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Introduction 
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1.  Variations de la susceptibilité magnétique intracrânienne 
a.  De l’artefact au biomarqueur 
b.  Riches d'informations pertinentes 

2.  Principales cibles de l'imagerie de susceptibilité magnétique 
a.  Produits de dégradation de l'hémoglobine 
b.  Système veineux (déoxyhémoglobine) 
c.  Calcifications intracrâniennes 

3.  Génèrent des hyposignaux en imagerie de susceptibilité 
magnétique. 

4.  Taxinomie 
a.  Séquence de susceptibilité magnétique 
b.  Imagerie « pondérée par la susceptibilité magnétique » 

�  SWI: susceptibility-weighted imaging 
�  Imagerie qualitative 

c.  Cartographie de susceptibilité magnétique 
�  QSM: quantitative susceptibility mapping 
�  Quantifie directement les modifications locales de la susceptibilité. 



Objectifs 
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1.  Rappeler l'intérêt de l'imagerie de susceptibilité 
magnétique en neuroradiologie 

2.  Choisir une séquence appropriée à la réalisation d'une 
imagerie de susceptibilité magnétique 

3.  Expliquer les analyses qualitatives et quantitatives de la 
susceptibilité en soulignant leurs différences 

4.  Intégrer les informations de l'imagerie de susceptibilité 
magnétique aux données de l'IRM multimodale pour 
l'analyse de cas cliniques. 



Plan 
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1.  Susceptibilité: propriété intrinsèque de la matière cérébrale 
2.  Imagerie qualitative: imagerie pondérée par la susceptibilité 

magnétique 
3.  Imagerie quantitative: cartes de susceptibilité magnétique 
4.  Applications de l’imagerie de susceptibilité 

a.  Accident vasculaire cérébral ischémique 
b.  Thrombose veineuse cérébrale 
c.  Tumeurs gliales 
d.  Détection des microsaignements intracrâniens 

�  Cavernomes 
�  Traumatisme crânien 
�  Vascularites 



Pourquoi faire de l'imagerie de 
susceptibilité magnétique en 

Neuroradiologie? 

•  Effet de susceptibilité magnétique 
•  Susceptibilité: propriété intrinsèque de la 

matière cérébrale 
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Effet de susceptibilité 
magnétique 
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•  Effet de susceptibilité magnétique: variation locale de champ magnétique (effet non 
local) 

•  Source d’artefacts 
•  Exploitée en IRM 

–  Imagerie d’activation (effet BOLD) 
–  Imagerie de perfusion de premier passage (« dynamic susceptibility-weighted contrast-

enhanced perfusion MRI ») 
•  Imagerie de susceptibilité: contraste nouveau combinant informations de phase et de 

magnitude 
•  Effet de susceptibilité varie selon les séquences, les pondérations, le TE et le champ 

B0. 

1.  Haacke et al. American Journal of Neuroradiology. 2008 Aug 7;30(1):19–30.  



Mise en place d'une séquence de 
susceptibilité magnétique 

•  Exploitation de la phase 
•  Traitement des images de phase et de 

magnitude 
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Imagerie pondérée par la susceptibilité magnétique 
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•  Combinaison de 2 images 
–  Phase 
–  Magnitude 

•  Contraste nouveau: imagerie « pondérée » par la susceptibilité 
magnétique 

•  But: faire ressortir une information (phase) sur la carte de magnitude 

1.  Haacke et al. American Journal of Neuroradiology. 2008 Aug 7;30(1):19–30.  
2.  Haacke et al. Magn Reson Med. 2004 Sep;52(3):612–8.  
3.  Reichenbach et al. Radiology 1997;204:272–77 
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Traitement des images: 4 
étapes 

10 

1.  Traitement de la phase 
a)  Filtrage des images de phase (filtre 

passe-haut) 
b)  Création d’un masque 

1.  Valeurs négatives de la phase 

2.  Traitement de la magnitude 
a)  Multiplication des images de magnitude 

par le masque de phase (x4)  
b)  Ne modifie pas le signal des régions dont 

la phase est positive 
c)  Diminue le signal et accentue le 

contraste des régions dont la phase est 
négative 

3.  Projections des intensités minimales 
(mini-MIP) 

1.  Reichenbach et al., 2001  
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Les acronymes 
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•  SWI: Susceptibility Weighted Imaging (Siemens) 
•  SWAN: Star weighted angiography (GE) 
•  PADRE: Phase-difference enhanced imaging (Philips) 

•  Veno-BOLD: venous blood oxygen level dependant 
(Philips) 

•  HRBV: High Resolution BOLD Veinography (Reichenbach et 
al., 2001) 

•  AVID BOLD: Application of Venographic Imaging in 
Detecting Disease 

•  CE-MRV: Contrast Enhanced BOLD MRI Veinography 



technique compensates for both magnitude and phase
artifacts, thereby improving spatial coverage in the brain.
The proposed method is applied in vivo and compared
with the conventional SWI method.

METHODS

MR Sequence

The proposed MRI pulse sequence is shown in Figure 2.
A 3D GRE sequence is modified to acquire three echoes
with a field compensation gradient (Gc) applied before
the third echo. The TE of the first echo is chosen to have
a moderate susceptibility weighting (TE1 ¼ 8.7 ms). The
second echo is acquired with TE (TE2 ¼ 25 ms) and
bandwidth (¼ 114 Hz/pixel) similar to conventional
SWI, whereas the first and third echoes have a higher
bandwidth (¼ 455 Hz/pixel). Before acquiring the third

echo, a field compensation gradient is applied to com-
pensate for the field inhomogeneity across the slice. The
size of the field compensation gradient (Gc ¼ "1.75 G/
cm and tc ¼ 0.98 ms) is similar to the optimal compensa-
tion gradient suggested in the head (22), considering
slice thickness difference. This gradient is positioned
immediately after the second echo and is followed by
the third echo to minimize the increase in repetition
time (TR) over conventional SWI. Similar to conven-
tional SWI, 3D flow compensation is applied for the sec-
ond echo. In the phase and slice encoding directions,
the standard flow compensation schemes are applied (1).
In readout, the flow compensation consists of two parts
as follows: (i) in the first echo by using three gradients
of the same duration with 1:–2:1 amplitude ratio (28),
and (ii) before the second echo by applying conventional
flow compensation in readout.

FIG. 1. Conventional SWI: (a) magnitude image, (b) phase mask (negative phase mask after homodyne filter of the original phase image),
and (c) SWI image. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 2. Proposed SWI sequence: a 3D GRE sequence with three echoes. A field compensation gradient (amplitude: Gc and duration: tc)
is applied before the third echo. Flow is compensated in the second echo.

2 Oh et al.

Séquence multi-écho 
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•  TE court 
–  Système veineux 
–  Peu sensible aux artefacts 

•  TE long 
–  Effets de susceptibilité augmentés 
–  Détection de petites lésions hémorragiques 

•  TE multiples 
–  Corrige les artefacts du SWI 
–  Peut permettre de calculer la carte de susceptibilité 

magnétique 

1.  Oh et al. Magn 
Reson Med. 2013 
Sep 16. 

Image en phase

Image SWI

Image mini-MIP

Temps d'écho 
court

Temps d'écho 
long

successful compensation of the phase image from the
second echo, a small region in the frontal lobe still
shows erroneous phase values (Fig. 3f; red arrow). This
artifact originates from signal dropout in the magnitude
image (Fig. 4b), which results in unreliable phase values.

In the proposed method, this area is classified as part of
Region 2 (the areas substantially affected by field inho-
mogeneity), and therefore the phase mask is substituted
by the processed phase signal from the first echo. The
final phase mask from the summation of the two phase

FIG. 4. Images from each postprocessing step for magnitude. a: First echo magnitude image. b: Second echo magnitude image. c: Third
echo magnitude image. d: Magnitude image in Region 1. e: Estimated magnitude image in Region 2. f: Combined magnitude image.

FIG. 5. SWI and mIP images from three consecutive slices. SWI image (a) and mIP image (d) from the conventional method. Phase artifact
corrected SWI image (b) and mIP image (e). The proposed phase postprocessing method was used for the phase artifact correction. SWI
image (c) and mIP image (f) generated by the propose method. Additional veins are visible in the proposed method (red arrow)

Multiecho-SWI 5
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T2* GRET2 SE SWI
Menjot de Champfleur et al. Neurosurgery. 2010 Dec 15.  

•  Identification 
 Dépots ferromagnétiques (fer) 
 Sang déoxygéné 
  Ferritine, hémosidérine 
 Calcium 



Limites de l’imagerie « pondérée » par la 
susceptibilité magnétique 
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•  Ecueils de l’interprétation 
–  Variabilité du signal due à divers paramètres 

•  Oxygénation sanguine 
•  Flux sanguin 
•  Champ magnétique 

–  Risque d’interprétation erronée 

•  Pas de différenciation entre produits de dégradation de hémoglobine 
et calcifications (hypointenses) 

•  Temps d’acquisition: 4 min à 8 minutes 
•  Principale limite: imagerie qualitative 

–  Filtrage 
–  Image hybride combinant de façon empirique phase et magnitude 
–  Absence de relation directe entre le signal et la valeur de la susceptibilité 

1.  Bosemani T, Verschuuren SI, Poretti A, Huisman TAGM. Pitfalls in Susceptibility-Weighted Imaging of the Pediatric 
Brain. J Neuroimaging. 2013 Sep 9. 

