with a solid mural nodule of hemangioblastomas and 
pilocytic astrocytomas, or the strikingly restricted diffusion 
of solid medulloblastomas, morphological imaging is often 
insufficient to reach a reliable presurgical suspicion [2, 7]. 
Indeed, metastases are very heterogeneous in presentations 
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This study aims to explore the full potential of DSC-PWI 
in the presurgical diagnosis of adult intra-axial cerebellar 
tumors (a) by evaluating and comparing rCBV, PSR, PH, and 
TIC between the most frequent adult intra-axial cerebellar 
tumors, and (b) by combining these metrics, to construct a 
classifier that can be applied in clinical practice with radiol-
ogist-friendly displays.

Material and methods

This retrospective study was approved by the research ethics 
committee of Hospital Universitari de Bellvitge (PR306/22). 
The confidential data from patients were anonymized and 
protected following national and European regulations.

Patients

Adult patients with a solitary, enhancing, intra-axial (inside 
the pia mater [2]) cerebellar tumor on presurgical MR and 
confirmed histological diagnosis of metastasis, medulloblas-
toma, hemangioblastoma, or pilocytic astrocytoma were ret-
rospectively retrieved from the database of Hospital Univer-
sitari de Bellvitge and HT Medica, Spain, between January 
2008 and January 2023. Patients with extra-axial, brainstem, 
or ventricular tumors were not considered. Inclusion criteria 
were (1) histopathological confirmed tumor diagnosis; (2) 
available presurgical diagnostic MR examination including 
DSC-PWI and axial contrast-enhanced T1WI (CE-T1WI); 
and (3) enhancing tumor on CE-T1WI with the shortest diam-
eter of at least 10 mm. Exclusion criterion was low quality of 
the sequences preventing DSC-PWI data extraction.

Imaging

All MR imaging examinations included in the study were 
acquired in 1.5- and 3-T scanners. All DSC-PWI sequences were 
gradient-echo, with different technical parameters specified in 
Supplementary Table 1. A single bolus of intravenous gadolin-
ium-based contrast agent 1 mmol/mL was used at a standard 
dose of 0.1 mmol/kg with an injection rate of 4–5 mL/s. No con-
trast preload was administered. Two experienced neuroradiolo-
gists, A.P.-E. and CM., evaluated the quality of the sequences.

DSC‑PWI postprocessing and data extraction

Volumetric segmentations of enhancing tumor and con-
tralateral normal-appearing white matter (NAWM) (for nor-
malization) were performed on CET1WI semi-automatically 
(histogram intensity thresholding) and coregistered with 
DSC-PWI. Cysts, calcifications, hemorrhage, and necrosis 
were excluded from the segmented lesion masks to ensure 
that the perfusion metrics represent viable tumor tissue. 

All segmentations were performed on 3D Slicer, version 
5.0 (http://​www.​slicer.​org), and coregistration was with the 
BRAINSFit module. Time-intensity curves were preproc-
essed using the method proposed by Pons-Escoda et al [13] 
which renders normalized nTICs: Signal-intensity values of 
the enhancing tumor TIC were normalized by dividing by the 
maximal signal intensity drop of the NAWM, and time values 
were normalized as relative to the period of the descend-
ing curve on NAWM. The resultant nTICs are comparable 
among different patients and techniques. The TICs were pro-
cessed using Python 3.11 software (https://​www.​python.​org/​
downl​oads/​relea​se/​python-​3110/). Mean normalized values 
per patient tumor-mask of nTICs, rCBV, PSR, and PH were 
extracted. rCBV was obtained as described by Boxerman et al 
[16] after leakage correction with 3D Slicer. PSR and PH 
were obtained as described by Cha et al [12]. All postprocess-
ing and data extraction were performed employing a whole 
semi-automatized in-house pipeline. All segmentations and 
perfusion curves were visually supervised and quality filtered 
by a neuroradiologist (A.P.-E.) with 10 years of experience 
in neuro-oncologic imaging. Those DSC-PWI registrations 
that did not show a clear time-intensity curve or an excessive 
signal-to-noise ratio were excluded.

DSC‑PWI metrics comparisons

Visual assessment of each tumor type nTIC and point-by-
point statistical comparisons (Kruskal–Wallis test) of the 
four different tumor curves was performed. Visual assess-
ment of each tumor group rCBV, PSR, and PH value distri-
butions and dispersions represented on box plots, as well 
as statistical comparisons (Kruskal–Wallis test), was done.

In addition, we performed pairwise comparisons between 
tumor types using the Mann–Whitney U test, and calculated 
the area under the receiver operating characteristic curve 
(AUC-ROC) for each comparison.

DSC‑PWI classifier construction

To construct the classifier, the sample set was randomly 
divided into training and holdout test sets, with 75% of each 
tumor type allocated to the former and the remaining 25% 
to the latter. The training set was used to develop the clas-
sifier model, while the holdout set was utilized to test it. 
Additionally, a leave-one-out cross-validation (LOOCV) was 
conducted to further evaluate the performance of the model.

Time point intensity values of the mean nTICs and mean 
values of rCBV, PSR, and PH per patient tumor-mask were 
the variables included in the primary model. Making use of 
“Caret” R package [17] (https://​cran.r-​proje​ct.​org/​packa​ge=​
caret), a boosted tree classifier (stochastic gradient boosting) 
was constructed. All the details on the model generation are 
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available in the R script in the Supplementary Material. The 
model performance in both training and holdout sets was 
assessed in terms of accuracy (% of correct assignation).

Finally, for comparison, two secondary boosted tree mod-
els were tested following the exact same methods. In the first 
model, only the nTICs were considered. The second model 
considered rCBV, PSR, and PH.

All data computations were performed with R statisti-
cal and computing software, R package version 4.2.2 [18] 
(http://​www.r-​proje​ct.​org).

Results

Patients

Seventy-six patients were considered eligible for the study. 
Eight patients were excluded by the quality filter. Therefore, 
a total of 68 patients (35 men; mean age 49, range 21–83) 

were enrolled for the study: 31 metastases, 13 medulloblas-
tomas, 13 hemangioblastomas, and 11 pilocytic astrocyto-
mas. The training set included 22 metastases, 9 medulloblas-
tomas, 9 hemangioblastomas, and 8 pilocytic astrocytomas. 
The rest of the cases were set apart for testing. Patient selec-
tion flowchart is summarized in Supplementary Fig. 1 and 
demographics are in Table 1.

The primary tumor location of the metastatic cases was 
lung in 20 patients, followed by breast in 6, colorectal in 4, 
and renal in 1.

Significant differences were found in patients’ age among 
the four tumor types (Kruskal–Wallis test, p < 0.001).

DSC‑PWI comparisons

Mean nTICs, as well as box plots for rCBV, PSR, and 
PH values for each tumor type, are shown in Figs. 1 and 
2. There were differences between tumor-type nTICs 
morphology and rCBV, PSR, and PH values on a vis-
ual assessment. Mean values of rCBV, PSR, and PH are 
shown in Table 2 and overlaid on Fig. 2 box plots. The 
Kruskal–Wallis tests demonstrated significant differences 
(p < 0.001) in all points (since the first descending point) 
of the curves and in rCBV, PSR, and PH between the four 
tumor types.

For pairwise comparisons, the Mann–Whitney U test 
results are shown in Supplementary Table 2 and the AUC-
ROC analysis in Table 3.

Finally, no significant differences were found for different 
primary tumor origins of metastases nor for different DSC-
PWI techniques among each tumor subgroup.

Table 1   Demographics of the study sample

Tumor type Number Sex 
(male:female)

Age in years 
(mean, range)

Metastasis 31 15:16 61, 30–83
Medulloblastoma 13 8:5 32, 21–44
Hemangioblastoma 13 9:4 46, 31–61
Pilocytic astrocytoma 11 3:8 38, 21–69
Total 68 35:33 49, 21–83

Fig. 1   Average nTICs of soli-
tary posterior fossa metastasis 
(Met), medulloblastoma (Mdl), 
hemangioblastoma (Hbl), and 
pilocytic astrocytoma (P-a) 
in adults. Evident visual and 
significant statistical differ-
ences between the time point 
values of each tumor type curve, 
Kruskal–Wallis test, p < 0.005. 
The X-axis and the Y-axis cor-
respond to normalized time and 
signal intensity units, relative 
to the period of the descending 
curve and the maximal signal 
intensity drop of the NAWM 
respectively
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DSC‑PWI classifier performance

The primary classifier demonstrated high accuracy rates, 
with 98% accuracy (47/48) in the training set and 85% 
accuracy (17/20) in the test set. The relative weighting 
assigned to each variable in the model can be found in 
Supplementary Table 3. Additional specific classification 
results are available in the confusion matrices in Sup-
plementary Fig. 2. The classifier misclassified between 
metastasis and hemangioblastoma (1 in the training set, 2 
in the test set), as well as between medulloblastoma and 
pilocytic astrocytoma (1 in the test set). The LOOCV pro-
duced an average accuracy of 76%.

Regarding the two secondary classifiers created for com-
parison, they rendered poorer accuracy results than the primary 
model. The first model considering only the nTIC provided 
100% accuracy in the training set, which lowered to 70% 
(14/20) in the test. The second, considering only rCBV, PSR, 
and PH values, obtained accuracies of 94% (45/48) and 75% 
(15/20) respectively.

An additional classifier was developed using all DSC-PWI 
metrics and patient age, which was found to be significantly 

different among the tumor groups. The accuracy of this clas-
sifier was 100% in the training set, but it decreased to 70% 
(14/20) in the test set. Thus, the inclusion of age in the model 
did not improve its accuracy in the test set.

Tool display for clinical applicability

Finally, the authors present a radiologist-friendly display 
that could be incorporated into a diagnostic support tool 
which would be applicable in daily practice (see examples 
in Figs. 3 and 4 where two new “problem” cases are given 
a specific classification, but they are also overlapped on 
mean nTIC curves as well as rCBV, PSR, and PH plots of 
each tumor type). This allows for visual assessment of dif-
ferences of new “problem” cases with each tumor type and 
ensures radiologist interactivity to achieve the final diag-
nostic clinical decision.

Fig. 2   Box plots for rCBV, PSR, and PH values of solitary poste-
rior fossa metastasis (Met), medulloblastoma (Mdl), hemangioblas-
toma (Hbl), and pilocytic astrocytoma (P-a) in adults. “x” represents 

average values. Evident visual and significant statistical differences 
between each tumor type values of the three evaluated metrics, 
Kruskal–Wallis test, p < 0.001

Table 2   rCBV, PSR, and PH mean values [± 95% confidence inter-
val] for each tumor subtype. Kruskal–Wallis test, p < 0.001

Tumor type rCBV PSR PH

Metastasis 3.98 [± 0.66] 0.83 [± 0.10] 2.49 [± 0.35]
Medulloblastoma 1.44 [± 0.36] 1.33 [± 0.13] 1.66 [± 0.38]
Hemangioblastoma 6.61 [± 0.82] 0.94 [± 0.12] 4.45 [± 0.67]
Pilocytic astrocytoma 0.89 [± 0.20] 1.6 [± 0.31] 1.08 [± 0.26]

Table 3   Summary of area under the receiver operating characteristic 
curve (AUC-ROC) analysis for pairwise comparisons. *The nTIC 
results are determined by the highest AUC achieved by a single time 
point, from among all the points of the curve

Pair of tumors CBV PSR PH nTIC*

Met vs Mdl 0.893 0.913 0.734 0.931
Met vs Hbl 0.854 0.675 0.882 0.897
Met vs P-a 0.953 0.935 0.9 0.960
Mdl vs P-a 0.734 0.622 0.748 0.762
Mdl vs Hbl 1 0.899 0.988 0.988
Hbl vs P-a 1 0.902 1 1
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Discussion

In this manuscript, we studied a large series of the wide dif-
ferential of adult intra-axial cerebellar tumors. We evidenced 
that they have different and characteristic DSC-PWI patterns 
in terms of nTIC morphology as well as of rCBV, PSR, and 
PH values. Combining all these variables enabled the crea-
tion of a robust and highly accurate classifier which provides 
a single diagnostic suggestion with 85% accuracy in the 
independent test set. Furthermore, taking advantage of the 
significant differences between tumor types, we designed an 
interactive and intuitive visual-friendly display. This interface 
supports clinicians’ reliability on the model by facilitating 
explainability of conclusions and potential misclassifications.

Figures 3 and 4 are real clinical examples of the clas-
sifier’s user-friendly applicability. For visual evaluation of 
a new “problem” case, its nTIC and rCBV, PSR, and PH 
values are overlapped on mean nTICs and box plots of each 
tumor type. Parallelly, the classifier assigns a diagnostic 

suggestion for the new case. This supportive and interac-
tive format increases reliability, promotes explainability, and 
keeps away the feared “black-box” issue.

DSC-PWI, which is included in the optimal brain tumor 
imaging protocols according to the most recent consensus 
[19–21], has shown promising results in discriminating some 
cerebellar tumors [8–11, 22]. Previous papers are based on 
evaluating isolated metrics, mainly rCBV, and in one single 
case, PSR and PH [9]. Furthermore, the whole nTIC [13–15] 
has not yet been investigated in these groups of tumors. Also, 
the most frequent single-parameter DSC-PWI analysis has 
not allowed multiclass predictions to date. This paper demon-
strates that the combination of multiple DSC-PWI variables 
(rCBV, PSR, PH, and the nTIC) allows the creation of highly 
accurate multiclass classifiers, of great added value in this 
complex clinical scenario. Finally, the rarity of adult intra-
axial cerebellar tumors results in the relatively scarce litera-
ture on this topic, especially considering altogether a complete 
differential such as the one presented in this study.

Fig. 3   Real clinical example of the user-friendly applicability 
of results. The classifier assigns a diagnostic suggestion of pilo-
cytic astrocytoma for this new “problem” case of a solid homo-
geneously enhancing tumor. The nTIC curves as well as rCBV, 
PSR, and PH values of the “problem” case overlap with those 

of pilocytic astrocytoma. Therefore, the neuroradiologist can 
suggest the final diagnostic prediction of pilocytic astrocytoma 
considering all the displayed data. Histopathology furtherly con-
firmed the definitive diagnostic of pilocytic astrocytoma
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The paramount importance of this study is the introduction 
of several new insights about DSC-PWI of adult cerebellar 
tumors. From our results, we summarize the following state-
ments about specific DSC-PWI signatures of adult cerebellar 
tumors. Regarding “perfusion curvology,” nTICs are different 
between all tumor types, save for only partial overlap on the 
signal-recovery part of the curve between medulloblastoma 
and pilocytic astrocytoma. Hemangioblastoma and metasta-
sis T2* dynamic-signal decays pronounced and fast (more 
so in hemangioblastoma), while recovers slowly, remaining 
below the baseline during the whole curve of metastasis, and 
only reaching the baseline in the last time points of hemangio-
blastoma. Medulloblastoma and pilocytic astrocytoma signal 
decays much less (a bit more in medulloblastoma) and slower, 
while recovers far above the baseline. Metastasis and heman-
gioblastoma show high rCBV and PH, and low PSR, while 
medulloblastoma and pilocytic astrocytoma exhibit low rCBV 
and PH, and high PSR. Hemangioblastoma demonstrates the 
highest rCBV and PH, and pilocytic astrocytoma the highest 
PSR. Overall, these DSC-PWI characteristics primarily reflect 

a higher degree of vascularization in hemangioblastoma and 
metastasis, whereas a higher degree of blood–brain barrier dis-
ruption in pilocytic astrocytoma and medulloblastoma.

