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Abstract

Iron accumulates with age in the normal human brain. This process is altered at 
several levels in the brain of multiple sclerosis (MS) patients. Since iron is mainly 
stored in oligodendrocytes and myelin in the normal brain, its liberation in 
demyelinating lesions may amplify tissue damage in demyelinating lesions and its 
uptake in macrophages and microglia may help to more precisely define activity 
stages of the lesions. In addition, glia cells change their iron import, export and 
storage properties in MS lesions, which is reflected by alterations in the expression 
of iron transport molecules. Changes of iron distribution in the brain can be reliably 
detected by MRI, particularly upon application of Ultra-high magnetic field (7 Tesla). 
Iron-sensitive MRI allows to more accurately distinguish the lesions in MS from 
those in other inflammatory brain diseases, to visualize a subset of slowly expanding 
lesions in the progressive stage of MS and to increase the sensitivity for lesion 
detection in the grey matter, such as the cerebral cortex or deep grey matter nuclei.

INTRODUCTION
Multiple sclerosis (MS) is a chronic inflammatory disease 
of the central nervous system, which leads to the formation 
of focal plaques with primary demyelination and neurode-
generation within the lesions and in the normal appearing 
white and grey matter. While basic mechanisms of the 
inflammatory process have been well elucidated during the 
last decades and a large spectrum of anti-inflammatory or 
immunomodulatory treatments are currently available, much 
less is known about the molecular mechanisms responsible 
for the induction of demyelination and neurodegeneration. 
We have recently proposed that tissue damage in multiple 
sclerosis is primarily driven by components of the adaptive 
and innate immune system, and that oxidative injury and 
subsequent mitochondrial damage plays a major pathogenic 
role in the disease (40). Oxidative injury can be amplified 
by the presence of iron in the human brain and by its 
liberation within the lesions. For this reason, a detailed 
insight into the dynamic changes of iron metabolism in the 
brain of normal humans and MS patients may allow to 
identify novel mechanisms, which propagate neurodegenera-
tion in MS. These mechanisms may be particular important 
in aging patients with progressive disease. Furthermore, the 
introduction of Ultra-high field (7 Tesla) magnetic resonance 
imaging provides improved resolution and contrast in MRI 

to study disease-related iron homeostasis in vivo in the brain 
of MS patients, and such data may become clinically rel-
evant for diagnosis, prognosis and the evaluation of thera-
peutic success. In this review, we briefly discuss 
neuropathological evidence for iron related changes in the 
brain and provide a summary of the current state of the 
art of iron-sensitive magnetic resonance imaging in MS 
patients.

IRON IN THE NORMAL BRAIN
In mammalian organisms, iron is present in two forms: 
heme iron and non-heme iron. Heme iron is functional, 
i.e. used for metabolic purposes, and a major pool of 
divalent (Fe++) heme iron is found as a prosthetic group 
of highly concentrated intracellular hemoglobin in eryth-
rocytes. Conversely, concentrations of extracellular free 
hemoglobin in the serum are normally low. Upon hemolysis, 
large amounts of hemoglobin can be liberated, which 
might have deleterious effects due to the pro-oxidative 
abilities of heme. For these reasons, the abundant serum 
protein haptoglobin binds and detoxifies hemoglobin via 
intravascular sequestration and uptake into monocytes (50) 
through the hemoglobin-haptoglobin complex receptor 
CD163 (35). Scavenged hemoglobin is degraded in 
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lysosomes, and iron is removed from liberated heme via 
heme oxygenases. The remaining protoporphyrin IX ring 
is further degraded to biliverdin and carbon monoxide 
(19). In the body, heme iron contributes to about 75% of 
the total iron pool (3.5 g heme iron and 4.5 g total iron 
in a 70 kg man).

Non-heme iron includes all iron which is not found in 
heme. It can be functional if  it is e.g. present in iron-sulfur 
clusters, or non-functional if  it is stored in ferritin or bound 
to transferrin. It also subsumes free iron, which is normally 
found in the intracellular labile or chelatable iron pool (13). 
Cellular Fe++ is imported across the cytoplasmic membrane 
or membranes of phagosomes and lysosomes by a variety 
of ion channels, such as DMT1, TRP6, ZIP8, ZIP14, 
TRPML1 and NRAMP1. Cellular Fe++ export is mediated 
by the iron channel ferroportin, which is coupled to the 
copper-dependent ferroxidases hephaestin or ceruloplasmin 
(28). These membrane-bound ferroxidases oxidize Fe++ to 
Fe+++ directly after export via ferroportin, preventing the 
cellular release of toxic divalent iron into the extracellular 
space. Cells import Fe+++ via receptor-mediated endocytosis 
of iron-containing transferrin or ferritin via receptors for 
transferrin (TfR1) or ferritin (Scara5 (38), Tim-1 (9)).

