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Measurement and clinical eff ect of grey matter pathology in 
multiple sclerosis
Jeroen J G Geurts, Massimiliano Calabrese, Elizabeth Fisher, Richard A Rudick

During the past 10 years, the intense involvement of the grey matter of the CNS in the pathology of multiple sclerosis 
has become evident. On gross inspection, demyelination in the grey matter is rather inconspicuous, and lesions in 
the grey matter are mostly undetectable with traditional MRI sequences. However, the results of immunohistochemical 
studies have shown extensive involvement of grey matter, and researchers have developed and applied new MRI 
acquisition methods as a result. Imaging techniques specifi cally developed to visualise grey matter lesions indicate 
early involvement, and image analysis techniques designed to measure the volume of grey matter show progressive 
loss. Together, these techniques have shown that grey matter pathology is associated with neurological and 
neuropsychological disability, and the strength of this association exceeds that related to white matter lesions or 
whole brain atrophy. By focusing on the latest insights into the in-vivo measurement of grey matter lesions and 
atrophy, we can assess their clinical eff ects.

Introduction
Multiple sclerosis has long been regarded as a typical 
white matter disease, with a primary autoimmune 
response directed against myelin components, resulting 
in focal infl ammatory demyelination throughout the 
white matter. However, the involvement of the grey 
matter has become increasingly clear. As is the case in 
white matter, axons in the grey matter are myelinated, 
and demyelination of axons in grey matter regions has 
been seen on post-mortem examination of patients with 
multiple sclerosis since the beginning of the twentieth 
century.1,2 However, following those early studies, this 
fi nding was mainly disregarded for many years. In a 
seminal report published in 1962, Brownell and Hughes 
described 1594 lesions from 22 selected patients with 
multiple sclerosis, and reported that 26% of the 
demyelinated brain lesions were located within, or partly 
within, the cortex.3 Of the 26% grey matter-associated 
lesions, 17% were located at the junction of the cortex 
and the subcortical white matter. These numbers were 
probably an underestimation of the actual number of 
lesions present in the grey matter of patients with 
progressive multiple sclerosis (as defi ned in pathological 
studies4,5 based on retrospective chart analysis). Con-
ventional histochemical stains, such as Luxol Fast Blue 
(also known as Klüver–Barrera), that detect myelin lipids 
miss most of the superfi cially located cortical lesions, 
which are the most frequent cortical lesion type in 
multiple sclerosis.5 These subpial cortical, or type III, 
lesions were shown on later investigation with more 
modern myelin immuno histochemical stains to be 
extensive, and many involved several neighbouring gyri.5 
Other, less frequent, types of cortical lesion are type II 
(small, perivascular) and type IV (large, cortex-
spanning).6 Type II and IV lesions are also best detected 
by myelin immuno histochemistry. Mixed white matter 
and grey matter, or type I, lesions are far less common in 
multiple sclerosis, although they can be detected with 
standard Luxol Fast Blue stains, which probably explains 
the high number of mixed lesions reported in the 1962 

study. The diff erent cortical lesion types as described in 
this Review have been defi ned by Bö and colleagues 
(fi gure 1).6 