« Le film était presque parfait » 



Imagerie de susceptibilité 
magnétique quantitative 

•  Quantitative Susceptibility Mapping (QSM) 
•  Thèse d’université Jérémy Deverdun 

(Laboratoire Charles Coulomb, Service de 
Neuroradiologie, Montpellier) 

17 



Principes 



Définitions 
•  La susceptibilité magnétique (notée Xm) est la capacité intrinsèque d'un 

matériau à s'aimanter sous l'action d'un champ magnétique. 
•  Effet 

–  L'aimantation ainsi créée pourra soit: 
•  S'aligner sur le champ magnétique (Xm>0): paramagnétisme 
•  S'opposer au champ magnétique (Xm<0): diamagnétisme 

Remarque 2 la susceptibilité va créer des distorsions du champ qui vont avoir un effet non local 
sur les images 

•  Objectifs 
–  Améliorer le contraste entre les tissus (Duyn JH et al., PNAS 2007)  
–  Estimer les taux en fer dans les tissus (Bilgic et al., 2012) 
–  Accéder au compartiment veineux (Fan et al., 2013) (Xu et al., 2013) 
–  Identifier les calcifications (Deistung et al., 2013) 

1.  Duyn JH, van Gelderen P, Li T-Q, de Zwart JA, Koretsky AP, Fukunaga M. High-field MRI of brain cortical substructure based 
on signal phase. Proc Natl Acad Sci USA. 2007 Jul 10;104(28):11796–801. 

2.  Fan AP, Bilgic B, Gagnon L, Witzel T, Bhat H, Rosen BR, et al. Quantitative oxygenation venography from MRI phase. Magn 
Reson Med. 2013 Sep 4.  

3.  Xu B, Liu T, Spincemaille P, Prince M, Wang Y. Flow compensated quantitative susceptibility mapping for venous oxygenation 
imaging. Magn Reson Med. 2013 Sep 4.Bilgic B, Pfefferbaum A, Rohlfing T, Sullivan EV, Adalsteinsson E. MRI estimates of 
brain iron concentration in normal aging using quantitative susceptibility mapping. NeuroImage. 2012 Feb 1;59(3):2625–35.  

4.  Deistung A, Schweser F, Wiestler B, Abello M, Roethke M, Sahm F, et al. Quantitative susceptibility mapping differentiates 
between blood depositions and calcifications in patients with glioblastoma. PLoS ONE. 2013;8(3):e57924.  



Magnétisme 

•  Composés diamagnétiques 
–  Calcium (phosphate de calcium, 

Ca3(PO)4) 
–  Myéline 
–  Susceptibilité magnétique négative (χ<0) 
–  Hyposignal sur les cartes de susceptibilité 

•  Composés paramagnétiques 
–  Corps ferromagnétiques 
–  Produits de dégradation de l’hémoglobine 
–  Susceptibilité magnétique positive (χ>0) 
–  Hypersignal sur les cartes de 

susceptibilité 

Magnétisme:  
1.  Schenck JF. The role of magnetic susceptibility in magnetic resonance imaging: MRI magnetic compatibility of the first and second 

kinds. Med Phys 1996;23:815–50 
2.  Saini S, Frankel RB, Stark DD, et al. Magnetism: a primer and review. AJR Am J Roentgenol 1988;150:735– 43 
3.  Deistung A, Schweser F, Wiestler B, Abello M, Roethke M, Sahm F, et al. Quantitative susceptibility mapping differentiates between 

blood depositions and calcifications in patients with glioblastoma. PLoS ONE. 2013;8(3):e57924. 

calcification in the choroid plexus (arrow head in Fig. 3).
Histological assessment of the newly diagnosed glioblastomas
revealed prominent microvascular proliferation, blood products
and necrosis in all 14 patients. Macroscopic calcifications and
microcalcifications were not observed histopathologically in any of
the newly diagnosed glioblastomas.

One case of a multilocular glioblastoma with lesions in the right
temporal lobe and in the splenium of the corpus callosum is
presented in Figure 4. Intratumoral SBS were clearly discernible in
the right part of the lesion in the corpus callosum and in the
temporal lobe lesion (Fig. 4c). Since these areas displayed
hyperintensely on the susceptibility maps (Fig. 4d), they were
identified as blood products. These findings were confirmed by
CT (Fig. 4b). Although the high-resolution 7 T data revealed
detailed variations within the tumor matrix, the susceptibility maps
at 3 T were already able to characterize the tumor-related SBS
unequivocally. Prior to the 7 T scan a biopsy of the temporal
tumor lesion was performed, which manifests itself by the strong
hypointensity on the magnitude image of the GRE scan (Fig. 4e)
and the strong hyperintensity on the susceptibility map (Fig. 4f).
This paramagnetic behavior was caused by hemorrhage and
residual air inclusions close to the biopsy channel.

The patient diagnosed with an oligodendroglial component
presented multiple hypointense correlates of SBS located within
the recurrent tumor right temporal on susceptibility maps
(Figure 5).

One of 8 patients treated with additional anti-angiogenic
medication (bevacizumab) presented multiple punctuate hypoin-
tense signal regions on susceptibility maps within the border of the
resection cavity (Figure 6j) while the remaining seven patients
presented hyperintense correlates of SBS on susceptibility maps
(Figure 6i).

Discussion

Hitherto, the diagnostic value of SWI in tumor imaging has
mainly been investigated for visualizing signal intensity changes in
GRE magnitude and SW images based on magnetic susceptibility
variations and for differentiating tumors based on SBS. In this
study, we have demonstrated for the first time that post-processing

Figure 4. Imaging results of a 67-year-old female patient with a
multilocular glioblastoma before radiochemotherapy. The
contrast-enhanced T1-w image reveals the typical ring-enhancement
(a), whereas the susceptibility weighted image shows intratumoral SBS
in the temporal lesion and in the right part of the corpus callosum (c).
Corresponding SBS on the susceptibility map (d) are hyperintense,
indicating blood products as the biophysical source of the intratumoral
SBS. The contrast-enhanced CT image (b), displaying a comparable
section, proves these findings because no calcifications can be
identified as possible sources of the tumor-related SBS. A single slice
of the high-resolution 7 T GRE magnitude data and the corresponding
susceptibility map are displayed in (e) and (f), respectively. Since the 7 T
data were acquired 10 days after the routine MRI, biopsy of the right
temporal lesion had been performed in the meantime.
doi:10.1371/journal.pone.0057924.g004

Figure 5. Images of a 49 year-old man with a glioblastoma with an oligodendroglial component after radiochemotherapy. The
contrast-enhanced T1-w and FLAIR images are presented in (a) and (b), respectively. SBS, indicated by the arrow and arrow head, are discernable on
the SW image (c). The corresponding susceptibility map in (d) clearly suggests that these SBS are likely produced by calcium deposits (arrow) and
blood products (arrow head).
doi:10.1371/journal.pone.0057924.g005

QSWI in Patients with Glioblastoma

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e57924



Image de phase Carte de susceptibilité 
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1- Extraction de la 
phase 

•  Réalisée par combinaison des différents 
éléments d’antenne 

•  Risque d’artefacts d’incohérence de 
phase 

•  Plusieurs méthodes de combinaison des 
canaux 
–  Combinaisons standard non adaptées 
–  Nouveaux algorithmes 

1.  Ros C, Herrmann KH, Reichenbach JR. Reconstruction of phase images for GRAPPA 
accelerated Magnetic Resonance Imaging. IFMBE Proceedings. 2009;22:803–6. 

Recombinaison#Ros#et#al!
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2- Obtention de la carte de perturbation du champ intérieur 

26#

Phase 

PRELUDE#

Laplacien#



COMITÉ#DE#SUIVI#DE#THÈSE# 29#

Schweser#et#al,#2012# Montpellier#

3- Inversion: 
passage de la 

carte de champ 
intérieur à la carte 
de susceptibilité 



QSM: un nouveau biomarqueur? 

32#

•  «!A!characteris,c!that!is!objec,vely!measured!and!
evaluated!as!an!indicator!of!normal!biologic!processes,!
pathogenic!processes,!or!pharmacologic!responses!to!a!
therapeu,c!interven,on!»!

•  Une+ caractéris5que+ objec5vement+ mesurée+ et+
évaluée+ comme+ indicateur+ de+ processus+ normaux+
biologiques,+ de+ processus+ pathogènes,+ ou+ des+
réponses+ pharmacologiques+ à+ une+ interven5on+
thérapeu5que.+
 Nécessité#d’une#valida5on#de#la#mesure#du#QSM#

1.  NIH 1998, Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: Preferred definitions and conceptual 
framework. Clinical Pharmacology and Therapeutics. 2001;69(3):89–95 
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•  Corrélation entre concentration 
en fer (spectrométrie de 
masse) et susceptibilité 
–  Fantôme de ferumoxytol 
–  Pièces histologiques de 

cavernomes 
•  Validation in vitro de la 

concordance entre 
–  Relaxométrie R2* 
–  Concentration en fer 
–  Cartographie de susceptibilité 

•  Confrontations entre données 
du QSM et concentration de 
fer post-mortem 

1.  Tan et al. Invest Radiol. 2014 Mar 10. 
2.  Langkammer et al. Neuroimage. 2012;62:1593Y1599. 
3.  Zheng et al. Neuroimage. 2013;78:68Y74. 

susceptibility values of those regions were compared with previous
literature reported values as a way of validating our QSM estimates
in vivo (Fig. 2C). The iron-rich regions appeared hyperintense compared
with the nearby parenchyma because iron is paramagnetic. The mean
susceptibility values in those regions were similar to those in previous
studies in healthy volunteers.13,28

Representative slices illustrating solitary and familial CCM le-
sions are shown in Figure 3. The lesions appeared hypointense on SWI. A

total of 21 CCM lesions with diameter greater than 5 mm were extracted
for ROI analysis. The total (summation over voxels) susceptibility values
are plotted against lesion ROI volumes in Figure 4 (top row). A strong
positive linear correlation was found between the total susceptibility
and lesion ROI volume (R2 = 0.86, P G 0.01, slope = 0.38). The same
was not observed between mean (average over voxels) susceptibility
and lesion ROI volume (R2 = 0.13, P 9 0.05, slope = 3e-5). The
linear regression between R2* and susceptibility showed a slope of

FIGURE 1. Iron phantom results. A representative slice of the QSM results for the Ferumoxytol phantom is shown. A positive linear
correlation is observed for all phantoms between the iron concentration and the mean susceptibility values measured by QSM,
demonstrating QSM’s ability to identify and distinguish paramagnetic materials with different susceptibility levels. The absolute iron
concentrations estimated from the QSM measurements (see Discussion for conversion method) closely matched the actual iron
concentration in the Ferumoxytol phantom (slope = 1.05, R2 = 0.99). The iron quantification was not performed for the remaining sets
of phantoms because of unknown conversion factors.