The human brain accumulates iron with aging (22). 
Areas showing pronounced iron accumulation are the basal 
ganglia, the substantia nigra, the red nucleus, the cerebel-
lar dentate nucleus and the cortico-subcortical junction. 
In the deep and periventricular white matter, iron accu-
mulation is less prominent. A similar anatomical iron 
distribution is seen in brains of aging rodents, but overall 
iron levels are much lower than in humans (53). Throughout 
all brain regions, iron is mainly stored in ferritin in oli-
godendrocytes and myelin. Conversely, high iron content 
in few microglia is found only in a subset of aged indi-
viduals. Larger numbers of iron-laden microglia and mac-
rophages are found in pathological conditions of the brain, 
such as Alzheimer’s disease (39) or multiple sclerosis (11). 
Under such circumstances, iron-laden microglia display a 
senescent phenotype (23), suggesting detrimental effects of 
long-term iron storage in microglia (Figure  1).

Currently, the mechanisms mediating life-long accumula-
tion of iron in its distinct anatomical pattern remain to be 
clarified. Iron may enter the brain through a specific receptor-
mediated transport (14) and unspecifically under conditions 
of blood-brain-barrier injury. The destination of iron in 
oligodendrocytes may be accomplished by the expression 
of iron importers, such as the ferritin receptor Tim-1 (9), 
and by the low expression of iron exporters in in these 
cells in comparison to neurons and other glial cells. This, 
however, does not explain the anatomical distribution of 
iron accumulation. Age-related vascular pathology and 
extravasation of erythrocytes or their contents may play an 
additional role. This concept is supported by the high iron 
accumulation in the brain at predilection sites of deep hem-
orrhages associated with hypertensive small vessel disease, 
which involve lenticulostriate branches of the middle cerebral 
artery (49).

CHANGES OF IRON METABOLISM IN 
THE MULTIPLE SCLEROSIS BRAIN
Compared to age matched controls, increased amounts 
of iron have been observed in the basal ganglia of MS 
patients already in early disease stages (31). In MS with 
long-standing disease however, the iron levels of the myeli-
nated normal-appearing white matter (NAWM) are 
decreased in comparison to controls (23,48). This iron 
decrease was related to disease duration (23) or age (48) 
of the patients. As in aging controls, iron in the NAWM 
and normal-appearing grey matter (NAGM) is mainly 
stored in myelin and oligodendrocytes, while active or 
chronic active lesions may contain high and variable num-
bers of iron-loaded macrophages and a low and variable 
presence in astrocytes (23,48). In the vicinity of active 
lesions, the iron content of oligodendrocytes is reduced 
and this process is associated with the upregulated expres-
sion of molecules involved in cellular iron export, such 
as hephaestin (15), ceruloplasmin (23) and ferroportin. In 
lesions showing active demyelination, residual iron is lib-
erated from degenerating oligodendrocytes, where it is 
found in the extracellular space (23) and with advancing 
lesion formation taken up by macrophages and microglia. 
These data suggest that liberation of pro-oxidant Fe++ in 
active MS lesions may amplify oxidative injury of remain-
ing myelin sheaths, oligodendrocytes and axons, leading 
to the formation of oxidized phospholipids and DNA (23) 
Iron uptake in microglia may augment microglial senes-
cence (39), which is prominent in MS lesions (23). Upon 
removal of iron containing macrophages and microglia, 
chronic inactive lesions are characterized by a reduction 
in iron content, when compared with surrounding NAWM 
(23, 48) or NAGM (48, 61). As will be discussed below, 
this reduced iron content in inactive lesions might be 
useful for cortical lesion detection with high-field MRI.