Demyelination of grey matter structures 
The use of myelin immunohistochemistry has greatly 
increased our knowledge about the prevalence and spatio-
temporal patterns of grey matter lesions in multiple 
sclerosis (fi gure 2).7 In 2005, Kutzelnigg and colleagues4 
described in detail the post-mortem fi ndings on 51 patients 
with multiple sclerosis and compared the extent and 
localisation of grey and white matter pathology in diff erent 
disease stages (defi ned according to Lublin and Reingold’s 
criteria9 by a retrospective medical chart analysis). The 
investigators reported that the acute and relapsing–
remitting phases were mainly characterised by focal, 
infl ammatory demyelinated plaques in the peri ventricular 
white matter, whereas cortical demyelination and diff use 
white matter infl ammation were more characteristic of 
the primary progressive and secondary progressive 
disease stages.4 Several other groups studying post-
mortem material from patients with progressive multiple 
sclerosis (similarly assessed retrospectively) reported that 
demyelination can be found in many, if not all, grey matter 
areas, and the total extent of demyelination in the grey 
matter probably exceeds that in the white matter, especially 
in the secondary progressive disease phase.5,10 Gilmore 
and colleagues,10 who were studying autopsy material 
mostly from patients with progressive multiple sclerosis, 
reported that “overall 28·8% of the grey matter was 
demyelinated as compared with only 15·6% of the white 
matter”. This and other similar studies also showed that 
cortical and deep grey matter areas—motor cortex, frontal, 
temporal and parietal cortex, cingulate gyrus, cerebellum, 
thalamus, caudate, putamen, globus pallidus, claustrum, 
hypothalamus, hippocampus, substantia nigra, amygdala, 
and spinal cord grey matter—all showed extensive 
demyelination.4,10–15 The spinal cord showed especially 
prominent demyelination of grey matter,10,15 as did several 
neocortical areas, such as the cingulate gyrus.5,10 The 
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hippocampus is one of the non-neocortical regions that is 
heavily aff ected by demyelination in the progressive 
disease phase.13,16 In one post-mortem study, 15 of 
19 investigated patients with progressive multiple sclerosis 
had extensive demyelination of the hippocampus.13 
Another study provided a detailed quantitative analysis of 
hippocampal autopsy tissue from 45 patients with 
progressive multiple sclerosis:16 Papadopoulos and co-
authors identifi ed 41 lesions in 28 of the 45 hippocampal 
multiple sclerosis blocks examined; the proportional area 
of demyelination averaged about 30%.16 In both studies, 
most of the lesions were chronic, with a few foci of 
activated microglia present, mainly in areas that still 
contained myelin. Demyelination was generally not seen 
in the cornu ammonis (CA)2 region of the hippocampus,13 
and neuronal numbers were decreased by 30% in CA2 
and CA3, and by 27% in CA1. Furthermore, in CA1, the 
size of neurons was reduced.16 Thus, gross hippocampal 
atrophy with a 22% reduction of the average cross-
sectional area of the hippocampus was reported,16 although 
other investigators could not confi rm this result in later 
studies.17 In patients with progressive multiple sclerosis, 
Dutta and colleagues reported minimal neuronal loss in 
the hippocampus, but substantial decreases in synaptic 
density.17 They also reported lower than normal con-
centrations of mRNA and protein transcripts of fast axonal 
transport genes in demyelinated hippocampal neurons: 
concentrations of mRNA encoding kinesin and dynein 
proteins (which enable fast anterograde and retrograde 
axonal transport) were substantially lower than normal in 
microarray and quantitative RT-PCR analyses. 
Furthermore, concentrations of protein and mRNA for 
synaptic neurexin–neuroligin (which maintain synaptic–
postsynaptic contacts) were low, and clear indicators of 
disrupted glutamatergic neuro transmission (decreased 
ionotropic [AMPA/NMDA] and metabotropic glutamate 
receptors, their mRNA, or both) and disrupted glutamate 
homoeostasis (low concentrations of mRNA or protein of 
astrocytic glutamate transporters and glutamine synthase) 
were detected. Concentrations of activated calcium–
calmodulin-dependent protein kinases (CaMK-II) and 
cyclic AMP response element-binding protein, two 
molecules involved in memory and learning, were 
substantially reduced in demyelinated hippocampi.17 
These fi ndings are important leads for understanding the 
memory disturbances seen in patients with multiple 
sclerosis.18 

The cerebellar cortex is another non-neocortical grey 
matter area that is profoundly aff ected by demyelination.12 
On average, 39% of the total cerebellar cortical area was 
demyelinated in patients with progressive (in most cases) 
multiple sclerosis, although extreme cases of up to 92% 
demyelination have been reported. Cerebellar cortical 
lesions mainly appeared in a band-like pattern, aff ecting 
multiple folia. The lesions are generally characterised by 
primary demyelination with relative neuroaxonal 
preservation, although some axonal spheroids and a 

moderate reduction of Purkinje cells can be present. 
Although cerebellar cortical demyelination sometimes 
occurs with demyelination in the adjacent white matter, 
the cortex is usually aff ected independently from 
cerebellar white matter lesions.12 The main band-like 
demyelination pattern and the relative cellular preservation 
in the cerebellar cortex are consistent with fi ndings within 
the cerebral cortex in the progressive phase of the 
disease.4,5,19,20 In several post-mortem studies of patients 
with progressive multiple sclerosis,21,22 neurochemical 
abnormalities and neurodegenerative processes (ie, 
axonal, neuronal, or synaptic damage) were found 
independently of local grey matter demyelination. Thus, 
although more work is clearly needed, an important issue 
is whether neurodegeneration and demyelination might 
become partly independent at some point in the disease.

Although the described studies have elicited new and 
important insights about the topology and extent of 
neuropathological changes in multiple sclerosis, 
methodological diff erences between research groups, and 
largely non-systematic, non-random sampling, from 
patients with disease at diff erent stages, restricts the 
comparability of post-mortem studies. Careful eff orts to 
standardise tissue sampling and processing across centres, 
and systematic comparisons of pathological changes in 
early and progressive disease stages, are now needed.

The debate about grey matter pathogenesis 
What exactly causes grey matter pathology in multiple 
sclerosis remains unclear, although several hypotheses 
have been proposed (fi gure 3). The full complexity of the 
debate is beyond the scope of this Review, but some 
recent discoveries that provide a background for 
subsequent sections on the visualisation of grey matter 
damage in vivo are discussed. 