The DSC-PWI metrics evaluated in our study are not new, as 
they have been studied in brain tumor imaging studies such as 
glioblastoma, metastasis, or lymphoma [13–15], which usually 
involve a different differential and are supratentorial. However, 
the importance of our study lies in the specific evaluation of 
these parameters for adult solitary intra-axial cerebellar tumors, 
which is a less studied area. The fact that already known met-
rics, usually used in neuro-oncology, were evaluated in this 
study is positive because it allows clinicians to apply the results 
using familiar and precisely interpretable metrics, promoting 
direct clinical implementation and comprehensibility of results. 
Those limited metrics that have already been evaluated in the 
scarce previous literature are aligned with our results, e.g., very 
high rCBV [8–11] and PH [9] of hemangioblastoma, as well as 
low rCBV [8, 9] and high PSR [9] for pilocytic astrocytoma. 
DSC-PWI features in adult medulloblastoma seemed the less 
described in the literature, with the only reference reporting 

Fig. 4   Real clinical example of the user-friendly applicability of results. 
The classifier assigns a diagnostic suspicion of hemangioblastoma for this 
new “problem” case of a heterogeneous solid-cystic/necrotic tumor. The 
nTIC curves as well as rCBV, PSR, and PH values of the “problem” case 

overlap with those of hemangioblastoma. Therefore, the neuroradiologist 
can suggest the final diagnostic prediction of hemangioblastoma consider-
ing all the displayed data. The definitive diagnostic of hemangioblastoma 
was furtherly confirmed by histopathology



9127European Radiology (2023) 33:9120–9129	

1 3

partial overlap in rCBV values with adult pilocytic astrocytoma 
[8]. Also, Ho et al [22] described overlapping low rCBV and 
high PSR values in the pediatric population.

Previous studies have reported differences in DSC-PWI 
features of metastases depending on the primary tumor of 
origin [11]. However, in our dataset of metastases from 
lung, breast, colorectal, and renal origins, we did not 
observe significant differences in these features. It is impor-
tant to note that this finding should be interpreted with cau-
tion, given the relatively small sample size of some primary 
cancer origins in our dataset. Furthermore, it is possible 
that other less common primary cancer origins may exhibit 
different DSC-PWI features that were not directly captured 
in our study. Nonetheless, examining metastases as a collec-
tive entity, as done in this study, can hold significant clinical 
value: it is not uncommon for a solitary metastasis to be the 
initial manifestation of an unknown tumor, leading to the 
clinician being unaware of its primary origin. Additionally, 
while variations among primary types exist, several char-
acteristics of metastases are universal, such as the lack of 
a blood–brain barrier or a proclivity for angiogenesis [15].

Regarding our classifier model mistakes, they consisted of 
misclassifications between metastasis and hemangioblastoma 
(1 in the training set, 2 in the test set), and medulloblastoma 
and pilocytic astrocytoma (1 in the test set). Importantly for 
the classifier trustability, these mistakes seem explainable, as 
these pairs of tumors showed lesser significant differences in 
DSC-PWI features at pairwise comparisons.

While age is an essential factor to consider in distinguish-
ing cerebellar tumors in clinical practice, our secondary 
analysis combining age with nTICs, PSR, CBV, and PH did 
not enhance the accuracy of our classifier. This could be 
attributed to the partially overlapping age ranges among the 
entities: metastases are more prevalent in elderly patients, 
whereas both pilocytic astrocytoma and medulloblastoma 
occur in younger individuals, and hemangioblastoma can 
occur in both age groups. Nevertheless, we acknowledge 
that clinicians must always consider this clinical factor while 
making diagnostic decisions, especially in pairwise compari-
sons involving metastasis or elderly patients. In this regard, 
we would like to highlight the relevance of the pairwise 
comparisons also included in our study. In certain cases, the 
differential diagnosis could be between two entities rather 
than among all four, and this supplementary approach can 
aid clinicians in making even more accurate diagnoses.

The authors acknowledge that attention must be paid to 
DSC-PWI technical parameters. Especially preloaded DSC-
PWI sequences minimize the leakage effects and change the 
curve morphology, theoretically, to optimize rCBV measures 
[20]. In this regard, our model was trained with DSC-PWI 
data without preload and it is possible that the performance 
lowered when applied to preloaded data. However, we have 
included a notable technical variability with a wide range of 

FA values (which also theoretically impacts curves morphol-
ogy), and the model still generalizes reaching excellent accu-
racies in an independent test set. It is important to note that in 
order to mitigate the effects of technical and patient-related 
variability, we implemented well-described specific methods 
to normalize and relativize the DSC-PWI data. These steps 
ensure that our results were not biased or influenced by such 
variabilities. Also, to maintain rCBV reliability in our study, 
it was estimated with leakage correction [16], obtaining com-
parable statistical results to those of PSR or PH. Importantly, 
no significant differences were found among the different 
DSC-PWI techniques within each tumor type, confirming 
robust DSC-PWI pattern for each histology. Heterogene-
ity in the DSC-PWI technique may be common in clinical 
practice among neuroradiology departments worldwide, 
and approaches that mitigate this variability, such as ours, 
may be of great interest for improving applicability. Of note, 
although consensus for DSC-PWI parameters in glioma clini-
cal trials [20] recommends intermediate FA and pre-bolus 
usage for accurate rCBV measures, there is evidence that 
non-preloaded sequences may provide greater information for 
presurgical differential diagnosis purposes [22, 23]. In fact, 
non-preloaded sequences better depict the leakage effects that 
could be of interest in differing between tumor entities, while 
preserving acceptable performances of rCBV [23]. This may 
also be the case for the discrimination of intra-axial cerebel-
lar tumors in adults. In any case, the proposed method could 
accommodate different DSC-PWI protocols by training the 
models with new imaging samples.

Some limitations should be considered in this work. First, 
this is a retrospective study, and the sample size may seem 
small. However, the dataset used in this study is compara-
tively large when compared to previous studies, and consid-
ering the prevalence of the diseases under investigation. The 
higher number of metastases in the test may be criticized, 
but it also reflects the reality where metastasis is the most 
prevalent. In any instance, the studied population suffices to 
provide insights into these tumors and for a pilot classification 
study. Second, the wide range of pulse-sequence parameters 
included in the study could raise concerns about the consist-
ency of results. However, it is also worth noting that this 
aspect of the study has a positive implication: the inclusion 
of various pulse-sequence parameters demonstrates the gener-
alizability and robustness of the study despite technical differ-
ences. This is noteworthy because it suggests that the findings 
of the study are likely to be applicable and relevant in real-
world clinical settings. Finally, we focused solely on DSC-
PWI features, while in clinical practice multiple sequences are 
evaluated together for a final diagnostic suggestion. Therefore, 
additional studies could incorporate a broader range of imag-
ing features to achieve even better diagnostic accuracies. At 
any rate, further development of methods and multicentric 
prospective studies remain needed for validation.
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In contrast, our study has remarkable strengths. First, it 
provides a robust method with excellent accuracy rates despite 
sample heterogeneity. Second, the complete differential 
diagnosis of adult intra-axial cerebellar tumor is considered, 
which, jointly with the proposed results’ display, emphasizes 
the clinical usefulness. Third, semi-automatization of image 
processing and data extraction minimizes operator depend-
ency in favor of reproducibility. Lastly, the presented tool’s 
display combines the strength of machine learning with the 
comprehensibility of classic statistics to preserve the clinical 
user trust.

As conclusions, adult intra-axial cerebellar tumors have 
specific, singular, and statistically significant different DSC-
PWI patterns regarding nTIC, rCBV, PSR, and PH values. 
The combination of these different metrics through data 
analysis allowed the creation of a classifier which renders 
85% accuracy in an independent test cohort. The classic sta-
tistics’ differences, together with the classifier results, can 
be displayed in a radiologist-friendly interface that ensures 
interactivity and reliability of the clinical user and provides 
an added support to the radiologic diagnosis.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00330-​023-​09892-7.
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Differentiating IDH‑mutant astrocytomas 
and 1p19q‑codeleted oligodendrogliomas 
using DSC‑PWI: high performance 
through cerebral blood volume and percentage 
of signal recovery percentiles
Albert Pons‑Escoda1,2,3,4*   , Alonso Garcia‑Ruiz5, Pablo Naval‑Baudin1,4, Ignacio Martinez‑Zalacain1,4, 
Josep Castell1, Angels Camins1, Noemi Vidal2,6, Jordi Bruna2, Monica Cos1, Raquel Perez‑Lopez5, Laura Oleaga7, 
Esther Warnert8,9, Marion Smits8,9,10 and Carles Majos1,2,4 

Abstract 

Objective  Presurgical differentiation between astrocytomas and oligodendrogliomas remains an unresolved chal‑
lenge in neuro-oncology. This research aims to provide a comprehensive understanding of each tumor’s DSC-PWI 
signatures, evaluate the discriminative capacity of cerebral blood volume (CBV) and percentage of signal recovery 
(PSR) percentile values, and explore the synergy of CBV and PSR combination for pre-surgical differentiation.

Methods  Patients diagnosed with grade 2 and 3 IDH-mutant astrocytomas and IDH-mutant 1p19q-codeleted 
oligodendrogliomas were retrospectively retrieved (2010–2022). 3D segmentations of each tumor were conducted, 
and voxel-level CBV and PSR were extracted to compute mean, minimum, maximum, and percentile values. Statisti‑
cal comparisons were performed using the Mann-Whitney U test and the area under the receiver operating charac‑
teristic curve (AUC-ROC). Lastly, the five most discriminative variables were combined for classification with internal 
cross-validation.

Results  The study enrolled 52 patients (mean age 45-year-old, 28 men): 28 astrocytomas and 24 oligodendrogliomas. 
Oligodendrogliomas exhibited higher CBV and lower PSR than astrocytomas across all metrics (e.g., mean CBV = 2.05 
and 1.55, PSR = 0.68 and 0.81 respectively). The highest AUC-ROCs and the smallest p values originated from CBV 
and PSR percentiles (e.g., PSRp70 AUC-ROC = 0.84 and p value = 0.0005, CBVp75 AUC-ROC = 0.8 and p value = 0.0006). 
The mean, minimum, and maximum values yielded lower results. Combining the best five variables (PSRp65, CBVp70, 
PSRp60, CBVp75, and PSRp40) achieved a mean AUC-ROC of 0.87 for differentiation.

Conclusions  Oligodendrogliomas exhibit higher CBV and lower PSR than astrocytomas, traits that are emphasized 
when considering percentiles rather than mean or extreme values. The combination of CBV and PSR percentiles 
results in promising classification outcomes.
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Albert Pons‑Escoda
albert.pons@bellvitgehospital.cat
Full list of author information is available at the end of the article
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Clinical relevance statement  The combination of histogram-derived percentile values of cerebral blood volume 
and percentage of signal recovery from DSC-PWI enhances the presurgical differentiation between astrocytomas 
and oligodendrogliomas, suggesting that incorporating these metrics into clinical practice could be beneficial.

Key Points 

• The unsupervised selection of percentile values for cerebral blood volume and percentage of signal recovery enhances pre 
  surgical differentiation of astrocytomas and oligodendrogliomas.

• Oligodendrogliomas exhibit higher cerebral blood volume and lower percentage of signal recovery than astrocytomas.

• Cerebral blood volume and percentage of signal recovery combined provide a broader perspective on tumor vasculature  
   and yield promising results for this preoperative classification.

Keywords  Brain neoplasms, Astrocytoma, Oligodendroglioma, Perfusion imaging, Magnetic resonance imaging

Introduction
The imaging-based presurgical differentiation between 
astrocytomas and oligodendrogliomas represents an 
unsolved challenge in neuro-oncology. This differen-
tiation has potential implications for diagnosis and ini-
tial patient management in several ways. First, accurate 
radiological classification allows for the selection of the 
most time- and cost-effective diagnostic test sequence in 
histopathology and molecular pathology [1–5]. In cer-
tain situations, it can further enhance the accuracy of 
the final diagnostic process. For instance, some research-
ers advocate for additional molecular testing for 1p19q 
co-deletion when there is a discrepancy between neu-
roimaging and fluorescence in  situ hybridization results 
[5]. Secondly, the differentiation between these two 
entities assists in choosing the most appropriate surgi-
cal approach (e.g., total resection vs. partial resection or 
biopsies), predicting prognosis, and deciding the neces-
sity and intensity of different adjuvant therapies, all of 
which can vary between astrocytomas and oligodendro-
gliomas [1–4].

Despite significant advances in imaging techniques, 
achieving accurate differentiation preoperatively remains 
complex. This emphasizes the need for innovative 
approaches that can enhance current diagnostic capabili-
ties [6]. Qualitative morphological imaging, particularly 
through the T2-FLAIR mismatch sign, provides valuable 
insights and is highly specific for identifying IDH-mutant 
astrocytomas [7]. However, this method has low sensitiv-
ity, and its interpretation remains largely visual and sub-
jective, reliant on the experience of the neuroradiologist 
with possible uncertain cases, especially for those less 
experienced. As a result, there has been an increasing 
interest in quantitative sequences. These offer the poten-
tial for more objective and reproducible results, enhanc-
ing the precision and reliability of presurgical tumor 
differentiation [8].

Dynamic susceptibility contrast perfusion-weighted 
imaging (DSC-PWI) is one such quantitative sequences 

that has received extensive attention in neuro-oncol-
ogy. Widely available and included in the most recent 
brain tumor imaging consensus, DSC-PWI monitors 
T2* signal changes dynamically during the vascular 
passage of a gadolinium-based contrast agent (GBCA), 
thereby generating time-intensity curves. The stand-
ard evaluation involves calculating the area under the 
curves to obtain cerebral blood volume (CBV), which 
estimates the overall vascularization of the tumors 
[9–11]. However, the potential information embedded 
in these time-intensity curves goes beyond just CBV. 
For instance, the percentage of signal recovery (PSR) is 
another metric that has received significant attention 
and demonstrated promising results for differential 
diagnosis of brain tumors [12–14].

The PSR provides an indirect measure of T1 and 
T2* leakage effects, which notably influence the time-
intensity curve after the first pass of GBCA. It has been 
extensively studied in tumors with well-known promi-
nent blood-brain barrier (BBB) disruption like glioblas-
toma or lymphoma [13–20]. However, in the context 
of a more preserved BBB, such as in grade 2–3 gliomas 
[21], PSR biological meaning may be different and it is 
scarcely investigated.

Commonly, CBV (and PSR) calculations focus on 
mean values from two-dimensional (2D) regions of 
interest (ROIs), or whole-tumor three-dimensional 
(3D) volumes of interest (VOIs). Some authors sug-
gest using extreme (maximum/minimum) values, 
either automatically generated or manually identi-
fied via hot-spots of CBV. Nevertheless, some of these 
methods have their shortcomings. First, 2D ROIs only 
evaluate isolated regions of the whole tumor and over-
look tumor heterogeneity [12]. Second, relying on pre-
selected single values, such as the mean or maximum, 
may overlook potential significant differences within 
the entire spectrum of voxel-wise values. These values 
can be further investigated using histogram-derived 
percentiles [22].
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Finally, when CBV and PSR are evaluated, they are 
treated separately and their performances are compared 
as if one must choose between them. However, the reality 
is that they offer distinct information that characterizes 
tumor vascular-microvascular habitats from different 
perspectives. Therefore, CBV and PSR could be inte-
grated, providing additive rather than mutually exclusive 
information [23].