Slowly expanding or smoldering lesions show continuing 
low-grade myelin breakdown and phagocytosis at the lesion 
edges, which are particularly prevalent in patients with 
primary or secondary progressive MS (17). In a subset of 
about 40% of such lesions (23, 48), iron is taken up by 
activated microglia at the lesion edge, and this results in 
the appearance of a narrow but prominent rim of iron 
containing microglia at the smoldering lesion edge (11). 
Iron-loaded microglia revealed an activated and pro-
inflammatory phenotype, signified by the expression of 
molecules involved in oxygen (11) or nitrogen (42) radical 
production, phagocytosis and antigen presentation (11, 63). 
As discussed below, visualization of iron rim lesions by 
MRI helps to identify slowly expanding lesions in MS 
patients and may serve as a paraclinical marker for active 
disease in the progressive stage of MS in the future. These 
iron-related findings in the MS brain have originally been 
established by conventional neuropathology using histo-
chemical methods of iron detection (23). More recently, 
they have been confirmed and expanded using synchroton 
X-ray fluorescence imaging (48). This study additionally 



Ultra-high-field magnetic resonance imagingHametner et al

Brain Pathology 28 (2018) 743-–749

© 2018 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology

745

Figure 1. Distribution of iron in control and MS brains and its visualization using 7T MRI. (A, B) Luxol-fast blue-periodic acid-Schiff stainings for myelin 
and (C, D) diaminobenzidine-enhanced Turnbull blue stainings for non-heme iron show double-hemispheric coronal sections of (A, C) a 63-year old 
control and (B, C) a 55-year old patient with secondary progressive MS. (B) Multiple remyelinated shadow plaques are visible in the periventricular 
and subcortical white matter of the MS case. (C, D) In both control and MS case, the highest iron intensities are found in the deep grey matter nuclei 
and the substantia nigra. The cortico-subcortical junction is also accentuated by elevated iron intensities. (D) This MS case shows overall iron 
reduction in the normal-appearing white matter (NAWM) and even more within the shadow plaques. None of the shadow plaques display a rim of 
iron accumulation. (E-L) 7T susceptibility-weighted imaging (SWI) (E, G, J), iron stainings (F, H, K) and proteolipid protein (PLP) myelin stainings (I, L) 
of a 62-year old patient with primary progressive MS. (E) The large periventricular lesion is hyperintense when compared to the surrounding NAWM 
and is bordered by a narrow hypointense rim. (F) The hypointense rim is recapitulated by intense iron reactivity within microglia (M). Within the lesion, 
strongly hypointense tubular structures (E) correspond to intravascular erythrocytes in vessels lacking perivascular iron accumulation (N). (G, H, I) A 
leukocortical lesion with a dark rim and central vessel in the SWI sequence (G). The iron staining confirms iron accumulation at the rim (H), and PLP 
myelin staining confirms myelin loss (I). The central vessel is not captured in the histology. (J-L) A leukocortical lesion with a central hypointense 
vessel without hypointense rim (J) and without rim iron accumulation (K). The area of myelin loss is shown in the PLP staining in (L) and is characterized 
by iron loss when compared to the surrounding normal-appearing grey matter (K), which augments the slight hyperintensity of the lesional area in the 
SWI sequence (J). Here, the central vessel is captured by histology (K, L) and displays dark intravascular erythrocytes and no evidence of perivascular 
iron accumulation (K). (O) Staining for smooth muscle actin allows to differentiate between veins (left vessel) and arteries (right vessel). (P) Perivenous 
iron accumulation within a chronic MS lesion within macrophages in the perivascular spaces can be differentiated from (Q) periarterial iron 
accumulation, which diffuses into the neighbouring brain parenchyma within another chronic MS lesion. (R) Vascular fibrosis of small and larger blood 
vessels is regularly encountered within chronic MS and is exemplified here with a staining for the protein collagen I. 
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shows loss of Zinc ions in chronic MS lesions and provides 
further information on the chemical nature of iron in MS 
brain tissue, which encompasses heme iron, ferrihydrite, 
magnetite and goethite.

VISUALIZATION253 OF IRON BY 
ULTRA-HIGH FIELD (7T) MRI
In addition, elevated iron content is seen in some active 
MS lesions, distinguishing them from lesions in patients 
with neuromyelitis optica (7). Upon the application of 
iron-sensitive sequences, 7T MRI turned out be ideal for 
iron visualization in the brain tissue with high sensitivity 
and structural resolution in vivo. Information derived from 
gradient-echo sequences are generally used for these pur-
poses and comprise T2*, susceptibility-weighted imaging 
(SWI) and quantitative susceptibility mapping (QSM). 
Although these modalities provide images reliably depict-
ing iron content in basal ganglia and thalamus, the high 
amounts of myelin found in white matter prevent their 
straightforward application for white matter iron quanti-
fication (37). The reason is that diamagnetic myelin induces 
opposite local magnetic field changes, compared to para-
magnetic iron. By comparing the reciprocal of T2*, i.e. 
R2*, and QSM with biochemical and histochemical iron 
determination in a post mortem study on unfixed human 
brains in-situ, we could show a good correlation between 
the biochemical or histochemical iron signal with quan-
tification of the signal of both techniques in brain areas 
with low myelin content. However, in areas with high 
myelin content, QSM analysis turned out to be influenced 
by myelin and iron (Hametner et  al 2018, in revision). 
Due to their high sensitivity, these MRI techniques have 
been recently used to address a number of questions related 
to vascular pathology or MS lesion structure and its 
dynamic evolution.