Grey matter demyelination
One of the main theories about the pathogenesis of grey 
matter lesions is based on the suggestion that meningeal 
infl ammation and associated myelinotoxic agents that 
might be produced in the meninges and then diff use into 
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Figure 1: Pathological classifi cation system of grey matter lesions in multiple sclerosis
(A) Type I lesions extend through both white matter and grey matter. The arrowhead indicates the white matter 
portion of the mixed white matter–grey matter lesion. The arrow points toward the grey matter part of that same 
lesion. The black line indicates the border between grey and white matter, showing that type I lesions cross this 
border. (B) Type II lesions are located entirely within the cortex, without touching the subcortical white matter or 
the pial surface of the brain. (C) Type III lesions extend inward from the pial surface and stop before they reach the 
border of white matter and grey matter. The arrows indicate a type III subpial cortical lesion. The arrowhead 
indicates normally myelinated (adjacent) grey matter. (D) Type IV lesions cover the entire width of the cortex, 
without extending into the subcortical white matter. The arrow indicates the border of the grey matter and white 
matter, as well as the border of the grey matter type IV lesion. This type of lesion typically respects the grey matter–
white matter border. Adapted from Geurts and Barkhof,7 by permission of Elsevier.
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the cortex could be causally related to cortical 
demyelination, especially to the band-like subpial lesions. 
Several autopsy studies have shown that meningeal 
infl ammation is present in multiple sclerosis,4,23–25 in some 
cases associated with the formation of ectopic B-cell 
follicles that might or might not be positive for the 
Epstein–Barr virus.26–29 However, meningeal infi ltrates 
were not always related to underlying cortical 
demyelination.25 Consistent fi ndings on grey matter 
lesions in autopsy studies are: a notable absence of cellular 
infi ltration, blood–brain barrier leakage, and complement 
deposition in cortical lesions from the brains of patients 
with long-standing multiple sclerosis.4,6,30,31 These fi ndings 
contrast with results from biopsy studies of acute 
demyelinating pathologies that later mostly developed 
into multiple sclerosis, which showed that early cortical 
pathology can be substantially infl ammatory.32,33 Whether 
infl ammation is a prerequisite for the development of 
cortical lesions cannot yet be defi nitively concluded. Both 
autopsy and biopsy studies are aff ected by substantial 
biases. The acute biopsy cases might be atypical simply 
because their overall infl ammatory profi les are 
extraordinary (which necessitated the biopsy in the fi rst 
place). Autopsy studies generally use material from 
patients with progressive multiple sclerosis, in which 
infl ammation in the cortex could have already subsided. 
Future research should defi ne and describe in detail the 
diff erent phases of cortical lesion formation in multiple 

sclerosis and show whether diff erent phases of grey 
matter lesions can be detected in all stages of the disease, 
as is the case for white matter lesions. 

Grey matter tissue degeneration 
Tissue degenerative processes in multiple sclerosis do not 
necessarily coincide with demyelination: white matter and 
grey matter pathology might be at least partly independent 
in progressive multiple sclerosis.4,21,22 In-vivo grey matter 
atrophy measures might therefore refl ect combinations of 
demyelination, neurite transection,19 and reduced synapse 
or glial densities.17,21 Several disease mechanisms have 
been proposed in association with tissue degeneration in 
the cortex. Mitochondrial dysfunction is one of the 
mechanisms that have received much attention. 
Irrespective of the presence of grey matter lesions, neurons 
with defi ciencies in the respiratory chain have been 
discovered in the cortex of patients with multiple sclerosis.34 

These neurons have many clonally expanded mitochondrial 
DNA deletions at the single-cell level and lack 
mitochondrial DNA-encoded catalytic subunits of complex 
IV of the respiratory chain. Concentrations of neuronal 
proteins essential for axonal transport, synaptic plasticity, 
and glutamate neuro transmission and homoeostasis were 
also substantially lower than normal in the grey matter of 
multiple sclerosis patients.17,35 Abnormalities in ion 
channels could be another possible mechanism; Srivastava 
and colleagues showed that potassium channel KIR4.1 
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Figure 2: Timeline of developments in grey matter imaging and pathology in multiple sclerosis
MS=multiple sclerosis. GM=grey matter. WM=white matter. NAA=N-acetyl aspartate. DIR=double inversion recovery. Adapted with permission from Hulst and Geurts.8
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could be a target of an autoantibody response in a subgroup 
of patients with multiple sclerosis.36 Excessive stimulation 
of calcium-dependent pathways, leading to neuro-
degeneration, could be triggered by the deleterious 
combination of mitochondrial dysfunction (due to 
defective oxidative phosphorylation or nitric oxide 
production), infl ux of sodium ions through voltage-gated 
channels, release of toxic calcium ions from the axoplasmic 
reticulum, overactivation of ionotropic and metabotropic 
axonal glutamate receptors in combination with down-
regulation of glutamate transporters in the cortex of 
patients with multiple sclerosis, and activation of voltage-
gated calcium channels.37 

How, and to what extent, these disease mechanisms 
control the complex pathological interplay in multiple 
sclerosis is not yet clear. Nor is it yet obvious how 
infl ammatory demyelination in white matter and grey 
matter is related to neurodegeneration. Several hypotheses 
about grey matter pathogenesis and the relation between 
neurodegeneration and neuro infl ammation are being 
investigated,38,39 and future studies of well-characterised 
post-mortem tissue and advanced, pathology-specifi c 
imaging techniques should clarify this issue further.

Imaging of grey matter demyelination 
and degeneration
In-vivo imaging could help to address questions about 
the spatiotemporal development of grey matter pathology 
in multiple sclerosis. Modern neuroimaging techniques 
can be used to optimally measure grey matter lesions 
and grey matter atrophy as signs of continuing 
demyelination and neurodegeneration. These measure-
ments can also be used to elucidate clinical disability and 
cognitive impairment in multiple sclerosis. 