Investigative Radiology & Volume 00, Number 00, Month 2014 QSM-MRI in Cerebral Cavernous Malformation

* 2014 Lippincott Williams & Wilkins www.investigativeradiology.com 3

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Validation de la mesure 

converted from susceptibility measurements based on the conversion

equation W Ferumoxytol ¼
K0M FeðB0Þ

B0
Q ¼ 29:6 ppm KL/Kg, where

K0 is the vacuum permeability and MFe (B0) is the magnetization of the
compound at B0 (23.6 electromagnetic units/g30). The iron concentrations
estimated from QSM closely matched the actual iron concentrations with
a good linear fit (R2 =0.998, P G 0.01). The purpose of this study was to
demonstrate the sensitivity of QSM to different iron forms of awide range
of susceptibility levels, including those commonly found in human brain.
However, the clinical applicability and feasibility of QSM to CCMcannot
be known without human investigation.

In the patient study, QSMwas performed in 16 CCM patients. We
compared our findings in 5 known iron-rich structures of the brain to
previous studies and obtained similar results.13,28 Variations in suscepti-
bility level distribution among lesionswere observed across all patients. It
should be noted that CCMs could contain a variety of hemorrhagic
products in the acute/subacute (oxyhemoglobin, deoxyhemoglobin, in-
tracellular/extracellular methemoglobin) or chronic (hemosiderin/ferritin)
stages.31Y33 Quantitative susceptibility mapping measures the net volume
susceptibility, that is, the averaged susceptibility of all contributing
sources (eg, various hemorrhagic products, calcium, myelin) in a single
voxel. It is impossible for a single QSM measurement to distinguish all
susceptibility sources. However, in the context of CCM, it is reasonable to
assume that iron is the dominant source of the paramagnetic signal. Un-
der this assumption, we measured the total susceptibility (proportional to
the total iron content) and mean susceptibility (proportional to the iron
concentration) in each lesion with excellent interobserver consistency.
Our results indicate a strong positive linear correlation between the total
susceptibility and the lesion volume, but not between the mean suscep-
tibility and lesion volume. This suggests that the lesional iron concen-
tration is independent of lesion size and the total iron deposition, which
may be a unique characteristic when evaluating the severity of the disease
or likelihood to cause hemorrhage. The optimal metric to assess the
disease status will require further investigation. No significant clinical
activity was reported in the 2 repeated cases between the 2 scans. No new
lesions were observed and existing lesions remained stable, reflected by
the minimal chronological changes in susceptibility measurements.

It has been shown that R2* mapping is sensitive to iron accumu-
lation in the brain.34 A strong correlation between QSM and R2* was
observed in this study, providing additional evidence that QSM is sensitive
to changes in brain iron. Although bothQSMandR2* are derived from the
same data set, there are several key differences between the 2 techniques.
R2* is a measure of the signal decay of the transverse magnetization. Both

paramagnetic and diamagnetic materials result in indistinguishable ap-
pearances on the R2* map, similar to SWI. Quantitative susceptibility
mapping produces a signal that is directly proportional to the intrinsic
biophysical property of tissue. This enables QSM to distinguish between
paramagnetic and diamagnetic materials (eg, calcium).14,21 In addition,
R2* value may depend on imaging voxel volume and field strength and
has a nonlinear relationship with iron deposition. Quantitative suscepti-
bility mapping has better sensitivity to detect brain iron and more robust
against acquisition parameter variation than R2* does.19,20 In practice,
because both QSM and R2* can be obtained simultaneously via a single
acquisition, they may complement each other to provide further insights of
the underlying pathology.

The number of echoes (4Y8) used for QSM reconstruction did
not yield a significant difference in the quantitative analysis. Although a
smaller number of TEs would reduce signal-to-noise ratio,19 our results
suggest that the signal-to-noise ratio reduction is tolerable even with
just 4 TEs, which implies that the scan time can potentially be shortened
by half. This is an important factor to consider when implementing
QSM for routine clinical use.

As a direct assessment of lesional iron quantification with QSM,
we compared the susceptibility values with iron content determined by
mass spectroscopy in human lesion specimens. A strong correlation was
observed between the 2 methods. The ex vivo study clearly demonstrated
the accuracy of QSM in terms of iron quantification. It also validated that
mean susceptibility was proportional to iron concentration and the total
susceptibility was proportional to the total iron content. Future studies are
necessary to compare QSM results of the same lesion obtained both in
vivo and ex vivo.

Some limitations of this study must be noted. The QSM datawere
acquired without flow compensation. The susceptibility estimation in
areaswith high flow (eg, arteries) may be inaccurate because of unreliable
phase data. Because slow flow is reported in dilated cavernous channels
in CCM,35 we anticipate that this had minimal impact on our data.
Quantitative susceptibility mapping values are influenced by myelin
content in the brain,18 which was not accounted for in this study. This
may imply slight underestimations of the susceptibility because myelin is
diamagnetic.28,36 However, we note that myelin is not an important
component of CCM, which lacks intervening brain tissue.37 The effects
of myelin within the CCM lesion might thus be minimal. A field-
dependent relaxation rate increase method can be used to indicate iron
content with reduced myelin effects.28,38 However, field-dependent
relaxation rate increase requires 2 acquisitions at different field
strengths, significantly limiting its applicability. Furthermore, brain

FIGURE 5. Exvivo lesion samplevalidation results. The total and themean susceptibility valuesof the surgically excised lesion sampleswere
plotted against the iron concentration (milligrams per gram of wet tissue) and the total iron content (milligrams) determined by mass
spectroscopy. A sampleQSMsliceof thehuman lesion specimen is also shown. The cause for thehigh ironconcentration in lesion sample1
is unknown, likely a consequence of instrumentation errors.
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Applications cliniques de l'imagerie 
de susceptibilité magnétique 

•  Imagerie de susceptibilité magnétique 
•  Cartographie de la susceptibilité 

magnétique 

34 



Applications de l’imagerie de 
susceptibilité magnétique 

1.  Variations physiologiques de la susceptibilité 
magnétique 

2.  Accident vasculaire cérébral ischémique 
3.  Thromboses veineuses cérébrales 
4.  Détection des microsaignements cérébraux 
5.  Malformations vasculaires cérébrales 
6.  Traumatisme crânien: détection des lésions axonales 

diffuses hémorragiques 
7.  Tumeurs cérébrales 

1.  Mittal S, Wu Z, Neelavalli J, Haacke EM. Susceptibility-Weighted Imaging: Technical Aspects and Clinical Applications, Part 
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Effet sur les contrastes de la ventilation 

•  Hors AG Hyper/hypoventilation et modification de la 
susceptibilité (Chang et al. AJNR 2013) 
–  Etude de groupes 

•  Quelques cas rapportés de modification du contraste du 
secteur veineux sous AG (Kesavadas et al. AJNR 2008) 

–  Perte de l’hypointensité du secteur veineux 
–  Précaution d’emploi en neuroimagerie pédiatrique sous AG 

1.  Chang et al. American Journal of 
Neuroradiology. 2013 Dec 26. 

2.  Kesavadas et al. American Journal of 
Neuroradiology. 2008 Sep;29(8):e71. 

Attenuation of Cerebral Veins in Susceptibility-Weighted
MR Imaging Performed with the Patient under
General Anesthesia
One of the most important advantages of susceptibility-weighted MR
Imaging (SWI) is the exquisite demonstration of cerebral venous
anatomy.1,2 This is useful for detecting developmental venous anom-
alies and in conditions associated with venous anomalies such as
Sturge-Weber syndrome. The demonstration of accentuation of veins
due to venous stasis in venous thrombosis or increased oxygen extrac-
tion in focal infraction has been described.1

In our pediatric patients in whom MR imaging is performed with
the patient under general anesthesia, we have noted that the SWI
shows the venous anatomy poorly (Fig 1A, -B) in comparison with
those patients in whom the study was performed without anesthesia
(Fig 1C). Anesthesia is induced in most of these children with 2%–3%
sevoflurane in oxygen, by using a modified Bains circuit and titrated
to the loss of eyelash reflex. In the MR imaging suite, anesthesia is
continued with sevoflurane in a 1:1 mixture of air-oxygen, adminis-
tered through the auxiliary gas outlet of the MR imaging– compatible
Datex-Ohmeda Aestiva/5 MRI anesthesia ventilator (GE Healthcare,
Madison, Wis), with the children breathing spontaneously. In a few of
these patients, anesthesia was induced by using intramuscular injec-
tion of ketamine and midazolam.

The contrast mechanism in SWI is primarily associated with the
magnetic-susceptibility difference between oxygenated and deoxy-
genated hemoglobin, leading to a phase difference between regions
containing deoxygenated blood and surrounding tissues, resulting in
signal-intensity cancellation. During anesthesia, on the basis of the
depth of anesthesia, the oxygen extraction in the brain tissue is de-
creased. This decrease, in turn, results in a change in the extent and
amplitude of the blood oxygen level– dependent response as has been
demonstrated in earlier functional MR imaging studies.3

Initially, we believed that a decrease in deoxyhemoglobin within
cerebral veins secondary to oxygen inhalation during anesthesia was
responsible for the attenuation of signal intensity. If this hypothesis is

correct, then oxygen inhalation can be used for differentiating hem-
orrhage from vein in SWI. Earlier studies have shown that SWI per-
formed before and after administration of intravenous gadolinium
can distinguish both.4 To test this hypothesis, we performed SWI of
the brain in an adult patient without and with oxygen inhalation
through a mask, which decreased the venous signals, but only
marginally.