Relationship between MS lesions and 
cerebral veins

In contrast to histochemical iron stainings, susceptibility-
sensitive MRI also depicts venous deoxygenated hemo-
globin, allowing the creation of an anatomical vein atlas 
of the normal brain (20) and to show its alterations within 
MS lesions (12). The specificity of the signal for hemo-
globin in intravascular erythrocytes can be documented 
in direct MRI-pathological correlation studies, but in such 
studies it has to be considered that all blood in the post 
mortem brain is de-oxygenated and therefore an erythro-
cyte-related signal is also seen in arteries. The presence 
of a central vein, which can be detected in high-field MRI, 
in MS lesions is a very characteristic finding (55), which 
helps to differentiate MS diagnostically from many  
(10, 54) but not all other inflammatory brain diseases (5). 
In addition, expansion of the perivascular Virchow Robin 
spaces was found to be associated with the degree of 

brain atrophy, suggesting that such measurements may 
serve as an indicator for neurodegeneration (34).

Iron imaging of MS lesions—diffuse iron 
accumulation vs. loss

Neuropathological studies have demonstrated a loss of iron 
in the majority of active and inactive lesions, when compared 
to the surrounding NAWM (23,48). Putatively iron-sensitive 
MRI modalities such as phase imaging or QSM however 
have demonstrated an increase in phase (58) or susceptibility 
(8) in the majority of acute (58) or some chronic (8) MS 
lesions, which has been interpreted as iron accumulation, 
since MS lesions with iron accumulation indeed show 
hyperintensity in QSM (59). However, MS lesions show 
increase of phase or QSM also in the absence of iron 
accumulation and may even show it in the presence of 
lesional iron loss (57). Increased microstructural isotropy 
during MS lesion formation might explain this increase in 
MRI signal in lesions showing iron loss (60). Still, a subset 
of lesions was shown to accumulate iron across the lesion 
area (around 8% of WM lesions (23)) or at the lesion border 
(slowly expanding lesions, see below). A way to more spe-
cifically identify these two distinct morphological patterns 
of iron accumulation (nodular or ring-like iron accumula-
tion) in MS lesions is the combination of gradient-echo T2* 
imaging with QSM (7). Applying this combination, 16.5% 
of MS lesions were classified as showing iron accumulation 
(7), which well matches neuropathological data.

Iron imaging of slowly expanding lesions

A number of recent Ultra-high field MRI studies have 
shown that a subset of lesion in patients with relapsing 
or progressive MS are characterized by the presence of a 
rim of high signal intensity of phase, R2* or QSM sequences 
(2, 4, 24, 25). The interpretation of these findings in rela-
tion to disease activity, however, was controversial. It was 
suggested that these are active lesions, associated with a 
rim of iron loaded macrophages at their margins (2). 
However, a longitudinal study showed that these rims were 
unchanged over an observation time of 2.5 years (4), thus 
arguing against their classification as active plaques. As 
discussed above, such iron rims are due to the accumula-
tion of activated, iron-containing microglia at the plaque 
edge which show a pro-inflammatory phenotype (11).  
By morphological criteria they, thus, fulfill the criteria of 
slowly expanding lesions, but the iron rim forms in lesions, 
when they are located in a brain area with high iron 
content. Iron rims were very sparse or absent around inac-
tive or remyelinated lesions and even around classical active 
MS plaques. Using a combined approach of postmortem/
MRI analysis together with an in vivo longitudinal study 
in MS patients, a number of remarkable findings became 
apparent. Iron rim lesions could be readily detected in 
post morten and in vivo 7T MRI in MS patients. The 
presence of the iron rim was stable in individual lesions 
over an observation period of 3.5 years. Most importantly, 
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iron rim lesions on average increased in size, and some 
were observed to fuse with adjacent lesions. In contrast, 
lesions devoid of iron rims showed the tendency to shrink, 
possibly due to tissue atrophy in chronic lesions. However, 
these processes occurred at a very slow pace and it took 
an observation time of at least 3.5 years to find a sig-
nificantly different volume evolution between rim and non-
rim lesions. These data suggest that lesion growth in the 
progressive stage of MS is a very slow process. Despite 
that, the presence of iron rim lesions may become a para-
clinical marker for disability progression, when evaluated 
in a large scale prospective clinical study.