Visualisation of grey matter lesions 
Although the fi rst accurate histological reports of 
demyelinated foci in the cortex of multiple sclerosis 
patients date back to the beginning of the twentieth 
century, visualisation of grey matter lesions in vivo has 
been diffi  cult because of the limitations of conventional 
MRI techniques. With the introduction of a more 
sensitive MRI acquisition technique, double inversion 
recovery (fi gure 4),41,42 fi ve times more grey matter 
cortical lesions could be detected than with a 
conventional T2-weighted sequence.42 However, about 
80% of grey matter lesions observed by microscopy are 
missed with double inversion recovery.43 In particular, 
subpial cortical lesions remain largely undetected.43–45 A 
disadvantage of double inversion recovery is its low 
signal-to-noise ratio, which results in low agreement 
between observers.40 International guide lines have been 
proposed to facilitate scoring of cortical grey matter 
lesions on double inversion recovery images;40 they will 
need to be updated when the double inversion recovery 
technique is standardised between research centres. 

Double inversion recovery has been combined with 

other sequences, such as phase-sensitive inversion 
recovery46 and T1-weighted three-dimensional spoiled 
gradient-recalled echo,47 but imaging of grey matter 
lesions at standard clinical fi eld strength is suboptimal. 
Ultra-high-fi eld MRI (ie, ≥7 T), which is not yet widely 
available, has substantially improved detection of cortical 
lesions, especially subpial cortical lesions, both ex vivo 

Figure 4: Cortical lesions on double inversion recovery MRI
Three axial double inversion recovery images of a 32-year-old patient with relapsing–remitting multiple sclerosis. 
Several intracortical lesions and mixed grey matter and white matter lesions are shown (arrows), together with 
typical multiple sclerosis white matter lesions. Common areas prone to artifacts on double inversion recovery have 
been described.40
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Figure 3: Three pathogenic mechanisms thought to be involved in grey matter pathology
Several pathogenic mechanisms have been suggested as causal factors in the development of grey matter 
pathology in multiple sclerosis. Meningeal infl ammation (A) has been related to cortical demyelination, and 
patients with early, very active, multiple sclerosis might even show infl ammation in the cortex. Pathology 
originating in the white matter can also aff ect the grey matter. The combination of a redistribution of  sodium 
channels over the length of axons upon axonal demyelination (B) and mitochondrial abnormalities in axons (C) 
could generate a dysbalance in cellular energy demand and supply, leading to dying back axonopathy, and 
ultimately atrophy of the cortical grey matter.
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and in vivo.48,49 Of 36 histologically detected cortical 
lesions, 28 (77%) were identifi ed retrospectively by ultra-
high-fi eld MRI.49 

Why some cortical lesions are visible on magnetic 
resonance images and others are not is unknown. A 
comparative post-mortem MRI and histopathology study 
has shown that MRI-visible cortical lesions do not diff er 
from MRI-invisible lesions in terms of their pathological 
profi les (infl ammation, gliosis, etc);45 rather, MRI visibility 
of cortical lesions depends on the size of the lesions. Large 
lesions, involving several cortical layers and potentially 
multiple gyri, show up more readily; so what is visible on 
MRI could be only the tip of the pathological iceberg. 
However, because MRI-visible cortical lesions are strongly 
associated with the MRI-invisible lesions,45 visualisation of 
the tip of the iceberg could be suffi  cient to obtain a 
preliminary idea of the extent of grey matter demyelination, 
at least until new techniques are available and detection of 
grey matter lesions improves further. 

Clinical relevance of grey matter lesions
Diagnostic implications
In-vivo studies (table 1) show that grey matter lesions 
occur frequently and early in all multiple sclerosis 
phenotypes, including patients who present with 
clinically isolated syndromes50 or even radiologically 

isolated syndrome.60 In some cases, grey matter lesions 
even precede the appearance of white matter lesions,33,61,62 

which is in line with histological reports of patients with 
early relapsing–remitting disease.32,33 Although more 
work is needed, this observation could be of great clinical 
relevance. In a 4-year longitudinal study,63 the predictive 
role of cortical lesions in patients with clinically isolated 
syndromes was compared with the available diagnostic 
criteria, which are primarily based on white matter 
involvement.64,65 In that study, the presence of at least one 
cortical lesion was associated with a higher risk of 
conversion to defi nite multiple sclerosis within a short 
period; if this fi nding is confi rmed in further longitudinal, 
multicentre studies, inclusion of cortical lesions in the 
diagnostic criteria of multiple sclerosis would be highly 
benefi cial. 

Prognostic implications 
Despite the limitations in the identifi cation of grey 
matter lesions in vivo, preliminary reports have provided 
convincing evidence of an association between grey 
matter lesions and physical disability. A moderate 
correlation between clinical disability and cortical lesion 
burden has been reported in all multiple sclerosis 
phenotypes.50 A 3-year longitudinal study showed that 
cortical lesion number and lesion volume increased 
signifi cantly more quickly over time in patients who 
worsened clinically than in those who remained clinically 
stable.55 Cortical lesion volume and white matter lesion 
volume at study entry were independent predictors of 
disability progression over the next 3 years, which 
implies that cortical lesions might be a useful paraclinical 
tool to assess disease evolution, in addition to white 
matter lesion load.55 