Retrospectively when we reviewed the SWIs of patients under an-
esthesia, we noted that the attenuation of signal intensity was present
in all the patients but varied among patients. This made us think that
the depth of anesthesia is probably responsible for this variation.
Therefore, we think that cerebral oxygen extraction depending on
cerebral metabolism and, to a lesser extent, oxygen saturation con-
tribute to the observed SWI signal intensity. We are planning pro-
spective studies on the influence of the depth of anesthesia on signal-
intensity attenuation of veins in SWI.
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Fig 1. SWI minimal-intensity projections. A, A 6-year-old child in whom SWI was performed after anesthesia using sevoflurane. B, A 17-year-old boy in whom SWI was performed after
anesthesia using ketamine and midazolam. C, A 6-year-old boy in whom SWI was performed without anesthesia.
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•  Acquisition couplée  
–  Imagerie de 

susceptibilité 
magnétique 

–  Imagerie en temps 
de vol 

•  Ségrégation des 
réseaux veineux et 
artériel 
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S ! S’ but high S þ S’ while veins have high S-S’ but
low SþS’, and therefore both have similar S2 ! S’2.

Apart from the linearity or nonlinearity, the weight-
ing factor a in the subtraction also alters the vessel-
tissue contrast by changing the DS distribution, as
demonstrated in Fig. 3. With a greater a factor, the LS
method indeed was able to enhance artery-tissue con-
trast by reducing tissue signal, but also further
enhanced the vein-tissue contrast (Fig. 6b). These
enhanced veins may be misinterpreted as small
arteries (Fig. 5) that have medium to low contrast due
to partial volume effects or steady-state saturation
effects. The vein-tissue contrast is minimized in NLS
due to the fact that both veins and tissues are of simi-
lar DSnls level, and the slight variation of tissue signal
between different a values does not significantly
change their contrast. Although using a ¼ 0.75 in LS
can also lead to minimal vein-tissue contrast, the
artery-tissue CNR is reduced by over 23% compared
to a ¼ 1.25 (Fig. 6b and Table 2). Note that there was
a large increase in CNR of LS with a ¼ 1.25. This was
because the tissue signal was completely subtracted

out since ab$1, thus the noise distribution changed
from Gaussian to Raleigh and resulted in a smaller
standard deviation. For NLS, in contrast, such varia-
tion in CNR is less than 3% between all a values, and
a around 1 is seen to sufficiently eliminate the vein-
tissue contrast (Fig. 6c and Table 2). We observed
such insensitivity of a in NLS results in all subjects.
This means that one simply needs to square the
rephased/dephased images and subtract them in
order to obtain clean, enhanced angiography.

To better demonstrate the MRA enhancing effects of
LS and NLS, we also collected low-dose CE TOF MRA
data for comparison. By using low-dose contrast
agent (5 cc), low flip angle (15%), and long TR (28
msec), the T1 shortening effect of the contrast agent is
mainly utilized to minimize saturation of the blood
signal so as to maximize TOF effects, rather than
using the steady-state T1 enhancement, as in full-
dose CE MRA. Although T1 weightings may still con-
tribute more or less to the enhanced blood signal,
such an effect is not strong, as evidenced by the lack
of most slow-flowing veins in Fig. 7d and the identical

Figure 4. Top row: single slice images
of (a) TOF images from the averaged FR
echoes, (b) SWI from Echo12, (c) FD
dark blood data from Echo22. Middle
row: LS results using (d) a ¼ 0.75, (e) a
¼ 1.00, and (f) a ¼ 1.25. Bottom row:
NLS results using (g) a ¼ 0.75, (h) a ¼
1.00, and (i) a ¼ 1.25. Black and white
arrows indicate two veins and one ar-
tery of interest; the thin black line indi-
cates the location at which the vessel
profiles are drawn for Fig. 6. The dis-
play window was the same among each
row, except for the SWI image, which
was individually adjusted.
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artery-tissue contrast between normal TOF and 5 cc
data in Fig. 7e. Were the T1 shortening effect strong,
veins would also have become visible and artery-tis-
sue contrast would be higher. By this means, one can
establish an upper baseline for maximal TOF effects
in arteries to compare the performance of LS and NLS

with. As shown in Fig. 7, arteries are enhanced in all
three results being compared. Most noticeably, NLS
seems to even outperform the CE TOF data by its
higher artery-tissue contrast (Figs. 7e, 8), extra reve-
lation of some small arteries (e.g., near the frontal
part), uniform background signal, and the lack of

Figure 5. Corresponding MIP (or mIP)
images of Fig. 4. The white and black
arrows in (d) indicate an artery and a
vein, respectively. All results shown
were projected over a 1–2-mm slab.

Figure 6. Normalized vessel profiles of a vein and an artery from (a) unprocessed FR (TOF) and FD (dark blood) data, (b) LS
processed data, (c) NLS processed data, and (d) comparison between LS and NLS. The arrows indicate the center of the vein,
which will not be seen in some cases due to reduced contrast with surrounding tissues. Quantification of contrast and CNR
are shown in Table 2. The diameter of this artery was !2 mm.
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Mesures de 
SvO2 

•  Saturation en oxygène dans 
les veines 

•  Effet paramagnétique 
•  Seuillage, identification de 

l’arborescence veineuse 
•  Segmentation des 

vaisseaux via la 
susceptibilité 

1.  Fan AP, Bilgic B, Gagnon L, Witzel T, Bhat H, Rosen BR, et al. 
Quantitative oxygenation venography from MRI phase. Magn Reson 
Med. 2013 Sep 4.  

FIG. 7. Susceptibility map in one healthy volunteer thresholded at x > 0.15, and the corresponding vessels that are graphed by the Volu-
metric Image Data Analysis software in MATLAB (35). In this volunteer, the venous vasculature is represented by a total of 1090 edges
inside the vessels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 6. Mean SvO2 from QSM in numerical simulation across vessel tilt angle with respect to the main field (B0) for (A) ‘1-regularized
and (B) ‘2-regularized QSM algorithms. The error bars indicate standard deviation of estimated SvO2 and the dotted line delineates the
true simulated value of 65% (dotted line). C: Mean SvO2 from QSM across vessel tilt angle observed in vivo from one healthy volunteer.
Each data point represents a SvO2 measurement from a single vessel edge. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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•  Visualisation du thrombus 
–  Corrélation avec hyperdensité au scanner 
–  Effet de susceptibilité du thrombus en T2* 
–  Déficit à l’entrée (Flacke et al. Radiology 2000) 
–  Valeur pronostique 

•  Thrombus en imagerie de susceptibilité 
magnétique (Radbruch PLoS ONE 2013) 
–  Associé à une occlusion ou sténose sur 

l’angioRM en ToF 
–  Meilleure sensibilité du SWI dans la 

détection des thrombus distaux Vs 
angioRM 
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weighted imaging and TOF-angiography for the detection of Thrombi in acute stroke. PLoS ONE. 
2013;8(5):e63459. 
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susceptibility sign at susceptibility-based perfusion MR imaging: clinical importance and comparison with 
hyperdense MCA sign at CT. Radiology. 2000 May;215(2):476–82.  

Image Acquisition
Images were acquired during the clinical workup using a 3 Tesla

MR system (Magnetom Tim Trio or Verio (identical technical
parameters), Siemens Healthcare, Erlangen, Germany) with a 12-
channel head-matrix coil. SWI data were recorded with a 3D, fully
flow-compensated GRE sequence using the following parameters:
echo time (TE) 19.7 ms, repetition time (TR) 27 ms, flip angle 15u,
field of view (FoV) 2306230 mm, slice thickness 3 mm, pixel
spacing 0.72 and an acquisition time of 2:16 min. The GRE
magnitude and phase images were converted into SW images by
the MR-scanner software. Time-of-flight angiography was ac-
quired prior to the application of contrast agent using a 3D

sequence with the following parameters: TE 3.69 ms, TR 21 ms
flip angle 18u, FoV 2006200 mm, slice thickness 0.64 mm, pixel
spacing 0.52 resulting in an acquisition time of 2:59 min. For
dynamic susceptibility contrast perfusion imaging 0,1 mmol/kg
gadolinium based contrast medium (gadoterate meglumine,
DotaremH, Guerbet) was administered and images were obtained
with a GRE echo planar imaging (EPI) sequence: TE 35 ms, TR
1920 ms, FoV 2406240 mm, slice thickness 5 mm, 75 dynamic
scans (0,1 mmol/kg DotaremH, 3,5 ml/s using a power injector,
injection after the third frame), resulting in an acquisition time of
2:31 min. Maps for different perfusion parameters including
cerebral blood volume (CBV), cerebral blood flow (CBF), mean

Figure 2. Patient with symptoms of acute stroke presenting SVS without correlation on TOF-Angiography. Diagnosis of acute ischemic
stroke based on reduced time-to-peak perfusion (A). On TOF-Angiography (B) no occlusion or stenosis can be detected in left hemispherical arteries.
In contrast, the thrombus in the peripheral segment of the MCA is clearly seen on SWI (C). Co-registration of SWI and TOF-angiography data, obtained
with the Siemens fusion tool (D), highlights the TOF-angiography signal within the SVS.
doi:10.1371/journal.pone.0063459.g002

SWI for the Detection of Cerebral Thrombi
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transit time (MTT) and time-to-peak (TTP) were calculated using
the software supplied by the manufacturer.