Taking all these considerations together, the authors’ 
objectives in the context of pre-surgical DSC-PWI evalu-
ation of astrocytomas and oligodendrogliomas are:

1.	 to characterize each tumor’s DSC-PWI features, 
assess the discriminative power of CBV and PSR, and 
compare the performance of common preselected 
values (mean, extreme) with unsupervised voxel-level 
percentile values derived from 3D tumors’ segmenta-
tions and

2.	 to unlock the potential value of combining CBV and 
PSR for these tumors’ pre-surgical differentiation.

Material and methods
This retrospective study was approved by the Research 
Ethics Committee of Hospital Universitari de Bellvitge.

Patients
Patients diagnosed with IDH-mutant astrocytomas 
and IDH-mutant 1p19q-codeleted oligodendrogliomas, 
grades 2 or 3, were retrospectively retrieved from our 
center’s database spanning the years 2010–2022. The 
stud’s inclusion criteria were as follows: (1) confirmed 
tumor diagnosis in accordance with the World Health 
Organization classification of CNS Tumors 2021 [24], 
and (2) availability of a diagnostic pre-surgical MR exam-
ination including DSC-PWI, T1WI, T2WI, FLAIR, and 
contrast-enhanced T1WI (CE-T1WI). The study’s exclu-
sion criterion was sequences of such low quality that pre-
vented tumor segmentation or DSC-PWI data extraction.

All tumors were classified following the WHO 2021 
classification criteria. The classification process encom-
passed histopathological examination, immunohisto-
chemical analysis for IDH, p53, and ATRX, as well as 
fluorescence in  situ hybridization (FISH) for detecting 
1p19q codeletion. The missing tests were retrospec-
tively conducted for tumors with incomplete records 
using archived samples from the pathology department’s 
biobank at our hospital as part of a national research 
project.

Imaging
All the MR imaging examinations included in the study 
were acquired in the same tertiary hospital with 2 dif-
ferent scanners: Ingenia 3.0- or Ingenia 1.5-T (Philips 

Healthcare). All DSC-PWI sequences were gradient-
echo, with the following technical parameters: time 
of echo, 40 ms; time of repetition, 1500–1700 ms; flip 
angle, 75°; pixel size, 1.75 mm2; slice thickness, 5mm; 
matrix size, 128 × 128; number of slices, 20–25; number 
and duration of dynamics, 60 and 1.5s. A single dose of 
0.1 mmol/kg of intravenous GBCA (1 mmol/mL) was 
injected at a rate of 4–5 mL/s. No preload was admin-
istered. The baseline was in the order of 10–15 points. 
The quality of the sequences was assessed by two experi-
enced neuroradiologist, i.e., A.P-E. and C.M., with more 
than one and two decades of experience in neuro-onco-
logical radiology. Technical details of the morphological 
sequences (T1WI, T2WI, and FLAIR) are summarized in 
Supplemental Material 1.

Post‑processing and DSC‑PWI data extraction
The volumetric segmentations of the entire tumors, 
considering axial T1WI, T2WI, FLAIR, and CE-T1WI, 
were carried out semi-automatically (histogram thresh-
olding) and checked by two experienced neuroradiolo-
gists: A.P-E. and C.M. The segmentations encompassed 
the entire signal abnormality in T2-FLAIR. The addi-
tional sequences were used as support to identify mac-
roscopically normal brain vessels, cysts, calcifications, 
hemorrhage, or necrosis, which were all excluded from 
segmentations. Simultaneously, ten ROIs of 5-mm diam-
eter were selected in the contralateral normal appearing 
white matter for normalization. The ten ROIs were con-
sistently and homogeneously placed across all patients 
through a consensus approach by two experienced neu-
roradiologists (A.P-E. and C.M.). The ROIs were posi-
tioned within the centrum semiovale [25], covering two 
contiguous slices, each 5 mm in thickness. All segmenta-
tions and ROIs were done using 3D Slicer (http://​www.​
slicer.​org), and co-registered with DSC-PWI using the 
BRAINSFit module. The extraction of DSC-PWI metrics 
was streamlined using an in-house pipeline. CBV maps 
were produced with the DSC MRI analysis module in 3D 
Slicer. This software calculates CBV in accordance with 
consensus methodologies [11]. Time-intensity curves 
were converted into time-concentration curves and the 
area under the curve was calculated to obtain relative 
CBV, applying leakage correction using the Boxerman-
Schmainda-Weiskoff (BSW) method. The PSR was cap-
tured early in the theoretical end of the first vascular pass 
of gadolinium on the time-intensity curve, automatically 
detected when the mean ascending slope of the curve 
fell below its standard deviation. This early PSR was then 
computed as described by Cha et al [26]. For each voxel 
within the tumors, normalized relative CBV leakage-cor-
rected (from now on, nrCBV) and PSR were calculated. 
For each tumor, the mean, maximum, and minimum 
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values of all the voxels as well as percentile values in 
increments of five were calculated.

Description and comparison of DSC‑PWI metrics
Statistical analyses were conducted to compare astrocy-
tomas and oligodendrogliomas nrCBV and PSR mean, 
minimum, maximum, and percentiles via Mann-Whitney 
U test. Simultaneously, we calculated the area under the 
receiver operating characteristic curve (AUC-ROC) for 
all variables, with tenfold stratified cross-validation to 
enhance robustness [27]. Finally, box-plots were con-
structed to visually assess the segregation potential of all 
these variables. In addition, a subanalysis was performed 
to compare differences between histological grades 
within each tumor type statistically.

Combination of DSC‑PWI metrics percentile values
In order to estimate the potential for classification by 
jointly considering nrCBV and PSR, we investigated a 
classifier. First, the correlation between nrCBV and PSR 
data was analyzed with a Spearman test. Then, the vari-
ables were narrowed down by selecting the nrCBV and 
PSR values with AUC-ROC > 0.8 [28] and p-value < 0.005 
[29]. To further refine the number of variables included 
in the model and avoid overfitting, we limited to five 
features. The number five was chosen as the optimal 
according to our sample size [30]. Specifically, the final 
5 variables were selected by applying recursive feature 
elimination choosing the variables that maximized accu-
racy in an iterative procedure until we were left with the 
top 5 most important features. Ultimately, we developed 
a straightforward gradient boosting classifier using a ten-
fold stratified cross-validation (find the details in Sup-
plemental Materials 2 and 3). Gradient Boosting was 
chosen due to its ability to automatically capture complex 
interactions among features, robustness to outliers, and 
adaptability to avoid overfitting [31]. Lastly, we calculated 
its AUC-ROC to gauge its classification potential. All sta-
tistical computations were performed making combined 
use of Python version 3.10.5, R version 4.1.3, and IBM 
SPSS Statistics version 25.

Results
Patients
Sixty-two candidates were initially identified for this 
study. Nine patients were excluded due to lack of DSC-
PWI, and one was because of poor quality of DSC-PWI. 
The final participant count was 52, consisting of 28 astro-
cytomas and 24 oligodendrogliomas. Figure  1 provides 
a summary of the participant flowchart. The descrip-
tive details, including age, sex, and grade, are compiled 
in Table  1, including statistical comparisons. The mean 
age for the entire dataset was 45 ± 13 years. Twenty-eight 

participants were men and 31 had grade 3 tumors. There 
were no significant differences between astrocytomas 
and oligodendrogliomas for the demographic variables.

Description and comparison of DSC‑PWI metrics
Oligodendrogliomas exhibited higher nrCBV and lower 
PSR than astrocytomas across all metrics (e.g., mean 
nrCBV = 2.05 and 1.55, PSR = 0.68 and 0.81 respec-
tively). The mean, minimum, maximum, and the best 
percentile values are shown in Table 2, along with their 
corresponding AUC-ROC and Mann-Whitney U p val-
ues. The highest AUC-ROCs derived from PSR percen-
tile p70 (AUC-ROC = 0.84, p value = 0.0005) and nrCBV 
percentile p75 (AUC-ROC = 0.80, p value = 0.0006). The 
specificities for these two percentiles were 0.93 and 0.72, 
sensitivities of 0.65 and 0.80, and accuracies of 0.79 and 
0.76, considering the optimal thresholds of 0.71 and 2.02, 
respectively. The AUC-ROCs for mean nrCBV (0.74) and 
PSR (0.73) were lower than that of several percentiles. 
The lowest results were observed for minimum and max-
imum values (AUC-ROCs from 0.64 to 0.69). A Z-test 
demonstrated statistically significant differences in AUC-
ROCs of PSRp70 and nrCBVp75 above the minimum, 
maximum, and mean values (p < 0.035).The whole range 
of results, AUC-ROCs’ confidence intervals, and p values 
before and after the Bonferroni correction are available 
in Supplemental Material 4. It is also noteworthy that the 

Fig. 1  A flowchart summarizing the study participant selection 
process
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best percentile values exhibited lower standard devia-
tions and narrower confidence intervals, which further 
suggests an increased level of robustness in comparison 
to mean, minimum, and maximum. The distributions of 
all the values for each metric and group are depicted in 
box-plots in Figs. 2 and 3. These graphics clearly visual-
ize the varying segregation potential, accentuated for 
percentile values.

Of note, no significant differences in the Mann-Whit-
ney U test were found for the nrCBV nor PSR values 
between grades 2 and 3 (Supplemental Material 5). Ulti-
mately, 7 out of the 28 astrocytomas and 5 out of the 24 
oligodendrogliomas were assessed using a 3.0-T scanner. 
The chi-square test verified that there were no significant 
differences in the distribution of 3.0-T studies between 
the two groups (Supplemental Material 6). Furthermore, 
when comparing DSC-PWI metrics between 1.5 T and 3 
T within each tumor type, we found no significant differ-
ences attributable to the field strength employed.

Combination of DSC‑PWI metrics percentile values
The Spearman correlation analysis revealed a general 
lack of significant correlation between the nrCBV and 

PSR values (see the details in Supplemental Material 7). 
The nrCBV or PSR percentiles with AUC-ROC > 0.8 [28] 
and p value < 0.005 [29] were nrCBV percentiles p70 and 
p75 and PSR from p40 to p75. AUC-ROC values ranged 
from 0.80 to 0.84 and p values from 0.0002 to 0.0007. Of 
note, all these variables remain significant after Bonfer-
roni correction (Supplemental Material 4). Following the 
recursive feature elimination, the five definitive variables 
selected for classification, in order of feature importance 
(specified in brackets), were PSR_p65 (0.366), CBV_p70 
(0.236), PSR_p60 (0.202), CBV_p75 (0.119), and PSR_
p40 (0.078). The mean AUC-ROC for the gradient boost-
ing classifier was 0.87, with a standard deviation of 0.16 
and 95% confidence intervals ranging from 0.84 to 0.91 
outperforming all the previous single-metric and single-
value performances (Z-test, p < 0.05). Finally, the best 
cross-validation fold produced an AUC-ROC of 0.91.

As a final addition to the main analysis, the best dif-
ferentiating metrics of the study were evaluated by cat-
egorizing astrocytomas with or without T2-FLAIR 
mismatch. This sign, evaluated visually by two experi-
enced neuroradiologists, was only present in 10 out of 
the 28 astrocytomas (36%). In the T2-FLAIR mismatch 

Table 1  This table presents the demographic and clinical characteristics of the participants, including age, sex, and tumor grade. 
Statistical comparisons were made using the Mann-Whitney U test for age, and the chi-square test for both sex and tumor grade. SD 
standard deviation

Oligodendroglioma Astrocytoma Whole dataset p value

Age in years (mean ± SD) 49 ± 14 43 ± 13 45 ± 13 0.17

Sex, men: women 15:09 13:15 28:24 0.38

Grade, 2:3 10:14 11:17 21:31 0.85

Total 24 28 52

Table 2  Summary of mean ± standard deviation values for 
nrCBV and PSR variables for each tumor subtype. These values 
correspond to the most common preselected mean, minimum, 
and maximum variables, and the best discriminating percentiles. 

The corresponding AUC-ROC and Mann-Whitney U p values are 
also included. * indicates statistical significance according to 
classic criteria (p < 0.05), and ** according to recently suggested 
more restrictive and robust criteria (p < 0.005)

Mean nrCBV PSR Minimum nrCBV PSR

Oligo 2.05 ± 0.58 0.68 ± 0.21 Oligo 0.13 ± 0.13 0.19 ± 0.09

Astro 1.55 ± 0.58 0.81 ± 0.19 Astro 0.09 ± 0.14 0.27 ± 0.12

AUC-ROC 0.74 0.73 AUC-ROC 0.67 0.67

Mann-U, p 0.001** 0.005* Mann-U, p 0.13 0.01*

Maximum nrCBV PSR Percentiles nrCBV p75 PSR
p70

Oligo 5.91 ± 1.82 1.17 ± 0.60 Oligo 2.53 ± 0.98 0.69 ± 0.11

Astro 4.72 ± 1.75 1.33 ± 0.43 Astro 1.86 ± 0.78 0.81 ± 0.12

AUC-ROC 0.69 0.64 AUC-ROC 0.80 0.84

Mann-U, p 0.01* 0.01* Mann-U, p 0.0006** 0.0005**

5324 Pons‑Escoda et al. European Radiology (2024) 34:5320-5330



absent group, the AUCs of CBVp75, PSRp70, and the 
classifier were 0.78, 0.82, and 0.85 retaining a good to 
excellent performance.

Discussion
In this study, we delved into the distinctive features of 
DSC-PWI in distinguishing astrocytomas and oligoden-
drogliomas. Firstly, we have pioneered the exploration of 
the PSR as a potential discriminator between these tumor 
types. Our data indicates a lower PSR in oligodendroglio-
mas. Regarding nrCBV, our findings align with previous 
studies that observed higher nrCBV in this tumor type 
[32–36]. Furthermore, we have augmented the efficacy of 
PSR and nrCBV analysis by introducing an unsupervised 
method to identify the most discriminative voxel-wise 

percentiles (AUC-ROC PSRp70 = 0.84 and nrCBVp75 = 
0.80), which exceeds the conventional approach of solely 
relying on single preselected values such as the mean or 
maximum. Notably, the combined use of nrCBV and PSR 
does not result in exclusivity, but rather in an additive 
effect, thereby forming a powerful basis for robust clas-
sification. An illustrative example of the applicability of 
our methodology to classify future presurgical patients is 
presented in Figs. 4 and 5.