These preliminary results are similar to observations in 
patients with primary progressive multiple sclerosis, as 
defi ned by the Thompson criteria,66 in whom cortical 
lesions have been observed in up to 80% of individuals. 
Cortical lesions were signifi cantly correlated with EDSS 
at baseline and disability progression at follow-up, 
whereas a multivariate analysis identifi ed cortical lesion 
volume as the best predictor of disability increase over 
the next 2 years.54

By contrast, patients with benign multiple sclerosis (ie, 
EDSS ≤3·0 after 15 years from clinical onset) showed 
signifi cantly lower cortical lesion numbers, lower cortical 
lesion volumes, and slower accumulation of cortical lesions 
than patients with early relapsing–remitting multiple 
sclerosis who had a similar degree of disability but shorter 
disease duration. In multivariate analysis, cortical lesion 
volume and volume increase over time were the best 
predictors of a benign disease course.51 Together, these 
observations indicate that cortical damage in multiple 
sclerosis is related to an unfavourable clinical course.

Cortical pathology could substantially aff ect not only 
clinical disability but also cognitive dysfunction in 
multiple sclerosis. The overall burden of white matter 

Method N Main fi ndings

Calabrese 
et al, 200750

1·5 T; DIR 380 MS, 
40 controls

The number of cortical lesions correlated with the EDSS 
score (r=0·48, p=0·001)

Calabrese 
et al, 200951

1·5 T; DIR 48 benign, 
96 relapsing– 
remitting MS

Low number of cortical lesions and low cortical lesion 
volume associated with benign course of the disease 
(low disability 15 years after disease onset) 

Roosendaal 
et al, 200952

1·5 T; DIR 13 MS Cortical lesions increase substantially over 3 years, are 
most frequent in patients with secondary progressive 
MS, and are associated with cognitive impairment

Calabrese 
et al, 200953

1·5 T; DIR 70 MS Cortical lesion volume correlated with cognitive 
impairment index and with almost all cognitive tests of 
Rao’s brief repeatable battery

Calabrese 
et al, 200954

1·5 T; DIR 48 primary 
progressive 
MS

Cortical lesion volume at baseline was the best predictor 
of percentage change in grey matter volume and 
disability accumulation during the subsequent 2 years

Calabrese 
et al, 201055

1·5 T; DIR 107 MS Cortical lesion volume correlated with baseline EDSS and 
is the best predictor of EDSS accumulation over 3 years in 
relapsing–remitting and secondary progressive MS

Bagnato et al, 
201056

3 T; IRSPGR 21 MS, 
21 controls

Cortical lesions aff ect cognitive impairment, not 
independently from white matter disease

Mike et al, 
201157

3D IRSPGR 26 MS Cortical lesion number and volume correlated with 
SDMT and EDSS; number correlated with CVLT-II scores

Nelson et al, 
201158

3 T; DIR/PSIR 39 MS Cortical lesions have an important role in cognitive 
impairment. The size of the cortical lesion, and not the 
tissue-specifi c location, may best explain their 
correlation with cognitive impairment

Nielsen et al, 
201159

7 T; T2*-2D 
FLASH

17 MS Subpial cortical lesions better detected with FLASH-T2* 
at 7 T than with DIR at 3 T

DIR=double inversion recovery. MS=multiple sclerosis. EDSS=expanded disability status scale. SDMT=symbol digit 
modality test. CVLT-II=California verbal learning test, second edition. IRSPGR=inversion-recovery spoiled 
gradient- recalled echo. PSIR=phase-sensitive inversion recovery. FLASH=fast low angle shot. 

Table 1: Cross-sectional and longitudinal studies of relation between cortical lesions and disability
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lesions does not fully account for the severity of cognitive 
impairment in multiple sclerosis.67,68 Indeed, cortical52 
and hippocampal69 lesion counts were signifi cantly 
associated with impairment of visuospatial memory and 
processing speed, and cortical lesion volume was related 
to overall cognitive impairment.53 Finally, in addition to 
the number of grey matter lesions, the size of lesions was 
also relevant to cognitive deterioration.58

Cortical grey matter lesions in clinical trials
No defi nitive consensus exists about how best to 
measure cortical grey matter lesions with MRI, and 
MRI techniques, or combinations of MRI techniques, 
still produce suboptimal results. Double inversion 
recovery, for example, could be the most suitable 
candidate for inclusion in clinical trials, but acquisition 
with this method has not been standardised across 
centres. Despite the proposal of international consensus 
criteria for scoring of cortical grey matter lesions, 
agreement between raters using diff erent double 
inversion recovery sequences is still suboptimal.40 
Therefore, until these sequences are standardised 
between centres, the use of double inversion recovery to 
quantify cortical lesions is useful within, but not 
between, centres of expertise. By inference, double 
inversion recovery (or other contrasts for cortical lesion 
visualisation) could be very useful in assessment of 
cortical damage in relation to cognitive impairment in 
individual patients.61,62 However, to monitor overall grey 
matter damage in multicentre clinical trials, measures 
of grey matter atrophy might be more feasible than 
measures of cortical lesions at this point.70

Grey matter atrophy
Measurement of grey matter atrophy with MRI
Several studies have documented progressive loss of 
brain parenchyma, starting at the clinically isolated 
syndrome stage and continuing throughout the long 
course of the disease.71–74 Grey matter constitutes about 
65% of brain parenchymal tissue, and atrophy of grey 
matter largely drives whole brain atrophy in multiple 
sclerosis.75,76 Decreased grey matter volume is the end 
result of pathological processes that aff ect both grey 
and white matter in multiple sclerosis. Indeed, grey 
matter volume measures are inherently non-specifi c; 
they reveal nothing about the exact cause of the tissue 
injury. However, in view of the extensive grey matter 
pathology in multiple sclerosis, studies of grey matter 
atrophy are particularly interesting because: grey 
matter lesions are diffi  cult to visualise, even with 
specialised MR sequences; grey matter atrophy 
measurements can be done with conventional MRI and 
available software; and grey matter atrophy is more 
strongly associated with neurological disability than are 
other imaging metrics. 