Image Analysis
Image analysis was performed on our picture archiving and

communications system (Centricity PACS, version 3.0.4, GE
Healthcare Integrated IT Solutions, Barrington IL) on 2 large-
screen high-resolution monitors by two experienced neuroradiol-
ogists (A.R and S.R.). The ischemic infarction area was defined as
the region of altered signal on the TTP-perfusion map. All patients
with reduced perfusion were subsequently assessed for the
presence of SVS on SWI within MCA, ACA or PCA and vessel
occlusion or stenosis on TOF-angiography in the affected area.
Following previous studies, we defined SVS on SWI as the
presence of a hypointense signal at the location of a vessel with a
diameter exceeding that of the contralateral vessel. Vessel stenosis
or occlusion was defined as signal disruption or signal decrease on
TOF-angiography (figure 1) [3,10,11].
The identification of the ischemic area on the TTP-perfusion

map, presence of SVS on SWI, and occlusion or stenosis on TOF-
angiography was evaluated via consensus reading by the two
readers based on visual inspection.

Statistical Analysis
Statistical analysis was performed using SPSS 21.0. P values

,0.001 were deemed statistically significant. The McNemar-Test
was used to compare the frequency of SVS on SWI and occlusion
or stenosis on TOF-angiography.

Results

Delayed perfusion was observed within the area of ACA (1
patient), PCA (10 patients), M1 (39 patients), M1/M2 (13
patients), and M2/M3 (31 patients). Eighty-seven (92.6%) of the
94 patients presented a correlate on SWI in terms of a clearly
delineated SVS within the affected vessel. In 72 patients (76.6%)
the SVS displayed an equivalent on TOF-angiography, defined as
vessel occlusion or significant stenosis of the corresponding artery
(figure 1). Fifteen patients (16.0%) with SVS did not reveal any
signal alterations or vessel occlusion/stenosis on TOF-angiogra-
phy (figure 2). In 7 patients (7.4%) a correlate for acute ischemic
stroke could not be observed either on SWI or on TOF-
angiography despite clinical symptoms and delayed TTP-perfu-
sion. No cases were found with occlusion or major stenosis on
TOF-angiography but absence of SVS on SWI.
Vessel occlusions in patients with both SVS and loss of signal on

TOF-angiography (n= 72) were predominantly located in the
MCA M1 (50%), MCA M1/M2 (18.0%) and MCA M2 or M3
(16.7%). The PCA was affected in 13.9%, occlusion in the ACA
occurred in 1.4% of all cases. In patients with no correlate for
vessel occlusion in TOF-angiography (n = 15), the SVS was
located in the MCA M2 or M3 (93.3%) and MCA M1 (6.7%).
All data are summarized and visualized in figure 3.
Sensitivity for detection of embolic occlusion within M1, M1/

M2, ACA and PCA was 96% for TOF-angiography and 97% for
SWI, whereas the sensitivity for detecting embolic occlusions
within M2 or M3 was 84% for SWI and 39% for TOF-
angiography. The McNemar-Test revealed no significant differ-
ence between the frequency of SVS on SWI vs. occlusion or
stenosis on TOF-angiography for M1, M1/M2, ACA and PCA.
In contrast the difference between both techniques for the
detection of thrombi within the peripheral segments M2/M3
was significant (p,0.00012).

Discussion

Our study shows for the first time that SWI is significantly more
sensitive than TOF-angiography for detecting peripheral thrombi
in patients with acute ischemic stroke.
We found SVS clearly delineated on SWI in 91.6% of all

patients with delayed perfusion on TTP. Previous studies that used
T2*-weighted GRE sequences for thrombus imaging in patients
with acute stroke reported substantially lower rates of SVS
between 47.4 and 82% of affected patients [3,10,12,13].
One possible explanation for the increased incidence of SVS on

SWI in our study compared to conventional T2*-weighted
imaging is the increased field strength of 3 Tesla that is associated
with a nearly two-fold SNR than that of 1.5T [14]. The increased
spatial resolution, the larger product of the main magnetic field
strength and echo time (B0-TE product), and the SWI-specific
combination of magnitude and phase information employed in
this study yielded increased sensitivity towards susceptibility
inclusions such as deoxyhemoglobin within the intra-arterial
thrombus compared to conventional T2*-weighted imaging [15].
Consequently, we may have detected SVSs that were not visible in
the previous studies [12], [13], [3], [10].
The missing SVS in five patients with delayed perfusion on TTP

indicative of M2/M3 occlusion and 2 patients with delayed
perfusion indicative of M1 occlusion may be due to a small local
concentration of deoxyhemoglobin within the thrombus below the
limit of detection [13]. Further research is required on the
biochemical composition of acute thrombi and its impact on the
depiction on SWI [13,16]. Another reason for the missing SVS
could be spontaneous recanalization of the occluded vessel.
Previous studies estimated the rate of spontaneous recanalization
in acute stroke of the MCA at 12.5% within 290673 minutes after
symptom onset [17]. The remaining 7.4% (seven) of the patients
who did not display any SVS are hence within the bounds of the
anticipated spontaneous recanalization rate.
The fact that the vast majority of missing SVS were located in

the M2/M3 segment indicates that the vessel diameter is a
predictor for the appearance of SVS. Since the thrombi occluding
M2/M3 have smaller diameters than thrombi occluding M1, they

Figure 3. Distribution of observed SVS on SWI and occlusion/
stenosis on TOF images in patients with delayed perfusion. 15
of 94 patients presented SVS on SWI without a corresponding occlusion
or stenosis on TOF-angiography. In contrast, no patient presented an
occlusion or stenosis on TOF-angiography without a corresponding SVS
on SWI. Only 7 patients did not present any SVS at all.
doi:10.1371/journal.pone.0063459.g003
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Thrombose veineuse cérébrale 
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•  Stade subaigu 
–  Methémoglobine 
–  Diminution de l’effet paramagnétique 
–  Hypersignal sur toutes les séquences 

(T2*) 
–  Problème de détection du thrombus en 

T2* 
–  Problème de la date de la thrombose 

•  Persistance de l’hyposignal SWI et 
hypersignal QSM 

1.  Idbaih et al. Stroke. 2006 Apr;37(4):991–5.  
2.  Boukobza et al. American Journal of Neuroradiology. 2009 Feb;30(2):344–8. 
3.  Bonneville et al. American Journal of Neuroradiology. 2009 Nov;30(10):E145–6–authorreplyE147.  
4.  Leach et al. American Journal of Neuroradiology. 2007 May;28(5):940–5. 
5.  Battal et al. Eur Neurol. 2014;71(1-2):57–8.  

T2* Signal Hyperintensity in Subacute Cerebral Vein
Thrombosis
We read with great interest the article by Boukobza et al1 reporting the

usefulness of the T2 gradient-echo (T2*) sequence in making the diag-

nosis of isolated cortical vein thrombosis. In substance, the authors claim

that magnetic susceptibility effect (MSE) is always visible, regardless of

the age of the thrombi in the veins. Therefore, after reading this article,

one can understand that cerebral vein thrombosis always appears with

abnormal low signal intensity on T2* sequences. Although there is no

doubt in our minds that T2* sequences and MSE are fundamental at the

early stage of cerebral vein thrombosis, they seem less useful during the

subacute stage. In fact, in agreement with the authors’ Fig 5 follow-up,

this sign appears at least tricky and can be misinterpreted. The legends

and arrows in Fig 5 can even be controversial because the authors de-

scribed the thrombosed vein at the surface of the cortex as hypointense

on T2*. On the contrary, one can see this cord sign as hyperintense on all

sequences, including the T2* image. Indeed, T1-, T2-, and T2* images

demonstrate identical findings: a thrombosed vein with central high sig-

nal intensity (partially veiled by the tip of the arrow on T2*) separated

from the cortical surface by a thin hypointense line without evident MSE

(indicated by the arrow on the T2* image but visible as well on the T1-

and T2-weighted images).

However, signal-intensity heterogeneity and dark contour are fre-

quently observed on normal venous structures on T2* images2 and

can even be seen in the normal superior sagittal sinus of the authors’

Fig 5 follow-up. Therefore, for daily practice and didactic purposes,

we would have recommended that the authors warn radiologists not

to rely on this T2* hypointensity at the subacute stage, and they

should inform radiologists that due to extracellular methemoglo-

bin,2,3 venous thrombosis becomes obviously hyperintense on all se-

quences, including T2* images.2 This is of major importance because

although this hyperintense subacute thrombosis is easily diagnosed

by a bright signal intensity on T1- and T2-weighted spin-echo se-

quences, it can be missed on the T2* sequence because it may mimic

normal circulating veins, which may appear with such a signal inten-

sity on this sequence.

For reinforcement, we illustrate here the case of a 34-year-old

woman with headache and demonstrative evolution of MR signal

intensities of cerebral venous thrombosis. Initial MR imaging per-

formed 2 days after neurologic symptom onset revealed thrombosed

superior sagittal sinus and cortical veins diagnosed only by means of

MSE on the T2* image (Fig 1). Follow-up MR imaging performed

exactly 7 days after the first examination (Fig 2) demonstrates how the

T2* sequence becomes almost useless compared with spin-echo se-

Fig 1. Acute thrombosis of the superior sagittal sinus and
cortical veins in a 34-year-old woman with 2 days of lasting
headaches and left hemiparesis. A, Axial fluid-attenuated
inversion recovery (FLAIR) image. B, Axial T2* image. The
thrombosis maybe missed on spin-echo sequences because it
appears with T1 isointensity (not shown) and T2 FLAIR
hypointensity, signal intensities close to normal circulating
venous structures. On the other hand, the T2* image obvi-
ously demonstrates abnormal magnetic susceptibility effect
(MSE) in the thrombosed venous structures and in the right
transcerebral veins.