The most common approach for nrCBV calculations 
involves focusing on the mean values of 2D ROIs manually 
depicted, or whole-tumor 3D VOIs. However, if a specific 
ROI is manually selected, operator dependency resur-
faces, complicating reproducibility, and only a portion 
of the whole tumor is evaluated. Also, if only preselected 

Fig. 2  Whisker plots illustrate the distribution of all nrCBV values for each tumor subtype’s mean, minimum, maximum, and best percentile

Fig. 3  Whisker plots illustrate the distribution of all PSR values for each tumor subtype’s mean, minimum, maximum, and best percentile
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Fig. 4  An illustrative example of the applicability of our proposed methodology for classifying new cases. Patient_1, a 64-year-old female, 
and Patient_2, a 34-year-old female, both studied using 1.5-T MR scan. Two FLAIR sequences of the patients show two frontal infiltrative tumors 
along with the rCBV maps and representative time-intensity curves. The classifier probability, nrCBVp75, and PSRp70 values of each case are overlaid 
onto the corresponding values of all astrocytomas and oligodendrogliomas in whisker plots. The display allows for a visual evaluation of the results, 
which suggests that Patient_1 would be more likely to be an oligodendroglioma and Patient_2 an astrocytoma. Both cases were histopathology 
confirmed. The histological grade was 3 in both cases

Fig. 5  An illustrative example of the applicability of our proposed methodology for classifying new cases. Patient_3, a 42-year-old male, 
and Patient_4, a 25-year-old female, both studied using 3-T MR scan. Two FLAIR sequences of the patients show two fronto-insulo-temporal 
infiltrative tumors along with the rCBV maps and representative time-intensity curves. The classifier probability, nrCBVp75, and PSRp70 values 
of each case are overlaid onto the corresponding values of all astrocytomas and oligodendrogliomas in whisker plots. The display allows for a visual 
evaluation of the results, which suggests that Patient_3 would be more likely to be an oligodendroglioma and Patient_4 an astrocytoma. Both cases 
were histopathology confirmed. The histological grade was 2 in both cases
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values of the entire 3D tumor are used, the heterogene-
ity of the tumors (especially of oligodendrogliomas in the 
current differential) is overlooked. Indeed, relying on pre-
selected values often assumes that they will capture the 
most significant differences, an assumption that may lack 
a robust foundation [12]. Therefore, these methods fail to 
consider that differences may exist anywhere across the 
full spectrum of voxel-wise values [22]. In this work, we 
propose an objective, unsupervised, voxel-level percentile 
evaluation of 3D segmentations of the whole tumor. This 
offers more reproducible, robust, and improved infor-
mation that better captures tumor heterogeneity while 
avoiding weak assumptions in the preselection of optimal 
values to differentiate between entities.

In terms of novel insights about the PSR, to our knowl-
edge, only two prior studies involved PSR evaluations in 
tumors with oligodendrocytic component. However, these 
studies were conducted prior to the establishment of the 
current 2021 WHO classification criteria and treated oli-
godendrocytic tumors as mixed with other low- and high-
grade glial tumors [37, 38]. Therefore, their results are not 
applicable to the current classification system and are not 
comparable with ours. PSR uniquely provides indirect 
measures of the interplay between T1 and T2* effects. In 
general terms, lower PSR values indicate predominant 
T2* effects, while higher values suggest predominant T1 
effects. Based on our current understanding of leakage 
effects, it is known that PSR is shaped by a complex inter-
play of BBB disruption, variations in cell size and density, 
and the size and tortuosity of vessels. This theory mainly 
applies to brain tumors with extensive BBB disruptions. 
These disruptions enable a portion of the GBCA to leak 
through the vessels and interact with the extravascular 
extracellular space (EES) molecules and adjacent cellu-
larity, while another portion remains within the vessels, 
reflecting vascular features [39–41]. However, when deal-
ing with brain tumors with a more preserved BBB, such 
as the entities under investigation, the GBCA does not so 
significantly leak, thus minimizing the influence of BBB 
permeability and cellularity on the PSR. Consequently, it is 
plausible that the PSR in these tumors, such as grade 2–3 
gliomas, primarily offers insight into the vascular archi-
tecture [42]. In simplified terms for clarity, in such cases, 
increased vessel disorganization and tortuosity could par-
tially retain intravascular gadolinium. This incomplete 
wash-out could prevent the signal intensity curve from 
fully recovering, leading to a lower PSR. It is noteworthy 
that PSR calculation is not universally standardized. How-
ever, this specific vascular characteristic may be enhanced 
when the metric is calculated early towards the end of the 
first vascular pass of contrast, as done in this study. At this 
point, any potential GBCA leakage due to eventual foci of 
partial BBB disruptions is expected to be minimized.

This theory is further supported by previous obser-
vations in CNS tumors that lack a BBB and exhibit 
prominent tortuous vasculature, such as hypervascular 
metastases, meningiomas, or hemangioblastomas. These 
tumors are well-known for presenting with low PSR, 
attributable to their distinctive vascular features. Despite 
the different underlying explanation, these tumors share 
one commonality with the tumors currently under inves-
tigation: the absence, for one reason or another, of BBB 
leakage [22, 23, 26]. At this point, in the case of astrocy-
tomas and oligodendrogliomas, it is crucial to point out 
that the histological vascular characteristics of oligoden-
drogliomas are marked by a network of irregular and 
tortuous vessels, frequently described as a chicken-wire 
capillary pattern [43–45]. This vascular pattern diverges 
significantly from that found in astrocytomas which 
while also altered generally retains a greater similarity 
to normal brain tissue [46]. This knowledge, especially 
about the unique microvascular architecture of oligoden-
drogliomas, aligns with our observations.

On the other hand, when nrCBV and PSR are evalu-
ated, they are generally treated separately and their per-
formances are compared as if one must choose between 
them. However, the reality is that they offer distinct infor-
mation that characterizes tumor vascular features from 
different perspectives. In fact, and especially if correction 
methods are applied to nrCBV, PSR should not influence 
nrCBV values and vice versa, as also evidenced by our cor-
relation analysis. Given these considerations, nrCBV and 
PSR could be combined, providing additive rather than 
mutually exclusive information [12, 23]. Additionally, by 
considering both metrics, we are considering the tumors’ 
vascular-microvascular habitats from a broader perspec-
tive than what single variables allow. Specifically, our com-
bined nrCBV and PSR classifier demonstrates promising 
potential, with an estimated AUC-ROC of 0.87, an excel-
lent result which still requires further validation. Beyond 
improved classification results, the simultaneous con-
sideration of multiple DSC-PWI variables offers a more 
comprehensive perspective of the tumor’s vascular charac-
teristics than traditional single metrics do. Therefore, this 
approach is likely to be more robust, mitigating single met-
ric variabilities and providing a more holistic assessment 
of the vascular characteristics of the tumors.

Additionally, our T2-FLAIR mismatch subanalysis sug-
gests that our method retains good to excellent perfor-
mance in those tumors where the T2-FLAIR mismatch is 
absent or uncertain (such as in scenarios involving inex-
perienced radiologists). These preliminary results, out of 
the main scope of the present study, show promise and 
deserve dedicated further studies.

The generalizability of our results may be influenced by 
the technique employed and various post-processing steps, 
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which can significantly impact CBV and PSR values. Cur-
rent efforts towards standardization, as suggested by Box-
erman et al [11] in 2020, recommend using either full-dose 
preloaded 60° flip-angle or 30° without preload sequences. 
However, considering the recent introduction of these rec-
ommendations and the advancements in genetic classifi-
cation as per the WHO 2021 guidelines, there is currently 
scarce comprehensive data. This scarcity impedes the 
comparison of our results with others obtained using the 
agreed-upon consensus sequences for our specific purpose. 
Speculatively, using these preloaded or low FA techniques 
could result in higher CBV and lower PSR values, by mini-
mizing the T1 leakage effects to optimize nrCBV measures 
[11], provided other post-processing steps remain consist-
ent[12]. However, the expected differences in the studied 
tumors should be minor than those seen in tumors with 
extensive BBB disruption, and ultimately, we also applied 
post-processing leakage correction [47]. Additionally, non-
preloaded intermediate-high flip-angle sequences (such 
as used in this study) have proven useful and may be the 
preferred choice for some authors and clinicians, specifi-
cally for pre-surgical diagnosis [13, 16, 17, 48]. Lastly, our 
methodology should be adaptable to different DSC-PWI 
pulse-sequence parameters by simply adjusting the thresh-
olds [14]. Regardless, further multicentric validations are 
needed.

On another hand, our study design grouping grades 2 
and 3 is a common approach in radiological papers (usu-
ally under the term “lower grade gliomas”) [36] and it is 
supported by the absence of any significant difference 
between grades in this work, which is also aligned with 
other radiological studies [49, 50]. Furthermore, several 
clinical papers also suggest that the precise genetic clas-
sification of tumors has reduced the impact of histologi-
cal grading on biological behaviors [51–54]. All these 
facts ensure the study objectives and results are the most 
clinically relevant according to current neuro-oncological 
diagnostic trends. Also, this design was chosen to strictly 
adhere to the current WHO classification molecular cri-
teria and, lastly, to avoid excessive dataset fragmentation. 
At any rate, separated data for each tumor grade is pro-
vided as supplemental material for increased clarity and 
transparency of results.

Some alternative investigations leveraged radiomic fea-
tures derived from DSC-PWI, yielding promising results 
with innovative methodology [55]. In contrast, our study 
concentrates on the specific differentiation between 
astrocytoma and oligodendroglioma, and employs well-
established and clinically accessible metrics, which facili-
tates ease of understanding and practical application 
while forges a direct connection with the foundational 
histological and biological processes, potentially opening 
new research avenues.

This study has some limitations that must be consid-
ered. First, it is a single-site, retrospective study. How-
ever, this ensures data homogeneity, which is important 
for pilot and exploratory studies such as ours. Also, 
other DSC-PWI metrics such as mean transit time and 
cerebral blood flow may have a role, yet their imple-
mentation requires arterial input function determina-
tion, leading to increased complexity in calculations. 
In contrast, our study boasts notable strengths that 
deserve mention. First, all tumors are classified accord-
ing to the most recent 2021 WHO Classification cri-
teria. Our findings offer valuable clinically relevant 
and applicable insights from various perspectives. For 
instance, our study reinforces the necessity of semi-
automatic and unsupervised assessment of the entire 
tumor percentile values, instead of assuming that mean 
or maximum values are the best options, a common 
practice in clinical settings. Notably, this observa-
tion could serve as a suggestion for software vendors 
to consider including these options in their packages. 
Additionally, we provide new insights into oligodendro-
gliomas’ vascular and microvascular features using a 
widely available clinical sequence. Moreover, our find-
ings may be applied to other clinical questions, poten-
tially opening new research avenues. In this regard, we 
acknowledge emerging DSC sequences and metrics that 
may offer improved information regarding permeability 
or vascular architecture. Nevertheless, these sequences 
have not yet been widely adopted in clinical practice. 
Ultimately, the foundational knowledge uniquely pre-
sented in this work paves the ground for their further 
implementation.

In conclusion, oligodendrogliomas demonstrate 
a higher nrCBV and lower PSR than astrocytomas, 
characteristics that are accentuated when voxel-wise 
percentile values are considered. We hypothesize that 
the lower PSR might reflect higher microvascular tor-
tuosity and aligns with the well-established histo-
logical substrate of oligodendrogliomas, known as the 
chicken-wire capillary pattern. Lastly, the combination 
of nrCBV and PSR percentiles augments the value of 
standard single-metric and single-value evaluations, 
yielding promising classification results.
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Abstract
Purpose  The presurgical discrimination of IDH-mutant astrocytoma grade 4 from IDH-wildtype glioblastoma is crucial 
for patient management, especially in younger adults, aiding in prognostic assessment, guiding molecular diagnostics and 
surgical planning, and identifying candidates for IDH-targeted trials. Despite its potential, the full capabilities of DSC-PWI 
remain underexplored. This research evaluates the differentiation ability of relative-cerebral-blood-volume (rCBV) percen-
tile values for the enhancing and non-enhancing tumor regions compared to the more commonly used mean or maximum 
preselected rCBV values.
Methods  This retrospective study, spanning 2016–2023, included patients under 55 years (age threshold based on World 
Health Organization recommendations) with grade 4 astrocytic tumors and known IDH status, who underwent presurgical 
MR with DSC-PWI. Enhancing and non-enhancing regions were 3D-segmented to calculate voxel-level rCBV, deriving 
mean, maximum, and percentile values. Statistical analyses were conducted using the Mann-Whitney U test and AUC-ROC.
Results  The cohort consisted of 59 patients (mean age 46; 34 male): 11 astrocytoma-4 and 48 glioblastoma. While glio-
blastoma showed higher rCBV in enhancing regions, the differences were not significant. However, non-enhancing astrocy-
toma-4 regions displayed notably higher rCBV, particularly in lower percentiles. The 30th rCBV percentile for non-enhanc-
ing regions was 0.705 in astrocytoma-4, compared to 0.458 in glioblastoma (p = 0.001, AUC-ROC = 0.811), outperforming 
standard mean and maximum values.
Conclusion  Employing an automated percentile-based approach for rCBV selection enhances differentiation capabilities, 
with non-enhancing regions providing more insightful data. Elevated rCBV in lower percentiles of non-enhancing astro-
cytoma-4 is the most distinguishable characteristic and may indicate lowly vascularized infiltrated edema, contrasting with 
glioblastoma’s pure edema.

Keywords  Brain neoplasms · Astrocytoma · Glioblastoma · Perfusion imaging · Magnetic resonance imaging
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Abbreviations
DSC-PWI	� Dynamic-Susceptibility-Contrast 

Perfusion-Weighted-Imaging
rCBV	� Relative Cerebral Blood Volume
IDH	� Isocitrate Dehydrogenase
WHO	� World Health Organization
ROI	� Region Of Interest
AUC-ROC	� Area Under the Receiver Operating Charac-

teristic Curve

Introduction

According to the latest World Health Organization (WHO) 
classification of CNS tumors, Isocitrate Dehydrogenase 
(IDH)-mutant astrocytoma grade 4 is no longer referred 
to as Glioblastoma. This term is now reserved exclusively 
for IDH-wildtype grade 4 astrocytic tumors [1]. A non-
invasive differentiation of these grade 4 astrocytic tumors 
could have significant implications for patient manage-
ment [2–7]. Astrocytoma grade 4 has been less extensively 
studied compared to its grade 2–3 counterparts, remaining 
a major radiological challenge. While lower-grade IDH-
mutant astrocytomas typically appear as non-enhancing and 
non-necrotic on morphological images, grade 4 astrocyto-
mas can mimic the imaging characteristics of glioblastomas. 
Both often exhibit enhancement and necrosis, contrast-
ing starkly with their grade 2–3 IDH-mutant counterparts 
[7–13]. This overlap in morphological features between 
IDH-mutant and IDH-wildtype grade 4 tumors highlights 
the need for advanced quantitative MR techniques, such 
as Dynamic-Susceptibility-Contrast Perfusion-Weighted-
Imaging (DSC-PWI).

DSC-PWI provides insights into the tumors’ vascular 
and microvascular environments [14], particularly relevant 
because microvascular proliferation is a defining feature of 
grade 4 according to the 2021 WHO classification [1]. As a 
result, predictably, both of these tumors, regardless of IDH 
status, should exhibit elevated relative cerebral-blood-vol-
ume (rCBV), which can be considered a radiological mani-
festation of microvascular proliferation. Thus, the question 
arises: Does high rCBV predict IDH-mutation status or 
merely denote a grade 4 tumor? Traditionally, rCBV cal-
culations have focused on either mean or extreme values 
(maximum or “hot-spots”) derived from manually delin-
eated regions-of-interest (ROIs) or entire tumor volumet-
ric segmentations. The practice of using preselected single 
rCBV values, particularly when focused solely on specific 
ROIs, tends to overlook tumor heterogeneity, potentially 
overlooking significant differences across the entire tumor 
and spectrum of rCBV values [15, 16]. Furthermore, in 
these grade 4 tumors, both enhancing and non-enhancing 

components often coexist, which represent different tumor 
environments, and their separate evaluation could offer 
diverse perspectives [17].