Investigators can use several methods to quantify grey 
matter loss. The most common approach is to use image 

analysis software to segment total grey matter (cortical 
and deep grey matter),77–81 cortical grey matter only,81 or 
specifi c structures, such as the thalamus or 
hippocampus.82,83 Total grey matter volume can be 
quantifi ed and expressed as an absolute volume, a 
normalised absolute volume calculated by transformation 
to standard space, or as a normalised fraction of the 
intracranial volume. Investigators can use widely 
available, general-use brain segmentation software 
packages78,81,84 to estimate grey matter atrophy in patients 
with multiple sclerosis (eg, see several examples in the 
FSL library85). Importantly, the signal intensity of multiple 
sclerosis white matter lesions can resemble the signal 
intensity of normal-appearing grey matter, which 
complicates brain tissue classifi cation and can lead to 
inaccurate results.77,82–84 If the lesions are not accounted for 
during analysis, up to 50% of voxels within lesions could 
be erroneously classifi ed as grey matter.86 

Another approach is to estimate changes in cortical 
thickness. Cortical thinning can be measured in 
individual patients over time by use of cortical 
deformation modelling software to estimate changes in 
mean cortical thickness, either over the whole brain or 
over individual regions.87,88 Cortical thinning can also be 
studied through comparisons between groups of patients 
by voxel-based morphometry.78 Both methods have been 
used in multiple sclerosis studies.

Method N Main fi ndings

De Stefano et al, 
200395

NCV 90 MS NCV correlated with EDSS; correlations with EDSS stronger 
in primary progressive than in relapsing–remitting MS; low 
NCV even in patients with MS for <5 years and in patients 
with low lesion loads 

Amato et al, 
200499

NCV 41 MS, 
16 controls

NCV lower in cognitively impaired MS patients; NCV 
correlated with neuropsychological tests of verbal memory, 
verbal fl uency, and attention/concentration

Tedeschi et al, 
2005100

GMF 595 MS, 
104 controls

GMF was the only MRI measure that correlated with EDSS

Sanfi lipo  et al, 
2005101

GMF 41 MS, 
18 controls

GMF was the only signifi cant predictor of EDSS and 25-feet 
timed walk

Fisniku et al, 
2008102

GMF 44 MS, 29 CIS, 
25 controls

GMF was strongest MRI predictor of EDSS and only MRI 
predictor of MSFC

Benedict et al, 
2009103

MTLV, 
DGMV

50 MS, 
20 controls

DGM volumes correlated with neuropsychological measures; 
amygdala volume correlated with episodic memory tests

Calabrese et al, 
200953

NCV 70 MS Patients with cognitive impairment had more cortical 
atrophy; NCV correlated with composite cognitive score

Audoin et al, 
201097

VBM 
rGMV

62 CIS, 
37 controls

Grey matter loss evident in various regions in CIS patients 
compared with controls; right cerebellar atrophy correlated 
with EDSS; no correlations with cognition

Roosendaal 
et al, 2011104

NGMV 927 MS NGMV strongest predictor of EDSS and PASAT

Batista et al, 
2012105

NCV, 
DGMV

86 MS, 25 HC Cortical and deep grey matter volumes correlated with 
neuropsychological function

NCV=normalised cortical volume. MS=multiple sclerosis. EDSS=expanded disability status scale. GMF=grey matter 
fraction. CIS=clinically isolated syndrome. MSFC=multiple sclerosis functional composite. MTLV=medial temporal lobe 
volume. DGMV=normalised deep grey matter volume. VBM=voxel-based morphometry. rGMV=regional grey matter 
volume. NGMV=normalised grey matter volume. PASAT=paced auditory serial addition test.

Table 2: Cross-sectional studies of grey matter atrophy and disability correlation
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Various image analysis approaches have also been used 
to measure tissue loss in specifi c grey matter structures. 
Voxel-based morphometry provides a way to identify 
regions of the brain with substantial atrophic changes. 
For more specifi c analyses, deep grey matter structures 
can be isolated automatically and quantifi ed accurately.82 

Even sub-regions of the hippocampus can be identifi ed 
and measured with a relatively high degree of reliability.89 

The smaller the structure of interest, however, the more 
important it is to acquire high-resolution, high-contrast 
images, which might need more specialised MRI 
acquisition sequences than those used routinely in 
multiple sclerosis studies. 

