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“Our research focuses on the use of advanced MRI 
techniques to understand the sources of disability in MS 
and on ways of adapting those techniques for use in research 
trials and routine patient care.” 

Mission statement:



MS: a disabling disease of the central nervous system

Many disease-modifying treatments exist but no cure yet… 

Prevalence: 
   400,000 in the US

Origin:
 Still unknown

Pathology:
 - Inflammation
 - Demyelination
 - Axonal loss
 - Neuronal loss
 



MRI and MS
Clinical MRI is routinely used for diagnosing and monitoring the disease



Advanced MRI 
sequences/techniques

Functional MRI (fMRI)

De Martino et al., Neuroimage  (2011)

Perfusion (CBF, CBV)

Inglese et al., Arch Neur  (2008)
Yao et al., Neuroimage  (2008)

Iron quantification

Myelin imaging 

Hwang et al., Neuroimage  (2010)

Venography

Barnes and Haacke,
Magn Reson Imaging Clin N Am.  (2011)

Anatomy

Duyn, Magn Reson Imaging (2010)

Lee et al., Neuroimage  (2011)

White matter fiber orientation



Advanced MRI scanner: ultra-high-field (≥7T) 

3.0 T MRI
1.5 T MRI

7.0 T MRI

> 4,500 systems (US) > 550 systems (US) 25 UHF systems (US)



Advantages of UHF MRI

7T3T1.5T

Yao et al., Neuroimage, 2009

Increase in both signal (SNR)  & contrast (CNR)



Increase in image resolution

Advantages of UHF MRI

T2*w  2D Gradient Echo (GRE)
 0.25 x 0.25 x 1 mm



Actively-shielded 7T
Siemens scanner

32-channel RX head coil
 

power injector (Medrad)
 

7T MRI at NIH (FMRIF)



§ since 2011 (installation of 7T magnetom), 350+ MRIs performed on 
115 subjects (2/3 MS and 1/3 healthy volunteers);

§ Currently, 1-3 MS subjects per week (include all types of disabilities);

§ Patients undergo a 3T MRI first and are thoroughly screened for 7T;

§ 7T MRI is well tolerated by patients 
                                                        (only one event of extreme vertigo);

§ 7T MRI is brain only and can be performed with or without   
Gadolinium-based contrast agent (magnevist ->gadavist).

7T MS imaging at FMRIF



Why using 7T MRI for MS?

I. To better detect in vivo MS pathology

II. To better diagnose MS by MRI

III. To find new imaging markers of MS disease activity 

IV. To conduct translational pre-clinical MS research



I. To better detect in vivo MS pathology



Healthy subject

T1w MP2RAGE

350 um isotropic

The MRIcroscope



MRIcroscopy of MS lesions

MS subject

T1w MP2RAGE

350 um isotropic



II. To better diagnose MS by MRI



Diagnosing MS with MRI
2010 McDonald criteria

q  Dissemination in time (DIT)
     New T2 lesion and/or gadolinium-enhancing lesion (s)

q Dissemination in space (DIS)
   One or more T2 lesions in two or more     
          characteristic locations (periventricular,   
          juxtacortical, infratentorial, spinal cord)



Misdiagnosis of MS is common

q Sensitivity and specificity of McDonald criteria are imperfect (80-90%)

q McDonald criteria require first to rule out other disorders that can mimic MS
     (migraine, fibromyalgia, small vessel ischemic cerebrovascular disease,   
      neuromyelitis optica spectrum disorders,…)

q  Misdiagnosis of MS is common (5%-35%)

q Misdiagnosis expose patients to unnecessary disease modifying therapies 
(DMTs) (harmful side effects), psychosocially suffering, and have economic 
consequences to healthcare system (5% of 400,000 of US patients => 1 
billion USD/year for DMTs) 

Solomon & Weinshenker, Curr Neurol Neurosci Rep (2013) 13:403
Solomon et al., Neurology (2012) 78:1986-91 



Central vein in MS lesion

T2*w  2D Gradient Echo (GRE)
 0.25 x 0.25 x 1 mm

MS subject



Coincidence due to the high density of cerebral vessels ?
w/ USPIO (Feraheme 500mg )

T2*w  2D Gradient Echo (GRE)
 0.25 x 0.25 x 1 mm

Healthy subject



22 patients (13 MS and 9 other diseases)

40% rule ?



Central vein (CV) in MS: 
a new criterion for diagnosing MS ?

q Lower proportion of CV reported in other diseases:  Neuromyelitis optica , 
Systemic autoimmune diseases , Cerebral small vessel disease, Migraine, …

q Definition of CV criterion: 40% rule? Six-lesion rule? Combined DIT-DIS & CV?

q Clinical validation needed: multi-center imaging study with (300+) subjects at 
first clinical/radiological presentation (not yet diagnosed)



Limitations of conventional T2* imaging

Whole brain would take > 45 min !