Fig 2. Follow-up MR image obtained after 7 days of heparin
administration. A and B, Axial FLAIR (A) and axial T2* image
(B) at the same level as in Fig 1. The superior sagittal sinus,
which is still thrombosed, now appears with T1- (not shown),
T2-, and T2* signal-intensity hyperintensities and lacks MSE.
Note the right caudate lesion, appearing with T2 hyperinten-
sity as initially observed on Fig 1.
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Two patients had areas of edema in the brain parenchyma in
areas drained by the thrombosed venous structure.

Discussion
MR imaging and MR venography are the primary current
techniques used for the diagnosis of CVT.2 An important find-
ing on MR is alteration of venous signal intensity secondary to
thrombus formation; however, the signal intensity of CVT and
normal flow states can both be variable, leading to diagnostic
confusion.12 One of the major reasons for the variable appear-
ances of venous thrombus is thought to be alterations in he-
moglobin oxygenation and iron oxidation state within

trapped red-blood cells or extracellularly within the thrombus
itself.5,6

CVT evolution has been described relating to time after
symptom onset and histopathology15 and MR appearance on
spin-echo sequences.5 In the acute stage (typically described
between 0 and 7 days after symptom onset), thrombus is usu-
ally isointense on T1WI and hypointense on T2WI and relates
to paramagnetic deoxyhemoglobin within trapped red blood
cells within the thrombus. In the subacute phase (7–14 days),
thrombus signal intensity on T1WI and T2WI is hyperintense
and relates to extracellular methemoglobin in the evolving
hyalinizing thrombus. An intermediary phase can also occur
relating to intracellular methemoglobin, where there is hyper-
intense signal intensity on T1-weighting and hypointense sig-
nal intensity on T2-weighting.5 In the chronic stage (greater
than 15 days), signal intensity is typically isointense on T1WI
and hyperintense on T2WI and is probably related to the vas-
cularized connective tissue of chronic thrombus.5,14,15 There
can be significant variability in the appearance of each stage in
different segments in a given patient, and between patients in
the same clinical stage.5,12,15 This variability is why a segmental
assessment approach was used in this study to describe the
differing appearances of venous thrombus encountered in
each patient.

GRE T2*-weighted sequences are more sensitive to para-
magnetic effects than those based on spin-echo techniques16

and would seem to be well-suited to evaluation of pathologic
conditions such as intravascular thrombosis. Paramagnetic
compounds (such as deoxyhemoglobin, intracellular methe-
moglobin, and hemosiderin) can produce significant signal
intensity loss on GRE sequences secondary to locally nonuni-
form magnetic fields, resulting in a rapid dephasing of proton
spins. This effect of magnetic susceptibility is more pro-
nounced on GRE sequences secondary to lack of the 180° re-
focusing pulse that is used in spin-echo techniques. The T2*
signal intensity loss seen on GRE sequences is greater with
longer TE, smaller flip angle, and larger magnetic field
strength.16 In stages of hemorrhage in which no paramagnetic
products are present or where there is loss of compartmental-
ization of gradients of magnetic susceptibility (oxyhemoglo-
bin, extracellular methemoglobin), the effect is less prominent
or absent.16

Like parenchymal hemorrhage, intravascular thrombus

Fig 3. A 22-year-old woman with a 6-day history of headache. Note the subtle abnormal signal intensity in the right transverse sinus on T2-weighting (A). The medial sinus is isointense
(black arrow, A) and the lateral transverse sinus is hypointense (white arrow, A). The signal intensity on GRE sequences is very dark and enlarged compared with the size of the sinus
on other sequences, consistent with susceptibility effect (arrows, B). On the postcontrast T1-weighted image, an isointense filling defect is noted consistent with thrombus (arrows, C).
A, FSE T2-weighted image.
B, GRE T2*-weighted image.
C, T1WI after the administration of contrast.

Table 1: Susceptibility effect on gradient recalled-echo MR images
and clinical thrombus age

Clinical Thrombus
Age

SE!
n (%)

SE"
n (%) Total

0–7 days 29 (80.5%) 3 (11.5%) 32
8–14 days 1 (2.8%) 10 (38.5%) 11
#15 days 6 (16.7%) 13 (50%) 19
Total 36 26 62
Note:—SE! indicates susceptibility effect present; SE", susceptibility effect absent.
Accurate time from onset of symptoms to initial imaging (clinical thrombus age) was
available in 16 patients (62 thrombosed venous segments).

Fig 4. Clinical thrombus age and susceptibility effect. Gray, susceptibility effect present;
white, susceptibility effect absent.

AJNR Am J Neuroradiol 28:940 – 45 ! May 2007 ! www.ajnr.org 943

Leach et al. 
Gray: susceptibility 

effect present 



Thrombose veineuse cérébrale 

•  Homme 55 ans 



Thrombose veineuse cérébrale 

47 
•  Jeune fille 19 ans 



Détection des 
microsaignements 

•  SWI plus sensible que la séquence T2* 
– Cheng et al. 

•  Bonne corrélation entre la taille de l’artefact 
de susceptibilité et la taille du saignement 
– Anatomopathologie 
– Schrag et al. 

1.  Schrag M, McAuley G, Pomakian J, Jiffry A, Tung S, Mueller C, et al. Correlation of hypointensities in susceptibility-weighted images to 
tissue histology in dementia patients with cerebral amyloid angiopathy: a postmortem MRI study. Acta Neuropathol. 2010 Mar;119(3):
291–302.  

2.  Cheng A-L, Batool S, McCreary CR, Lauzon ML, Frayne R, Goyal M, et al. Susceptibility-weighted imaging is more reliable than T2*-
weighted gradient-recalled echo MRI for detecting microbleeds. Stroke. 2013 Oct;44(10):2782–6.  

vessels in a cortical/subcortical distribution. Little vascular

staining was present in the deep grey matter. Complement
activation on vessels was assessed with an antibody against

complement component C6, the first component of the

membrane attack complex (MAC) that stably inserts into

the cell membrane. Once C6 is bound to C5b in the cell
membrane, the MAC is activated, inevitably leading to cell

lysis. The arterioles in CAA brain stained intensely against

the C6 marker. This staining was associated with evidence
of medial intima degeneration, the characteristic target-

shaped vessel morphology associated with severe CAA.

Arterioles in the basal ganglia did not react with the C6
antibody.

Evidence of peri-hematoma inflammation

Evidence for the presence of HO-1, an inducible, pro-

oxidative enzyme that catalyzes the degradation of heme
into biliverdin, carbon monoxide and free iron, was noted

around many hematomas in the form of hematoidin, a

bright yellow pigment. This pigment intensely stained the
injured vessels in numerous lesions as illustrated in Fig. 1.

Representative microbleeds were evaluated with immuno-

histochemical staining against HO-1. Intense staining of
the hematoma was noted in every case along with variable

reactivity of the adjacent parenchyma. More prominent
staining of this adjacent tissue was noted near recent

bleeds; however, some HO-1 activity was noted even

around old bleeds without evidence of intact erythrocytes
(see Fig. 5a). With fluorescent staining against HO-1,

numerous non-neuronal cells in the perihematomal region

Fig. 2 MR hypointensities without grossly visible pathology. The
vast majority of hypointensities were associated with hemorrhages
visible upon dissection; however, a few required more extensive
investigation. Images a, b, c are MR images corresponding to the
lesions shown in d, e, f, respectively. Shown in image d is a well-
healed lesion consisting of focal scarring with hemosiderin deposits
stained by DAB-enhanced Prussian blue stain. Hematoidin deposition

is also noted in the lesion (white arrow). Image e shows an arteriolar
aneurysm (arrows indicate the dome of the aneurysm; white arrow
indicates the ‘‘parent’’ artery). Image f shows a severely dilated vessel
with a dissection in the endothelium and blood in the vessel wall
(arrows point the ruptured endothelial layer). Scale bars d 100 lm,
e 250 lm, f 500 lm

Fig. 3 The ‘‘blooming effect’’ of signal voids induced by hemosid-
erin-iron. The theoretical equality of lesion size to MR hypointensity
size is graphed in red. The actual measurements are shown in the
scatter plot and almost all the lesions are smaller than their associated
MR finding. The signal voids averaged 1.58 ± 0.75 times the size of
the associated lesion
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Microsaignements cérébraux 

•  Angiopathies amyloïdes cérébrales 
•  CADASIL 
•  Vascularites 
•  Leucoencéphalopathie hypertensive 
•  Cavernomatose familiale 



Angiopathies amyloïdes cérébrales 

•  Microsaignements cortico-
sous-corticaux 

•  Hémorragies 
intraparenchymateuses 

1.  Mittal et al.; 2009; AJNR 



CADASIL 

•  « Cerebral autosomal 
dominant arteriopathy with 
subcortical infarcts and 
leukoencephalopathy » 

•  Maladie autosomique 
dominante 

•  Mutation gène Notch 3 
•  Hématomes 

intraparenchymateux 
•  Microsaignements 

intracrâniens 
•  Plages d’anomalies de la 

substance blanche 
•  Accidents vasculaires 

cérébraux ischémiques sous-
corticaux 

1.  Thomas - 2008 – Neuroradiology 
2.  Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve 

E, Bousser M-G. CADASIL. The Lancet Neurology. 
2009 Jul;8(7):643–53. 