Clinical relevance of grey matter atrophy
Grey matter atrophy is relevant to the understanding of 
multiple sclerosis disability and to the design of clinical 
trials. Grey matter atrophy (but not white matter atrophy) 
can be detected in very early relapse-onset multiple 
sclerosis90,91 and in early primary progressive multiple 
sclerosis.92,93 Unlike white matter atrophy, it can 
accelerate in the progressive (especially secondary 
progressive) disease stage (defi ned as continued 
deterioration for at least 6 months, with or without 
superimposed relapses in a patient with a history of at 
least two relapses).76 With a wide range of techniques, 
grey matter atrophy is evident even at the earliest stage 
of disease compared with healthy controls.91,94–98 In 
patients with clinically isolated syndromes, grey matter 
atrophy in specifi c regions (the superior frontal gyrus, 
thalamus, and cerebellum) independently predicted 
conversion to defi nite multiple sclerosis over 4 years,98 
suggesting that grey matter atrophy might have a role in 
diagnosis. Several cross-sectional studies have shown 
signifi cant correlations between various measures of 
grey matter atrophy and clinical disability, however 
disability was measured (table 2).53,95,97,99–105 In studies that 
analysed several MRI parameters, including T2 and T1 
lesion volumes and white matter atrophy, grey matter 
atrophy was the strongest MRI correlate of clinical 
disability or cognitive impairment.95,100,101,104

Several longitudinal studies have assessed the relation 
between grey matter atrophy and clinical disability 
(table 3).67,90,98,102,106–109 Each of these reported signifi cant 
correlations between con tinuing grey matter atrophy 
and concurrent disability progression. In one of the fi rst 
reports about longitudinal grey matter atrophy in 
multiple sclerosis,106 cortical thinning was more 
prominent in patients with disability progression during 
the 1-year study than in those who remained stable. As 
shown in cross-sectional studies, progressive grey matter 
atrophy is more clinically relevant than white matter 
atrophy or lesions.102,106,108 In a group of patients 20 years 
after their fi rst attack, the grey matter fraction was the 
strongest predictor of disability, whereas the white 
matter fraction did not correlate with disability.102

Grey matter atrophy in clinical trials 
Whether grey matter atrophy can be used as an outcome in 
neuroprotective treatment trials is not yet known, but 
publications reporting the eff ects of therapeutic 
interventions on grey matter atrophy are beginning to 
emerge (table 4).110–114 The authors of an open-label study of 
interferon beta-1a in relapsing–remitting multiple sclerosis 
suggested grey matter atrophy was decreased in treated 
compared with untreated patients.110 This result was 
confi rmed in a post-hoc analysis of the randomised, 
placebo-controlled phase 3 clinical trial that led to approval 
of intramuscular interferon beta-1a.111 This study is of 
particular interest because the results suggested that 
pseudoatrophy—an increase in volume loss in the fi rst 

N Duration 
(years)

Trial design Results

Zivadinov 
et al, 2007110

54 3 Non-randomised; intramuscular 
interferon beta-1a vs untreated

Decreased grey matter atrophy 
with interferon beta

Nakamura 
et al, 2010111

131 2 Randomised; intramuscular 
interferon beta-1a vs placebo

Decreased grey matter atrophy with 
interferon beta; pseudoatrophy 
mainly in white matter

Bendfeldt 
et al, 2010112

86 2 Non-randomised; interferon beta-
1a subcutaneous vs intramuscular 
vs glatiramer acetate vs untreated

Diff erences in regional grey matter 
atrophy in (diff erentially) treated vs 
non-treated patients with 
relapsing–remitting multiple 
sclerosis

Kapoor et al, 
2010113

120 2 Randomised; lamotrigine vs 
placebo

Suggestion of white matter 
pseudoatrophy; no eff ect on grey 
matter atrophy

Calabrese et 
al, 2012114

165 2 Randomised; interferon beta-1a 
subcutaneous vs interferon beta-1a 
intramuscular vs glatiramer acetate

Cortical thinning comparable 
between treatment groups

Table 4: Eff ects of therapeutic intervention on grey matter atrophy

Measure Duration 
(years)

N Main fi ndings

Chen et al, 
2004106

Cortical 
thinning

1 30 MS –3·13% change with worse disability; 0·06% change for 
stable patients, p<0·01

Dalton et al, 
200490

GMF 
change

3 58 MS –3.3% change in CIS progressing to MS; –1.1% change in 
CIS without MS, p=0·02

Amato et al, 
200767

NCV 
change

2·5 28 MS –43·0 mL change with cognitive decline; –17·8 mL 
change with stable cognition, p<0·01

Fisniku et al, 
2008102

GMF at 
follow-up

20 73 MS Increase in grey matter atrophy in secondary progressive 
MS, p<0·01; GMF correlated with EDSS or MSFC

Rudick et al, 
2009107

GMF 
change

6·6 70 MS Change in GMF 14·2 × control rate with MSFC 
worsening; change in GMF 8·3 × control rate with MSFC 
stable, p=0·03

Horakova et al, 
2009108

NGMV 
change

5 181 MS NGMV was a signifi cant predictor of sustained EDSS 
progression

Calabrese et al, 
201198

Cortical 
thinning

4 105 MS Regional thinning in CIS progressing to relapsing–
remitting MS, p<0·05; cortical thinning doubled risk of 
conversion

Fisher et al, 
2011109

Cortical 
thinning

4 70 MS Lower baseline cortical thickness and more thinning in 
patients with MSFC progression

MS=multiple sclerosis. GMF=grey matter fraction. CIS=clinically isolated syndrome. NCV=normalised cortical 
volume. EDSS=expanded disability status scale. MSFC=multiple sclerosis functional composite. NGMV=normalised 
grey matter volume. 