T2*w  2D Gradient Echo (GRE)
 0.25 x 0.25 x 1 mm

2.5 cm per slab (25 slices)
9 min per slab



Whole brain in less than 8 min!

Rapid high-resolution T2*w imaging @ 7T

T2*w 3D multishot EPI
(NIH sequence)

 500 um isotropic



A new combined MR contrast: FLAIR*

T2* 3D EPI (NIH)
0.5 mm iso

FLAIR
0.8 mm iso

FLAIR* (NIH)
0.5 mm iso

Sati et al., Radiology (2012) 265(3):926-32
Sati et al., Multiple Sclerosis (2014) 20(11):1464-70



FLAIR* @ 7T





NIH cohort

Nottingham cohort (UK) University of Vermont cohort

Multi-center 3T FLAIR* 
imaging



II. To find new imaging markers of MS disease activity 
inflammation, demyelination/remyelination, axonal damage,…



Gadolinium-based contrast agent @ 7T

T1w  3D MPRAGE
 voxel size = 0.7 mm isotropic
Single dose of Gadavist (0.1 mL/kg)
Maximum Intensity Projection



pre-injection 5 min post-injection

T1w  3D MPRAGE
 voxel size = 0.7 mm isotropic
Single dose of Gadavist (0.1 mL/kg)

Leakage of Gadolinium due to an 
open blood-brain-barrier

focal enhancement

Active MS lesions    



Dynamic Contrast Enhancement (DCE - 3D FLASH)
0.5x0.5x0.8 mm3 

30s/volume

time

Active MS lesions    

T1w  3D MPRAGE
 voxel size = 0.7 mm isotropic
Single dose of Gadavist (0.1 mL/kg)

ring enhancement



Gaitan et al., Ann Neurol 2011

Gaitan et al., Mult Scler 2013

Day 1
Centrifugal DCE pattern

MS lesion development according to DCE patterns

Day 25
Centripetal DCE pattern 

Day 5
Centripetal DCE pattern



T1w MPRAGE
0.7 mm isotropic

Ring-enhancing MS lesions 

T2*w 2D Gradient Echo (GRE)
 0.25 x 0.25 x 1 mm

T2*w (magnitude) image Phase image



T1w  MPRAGE T2*w (magnitude) Phase

With Gad

Without Gad (endogenous contrast)

Ring-enhancing MS lesions 





MPRAGE DCE DCE#1 DCE#2MPRAGE

Gadolinium injection

0

MPRAGE

25 min

High resolution
GRE

DCE pattern

16 patients scanned, 44 enhancing lesions analyzed 

New finding:  phase rim co-localizes 
with ring-enhancement in active MS lesions





Persistent rim visible on both T2*/phase, increase in lesion intensity and 
stable lesion size

Chronic inflammation ?



Transient rim only visible on phase, reduction in lesion intensity and size

Repair ?



q Our hypothesis:  Phase rim is a marker of acute inflammation (open BBB) & chronic 
inflammation (closed BBB)

q Ongoing confirmatory study: USPIO in phase rim lesions (Dr. Matthew Schindler)

q  Ongoing intervention study: Steroids in phase rim lesions (Dr. Martina Absinta) 

Compare Gad and USPIO enhancement in phase rim lesions. Non-gad 
enhancing lesions with phase rim should uptake USPIO through blood-
derived macrophages.

Asses the effects of steroids on phase rim lesions. Steroids could 
prevent the phase rim to become persistent and allow a better outcome 
for the MS lesion (reduction in intensity and size),



IV. To conduct translational pre-clinical MS research



Common Marmoset 
(Callithrix jacchus)

o Small  New World monkey (northeastern Brazil)
o Highly active, playful, and eye contact communication
o High fecundity: 2+ offsprings; every 6 months
o Easy to handle as a laboratory animal
o Useful model for neuroscience, stem cell research, 

reproductive biology, regenerative medicine, drug 
toxicology, immunity and autoimmune diseases



EAE induction: human white matter homogenate + Freund’s complete adjuvant.  Massacesi et al., Ann Neurol. 1995
 

Experimental autoimmune encephalomyelitis in marmoset

Pathology: scattered perivascular inflammatory infiltrates surrounded by large concentric areas of demyelination and associated 
with intense macrophage infiltration and mild astrogliosis. Jordan EK et al., AJNR Am J Neuroradiol. 1999

H&E
Dense perivascular 

mononuclear infiltration

LFB
Demyelination

Clinical presentation: Aggressive course with severe neurological signs or chronic relapsing-remitting course, mild neurological 
signs, and complete recovery from initial attack. Jordan EK et al., AJNR Am J Neuroradiol. 1999

.