Differentiating astrocytoma grade 4 and glioblastoma is 
especially crucial in patients under 55-year-old. Accord-
ing to WHO guidelines, DNA sequencing to confirm IDH 
mutation status in grade 4 astrocytic tumors is mandatory 
for patients under 55 years of age, while negative immuno-
histochemistry suffices for those above this age, given the 
rarity of IDH mutations beyond this threshold. Yet, for those 
under 55, IDH mutations are more balanced, emphasizing 
the need for accurate differentiation in this age group [1, 7, 
18, 19]. Given the heavily correlated factors of age, grade, 
and IDH-mutation status, studies must approach these enti-
ties with care to ensure accurate representation of data and 
interpretation. Thus, focused studies are crucial for a deeper 
understanding.

Based on these rationales, we believe that the pre-surgi-
cal differentiation between IDH-mutant astrocytoma grade 
4 and IDH-Wildtype Glioblastoma deserves specific atten-
tion [13]. The primary objective of this work is to study the 
potential of rCBV in distinguishing the IDH-mutation status 
of grade 4 astrocytic tumors in an age-adjusted cohort, in 
accordance with WHO recommendations regarding IDH-
mutations [1, 18, 19]. We aim to asses both the enhanc-
ing and non-enhancing components in a comprehensive 
voxel-wise, automated, unsupervised manner (exploratory, 
without the input of prior knowledge or assumptions) using 
histogram-derived percentile values, contrasting with con-
ventional methods that rely on preselected rCBV values 
such as mean or maximum.

Methods

This retrospective study received approval from the 
Research Ethics Committee of our tertiary hospital.

Patients

Patients diagnosed with IDH-mutant astrocytoma grade 
4 and IDH-wildtype glioblastoma were retrospectively 
retrieved from our centre’s database spanning the years 
2016–2023. The study’s inclusion criteria were as follows: 
(1) Confirmed tumor diagnosis in accordance with the WHO 
Classification of CNS Tumors 2021 criteria; (2) Age under 
55-year-old at the time of tumor diagnosis, adhering to the 
WHO recommendations; and (3) Availability of a diag-
nostic pre-surgical MR imaging examination that includes 
DSC-PWI, T1WI, T2WI, FLAIR, and contrast-enhanced 
T1WI (CE-T1WI). The study’s exclusion criterion was 
the absence of any of the sequences or a low quality that 
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prevented adequate tumor segmentation or DSC-PWI data 
extraction.

Imaging

The MR imaging examinations included in the study were 
performed using a 1.5-T scanner (Ingenia, Philips Health-
care). All DSC-PWI sequences were gradient-echo, with 
the following technical parameters: Echo Time, 40ms; Rep-
etition Time, 1500-1700ms; Flip- Angle, 75º; Pixel size, 
1.75  mm; Slice Thickness, 5  mm; Image size, 128 × 128; 
Number of Slices, 20–25; Number and duration of Dynam-
ics, 60 and 1.5s. A single dose of 0.1 mmol/kg of intrave-
nous gadolinium-based contrast agent (1 mmol/mL) was 
injected at a rate of 4–5 mL/s. Baseline was in the order 
of 10–15 points. The quality of the sequences was assessed 
by two experienced neuroradiologists: A.P.-E and PN-B 
with more than 10 and 5 years of experience in neuroradiol-
ogy. Examinations were labelled as poor quality and thus 
excluded from the study if: (1) motion artifacts prevented 
the segmentation or coregistration, or (2) an obvious low 
signal-to-noise ratio was visually assessable in the mean 
raw time-intensity curves.

Post-processing and DSC-PWI data extraction

After following the standard recommended preprocessing 
steps, the HD-GLIO pipeline was utilized to segment both 
enhancing and non-enhancing regions of the whole brain 
tumor-related abnormality, considering axial T1WI, T2WI, 
FLAIR, and CE-T1WI [20, 21]. Necrosis was excluded. 
Subsequently, the FAST tool within FSL was employed to 
acquire the segmentation for normal-appearing white mat-
ter for normalization purposes [22]. Finally, the segmenta-
tions were co-registered with the DSC-PWI using the 3D 
Slicer BRAINSFit module (http://www.slicer.org). The seg-
mentations were reviewed and verified by two experienced 
neuroradiologists: A.P-E. and PN-B. For each voxel within 
the tumor segmentations, normalized and leakage corrected 
rCBV was calculated as described by Boxerman et al. [14]. 
For each patient’s tumor segmentations, the mean and maxi-
mum values of all the voxels as well as percentile values in 
increments of five were calculated.

Description and comparison of DSC-PWI metrics

Statistical comparisons were conducted for Grade 4 Astro-
cytoma and Glioblastoma rCBV mean, maximum and per-
centile values via a Mann-Whitney U test. Simultaneously, 
we calculated the area under the receiver operating char-
acteristic curve (AUC-ROC) for all rCBV values. Finally, 

box-plots were constructed to visually assess the segrega-
tion potential of the different rCBV value.

As an addition, just to reinforce our observations that these 
two tumors display similar characteristics on morphologi-
cal imaging, we referred to the most recent research [8–13]. 
According to these studies, the primary imaging markers for 
IDH-mutation status on morphological MRI might include 
nodular enhancement, necrosis, and T2-FLAIR mismatch. 
These markers were assessed dichotomously (for enhanced 
clarity, reproducibility and robustness) by two experienced 
radiologists (AP-E and PN-B), who determined the pres-
ence or absence of such signs.

Results

Patients

The initial cohort consisted of 63 grade 4 astrocytic tumors 
in patients under 55-year-old. This group was made up of 12 
Astrocytoma grade 4 (Astrocytoma 4) and 51 Glioblastoma. 
Four tumors (1 Astrocytoma 4, and 3 Glioblastomas) were 
excluded due to the absence of DSC-PWI or the presence 
of motion artifacts that precluded accurate tumor segmenta-
tion or DSC-PWI data extraction. Consequently, the result-
ing dataset comprised 59 tumors: 11 Astrocytoma 4, and 48 
Glioblastoma. A flowchart detailing the patient selection 
process is provided in Fig. 1.

Demographic details, including age and sex, are pre-
sented in Table 1. This table also highlights statistical com-
parisons between the two groups. The mean age across the 
dataset was 46-year-old, with 34 of the 59 participants being 
male. Despite the age-centric nature of the study, a signifi-
cant age difference (p = 0.009) emerged between the enti-
ties, with Glioblastoma patients being slightly older, which 
aligns with prior knowledge [1]. Additionally, warranting 
particular mention and fully consistent with established 
knowledge, our reference centre’s brain tumor database did 
not include any Astrocytoma 4 in patients over 55-year-old.

Regarding morphological imaging evaluation (detailed 
in Table  2), the T2-FLAIR mismatch was the only visual 
feature showing significant differences associated with 
IDH-mutation status, boasting perfect specificity. However, 
it was observed in just 27% of the cases. No significant dif-
ferences were observed in the presence or absence of nod-
ular enhancement or necrosis, present in vast majority of 
cases for both entities as shown in Fig. 2.

Description and comparison of DSC-PWI metrics

Tables  3 and 4 present the results for rCBV comparisons 
using the U-Mann Whitney p-values and AUC-ROCs for 
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were higher in Astrocytomas 4. Applying the more stringent 
threshold of p < 0.005, recently proposed as more robust 
[23], the mean rCBV (Astrocytoma = 1.48 vs. Glioblas-
toma = 1.14) and percentile rCBV values between p10 and 
p60 (Astrocytoma = 0.35–1.32 vs. Glioblastoma = 0.21–
0.96) remain significant. In AUC-ROC analysis, excellent 
discriminatory power considered as above 0.8 [24], was 
demonstrated by the percentiles between p15 and p30. 
Whisker-plots for the mean and maximum rCBV of enhanc-
ing region are shown in Fig. 3. The plots for non-enhanc-
ing region mean, maximum, and the best percentile (p30) 
rCBV values are shown in Fig. 4. These figures allow for a 
visual assessment of the different discriminative capabili-
ties and values dispersion. The sensitivity and specificity of 
rCBVp30, the best percentile, were 0.82 and 0.71, respec-
tively, for a threshold of 0.56.

To clarify, for example, p5 corresponds to the rCBV 
value below which 5% of voxels within the segmented vol-
ume-of-interest fall, meaning 95% are above it, while p10 is 
the value below which 10% of voxels fall, meaning 90% are 
above it, and so forth. Therefore, for instance the range from 
p5 to p35 represents the lower range of rCBV values within 
the segmented volume-of-interest, from the 5th percentile 
to the 35th percentile, with values above the lowest 5% 
and below the highest 65%. For clarity and transparency, 
we provide the full list of results for all percentiles in both 
tumor regions. This approach offers an exploratory alterna-
tive without relying on prior knowledge or assumptions, and 
studying all percentiles ensures full data availability and the 
robustness of the provided information.

Two additional subanalyses were conducted to reinforce 
the main findings: one involved a class-balanced 5-fold 
internal cross-validation to address potential class imbal-
ance (11 Astrocytoma: 48 Glioblastoma) biases, and the 
other applied Bonferroni corrections to p-values. These are 
detailed in Supplementary Materials 1 and 2, respectively. 

enhancing and non-enhancing regions respectively. In the 
context of the enhancing tumor (Table  3), IDH-wildtype 
displayed higher values overall, but no significant differ-
ences emerged between the two tumor types. Interestingly, 
the lower percentiles (those between p5 and p35) in enhanc-
ing regions showed higher rCBV values in IDH-mutant, 
also no significant. For the non-enhancing regions (Table 4), 
all rCBV percentile values exhibited significant differ-
ences between both entities, using the conventional p-value 
threshold of 0.05. Overall rCBV in non-enhancing regions 

Table 1  This table presents the demographic and clinical characteristics of the participants, including age, sex, and tumor grade
Grade 4 astrocytoma IDH-Mutant Glioblastoma 

IDH-wildtype
Whole data-set p-value

Age (years), Mean +/-SD 41 +/-8 47 +/- 6 46 +/- 7 0.009*
Sex, 
Men: Women

6: 5 28: 20 34: 25 1

Total 11 48 59
Statistical comparisons were made using the U-Mann Whitney Test for age, and the Chi-Square test for sex. SD denotes Standard Deviation.
(*) indicates statistical significance, p < 0.05.

Table 2  Distribution of presence of Nodular enhancement, necrosis and T2-FLAIR mismatch among tumor groups
Tumor type/ imaging features Grade 4 astrocytoma IDH-Mutant Glioblastoma 

IDH-wildtype
p-value

Nodular enhancement 9/11 (82%) 47/48 (98%) 0.16
Necrosis 9/11 (82%) 44/48 (92%) 0.52
T2-FLAIR mismatch 3/11 (27%) 0/48 (0%) 0.03*
Statistical comparisons were made using Chi-Square. (*) indicates statistical significance, p < 0.05.

Fig. 1  A flowchart that summarizes the study participant selection 
process

 

1 3

1270



Neuroradiology (2024) 66:1267–1277

Discussion

In this study, we assessed the discriminatory potential 
of rCBV derived from DSC-PWI to non-invasively dif-
ferentiate between IDH-mutant astrocytoma grade 4 and 
IDH-wildtype glioblastoma pre-surgically. Our voxel-wise 
approach, which accounted for volumetric segmentations 
and all percentile values, revealed that the most discrimi-
native rCBV values lie within the lower percentiles of the 
non-enhancing regions. Here, though the values are over-
all low, they are notably higher in IDH-mutant tumors, 

In these analyses, the lower percentiles of non-enhancing 
regions remained significant and exhibited stable AUC-
ROC values under very stringent conditions, whereas the 
mean and maximum values lost their significance. This 
confirms our main results, highlighting not only the supe-
rior performance of lower percentiles in the non-enhancing 
regions but also their greater veracity, robustness and stabil-
ity compared to the mean and maximum values. For addi-
tional comparison of the main rCBV variables, an additional 
figure of dispersion graphics is also provided in Supplemen-
tary Material 3.

Table 3  Average rCBV values (mean, maximum, and percentiles) for both tumor types in enhancing regions
Enhancing region
Astro 4 rCBV Mean Gb rCBV Mean p AUC-ROC

rCBV mean 2.496 rCBV mean 2.784 0.315 0.608
rCBV p5 0.638 rCBV p5 0.359 0.074 0.690
rCBV p10 0.901 rCBV p10 0.648 0.103 0.674
rCBV p15 1.074 rCBV p15 0.894 0.255 0.622
rCBV p20 1.275 rCBV p20 1.117 0.360 0.598
rCBV p25 1.454 rCBV p25 1.321 0.475 0.577
rCBV p30 1.577 rCBV p30 1.513 0.672 0.546
rCBV p35 1.715 rCBV p35 1.707 0.947 0.508
rCBV p40 1.860 rCBV p40 1.902 1.000 0.501
rCBV p45 2.009 rCBV p45 2.106 0.841 0.522
rCBV p50 2.157 rCBV p50 2.322 0.672 0.546
rCBV p55 2.300 rCBV p55 2.539 0.577 0.560
rCBV p60 2.471 rCBV p60 2.777 0.422 0.586
rCBV p65 2.649 rCBV p65 3.045 0.315 0.608
rCBV p70 2.830 rCBV p70 3.337 0.237 0.626
rCBV p75 3.043 rCBV p75 3.700 0.160 0.650
rCBV p80 3.373 rCBV p80 4.122 0.147 0.655
rCBV p85 3.812 rCBV p85 4.659 0.129 0.662
rCBV p90 4.617 rCBV p90 5.417 0.141 0.657
rCBV max 5.772 rCBV max 6.763 0.090 0.681

Statistical comparisons were conducted using the U-Mann Whitney Test and AUC-ROC. (*) indicates statistical significance, p < 0.05 and/or 
AUC-ROC > 0.8. (**) indicates statistical significance, p < 0.005.

Fig. 2  Illustrative cases of 
patients aged between 36 
and 51 years diagnosed with 
Astrocytoma grade 4 (A-C) and 
Glioblastoma (D-F). These cases 
demonstrate overlapping imaging 
characteristics on morphological 
MR (FLAIR and CE-T1WI) and 
rCBV color maps. Features such 
as non-enhancing regions, nodu-
lar enhancements, conspicuous 
signs of necrosis, and high rCBV 
are common to both tumor types 
in all shown cases
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cases, they may more closely align with pure edema. 
Indeed, this hypothesis aligns well with prior knowledge: 
Glioblastomas are known to generate more pronounced 
edema, whereas Astrocytomas manifest a more substantial 
proportion of non-enhancing tumor tissue in the T2-FLAIR 
abnormality [25].

The observed elevated rCBV values in enhancing regions 
in both tumors, with no significant differences between 
them, would support the hypothesis that microvascular pro-
liferation is a characteristic of grade 4 tumors, rather than 

suggesting the benefit of using an unsupervised rCBV selec-
tion approach over the conventional reliance on preselected 
mean or maximum values.