Table 3: Longitudinal studies of grey matter atrophy and disability correlation
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year of anti-infl ammatory therapy, thought to be due to 
resolution of oedema—was largely restricted to white 
matter. This fact has an important implication for the 
design of clinical trials using grey matter atrophy as an 
outcome measure because it implies that a run-in period 
to establish a stable baseline might not be necessary. In a 
placebo-controlled study of lamotrigine,113 although there 
were no treatment eff ects on grey matter atrophy, the 
reported volume changes were consistent with the idea 
that pseudoatrophy might be more prominent in white 
matter.

Because grey matter atrophy correlates with clinical 
disability more strongly than other MRI measures, and 
because it appears to be less sensitive to pseudoatrophy, 
grey matter atrophy could be an attractive potential 
outcome measure for neuroprotection trials.

Conclusions and future directions
Post-mortem tissue research has shown that the grey 
matter is very much involved in the multiple sclerosis 
disease process. During the past decade, this fundamental 
observation was followed by many studies aiming to 
investigate the clinical eff ects of grey matter damage. 
Recent research suggests that grey matter abnormalities 
can explain physical and cognitive decline in patients 
with multiple sclerosis better than white matter 
abnormalities can. Although an association between grey 
matter lesions and grey matter atrophy has been seen in 
multiple sclerosis, the two features are partially 
dissociated54 and probably refl ect diff erent but inter-
related pathological processes. Infl ammatory de-
myelination characterises some grey matter lesions and 
might appear as the fi rst phase of a process that can lead 
to atrophy. By contrast, grey matter atrophy seems to be 
the fi nal step of several processes, which could include 
cortical demyelination but also retrograde degeneration 
secondary to white matter lesions, and, perhaps, primary 
neurodegeneration. Therefore, ideally, both focal lesions 
and diff use atrophy should be assessed to better elucidate 
the pathological process underlying multiple sclerosis 
and to precisely predict the physical and cognitive 
evolution of the disease. 

Measurement of grey matter damage in vivo remains a 
challenge: standard MRI techniques cannot adequately 
image grey matter lesions, and even more advanced 
techniques, such as double inversion recovery, are not 
suffi  cient to detect the majority of multiple sclerosis 
cortical lesions in vivo. Measurement of grey matter 
atrophy in multiple sclerosis is easier and more 
reproducible between sites than is the case for cortical 
lesions.70 Future progress in understanding of the role of 
grey matter pathology in the disease process, and 
measurement of grey matter pathology for care of 
patients and clinical research, will need better methods 
to assess the disease process. 

Despite the relevance of the results obtained so far, 
many important questions remain unresolved (panel).

Grey matter pathology, although it has been almost 
completely ignored until quite recently, holds many 
important secrets about the multiple sclerosis disease 
process. The implications of this fact range from 
improved diagnosis, monitoring of individual patients, 
improved understanding of disease pathogenesis and 
development, to a wider therapeutic window. Focused 
post-mortem studies and pathology-specifi c imaging 
measures should shed light on these important and 
intriguing questions in the future.
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Panel: Unresolved questions about grey matter pathology in multiple sclerosis

• What is the exact relation between grey matter pathology and white matter lesions?
• Does the disease start in the grey matter and involve white matter secondarily? 
• Does white matter pathology involve grey matter secondarily? 
• Does the multiple sclerosis pathological process independently target grey and white 

matter? 
• What is the exact relation between grey matter lesions and grey matter atrophy? 
• What pathological process explains type 3 cortical lesions? 
• Are the pathological mechanisms for type 3 lesions fundamentally diff erent from those 

for perivascular lesions in grey or white matter? 
• What is the role of grey matter measurement in clinical trials? 
• Can measurement of grey matter atrophy or lesions off er an advantage over whole brain 

or white matter assessments in pharmaceutical studies?
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“grey matter”, “gray matter”, “cortical”, “GM atrophy”, “GM lesions”, “deep GM”, “clinical AND 
multiple sclerosis AND GM atrophy”, “clinical AND multiple sclerosis AND GM lesions”, GM 
lesions AND histopathology”, “GM lesions AND multiple sclerosis AND cognitive”, “GM 
atrophy AND cognitive AND multiple sclerosis”, “GM AND WM AND clinical AND multiple 
sclerosis”, “treatment AND multiple sclerosis AND GM atrophy”, “treatment AND multiple 
sclerosis AND GM lesions”, “double inversion recovery AND multiple sclerosis AND GM 
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AND histopathology”, “neurodegeneration AND multiple sclerosis”, “glutamate AND multiple 
sclerosis”, “mitochondrial AND multiple sclerosis AND GM”, “pathogenesis AND multiple 
sclerosis AND GM”, from January, 1907 until July, 2012. We also identifi ed articles through 
searches of the reference lists of the articles found with the above cited search terms and of 
the authors’ own fi les. We reviewed only papers published in English. We generated the fi nal 
reference list on the basis of originality and relevance to the scope of this Review.
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