1.5T human MRI (NIH)



Ultra-high-field (7 Tesla) MRI of marmoset brain

Dr. Afonso Silva laboratory

7T Bruker

Hellmut Merkle
Daniel Papoti

5 & 8-channel RX head coils
 



High-resolution MRI

Proton-density contrast
(125 µm in-plane resolution) 



T2*w

Multi-contrast MRI

MTRMT (OFF) MT (ON)

Voxel size =150 µm x 150 µm x 1 mm
Total scan time = 60 min

T1w MPRAGE T2w T2-FLAIRPDw 

0

20

50



MRI of marmoset EAE brain lesions



(T2* contrast - 7T) (T2* contrast - 7T) 

Gaitán MI et al. Mult Scler. 2014

Central vein in EAE and MS lesions 



pre-injection

Acute lesions in EAE and MS

post-injection

Triple-dose (0.3 mL/kg)

(injection of gadobutrol contrast agent)

single-dose (0.1 mL/kg)

(T1 contrast - 7T) 

(T1 contrast - 7T) 

(difference image)



Serial MRI of marmoset EAE

Immunization                                    5 weeks post-immunization (PI)                   7 
weeks PI 
   (baseline)     

From baseline (healthy) until termination (severe disease)
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EAE-WMH #1

# lesions EAE score (0-5)

MRI as an outcome for marmoset EAE studies

Lesion load, lesion volume, enhancing lesions,…



3D-printed brain holder and slicer

Guy et al., Journal of Neuroscience Methods. 2016

Nick Luciano (postbac)



Absinta et al., Journal Neuropathol Exp Neurol. 2014
Guy et al., Journal of Neuroscience Methods. 2016

in vivo MRI Histopathology

postmortem MRI (Dr. Seung Kwon Ha)



Accurate matching between MRI and histology

Guy et al., Journal of Neuroscience Methods. 2016

Method for validation of novel MRI markers



Method for unraveling the lesion formation process 
 “ Back in time” strategy

HistopathologyTerminal MRI1 week before
terminal MRI

2 weeks before
terminal MRI

tlesion = 0 tlesion = +1tlesion = -1

Lesion age can be determined based on serial MRI

Maggi P et al. Ann Neurol. 2014



Acute lesions (< 1 week old)
Maggi P et al. Ann Neurol. 2014

Pathological signature: 

§ Perivascular cuff: lymphocytes, activated microglia and macrophages
§ Parenchyma: blood-derived macrophages, demyelination and axonal disruptions



Subacute lesions (1-5 week old)

Pathological signature:  

§  Blood-derived macrophages are present at the lesion edge.
§  Lesion is expanding (demyelination and axonal disruptions)

Maggi P et al. Ann Neurol. 2014



Late subacute lesions (>5 week old)

Pathological signature:  

§ Blood-derived MRP14+ early activated macrophages are absent
§  Pale myelin staining suggesting remyelination  (lesion shrinkage).



Nondemyelinated inflammatory nodules

Maggi P et al. Ann Neurol. 2014

q Perivascular cuff: Iba1+ activated microglia and macrophages & CD3+ lymphocytes (T cells)
Inflammatory nodules might precede lesion formation



Model of lesion formation in marmoset EAE

Nondemyelinated inflammatory nodules

Acute lesion (<1 week)

Subacute lesion (1 to 5 weeks)

Late subacute (>5 weeks)



Method for drug intervention study: stopping early inflammation

Nondemyelinated inflammatory nodules

Acute lesion (<1 week)

Subacute lesion (1 to 5 weeks)

Late subacute (>5 weeks)

Drug delivery



Promote remyelination

Method for drug intervention study: promoting tissue repair

Nondemyelinated inflammatory nodules

Acute lesion (<1 week)

Subacute lesion (1 to 5 weeks)

Late subacute (>5 weeks)Drug delivery



Advanced (7T) imaging of neurological 
diseases (MS)

1. To better detect in vivo MS pathology (MRIcroscopy)



1. To better detect in vivo MS pathology (MRIcroscopy)

2. To better diagnose MS by MRI (FLAIR*)

Advanced (7T) imaging of neurological 
diseases (MS)



1. To better detect in vivo MS pathology (MRIcroscopy)

2. To better diagnose MS by MRI (FLAIR*)

3. To find new imaging markers of MS disease activity (phase rim) 

Advanced (7T) imaging of neurological 
diseases (MS)



Advanced (7T) imaging of neurological 
diseases (MS)

4. To conduct translational pre-clinical MS research (marmoset EAE)

1. To better detect in vivo MS pathology (MRIcroscopy)

2. To better diagnose MS by MRI (FLAIR*)

3. To find new imaging markers of MS disease activity (phase rim) 

MS patient - T2* contrast - 7T marmoset EAE- T2* contrast - 7T 
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