Furthermore, given the well-known coexistence of tumor 
infiltration and edema in the non-enhancing regions, we 
propose that these differential rCBV values may stem from 
varying degrees of tumor infiltration in these low-vascu-
larized non-enhancing areas. Such regions may represent 
a greater degree of coexisting very-low vascularized infil-
trated tissue in IDH-mutant cases, while in IDH-wildtype 

Table 4  Average rCBV values (mean, maximum, and percentiles) for both tumor types in non-enhancing regions
Non-enhancing region
Astro 4 rCBV Mean Gb rCBV Mean p AUC-ROC

rCBV mean 1.484 rCBV mean 1.137 0.004** 0.782
rCBV p5 0.204 rCBV p5 0.122 0.053 0.689
rCBV p10 0.353 rCBV p10 0.205 0.003** 0.792
rCBV p15 0.449 rCBV p15 0.270 0.002** 0.801*
rCBV p20 0.535 rCBV p20 0.335 0.002** 0.807*
rCBV p25 0.621 rCBV p25 0.396 0.001** 0.811*
rCBV p30 0.705 rCBV p30 0.458 0.001** 0.811*
rCBV p35 0.794 rCBV p35 0.526 0.002** 0.799
rCBV p40 0.881 rCBV p40 0.590 0.002** 0.797
rCBV p45 0.979 rCBV p45 0.662 0.003** 0.79
rCBV p50 1.082 rCBV p50 0.745 0.002** 0.795
rCBV p55 1.194 rCBV p55 0.846 0.003** 0.792
rCBV p60 1.321 rCBV p60 0.957 0.004** 0.784
rCBV p65 1.459 rCBV p65 1.084 0.006* 0.771
rCBV p70 1.623 rCBV p70 1.236 0.008* 0.759
rCBV p75 1.832 rCBV p75 1.420 0.008* 0.759
rCBV p80 2.091 rCBV p80 1.652 0.015* 0.739
rCBV p85 2.434 rCBV p85 1.972 0.020* 0.727
rCBV p90 2.985 rCBV p90 2.498 0.022* 0.723
rCBV max 4.080 rCBV max 3.440 0.025* 0.72

Statistical comparisons were conducted using the U-Mann Whitney Test and AUC-ROC. (*) indicates statistical significance, p < 0.05 and/or 
AUC-ROC > 0.8. (**) indicates statistical significance, p < 0.005.

Fig. 3  Whisker plots depict 
the distribution of mean and 
maximum rCBV values for the 
enhancing region of each tumor 
subtype. For clarity, only mean 
and maximum rCBV values are 
shown due to their widespread 
utilization in clinical practice, 
and also because none of the 
percentiles yielded significantly 
improved results
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instance, by emphasizing and optimizing DNA sequencing 
utilization (often costly or difficult to access) in the most 
indicated cases to optimally detect IDH mutations. Ulti-
mately, it offers an early prognosis prediction, which is 
invaluable, especially for young adults, and their families, 
enabling informed decisions and setting realistic expecta-
tions. Furthermore, such differentiation could be instru-
mental for the early detection of clinical trial candidates, 
for instance, for trials on treatments targeting IDH, which 
are anticipated to increase due to recent positive outcomes 
[2]. As we move further into the era of personalized and 
targeted therapies, the insights from our study could play an 
increasingly important role in shaping treatment strategies. 
This, in turn, hopefully will positively influence the disease 
course and enhance the quality of life for patients [3–6]. 
An illustrative example of potential clinical applicability of 
results in new patients with unknown diagnosis is shown 
in Fig. 5. Four additional illustrative cases are provided in 
Supplementary Material 4, along with the rCBVp30 values 
for the entire dataset.

Several studies have attempted to identify IDH-mutation 
status using rCBV while analysing a range of adult diffuse 
gliomas. Some suggest the feasibility of discerning IDH 
mutation status, generally reporting higher rCBV values 
in both enhancing and non-enhancing regions for IDH-
wildtype [17, 26, 27]. However, interpreting these find-
ings requires caution, as these studies do not account for 
potential confounding with age or histological grade which 
are only reported as descriptive statistics, thereby prevent-
ing the optimal discernment of the specific differential in 
the current study. As an exemplification, considering that 
the vast majority of grade 4 astrocytic tumors are indeed 

a specific attribute of IDH-mutation status. Interestingly, 
the lower percentile rCBV values for Astrocytoma grade 4 
tend to be slightly higher than those for Glioblastoma within 
these enhancing regions. This trend may suggest a higher 
homogeneity in Astrocytomas, characterized by a narrower 
range of rCBV values when compared to Glioblastomas.

Grade 4 Astrocytomas present morphological imaging 
traits that are distinct from grade 2–3 but are more remi-
niscent of IDH-wildtype Glioblastoma. The challenge of 
radiologically distinguishing between these two entities is 
highlighted by the morphological evaluations in this study, 
as illustrated in Fig. 2; Table 2, when considering the main 
markers described for differentiating between IDH-mutant 
and IDH-wildtype tumors [8–13].

Additionally, this study underscores the clinical signifi-
cance of this differentiation in patients under 55 years old. 
In realistic clinical settings, the differentiation becomes cru-
cial in this age group, making our findings especially perti-
nent. Unlike in those over 55 where the prevalence of the 
IDH mutation is negligible [1, 18, 19]. This approach mir-
rors a real-world clinical scenario where such differentiation 
is genuinely pertinent and impactful. For instance, the non-
invasive presurgical differentiation of grade 4 astrocytic 
tumors is relevant beyond the ultimate histopathological 
diagnosis and could profoundly impact patient management 
across different levels. First, in specific scenarios, it could 
influence surgical decisions, such as whether to opt for func-
tion-preserving surgery or a biopsy (in cases of suspected 
grade 4 astrocytomas) versus total resection (in cases of 
suspected glioblastomas), particularly in challenging loca-
tions. Second, it may guide the sequence of the diagnostic 
workflow in histopathology and molecular pathology. For 

Fig. 4  Whisker plots display the distribution of mean, maximum, and 
best percentile (p30) rCBV values for the non-enhancing region of 
each tumor subtype. For clarity, mean and maximum rCBV values are 
shown for comparison purposes because they are the most standard 

measures used in clinical practice. Meanwhile, p30 represents the 
best percentile result and surpasses those obtained with the standard 
approaches
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widely extended and accepted DSC-PWI for brain tumor 
imaging [14, 15, 32, 33]. At any instance, recognizing the 
challenges, we believe that an ideal approach for the near 
future would combine comprehensive imaging data, includ-
ing DSC-PWI and MR spectroscopy, with advanced data 
analysis techniques, such as AI and radiomics, to enhance 
presurgical tumor classification.

This study comes with several limitations. This is a 
single-site retrospective investigation. Nevertheless, this 
approach ensured data homogeneity, useful in pilot studies. 
The sample size, though seeming modest, is justified as all 
tumors were classified based on the stringent 2021 WHO 
Classification criteria, limiting retrospective patient inclu-
sion. Also, IDH-mutant grade 4 astrocytomas are infrequent 
tumors, and they are rarely addressed in recent literature 
as a separate entity from their grade 2–3 counterparts. We 
recognize that theoretically, preloaded or low Flip-Angle 
(30º) DSC-PWI sequences might optimize rCBV measures 
when aligned with histological vascularization evaluations 
[14]. Yet, the primary differences lie in the non-enhancing 
region of tumors, where leakage-effects due to blood-brain-
barrier disruption should be negligible, thus reducing the 
impact on rCBV calculations. Moreover, our study’s main 
focus wasn’t solely on this alignment. Different techniques 
have also shown reproducibility and robustness and we 
applied rigorous leakage correction procedures, mitigat-
ing potential leakage impacts [34]. Additionally, it should 
be highlighted that many clinicians have a preference for 
non-preloaded intermediate-high Flip-Angle sequences, 
particularly when it comes to the pre-surgical differential 
diagnosis [35–41]. This preference aligns with our study’s 
context and has demonstrated to be useful for diffuse glio-
mas’ genetic subtypes presurgical differentiation [42, 43]. 

glioblastomas, and the vast majority of grade 2–3 are IDH-
mutant astrocytomas, a study claiming to identify IDH 
mutation status might actually be reflecting a more familiar 
differentiation between grade 2–3 and grade 4. Lastly, it is 
crucial to recognize that astrocytoma grade 4 is often either 
absent or significantly underrepresented in such studies, 
which limits the applicability of their results to this specific, 
smaller subgroup. This subgroup necessitates particular 
attention, as provided in our study.

Our literature search yielded only two DSC-PWI stud-
ies explicitly focused on grade 4 astrocytic tumors [28, 29], 
which in general terms reported higher rCBV values in IDH-
wildtype tumors. However, due to different methodological 
approaches, direct comparison of results is not feasible. We 
consider relevant strengths of our methodology to include 
volumetric segmentations of easily demarcated morpho-
logical MR main tumor regions, which provide information 
on the entire abnormality; and the comprehensive evalua-
tion of voxel-wise rCBV values through percentile analysis, 
not limited to preselected mean or maximum, which may 
obscure relevant differences in other parts of the full range 
of values.

Finally, another advanced MR technique deserving men-
tion in this scenario is MR spectroscopy. It has been proven 
useful for IDH-mutation identification through specifically 
edited sequences, achieving high accuracies [30]. Also, more 
standard MR spectroscopy protocols offer information for 
glioma classification under the latest WHO guidelines [31]. 
However, the specific focused performance in grade 4 astro-
cytic tumors remains less clear because existing research 
again mixes tumor grades 2, 3, and 4. A potential limitation 
of this technique is its less extended implementation and use 
in neuroradiology departments worldwide compared to the 

Fig. 5  Illustrative cases of two patients with unknown diagnosis: 
Patient_1 is 51 years old, and Patient_2 is 49 years old. The images 
display an extensive non-enhancing component beyond the enhancing 
tumor margins. This could be attributed to infiltrative tumor, edema, 
or a coexistence of both. rCBV color maps focused analysis allow 
the detection of small foci of slightly elevated rCBV (arrows) in the 

non-enhancing component of Patient_2, while it depicts clear areas 
of very low rCBV (arrows) in Patient_1. Quantification of the 30th 
percentile in non-enhancing areas indicates that Patient_1 has values 
that fall within the range of Glioblastoma (Gb), while Patient_2 aligns 
with Astrocytoma grade 4 (Astro 4). The diagnoses for both cases were 
histopathology confirmed
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5. DISCUSSION

In this thesis, we have demonstrated that DSC-PWI provides significantly more informa-

tion than merely CBV, which is typically considered a biomarker of overall vascularity. By

adopting a curvologic and/or multiparametric approach (including CBV, PSR, and PH),

we expanded the scope of biomarkers beyond overall vascularity to encompass BBB

integrity, as well as vasculo- and cyto-architecture. This approach yielded remarkable

results in classifying various brain tumor types and subtypes, with direct clinical impli-

cations for the initial management of patients [49–52].

Of note, in the initial stages of this thesis, we developed a pioneering method for robust

visual and quantitative analysis of entire time-intensity curves. For this, we designed an

innovative and comprehensible normalization method of the entire curve to NAWM ref-

erences, enabling curve analysis that transcends patient and specific technical differen-

ces. This method ultimately allows for: 1) constructing mean curves for visual analysis

(e.g., comparing the curve of an unknown tumor diagnosis with mean curves of different

tumor types), 2) performing point-by-point and voxel-wise statistical computations and

analysis, and 3) building classifiers [49]. The key advantage of this curvologic appro-

ach lies in its unsupervised analysis, which can reveal differences in curve segments

that might remain hidden or overlooked when only isolated metrics focusing on specific

points of the curve are evaluated [43,45,49,53]. On another hand, we pioneered the anal-

ysis of certain metrics in specific tumor groups and subgroups, where their utility was

previously unknown, and hypothesized a correlation between these metrics and their

specific histological substrates to provide useful biomarkers [51,52].
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Furthermore, we employed automatic/semi-automatic data extraction methods that re-

duce operator dependency and evaluate the entire tumor tissue, utilizing automatic tu-

mor and NAWMsegmentations [49–52,54–56]. This contrasts with current clinical stan-

dards, which rely on 2D manual ROIs for both tumor and NAWM reference (for norma-

lization). Such traditional approaches can increase operator variability and often fail

to capture tumor heterogeneity [1,28–30,33]. To address the latter, several of our stud-

ies also demonstrated the superiority of using voxel-wise histogram-derived percentiles

over mean or max summarizing values in ROIs or VOIs, particularly in highly heteroge-

neous tumors [50,52,55,56]. Another important consideration for reducing bias and in-

creasing reproducibility is the use of raw time-intensity curves for curvology, PSR, and

PH evaluations. This approach avoids the pre- and post-processing, theories, models,

and equations typically required for extracting other metrics, such as CBV, which can

introduce biases at each step. Our alternative analysis is based purely on raw data, with-

out prior post-processing, assumptions, or modeling. Indeed, directly related to the last

two paragraphs, we have demonstrated that our approaches tend to generalize better

when applied to test and validation cohorts compared to standard methods [49,55]. All

these findings may pave the way for the ideal creation of optimal, standardized, vendor-

neutral pipelines for DSC-PWI data extraction, which would be of significant importance

for enhancing generalizability [1].

Additionally, our methods enhance the data derived from DSC-PWI, enabling more ex-

tensive data mining andmaking complex analytical techniques (machine learning, deep-

learning, artificial intelligence)more applicable than in standards single-metric and single-

value approaches [51,52,55].
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However, beyond all these more technically profiled considerations for optimal DSC-

PWI data extraction and analysis, our investigations maintain a strong clinical focus.

Our ultimate goal is to construct clinically useful and relevant pre-surgical tumor classi-

fiers that combine advanced data analysis, classical statistics, and visually accessible

displays, avoiding black-box results to enhance usability and clinical applicability [49–

52,54–56]. As clinical radiologist, the author of this thesis believes that all findingsmust

be credible, explainable, and grounded in clinical, biological, and pathophysiological ba-

sis. Additionally, the results should be visually intuitive, allowing for easy interpretation

by radiologists—ideally integrated into PACS systems. Unexplainable black-box results

are not easily adopted in clinical practice, where physicians seek to understand both

the successes and failures of their decisions in order to learn from them. Moreover, we

have hypothesized and provided logical biological explanations for each of our findings,

aiming to construct comprehensible biomarkers that could expand their use, open new

research avenues, and inspire clinicians to think of novel applications.

In addition, our investigations have expanded and reinforced the clinical understanding

of how DSC-PWI technical parameters impact results [2,12,34,48,57]. For instance, the

metrics performance vary depending on the technical pulse-parameters of the sequence

used. DSC-PWI more highly T1-weighted sequences (e.g., intermediate to high FA with-

out prebolus) enhance the detection of leakage effects and improve PSR performance,

whereas highly T2-weighted or preloaded sequences either avoid detecting or directly

prevent leakage events respectively, theoretically enhancing CBV performance. In this

regard, our studies were conducted using highly T1-weighted and non-preloaded se-

quences. We believe these subtype of sequences are often preferred by clinicians, partic-
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ularly for pre-surgical differential diagnosis, due to the additional information provided

by leakage effects, which is lost with the other sequence subtypes. Additionally, we

believe the loss in CBV performance with this high T1-weighted technique is less sig-

nificant than the loss of PSR with highly T2-weighted techniques [31,32,35–37]. More-

over, the specific impact on the entire curve morphology is not fully understood, but we

hypothesize that in challenging, heterogeneous technical scenarios, evaluating the full

curve may mitigate the performance loss in single metrics like CBV and PSR, thereby

offering better generalization even under unfavorable challenging technically heteroge-

nous cohorts. Furthermore, with appropriate re-training and threshold adjustments, all

our results can be optimally applied across different technical homogeneous settings.

Ultimately, our research lays the groundwork for the future optimization of DSC-PWI pro-

tocols, alternative acquisition techniques, and pulse sequence parameters, paving the

way for advancements that enable robust, generalizable extraction and interpretation of

all metrics and derived biomarkers, without the need to choose one over the other. This

will support a more holistic DSC-PWI interpretation and its consequent clinical applica-

tion.

