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Learning Objectives

At the conclusion of this activity, the participant will be able 

to:

A. Describe MRI methods for quantitative assessment 

of neurodegeneration

B. Discuss new imaging methods for detection of 

gray matter lesions 

C. Explain the clinical implications of more 

pathologically  specific MRI metrics 



OUTLINE

• Evidence of neuro-axonal damage

• MR Spectroscopy and N-acetyl-aspartate

• Brain atrophy

• MRI measures of gray matter damage

GM atrophy

Cortical GM lesions 
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Trapp et al., NEJM 1998

Axonal transection 

in the lesions of multiple sclerosis



Clinical MRI



HISTOPATHOLOGIC CORRELATES OF BLACK HOLES

T1 Hypointensity Directly Correlates 
to Degree of Axonal Loss

van Waesberghe et al., Ann. Neurol. 1999;46(5):747-54.

Bodian: axonal density

1: strongly hypointense

2: mildly hypointense

3: NAWM
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Single-voxel 1H-MRS

Multi-voxel 1H-MRS

Chemical shift Imaging

MRSI

1H-MRS



Proton Spectroscopy (1H-MRS)
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NAA immunohistochemical staining

NAA

1H-MRS 

and N-acetyl-aspartate (NAA)

Moffet JR. et al. Neuroreport 1991; Simmons ML et al. Neuroscience, 1991

• Second most abundant      

amino-acid in the brain

• Localized in neurons       

and their processes

• Synthesized in 

mitochondria

• Function not known 

1.52.02.53.03.5 ppm
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N-acetyl-aspartate (NAA)

NAA decreases in:

• Acute lesions

• Chronic lesions

• NAWM 

• Cortical GM

• Sub-cortical GM

Arnold D et al. Magn Reson Med 1990

De Stefano et al. Magn Reson Med 1994

Davie C et al. JNNP 1997

Sharma R et al. Mult Scler 2001

Inglese M et al. Neurology 2004



MS Patient

(-7%)

(+14%)

3D-1H-MRS of Deep Gray Nuclei in RRMS

RR MS Controls p

[NAA] 8.85 2.18 9.50 1.97 <0.02

[Cr] 6.43 1.53 6.51 1.62 n.s.

[Cho] 2.16 0.55 1.86 0.47 <0.02
Neurolgy, 2004



Neurological Disability correlates 

with axonal loss

Bjartmar C Ann Neurol 2000; Wujek JR J Neuropathol Exp Neurol 2002

• Axonal loss in lesions ranged from 45 to 84% and averaged 68%. 

• NAA levels were significantly reduced (>50%) 

• NAA correlated with axonal numbers within lesions 

• NAA levels were significantly reduced in NAWM (30-40%)

MS lesionMS NAWMCTRL WM



A significant component of NAA 

decrease represents potentially 

reversible metabolic dysfunction
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Brain Atrophy

 Brain parenchyma loss is 
a global process 
(demyelination and 
axonal loss). It occurs in 
MS patients up to 
1.0%/year

 Brain volume changes 
can be detected in CIS

 Brain volume changes 
are clinically relevant

 Atrophy is used as an 
outcome measure in 
clinical trials
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Cortical Demyelination

Kutzelnigg et al; Brain 2005

 Acute MS and Relapsing MS

• Inflammation is focal

• Classical active plaques are 
predominant

 Progressive MS

• Inflammation is global

• Associated with diffuse injury in 
NAWM

• Cortical demyelination is a 
characteristic feature, prominent 
in both PP and SP

• Focal WM plaques are either 
inactive or show slow expansion 
on their edges



Fisniku LK et al. Ann Neurol 2008

There was significantly more GM, but not WM atrophy

in SP-MS vs RR-M

in RR-MS vs CIS

GM, but not WM fraction correlated 

with clinical disability (EDSS)