Vascularite 

•  Enfant 
•  Méningite à pneumocoque 



Traitement par anticoagulants 



Leucoencéphalopathie hypertensive 

1.  Thomas - 2008 - Neuroradiology 



CLIPPERS 
•  Inflammation lymphocytaire chronique avec 

prise de contraste pontique périvasculaire 
sensible aux stéroïdes (Chronic 
Lymphocytic Inflammation With Pontine 
Perivascular Enhancement Responsive to 
Steroids) 

•  Cohorte française (Taieb et al.) 
•  Présence de microbleeds: exclusion du 

diagnostic de CLIPPERS 
•  Imagerie de susceptibilité:  

–  H 40 ans 
–  Microsaignements diffus 
–  Diagnostic de CLIPPERS sans preuve 

anatomopathologique 

1.  Taieb G, Duflos C, Renard D, Audoin B, Kaphan E, Pelletier J, et al. Long-term 
Outcomes of CLIPPERS (Chronic Lymphocytic Inflammation With Pontine Perivascular 
Enhancement Responsive to Steroids) in a Consecutive Series of 12 Patients. Arch 
Neurol. 2012 Jul 1;69(7):847–55.  

2.  Pesaresi I, Sabato M, Desideri I, Puglioli M, Moretti P, Cosottini M. 3.0T MR investigation 
of CLIPPERS: role of susceptibility weighted and perfusion weighted imaging. Magn 
Reson Imaging. 2013 Nov;31(9):1640–2. 

Protein levels were between 0.05 and 0.1 g/dL in 18
samples, greater than 0.1 g/dL in 1 sample, and normal
(!0.05 g/dL) in 7 samples (to convert protein level to
grams per liter, multiply by 10.0). White blood cell counts
were greater than 50/µL in 3 samples, between 3 and 49/µL
in 11 samples, and normal (!3/µL) in 12 samples (to con-
vert white blood cell count to "109/L, multiply by 0.001).
Intrathecal synthesis of oligoclonal bands (OBs) was ob-
served in 6 of 26 samples during relapses (in patients 3,
4, 5, and 9). The presence of OBs varied during relapses
(observed during relapses 1 and 2 in patient 3, relapse 2
in patient 4, and relapses 9 and 12 in patient 5); they dis-
appeared in later events (relapse 3 in patient 3 and re-
lapses 10 and 11 in patient 5). The CSF T-cell ratio of
CD4 to CD8 was obtained in 4 patients, showing a high
ratio (normal range, 1.6-2.4) in 3 of them (3.4 in pa-
tients 2 and 12 and 5.8 in patient 9).

Three CSF samples obtained between relapses showed
mild elevated protein level (0.07 g/dL) in 1 sample and
mild pleocytosis in 2 samples (5-9/µL, with lymphocyte
predominance). Oligoclonal bands were not observed.

NEUROPATHOLOGICAL
CHARACTERISTICS

Patients 1, 3 through 7, and 9 underwent stereotactic
brain biopsy (6 in the posterior fossa and 1 in the
frontocerebral hemisphere), without adverse effects.
All biopsy specimens revealed parenchymal and peri-
vascular inflammatory infiltrates without demyelin-
ation, granulomatous inflammatory, or necrotizing
vasculitis pattern. These infiltrates were predomi-
nantly composed of T cells (CD3 positive) in 6
patients and of T cells (CD3 positive) and microglia
(CD68 positive) in patient 7. Histological sections
from 5 patients with marked T-lymphocyte infiltration
were also stained for CD4, CD8, and granzyme B and
showed increased CD4 T cells associated with few
CD8 T cells and very little or absent granzyme B
(Figure 5). Some microglia were observed in 6
samples, some B cells (CD20 positive) in 3 samples,
some plasmocytes (CD38 or CD138 positive) in 2
samples, some neutrophils in 2 samples, and reactive

A Patient 4 B Patient 8 C

K

Patient 8

G Patient 8

D Patient 8

E Patient 4 F Patient 4 H Patient 8

I Patient 7 J Patient 5 Patient 4 L Patient 8

Figure 4. Relevant magnetic resonance imaging in 12 patients having chronic lymphocytic inflammation with pontine perivascular enhancement responsive to
corticosteroids using gadolinium-enhanced T1-weighted and T2-weighted imaging. Gadolinium-enhanced T1-weighted images show a homogeneous
gadolinium-enhancing lesion greater than 3 mm (A) and a gadolinium-enhancing pattern as a closed ring (B). Increased T2-weighted signal is confluent (C) and
exceeds the size of the corresponding punctuate gadolinium-enhancing lesions (D). Axial (E) and sagittal (F) gadolinium-enhanced T1-weighted images show
juxtacortical lesions. Gadolinium-enhanced T1-weighted (G) and T2-weighted (H) images show a large confluent spinal cord lesion. Pons swelling (I), brainstem
atrophy ( J), spinal cord atrophy (K), and black hole (L) are shown.
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neurosarcoidosis, Behçet’s Disease, histiocytosis, CNS angiitis, in-
fections) [3], the diagnosis of CLIPPERS was formulated [1,2].

The patient restarted steroid therapy (oral Methylprednisolone,
8 mg/day) with renewed clinical improvement. The MRI follow-up
was then carried out using a 3 tesla scanner (SIGNA 350 MR
equipment, General Electric, Milwaukee). In addition to convention-
al MR sequences, which showed a reduction of contrast-enhancing
lesions in response to steroid therapy, SWI and PWI sequences were
performed. The SWI scan (namely Susceptibility Weighted ANgiog-
raphy, SWAN), specifically, revealed prominent veins in the
brainstem and cerebellum and multiple T2*-hypointense lesions of
different size, in particular punctuate and curvilinear lesions
distributed in cerebellum, pons and mesencephalon and larger
patchy areas located in the pons and the right cerebellar hemisphere
(Fig. 2A). Largest areas were also visible on conventional Gradient
Echo sequence (Fig. 2C) while small punctuate and curvilinear
lesions could only be detected by SWI. Some T2*-hypointense lesions

correspond to contrast-enhancing foci (Fig. 2A–D) while others
matched to past-enhancing lesions actually resolved (Fig. 2A–E).

The PWI was obtained with Dynamic Susceptibility weighted
Contrast technique (DSC-PWI). Perfusion data of the patient were
analyzed by GE Functool 6.3.1e software. The reference signal–time
curve generated from the passage of the contrast-bolus was defined
within a Region of Interest (ROI) placed in the cerebral tissue
proximal to right middle cerebral artery. Values of relative Cerebral
Blood Volume (rCBV), Cerebral Blood Flow (rCBF) and Mean Transit
Time (MTT) were measured in ROIs (40–60 mm2) placed in pons (6
ROIs) and cerebellum (4 ROIs) and compared to those obtained from
10 age-matched subjects who underwent DSC-PWI examination by
the same MR-scanner (Fig. 2B). The rCBF and rCBV values in pons
and cerebellum were significantly lower (p b 0,05) in the patient
affected by CLIPPERS (cerebellum: rCBF 260, rCBV 523; pons: rCBF
332, rCBV 727) with respect to controls (mean ± 95% confidence
interval, cerebellum: rCBF 605 ± 145, rCBV 1101 ± 301; pons rCBF

Fig. 1. Conventional brain MRI shows pontine and cerebellar patchy T2-hyperintense areas in FLAIR images (A) associated with punctuate and curvilinear contrast-enhancement
in T1-weighted images (B). Imaging improvement after steroid therapy (C) and worsening after steroid withdrawal (D) are demonstrated.

Fig. 2. The SWI sequence performed at 3 T scanner shows prominent veins (arrowheads) and T2*-hypointense lesions of different size (A). Some of them (arrows) correspond to
foci of contrast enhancement (D). Only the largest T2*-hypointense area (*) located in pons is appreciable by conventional Gradient Echo sequence (C). It does not show contrast-
enhancement (D), but it corresponded to past enhancement, visible in the MR examination performed three months before (E). ROIs placed in pons and cerebellum demonstrate
infratentorial hypoperfusion in PWI (B).
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Lésions axonales diffuses 

•  Patient de 27 ans 
•  LAD hémorragiques en hypointensité T2EG mieux visibles sur la séquence SWI 

1.  Hasiloglu ZI, Albayram S, Selcuk H, Ceyhan E, Delil S, Arkan B, et al. Cerebral microhemorrhages detected by susceptibility-weighted 
imaging in amateur boxers. American Journal of Neuroradiology. 2011 Jan;32(1):99–102. 

2.  Tong KA, Ashwal S, Holshouser BA, Shutter LA, Herigault G, Haacke EM, et al. Hemorrhagic Shearing Lesions in Children and 
Adolescents with Posttraumatic Diffuse Axonal Injury: Improved Detection and Initial Results. Radiology. 2003 May 1;227(2):332–9. 

3.  Tong KA, Ashwal S, Holshouser BA, Nickerson JP, Wall CJ, Shutter LA, et al. Diffuse axonal injury in children: Clinical correlation with 
hemorrhagic lesions. Ann Neurol. 2004;56(1):36–50. 
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Lésions axonales diffuses 



Cavernomes cérébraux 

1.  Menjot de Champfleur N, Langlois C, Ankenbrandt WJ, Le Bars E, Leroy MA, Duffau H, et al. MRI evaluation 
of cerebral cavernous malformations with susceptibility-weighted imaging. Neurosurgery. 2010 Dec 15. 

T2* SWI 



Anomalie veineuse de 
développement 



Association 
cavernome et AVD 



Telangiectasie capillaire 



Telangiectasie capillaire 



et... 



NBIA 

•  Pantothenate kinase-associated 
neurodegeneration (PKAN) 

•  Groupe des NBIA 
•  Accumulation de fer 



Réponse 
thérapeutique et SWI 

•  23 sujets porteurs de glioblastomes 
•  Paramètre:  

–  %SWI-h 
–  Volume de la prise de contraste présentant 

des hypointensités en SWI 
•  Augmentation du %SWI-h chez les 

sujets répondeurs (TMZ, enzastaurin, 
RT) 

•  Association entre %SWI-h et  
–  Survie 
–  Survie sans progression 

•  Seuil de 38,1%? 