In the following sections, wewill explore these various perspectives and discuss specific

results from our primary research, focusing also on their clinical impact.

5.1. DSC-PWI Curves Normalization Method and Its Application for

Pre-Surgical Identification of CNS Lymphoma

In the first work of this thesis [49], we present our innovative method to normalize DSC-

PWI time-intensity curves, which theoretically overcomes some of the variability caused
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by differences in patient physiology and acquisition techniques. This approach allows

for the creation of mean curves for visual analysis, point-by-point statistical compar-

isons, and the development of accurate diagnostic classifiers. In this primary work,

we applied this method in pre-surgical identification of PCNSL, achieving satisfactory

accuracy levels crucial for guiding treatment, as PCNSL requires distinct management

strategies compared to other brain tumors (mainly, early stereotactic biopsy before cor-

ticosteroid administration is mandatory when PCNSL is suspected from imaging, which

differs from the approach inmany other brain tumors, where corticosteroids are adminis-

tered, and direct surgical removal is often pursued) [9,49,50,58,59]. Our findings demons-

trate that this method consistently outperforms conventional metrics like CBV and PSR,

reaching accuracies between 71% and 96% in distinguishing PCNSL from glioblastoma,

anaplastic astrocytoma, metastasis, andmeningioma in pairwise comparisons. Beyond

traditional measures, our technique integrates key curve points, including previously hid-

den values, allowing a more comprehensive analysis. With its user-friendly representa-

tion, this method supports radiologists by narrowing down likely diagnoses through an

interactive classifier, enhancing diagnostic accuracy and opening new possibilities for

DSC-PWI evaluation in clinical practice.

A subsequent study [54] expanded the clinical utility of our methods in the pre-surgical

diagnosis of lymphoma by applying them specifically to a very rare subtype associated

with immunodeficiency: Epstein-Barr virus- positive lymphoma. This subtype poses a

unique diagnostic challenge, as its imaging characteristics often contrast with typical

lymphoma and closely resemble glioblastoma andmetastasis, making pre-surgical diag-

nosis nearly impossible using conventional imaging [9,21,60–63]. In this study, standard
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DSC-PWImetrics like PSR and CBV performed well in differentiating Diffuse Large B-Cell

Epstein-Barr Virus-Positive CNS lymphoma fromglioblastomaandmetastasis. However,

TIC analysis yielded even better diagnostic performance. By applying our existing PC-

NSL classifier algorithms [50] and developing a dedicated classifier for PCNSL versus

glioblastoma/metastasis, we achieved excellent results (accuracies between 82% and

93%).

In both studies, the curve normalization process enabled the overlay of averaged time-

intensity curves, providing radiologists with an intuitive and accessible visual tool for

diagnostic comparison. For example, the curve of a new case can be directly compared

with characteristic curves of different tumor types, facilitating diagnosis.

Also, both promote a high-sensitivity framework that effectively heightens suspicion for

CNS lymphoma, thereby helping to prevent pre-biopsy corticosteroid use and unneces-

sary tumor resections. It is worth noting that all the knowledge gained during these

studies focused on lymphoma enabled the author of the thesis and their team to write

a highly influential review on CNS lymphomas, which has achieved significant impact at

both national and international levels [9].

5.2. TheChallengingDifferentiation ofGlioblastomaandSolitary Brain

Metastasis

In another research [50], we applied the normalized TIC methodology to analyze DSC-

PWI data of glioblastomas and metastases, adapting it to address the high histologi-

cal and vascular heterogeneity of these tumors. Our approach, combined point-by-point,

168



5.2. The Challenging Differentiation of Glioblastoma and Solitary Brain Metastasis

voxel-level histogram-derived percentile analysis of TICs, and generated classifiers based

on optimal time points and voxel intensities within the entire tumor extension. This

method achieved an accuracy of 81% in distinguishing glioblastoma from metastasis,

emphasizing its potential in pre-surgical diagnosis.

This clinical question is especially relevant because glioblastomas and metastases re-

quire different management strategies. Misclassification may lead to inappropriate in-

terventions, as glioblastomas typically undergo maximal resection, whereas metastasis

patients often need systemic staging before considering other local or systemic thera-

pies. Importantly, brain lesions suspected of beingmetastases are frequently diagnosed

based solely on imaging and clinical context in patients with known primary cancers,

without histological confirmation. High diagnostic specificity is essential in these cases

to avoid mistreatment, as lesions thought to be metastases may actually be other pri-

mary tumors or non-tumoral lesions [17,18,64–67].

Compared to previous approaches that relied solely on metrics like CBV and PSR, our

TIC-based method considers the full TIC curve, minimizing variability due to technical

factors and enhancing discrimination by incorporating more comprehensive data. DSC-

PWI parameters such as CBV, PSR or PH alone sometimes yield inconsistent results in

differentiating glioblastoma from metastasis due to tumor heterogeneity and technical

variability. By performing a full-TIC our method addresses these limitations, adapting to

diverse acquisition setups typical in clinical environments. Our approach further consi-

ders intra-tumoral heterogeneity, a key characteristic of both glioblastomas and metas-

tases. Standard methods often overlook the variability within the tumor by focusing

only on mean, maximum, or minimum values of specific parameters, while our voxel-
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level evaluation incorporates a broader spectrum of tumor values, identifying the most

discriminative points in TICs for improved diagnostic performance. This method thus

represents a promising, robust alternative for centers with variable imaging protocols,

potentially increasing diagnostic precision in real-world clinical settings.

5.3. A fully Automatic Tool for Main Brain Malignancies Pre-surgical

Differentiation in Adults

In another multicentric study of this thesis [55], we present an advanced voxel-wise

method for analyzing perfusion scans using deep-learning by means of convolutional

neural networks, representing a culmination of insights gained from our prior studies on

lymphoma, glioblastoma, andmetastasis. This comprehensive work has enabled the de-

velopment of an automatic classifier (DISCERN) openly available on the internet, which

leverages prior knowledge on DSC time-intensity curves normalization and delivers sig-

nificant improvements in brain cancer diagnosis. The classifier integrates point-by-point

curve patterns, the temporo-spatial distribution of time-point intensities, and confidence

levels for tumor-type classification at the voxel level. It generates probability color maps

that visually predict the most probable tumor type, assess spatial tumor heterogeneity,

and estimate diagnostic confidence.

By applying this novel method, we achieved a diagnostic performance that surpasses

previous models for the noninvasive differential diagnosis of the most common malig-

nant brain tumors — namely, Glioblastoma, metastasis, and primary central nervous sys-

tem lymphoma — which together account for up to 70% of all malignant brain tumors

[68]. Demonstrating superiority over CBV and Percentage of Signal Recovery (PSR), the
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classifier achieved accuracies of 80–95% in three-way classification across training and

test sets. In technically heterogeneous external validation cohorts frommulticentric ori-

gin hospitals in Spain and the United States, it maintained robust three-way accuracy

(75–80%), outperforming CBV and PSR in generalizability.

This achievement is particularly critical for guiding optimal treatment approaches, as

accurate differential diagnosis is essential in clinical decision-making. Key clinical added

values include enhancing diagnostic accuracy in less-experienced neuroradiologists (from

≈40% to 80%) and increasing diagnostic confidence in experienced neuroradiologists

when faced with challenging differentials (up to 55% of cases in high-complexity units).

Thus the DISCERN tool offers substantial promise for assisting radiologists in interpret-

ing brain MRI data, amplifying the diagnostic proficiency of expert neuroradiologists

while also providing less experienced radiologists with the support needed to reach a

higher level of diagnostic accuracy. This advancement represents a significant step for-

ward in enhancing both the efficiency and accuracy of brain tumor diagnostics in daily

clinical practice, as well as a notable progression toward the still distant but envisioned

goal of the virtual biopsy.

5.4. Intraaxial Cerebellar Tumors in Adults: Rarer, Yet Also Important

Our research on this subject [51] investigates the use of multiparametric DSC-PWI for

the pre-surgical classification of adult solitary intra-axial cerebellar tumors. Leveraging

metrics such as normalized TICs, relative CBV, PSR, and PH, the research combines ad-

vanced imaging data with a deep-learningbased classifier to achieve robust diagnostic

accuracy in a multicentric setting.
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The study highlights that individual tumor types exhibit distinctive DSC-PWI patterns,

and combining these parameters within a machine-learning framework significantly en-

hances classification accuracy, achieving 85% in independent test sets from different

hospitals. This approach addresses the limitations of single-metric or pairwise com-

parisons by introducing a multiclass classifier capable of discriminating metastases,

medulloblastomas, hemangioblastomas, and pilocytic astrocytomas.

A key contribution is the development of a radiologist-friendly tool that visualizes results

through intuitive interfaces. This display integrates physiological insights, clinical exper-

tise, and machine learning outputs, bridging the gap between automated analytics and

practical application. By maintaining explainability and avoiding the black-box issue, the

interface supports clinical decision-making and ensures the model’s trustworthiness.

Ultimately, thiswork not only demonstrates the utility of DSC-PWI in improving pre-surgical

diagnoses but also proposes a comprehensive methodology for integrating multipara-

metric imaging with advanced statistical and deep-learning techniques. This innovation

promotes tailored, patient-centric treatment strategies while enhancing the accessibility

of complex data through clinician-friendly tools.

5.5. Opening the Door to the Perfugenomics of Adult Diffuse Gliomas

According to the last 2021World Health Organization Classifica-

tion of CNS Tumors

The first study in this section [52] addresses the challenge of pre-surgically differenti-

ating IDH-mutant astrocytomas from 1p19q-codeleted oligodendrogliomas, two tumor
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types with distinct treatment and prognostic implications [69–71]. Using advanced DSC-

PWI metrics, we evaluated cerebral blood volume (CBV) and percentage of signal recov-

ery (PSR) percentile values derived from voxel-level analyses of entire tumor volumes.

Unlike traditional approaches relying on mean or extreme values, this method highlights

the importance of tumor heterogeneity and nuanced vascular characteristics, signifi-

cantly improving diagnostic precision.

Oligodendrogliomas demonstrated higher CBV and lower PSR than astrocytomas, with

the best performance metrics observed at specific percentiles. By combining the five

most discriminative percentiles, a gradient-boosting classifier achieved an AUC-ROC of

0.87, offering robust diagnostic accuracy. This novel classifier integrates CBV and PSR

voxel-wise metrics to provide complementary insights into vascular and microvascular

tumor habitats, delivering additive value over individual parameters.

A key innovation lies in shifting from standard mean or maximum value approaches to

voxel-wise analysis, leveraging percentile metrics to capture tumor heterogeneity more

accurately. By combining voxel-level CBV and PSR data, the study achieves superior

diagnostic accuracy compared to single-metric, single-value methods.

The study also proposed a clinical-friendly visualization tool that combines the classi-

fier’s probabilistic outputswith percentile distributions, ensuring interpretability and align-

ment with radiological knowledge. This innovation fosters an intuitive understanding of

complex multiparametric data.

On the other hand, this study pioneers the use of percentage signal recovery (PSR) in non-

enhancing tumors, a context where its application has been scarce. Highlighting its po-
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tential as a novel biomarker, the research links lower PSR values in oligodendrogliomas

to the characteristic "chicken-wire" capillary pattern, reflecting increased microvascular

tortuosity and irregularity.

Of note, this work merited an editorial comment in the renowned European Radiology

journal [72].

In a second research work within this section (and the final one included in this thesis)

[56], we focused on the pre-surgical differentiation between IDH-mutant grade 4 astrocy-

tomas and IDH-wildtype glioblastomas, addressing a critical understudied challenge in

neuro-oncology, particularly for young adult patients, with implications for guiding surgi-

cal and treatment decisions [69–71,73]. In this study we analyzed CBV across both en-

hancing and non-enhancing tumor regions. Unlike traditional methods that rely onmean

or maximum preselected values—often based on unsound assumptions—we employed

a percentile-based approach to capture the tumor’s most distinguishing characteristics

in an unsupervised manner.

The results revealed no significant differences in CBV within the enhancing regions, con-

sistent with the fact that both tumor types are histological grade 4 and exhibit sim-

ilar microvascular proliferation [14]. However, significant distinctions were identified

in the non-enhancing regions. Specifically, IDH-mutant astrocytomas showed elevated

CBV values in the lower percentiles of non-enhancing areas compared to glioblastomas.

This suggests a higher degree of lowly vascularized infiltrated edema, contrasting with

glioblastoma’s purer edema in this specific tumor regions. Notably, the 30th percentile

of CBV in non-enhancing regions emerged as the most robust discriminator, achieving
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an AUC-ROC of 0.811 and outperforming conventional metrics such as mean and maxi-

mum CBV values, as well as metrics derived from the enhancing region.

Importantly, all the knowledge gathered during these studies also resulted in a narrative

review [14], which can be found in the introduction appendix.

5.6. SpecificBrain TumorDSC-PWISignatures andHypothetical Patho-

physiological Correlates

From our studies, we can identify several key signatures specific to different types of

brain tumors and hypothesize about their underlying pathophysiology. These signatures

represent one of themost clinically relevant aspects of this thesis, as they provide radiol-

ogists with a deeper understanding of novel DSC-PWI parameters. This knowledge has

the potential to facilitate reliable pre-surgical diagnoses in routine clinical practice. The

following part of this section provides a summary of the key findings, clearly disentan-

gled for better understanding and practical application.

Regarding brain lymphoma, the most salient finding is a prominent T1-leakage effect,

which translates into a high PSR. The curve shows a flatter descent compared to glioblas-

toma, metastasis, or meningioma, a lower peak height, and a sharper, earlier recovery.

The AUC (CBV) values are relatively low in comparison. This pattern is explained by

the predominant contribution of BBB disruption relative to the more limited vascularity,

vessel heterogeneity, and tortuosity. Interestingly, the rapid recovery of the curve might

seem paradoxical at first but can be attributed to the rapid onset of leakage. Rather

than being driven by vascular washout, this recovery may be primarily related to the
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quick efflux of contrast across the disrupted BBB, underscoring the role of BBB dyna-

mics over vascular characteristics in this specific type of brain tumor [49]. Importantly,

EBV-positive (immunodeficiency-associated) lymphomas retain the characteristic curve

pattern and perfusion parameters typical of lymphomas. While thismay initially seem re-

dundant, it holds significant clinical value because this lymphoma subtype oftenmimics

glioblastomas or metastases on morphological imaging. This underscores the critical

role of this sequence, which may be the first—and potentially the only—tool to raise sus-

picion of lymphoma, thereby leading to a radical change in patient management [54]. A

take-homemessage could be: “If you encounter a necrotic tumor suggestive of glioblas-

toma or metastasis, examine the perfusion parameters closely. If the DSC-PWI pattern

aligns more with that of a lymphoma, consider the possibility of an immunodeficiency-

associated lymphoma”.