On the regression models, only NGMV independently 

predicted clinical disability



Gray Matter Atrophy

Fisher E et al. Ann Neurol 2008; Fisniku LK et al. Ann Neurol 2008

GM 3.4 fold normal in CIS converting to RR-MS

GM 8.0 fold normal in RR-MS

GM 14 fold normal in SP-MS

WM ~3 fold normal; constant across disease stages



• GM atrophy develops faster than 

WM atrophy

• GM atrophy occurs in the earliest stages of 

the disease  

• It is related to physical disability, 

cognitive impairment and quality of life

• In patients with RR-MS and PP-MS there is 

a  positive correlation between progressive 

WM lesion load and GM volume decrease

Gray Matter Atrophy

Chard et al. 2002, 2004; Dalton et al. 2004; Tiberio et al. 2005; Pagani et al. 2005;

Sepulcre et al. 2006



Neuronal Apoptosis in 

Cortical MS Lesions

Peterson JW et al. Ann Neurol 2001

Cortical lesions frequently detected at post mortem 

examination Kidd D. et al. Brain 1999 

 Present and significant in 

most MS brains (70-90%)

 Low lymphocyte infiltration, 

Low complement deposition

Less BBB disruption 

 Demyelination and microglial

activation

 Neuritic transection and 

neuronal apoptosis



Cortical MS lesions 

Cortical lesion type I           Leucocortical: Mixed WM/GM lesion

Cortical lesion type II          Small, intracortical lesion

Cortical lesion type III-IV    Subpial cortical demyelination, reaching from 

the pia downwards into the cortex. Does not reach 

the WM-GM border. Can grow extensively

Bo l et al. Mult Scler 2003



Double Inversion Recovery

(DIR)

DIR vs FLAIR: average 152%

DIR vs T2-W:  average  500%
Geurts JJ et al. Radiology 2005

T2

FLAIR



Kaplan Meier survival curves showing the probability to convert to CDMS 

for patients classified based on the fulfillment of disease dissemination in 

space (DIS) (yes/no) according to the new criterion taking into account 

intracortical lesions (black lines), the revised international panel (IP) criteria 

(dotted gray lines), and the Swanton/MAGNIMS criteria (gray lines) 



Mainero C et al., Neurology 2009

Gray Matter lesions 

at 7 .0 Tesla

50.2%

36.2%

13.6%



DIR and MS

• Cortical lesions (CLs) are detected since the earliest  

stages of the disease - CIS (37%).

• The number of CLs correlates with EDSS score, 

WM T2-LV and brain volume.

• CLs increases at a greater rate in MS patients with 

clinical progression.

• Baseline CLs volume predicts disability progression 

and GM atrophy.

• MS patients with cognitive deficits have greater CLs 

and GM atrophy than patients without cognitive deficits.

• MS patients with seizure have five times more CLs than

seizure-free patients
Calabrese M et al. Nat Rev Neurol 2010



What causes GM pathology?

Why GM damage accelerates in progressive MS?





Month 1 Month 2 Month 3 ?

Ongoing axonal loss is not 

exclusively and directly 

dependent on inflammation



Altered glial biologyDemyelination

Glutamate 

Toxicity
Reduction of 

trophic factors

Ion-channel alterations Mythocondrial dysfunction

Delayed Neuroaxonal Loss



Summary

Conventional MRI lacks pathological specificity for 

detecting and monitoring neurodegeneration

NAA level is a specific marker of neuro-axonal integrity and 

viability 

Gray matter lesions and atrophy occur since the early 

stage of the disease, have clinical relevance and 

prognostic value

GM lesion visualization and measure of GM atrophy 

provide  potential markers  for monitoring neuroprotective 

treatments 
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Obtaining CME Credit

• If you would like to receive CME credit 

for this activity, please visit:

http://www.pesgce.com/PVAsummit2011/

• This information can also be found in the Summit 

2011 Program on page 8.

http://www.pesgce.com/PVAsummit2011/