1.  Lupo et al. Neuro-Oncology. 2013 Apr;15(4):480–9. 

OS was the time from the baseline scan date until death.
In the case of no progression or death, the event time was
truncated and censored at 31 December 2010. Only 2
patients had not progressed, and 3 had not died by this
date. To address the potential for pseudoprogression,
the clinical histories of all patients who progressed
within 12 weeks of the completion of radiotherapy and
those of all patients with a suspect scan followed by
stable disease were centrally re-reviewed by a neuro-
oncologist. Notation was made regarding reoperation
and location of recurrence to confirm true progression
in accordance with the recommendations of Wen
et al.42 On the basis of this criteria, none of the patients
included in this study exhibited pseudoprogression. As
shown in Fig. 2B, patients were categorized into 1 of 3
response groups based on time of first progression and
death: (1) nonresponders (progression: ,6 months;
death: ,12 months), (2) intermediate responders (pro-
gression: 6–12 months; death: 12–18 months), and (3)
sustained responders (progression: .12 months; death:
.18 months). All censored patients were included
in the sustained responder category, because they were
censored after the truncation date.

Statistical Analysis

All statistical analyses were performed using R software,
version 2.9.2 (www.r-project.org). A Wilcoxon rank-
sum test was used to test for significant differences in
%SWI-h values among response groups for both time
to progression and death. A univariate Cox proportional
hazards (CoxPH) model was used to assess the associa-
tion between %SWI-h and both PFS and OS, land-
marked from the date of the pretreatment scan.
Multivariate CoxPH analysis was implemented to eval-
uate whether %SWI-h was predictive of PFS or OS
when adjusted for the clinical factors of baseline KPS,
age, sex, and extent of resection. Because of the explor-
atory nature of the study, no formal adjustment of type I
error was undertaken; in all cases, P , .05 was consid-
ered to be statistically significant.

Classification and regression tree (CART) analysis
was used to determine optimal cutoffs for %SWI-h on
which to split data based on PFS, OS, and the response
categories. For both outcome types (censored and cate-
gorical), only one split was found per tree based on
10-fold cross-validation. Survival trees were built using

Fig. 2. (A) SWI with CEL contour overlay (top) and corresponding post-gad T1 images (bottom) for each response group. (B) Definition of

response-based categories for time to progression and death.

Lupo et al.: Using SWI to determine response to therapy
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age, sex, and extent of resection, multivariate Cox re-
gression analysis showed that greater %SWI-h at base-
line was still a protective factor for PFS (HR ¼ 0.968;
95% CI ¼ 0.940 –0.994; P ¼ .01) and OS (HR ¼
0.943; 95% CI ¼ 0.908 –0.976; P ¼ .0005). Each 1%
increase in %SWI-h at baseline resulted in a 3.2% reduc-
tion in risk of progression and 5.7% reduction in risk of
death.

CART Analysis

The results of CART analysis are shown in Table 1 and
Figs 3 and 4. Although a %SWI-h value of 44.6% was
found to separate the patients into 2 groups based on
censored PFS, a cutoff value of 38.1% significantly dif-
ferentiated patients both into 2 groups, based on cen-
sored OS, and into non- and intermediate-responder
categories, based on time to progression. In the latter
binary analysis, the CART cutoff successfully classified
75% of the nonresponders and 87.5% of intermediate-
responders. For the binary time to death CART analysis,
a cutoff %SWI-h value of 43.1% effectively classified
77.8% of intermediate-responders and 76.9% of
sustained-responders. The large odds ratios and low
P values for both binary CART analyses emphasized
the difference in risk between the 2 groups despite the
wide CIs present because of the small number of pa-
tients. As expected based on the response categories
analysis, no splits were found to distinguish either

intermediate- and sustained-responders, based on time
to progression, or non- and intermediate-responders,
based on time to death, because no statistically signifi-
cant group differences were found between these popu-
lations (Figs 2 and 3).

Discussion

Of critical importance in evaluating combinatory treat-
ment strategies involving anti-angiogenic therapies is
the availability of noninvasive imaging techniques that
can directly and objectively assess their effectiveness in
terms of both tumor burden and vascular patency.
Ideally, the quantitative parameters derived from these
imaging methods would determine which patients
would benefit most from a given therapy before the
onset of treatment and ultimately provide clinicians
with a tool for identifying the best candidates for
diverse therapeutic strategies. In this study, we success-
fully achieved the goal of identifying a predictive bio-
marker for one such form of antiangiogenic therapy,
the PKC-kinase inhibitor, enzastaurin, using a parame-
ter derived from SWI. To our knowledge, this is the
first time SWI has been shown to predict outcome in a
population of patients with brain tumors.

The parameter %SWI-h, or the fraction of hypoin-
tense signal on an SWI in the CEL lesion, was found to
be predictive of both PFS and OS in patients with
newly diagnosed GBM who were receiving a treatment

Fig. 4. OS results. Boxplots of (A) %SWI-h for each response group and (B) when split on CART threshold for death, including the 3

censored patients. (C) Relationship between %SWI-h and OS. (D) CoxPH survival curves for each CART split group in B, with %SWI-h

, 38% in red, %SWI-h . 38% in blue, and the corresponding 95% confidence intervals indicated by dashed lines. A, + indicate are

still alive.
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the default survival method in the R package (rpart)43

for PFS and OS, and the resulting split was assessed
using univariate CoxPH models to obtain a hazard
ratio and corresponding P value. For each combination
of binary response outcomes, categorical trees were con-
structed and univariate logistic regression models were
used to determine the odds ratio and corresponding
P value for the resulting split.

Results

Response Categories Analysis

The spatial differences in the pattern of SWI-h among re-
sponse groups can be visualized in Fig. 2. Sustained re-
sponders had hypointense signal on SWI images nearly
throughout the entire CEL (Fig. 2A), whereas intermedi-
ate responders had a more speckled pattern of hypoin-
tense signal in this region (Fig. 2B). Nonresponders
showed only a sparse amount of hypointense signal in
the area of contrast enhancement (Fig. 2C). Although
a trend was observed between CEL volume and time to
death, no significant differences in CEL volumes were
found among response groups for either event.

For both progression- and death-based response cate-
gories, the %SWI-h in the CEL was significantly larger in
sustained responders than in nonresponders (66% vs
25% respective medians, P ¼ .008 for progression;

48% vs. 12% respective medians, P , .03 for death),
as shown in panel A of Figs 3 and 4. A significant in-
crease in %SWI-h was also observed for intermediate re-
sponders, compared with nonresponders (41% vs. 25%;
P , .03; Fig. 3A), when groups were formed on the basis
of time to progression, and sustained responders, com-
pared with intermediate responders (48% vs. 27%;
P , .02; Fig. 4A), when grouping response based on
time to death. Although trends were observed in the
amount of SWI-h in the CEL with improved response
between all groups for both events, the difference in
SWI-h volume fraction between sustained and interme-
diate responders based on time to first progression and
intermediate and nonresponders based on time to
death did not reach statistical significance (Figs 3 and 4).

CoxPH Model Analysis for Early Prediction of Survival

Univariate CoxPH model coefficients showed a statisti-
cally significant association between %SWI-h and PFS
(r ¼ 0.49, P , .007), and OS (r ¼ 0.67, P , .0001). A
greater amount of %SWI-h indicated a more favorable
prognosis (Figs 3 and 4). Each 1% increase in %SWI-h
at baseline resulted in a 3.4% reduction in risk of pro-
gression (hazard ratio [HR] ¼ 0.966; 95% confidence
interval [CI] ¼ 0.942–0.988) and 5.5% reduction in
risk of death (HR ¼ 0.945; 95% CI ¼ 0.915–0.976).
The CoxPH curves for PFS and OS for the 25 patients
are shown in Figs 3 and 4. Adjusting for baseline KPS,

Fig. 3. PFS results. Boxplots of (A) %SWI-h for each response group and (B) when split on CART threshold for progression, including the

2 censored patients. (C) Relationship between %SWI-h and PFS. (D) CoxPH survival curves for each CART split group in B with %SWI-h ,

45% in red, %SWI-h . 45% in blue, and the corresponding 95% confidence intervals indicated by dashed lines. A, + indicate

have not progressed.
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Perspectives 

•  Imagerie de la paroi vasculaire artérielle 
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•  Exploration de la paroi 
vasculaire 

•  Recherche de 
calcifications… 
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Figure 3.
Sagittal magnitude (a) and SWI filtered phase (b) images. The reformatted transverse
images, created through a plane cutting, are shown as inserts in the bottom right of each
image. Note the dark area in the magnitude that might be mistaken for calcium whereas on
the phase image the vessel wall is clearly seen with no calcium in this area. The cross
section of the vessel and vessel wall are well seen. Data was acquired with 0.5 mm isotropic
resolution in a healthy volunteer.
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Figure 6.
(a) CT scan showing calcification at the edge of the popliteal artery just behind the knee. (b)
Magnitude gradient echo image showing the signal loss from the calcification in the same
area. (c) Phase image showing the diamagnetic effect from the calcification. Note the similar
shape and extent of the calcification in both the CT and MR results. Inserts are zoomed
images of the cross section of the vessels in reformatted transverse images.
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1.  SWI: imagerie pondérée par la susceptibilité 
a.  Doit intégrer les informations de la phase 
b.  Produit un contraste spécifique 
c.  Imagerie qualitative 
d.  Détection 

�  Calcifications 
�  Hémorragies intracrâniennes 

2.  QSM: quantitative susceptibility mapping 
a.  Difficulté de mise en place 

�  Gestion des artefacts de phases 
b.  Cartographie de la susceptibilité magnétique 
c.  Quantifie directement les modifications locales de la 

susceptibilité 
d.  Validation in vitro et ex vivo 
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