Regarding glioblastoma and metastases, glioblastomas exhibit a more balanced inter-

play between vascular tortuosity, hypercellularity, and BBB leakage, resulting in more

equilibrated PSR values than lymphomas. In contrast, metastases are characterized by

a predominance of vascular tortuosity and hypercellularity rather than leakage, with T2*

effects being more dominant. This also explains the slower curve descent and recovery

seen inmetastases, potentially reflecting prolonged contrast retention within the denser,

heterogeneous and more tortuous vascular network, alongside relatively less BBB dis-

ruption. Of note, this does not mean that glioblastomas lack vascular heterogeneity

and tortuosity. However, the resultant curve differs due to the coexistence of relevant

BBB disruption, which leads to earlier recovery and posterior higher PSR. Ultimately, the

entire curve morphology reflects the equilibrium between gross vascularity, vascular dy-
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namics, BBB integrity, and cyto- and vasculo-architecture phenomena, all of which are

intriguing to disentangle. At any instance, to simplify, glioblastomas tend to show higher

PSR values than metastases. While the CBV values are quite similar between glioblas-

tomas and metastases, the curve morphology is distinctly different. Glioblastomas dis-

play sharper slopes curves with higher peak heights, whereas metastases show slower,

less pronounced slopes and peaks. I.e., these curve differences are not reflected in the

CBV values: glioblastomas have a thin, tall curve, while metastases exhibit a wide, short

curve. However, the AUC for both remains similar. In a simile, it is like being thin and tall

or short and wide—you can still weigh the same despite the difference in shape. On ano-

ther hand, in differentiating between these entities, incorporating perfusion parameters

from non-enhancing tumor regions has been considered particularly valuable. Edema in

metastases contrasts with the combined edema and tumor infiltration in glioblastomas.

The key distinction here lies in the AUC values: glioblastomas exhibit higher CBV in non-

enhancing regions, a difference that becomes more pronounced when focusing on high

percentiles. This finding is logical, as the higher percentiles of edema regions represent

areas more infiltrated by tumor cells, while lower percentiles correspond to pure edema,

similar to what is observed in metastases [50].

Meningioma curve morphology can be described as an “exaggeration” of that seen in

metastases. It displays even slower (flattened) entry and exit slopes, with a predomi-

nance of early T2* effects and a deeper peak (greater than that of both metastases and

glioblastomas). Continuing with the previous simile, if glioblastoma is taller and thinner

and metastases are shorter and wider, meningioma would be the tallest and the widest.

The recuperation is initially low, while the CBV is significantly higher. This pattern aligns
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with its underlying pathophysiology, characterized by high vascularity, tortuous and het-

erogeneous vessels, and an absent BBB disruption [49]. The gradual increase in the recu-

peration part of the curve (PSR) observed during the later dynamic phases is potentially

related to specific tissue characteristics, possibly linked to the EES and/or cytoarchitec-

tural features of this tumor type. While the authors have a preliminary understanding

of this phenomenon, a complete comprehension of its underlying mechanisms remains,

for the moment, beyond their total grasp.

Regarding the specific DSC-PWI signatures of adult cerebellar tumors, notable differen-

ces emerge in the perfusion curvology across tumor types, with minimal overlap ob-

served, except for the partial similarity in the signal recovery phase of the curve be-

tween medulloblastoma and pilocytic astrocytoma. Hemangioblastoma and metasta-

sis exhibit pronounced and rapid T2*-dominant dynamic signal decay, which is more

pronounced in hemangioblastoma. Both recover more slowly, with metastasis remain-

ing below the baseline throughout the curve, while hemangioblastoma only reaches the

baseline during the final time points. Conversely, medulloblastoma and pilocytic astro-

cytoma show less pronounced and slower signal decay, with medulloblastoma exhibit-

ing slightly more pronounced changes. Both recover well above the baseline. Metas-

tasis and hemangioblastoma are characterized by high CBV and PH values, along with

low PSR. On the other hand, medulloblastoma and pilocytic astrocytoma are associated

with low CBV and PH, coupled with high PSR values. Among these, hemangioblastoma

demonstrates the highest CBV and PH, while pilocytic astrocytoma has the highest PSR.

These DSC-PWI characteristics align well with the underlying pathophysiology of these

tumors: hemangioblastoma andmetastasis exhibit greater heterogeneous and tortuous
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vascularity, while pilocytic astrocytoma and medulloblastoma demonstrate a higher de-

gree of BBB disruption. Among these, medulloblastoma shows slightly more vascula-

rity, whereas pilocytic astrocytoma is characterized by extremely low vascularity (which

reminds us that in adults, pilocytic astrocytomas can even present with spontaneous

involutional changes and consequent minimal vascularization). The authors highlight

two key take-home messages. First, if you encounter a posterior fossa tumor with very

low CBV and significant T1-leakage (high PSR), pilocytic astrocytoma should be conside-

red as a likely diagnosis, and in cases where the tumor is asymptomatic or located in a

region unsuitable for surgery or biopsy, MR follow-up could be considered as a manage-

ment option. And second, If you observe a posterior fossa tumor with very high CBV and

low initial PSR that recovers during later dynamics (a pattern similar to meningiomas),

hemangioblastoma should be strongly suspected, and in such cases, preoperative em-

bolization may be discussed during tumor board meetings to minimize the risk of intra-

operative complications [51].

Regarding the differentiation between molecularly defined oligodendrogliomas and as-

trocytomas, the presence of high CBV values in a non- or scarcely-enhancing (lower-

grade appearing) tumor should raise the suspicion of oligodendroglioma. Additionally, a

lower early PSR would further support this suspicion, particularly when analyzing higher

percentiles, such as 70–75, for both metrics. Notably, no significant differences in DSC-

PWI metrics are observed between grade 2 and grade 3 tumors, which may seem con-

tradictory to earlier references, particularly for astrocytomas, where DSC-PWI was pre-

viously assumed to differentiate between these grades. The authors hypothesize that

this lack of difference may result from the 2021 molecular classification creating more
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robust tumor groupings, suggesting that previously reported differences between grade

2 and grade 3 tumors in earlier studies might have been influenced by misclassification

based on the current classification standards. The absence of differences in DSC-PWI

metrics aligns with the understanding that grade 2 and grade 3 astrocytomas differ pri-

marily in cellular rather than vascular properties, making it plausible for DSC-PWImetrics

to remain similar across these grades. An interesting hypothesis emerging from this

work is the potential role of early PSR as a cyto-architectural biomarker in tumors with-

out enhancement (i.e., lacking BBB disruption). In this specific context, PSR may serve

as a biomarker of the characteristic chicken-wire capillarity of oligodendrogliomas [52].

Finally, when dealing with a primary brain tumor presenting with enhancement, necrosis,

and high CBV in older patients (as per the WHO 2021 criteria, above 55 years of age), the

most plausible diagnosis is glioblastoma IDH-wildtype. However, in patients below this

age threshold, tumors with grade 4 features on imaging (necrosis and/or microvascu-

lar proliferation) could represent IDH-mutant astrocytomas, classified as grade 4. This

distinction is crucial, especially in younger patients, as IDH-mutant astrocytomas have

significant differences in both management and prognosis compared to glioblastoma

IDH-wildtype. As previously hypothesized, CBV, an indirect measure of vascular prolifer-

ation, does not differ between these tumors in their enhancing components. However,

differences arise in the non-enhancing tumor regions (T2-FLAIR abnormality), where

the lower percentiles of CBV in grade 4 astrocytomas are higher than in glioblastoma.

This likely reflects a higher degree of tumor infiltration in astrocytomas, in contrast to

pure edema in these lower percentiles in glioblastoma. Additionally, in glioblastoma,

higher CBV values are observed in the higher percentiles of non-enhancing tumor re-
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gions, which theoretically correspond to more aggressive tumor areas. This aligns with

the inherent heterogeneity of glioblastoma, where regions of high CBV coexist with ar-

eas of pure edema (characterized by low CBV) reflected in the lower percentiles. In con-

trast, grade 4 astrocytomas demonstrate a more homogeneous CBV distribution. As

a result, when focusing on lower CBV percentiles, grade 4 astrocytomas exhibit higher

values. However, somewhat paradoxically, this does not suggest greater overall aggres-

siveness compared to glioblastoma, but rather the contrary. Parallelly, no significant di-

fferences were observed regarding the presence or absence of necrosis between these

entities. And finally an additional morphological imaging take-homemessage is that the

presence of a T2-FLAIR mismatch in solid, non-enhancing parts of the tumor, coexisting

with foci of high CBV or necrosis, is almost pathognomonic of grade 4 IDH-mutant as-

trocytomas. To the authors’ knowledge, this was the first work to report this specific

diagnostic clue [56].

5.7. Strengths and Limitations

The strengths of the research works in this thesis are evident from the preceding sec-

tions. It emphasizes unsupervised, automatic, volumetric, voxel-wise, andmulti-parametric

analysis of DSC-PWI, which enhances the robustness, reproducibility, and generalizabi-

lity of the results, paving the way for reliable and impactful integration into clinical work-

flows. Furthermore, it not only improves performance in current clinical applications

but also uncovers new clinical approaches and applications, while fostering the deve-

lopment of clinician-friendly tools.
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However, the author also acknowledges some common limitations of the studies pre-

sented in this thesis. The primary challenges revolve around the retrospective nature of

the research and the use of DSC-PWI predominantly with intermediate-to-high flip-angles

and without preload (favoring leakage effects), which may limit the applicability of the

results in scenarios where low flip-angles or preloaded sequences are employed (mini-

mizing leakage effects). Nevertheless, prospective studies validating our classifiers and

results in technically comparable scenarios, as well as adapting them to different tech-

nical settings, are feasible and already underway. Of note, the author indicates that if he

had to choose, he would prefer high flip-angle, non-preloaded sequences in current cli-

nical practice, particularly for pre-surgical differential diagnosis settings. This approach

enhances information regarding leakage effects while maintaining accurate and robust

CBV evaluations [32,37]. In contrast, preloaded or low flip-angle sequences are designed

to minimize the impact of leakage effects and focus exclusively on CBV information [2].

Additionally, while some studies are single-center, which may raise concerns about ge-

neralizability to other institutions, this limitation is mitigated by the inclusion of two mul-

ticenter studies. These multicenter studies not only demonstrate consistency with the

results observed in single-center studies but also strengthen the robustness and poten-

tial applicability of the findings across diverse clinical settings.

5.8. Future Perspectives and Directions

First, it is important to emphasize that this entire research line is currently active and far

from being concluded. In fact, several projects are ongoing. For instance, one focuses

on the potential of DSC-PWI to provide accurate prognostic stratification in glioblastoma
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patients, the most devastating brain tumor. This could enable concentrating efforts on

patients with better prognoseswhile preserving the best quality of life for thosewith very

poor prognoses, for example.

Another line of investigation revolves around proposing the optimal pulse-sequence pa-

rameters for (single-echo) DSC-PWI in the differential diagnosis of tumors. Specifically,

we study tumors using various pulse-sequence parameters and comparewhich provides

the best diagnostic performance, taking into account all metrics—not just CBV, as is the

case with current consensus protocols.

Finally, we are also testing the feasibility of new tools to quantify tumor burden during

the follow-up of treated tumors (both gliomas andmetastases). These tools aim to help

distinguish progression from treatment-related effects, a current and frequent challenge

in neuro-oncology committees. This could enable earlier decisions to continue, discon-

tinue, or adjust treatments, ultimately optimizing the management of these patients.

However, on another line, one of the main limitations of this thesis and our current ap-

proaches lies in the inherent nature of the DSC-PWI sequence, which is highly dependent

on technical pulse-sequence parameters. Nevertheless, this dependence may also be

seen as an opportunity, opening the door to exploring alternative approaches aimed at

optimizing and standardizing data acquisition while mitigating these limitations and ob-

taining the richest information possible from the sequence.

Currently available real-world clinical strategieswould involve acquiring two consecutive

DSC sequences to obtain complementary information. For instance, the first sequence

could use a high flip-anglewithout preload, favoring the analysis of leakage effects, while
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the second sequence could employ an intermediate flip-angle with preload, better suited

for precise CBV evaluation. However, this approach requires a double dose of contrast

agent, patient safety, costs, and environmental impact [37].

An innovative solution to this challenge lies in dual-echo DSC methods, as highlighted

in recent studies. These techniques enable the acquisition of two different echo times

within a single-dose, single-acquisition sequence. Then, by disentangling T1 and T2*

contributions, dual-echo DSC enables a robust quantification of vascularity (CBV), per-

meability (Ktrans), while also introducing new biomarkers such as the transverse relax-

ivity at tracer equilibrium (TRATE), which reflects leakage effects more robustly than tra-

ditional metrics like PSR [39,40]. This approach would significantly reduce the need for

multiple acquisitions and high doses of gadolinium, addressing key concerns in current

clinical practice.

Additionally, synthetic DSC techniques have emerged as a promising development. These

methods utilize dual-echo data to simulate synthetic acquisition parameters, enabling

post-hoc optimization of protocols. By generating parameter-matched datasets, syn-

thetic DSC would facilitate cross-institutional comparisons and harmonization, thereby

enhancing the reproducibility and generalizability of results. Furthermore, this technique

supports the generation of CBV-optimized and PSR-optimized maps within a single ac-

quisition, enhancing the robustness and generalizability of these metrics, while also im-

proving workflow efficiency and reducing contrast agent usage [37].

These cutting-edge approaches provide robust, quantifiable metrics while addressing

key limitations of traditional DSCmethods, making themwell-suited for both clinical and
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research applications. These innovations alignwith the goals of this thesis by advancing

the field toward more reproducible, generalizable, and richer data extraction, as well as

clinically relevant and integrated solutions.

In conclusion, dual-echo and synthetic DSC techniques represent significant advance-

ments in perfusion imaging. The author anticipates their increased clinical adoption and

integration into neuro-oncology imaging protocols in the coming years. This progression

is essential for addressing the current limitations that hinder the full integration of these

techniques into both clinical practice and clinical trials, ensuring their continued rele-

vance and utility. Ultimately, our group is also already exploring this type of sequences

and methods and initiating clinical projects to test its feasibility, practicality, and clinical

relevance.
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6. CONCLUSIONS

Our innovative methodologies and developed classifiers have significantly improved the

diagnostic accuracy of DSC-PWI for the presurgical diagnosis of brain tumors, providing

a more reliable and nuanced understanding of tumor vascular and microvascular char-

acteristics.

Throughourmethods, DSC-PWI can reliably differentiate, presurgically and noninvasively,

between various tumor types and subtypes in adults, including:

• The most common brain malignancies: lymphoma, glioblastoma, and metasta-

sis.

• The most common intra-axial cerebellar tumors: pilocytic astrocytoma, heman-

gioblastoma, medulloblastoma, and metastasis.

• Clinically relevant molecularly defined subtypes of adult-type diffuse gliomas

as per the 2021 World Health Organization Classification: oligodendroglioma

and astrocytoma (grades 2–3), astrocytoma grade 4, and glioblastoma.

Comprehensive visual and quantitative analysis of DSC-PWI time-intensity curves is fea-

sible through our pioneering normalization method, which has enabled consistent and

clinically relevant insights from DSC-PWI data.

Semi-automatic methods for volume-of-interest delineation and normalization of DSC-

PWI data have proven to be both robust and feasible, minimizing operator dependency

and ensuring reproducibility across different clinical settings.
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The incorporation of additional DSC-PWI metrics—such as time-intensity curves, PSR,

and PH—alongside CBV in a voxel-wise, semi-automatic, and unsupervised manner cap-

tures the full heterogeneity of brain tumors and has enhanced the diagnostic power

of DSC-PWI sequences, supporting the development of clinically useful classifiers for

presurgical brain tumor diagnosis.

Ultimately, all these advances have a twofold impact. First, they directly influence cur-

rent clinical practice: DSC-PWI analysis enables more precise and informative presur-

gical diagnostics, with significant implications for improved patient management and

personalized treatment planning. Second, and importantly, they lay the groundwork for

ongoing research and development, fostering future innovations, investigations, and ad-

vancements in the field.
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