Iron imaging to improve lesion detection in 
the cortical grey matter

Multiple sclerosis has for long been regarded as a disease 
leading to demyelinated plaques in the white matter. 
Although some neuropathological studies have described 
grey matter lesions before (6, 32), the introduction of sen-
sitive immunohistochemical methods for the detection of 
myelin (46) revealed extensive demyelination in the cortex 
and in brain stem nuclei (21). Grey matter lesions are 
difficult to detect due to the low density of myelinated 
fibers and the very low thickness of cortical myelin sheaths. 
This is a major challenge in clinical MS research, since 
cortical lesions likely play a major role in disease progres-
sion, in particular in patients with PPMS or SPMS. With 
conventional MRI, cortico-subcortical and some larger 
intracortical lesions can be detected, which corresponds 
in sensitivity to myelin stainings prior to the use of sensi-
tive immunocytochemical techniques (32). Thus, particu-
larly subpial lesions, which are the most important and 
prominent lesions in patients with progressive disease (36), 
are nearly completely missed in MRI.

Some improvement in grey matter lesion detection has so 
far been achieved with Ultra-high field imaging at 7T (33). 
The MRI sequences which showed improved sensitivity and 
specificity for the detection of demyelination in the grey 
matter are T2WI (30, 43), iron-sensitive sequences such as 
R2* and quantitative susceptibility mapping (QSM) (29), 
MP2-RAGE (3) and MTR sequences (1). Scanning MS brain 
specimens at 9.4 Tesla under post mortem conditions, which 
allow extended scan times without any movement artefacts, 
leads to a nearly complete visualization of all neuropatho-
logically identified grey matter lesions even with routine 
sequences such as T2 imaging (52). In addition, in this study 
quantitative associations suggested that in cortical grey mat-
ter T1 relaxation times may be a predictor of neuronal 
density, and T2 relaxation times of myelin content (and—
secondarily—axons). Iron-sensitive sequences such as T2*/
R2* are also suitable (47) and take advantage of the con-
comitant iron loss in cortical lesions, augmenting the lesion 
contrast induced by myelin loss (61). However, even at 7T, 
in vivo imaging is currently still far away from the ideal 
situation in post mortem scanning. In vivo, partial volume 
effects due to the vicinity of cerebrospinal fluid appears 

to impair detection of subpial lesions. Ultra-high field MRI 
has already contributed to improved lesion detection in 
the grey matter, which highlights the importance of lesions 
and diffuse changes in the deep grey matter, as shown 
in neuropathological studies (21) as a substrate for neu-
rological and cognitive dysfunction (18). Similarly, analysis 
of cortical lesion numbers or volume at 7T showed more 
accurate correlation with clinical deficit or cognitive dis-
turbances, compared to results obtained at lower field 
strength (16, 26). An important innovation is the combina-
tion of lesion detection with Ultra-high field MRI with 
functional MRI studies (41) or positron emission tomography 
(PET) analysis (27). These studies underscore the impor-
tance of cortical lesions in the disturbance of the functional 
connectome in the brain and shed light on the dynamics 
of microglia activation in the cortex and deep grey matter 
of MS patients. Despite these important achievements, one 
has to be aware that until now even Ultra-high field MRI 
operating at 7T only detects the tip of the iceberg of 
cortical demyelination present in MS patients and this is 
particularly the case for subpial cortical lesions. However, 
there is rapid progress in the field and significant improve-
ment of the current situation can be expected in the near 
future.

CONCLUSIONS
Iron accumulates in the human brain with aging and 
alterations in iron content and distribution in the MS brain 
are now well documented. It is unlikely that changes in 
iron metabolism play a causative role in MS, rather they 
appear to act as an amplification factor for demyelination 
and neurodegeneration, particularly in aging patients with 
progressive disease. Iron related changes in the MS brain 
are complex and likely depend on the source of iron (heme 
or non-heme iron), cell-type-specific expression patterns 
of iron transport molecules and their alterations in the 
demyelinating and neurodegenerative process. Iron load 
and its changes in pathological conditions of the central 
nervous system can be visualized in vivo by MRI, with 
Ultra-high field MRI (7 Tesla) being particularly useful. 
Recent data indicate that these novel MRI technologies 
may become useful for clinical differential diagnosis, as 
a prognostic marker in MS patients and as a tool to moni-
tor the efficacy of treatments in clinical trials in patients, 
who have entered the progressive stage of the disease.
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