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ABSTRACT

Previous MRI studies reported cortical iron-accumulation in early-onset (EOAD) com-

pared to late-onset (LOAD) Alzheimer patients. However, the pattern and origin of iron

accumulation is poorly understood. This study investigated the histopathological cor-

relates of MRI contrast in both EOAD and LOAD. T ∗
2 -weighted MRI was performed

on post-mortem frontal cortex of controls, EOAD, and LOAD. Images were ordinally

scored using predefined criteria followed by histology. Non-linear histology-MRI reg-

istration was used to calculate pixel-wise spatial correlations based on the signal in-

tensity. EOAD and LOAD were distinguishable based on 7T MRI from controls and

from each other. Histology-MRI correlation analysis of the pixel intensities showed

that the MRI contrast is best explained by increased iron accumulation and changes in

cortical myelin, whereas amyloid and tau showed less spatial correspondence with T ∗
2 -

weighted MRI. Neuropathologically, sub-types of Alzheimer’s disease showed different

patterns of iron accumulation and cortical myelin changes independent of amyloid

and tau that may be detected by high-field susceptibility-based MRI.
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3.1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease and the most frequent cause

of dementia [1]. AD is typically associated with age, however in 1-5% of the patients

the disease develops before the age of 65, often referred to as early-onset AD (EOAD)

[1, 2]. Patients with familial AD often present with an early-onset, but only a small

proportion of all EOAD cases is caused by an autosomal dominant mutation in the

PSEN1, PSEN2 or APP gene. In contrast, in late-onset AD (LOAD) the APOE-ε4 allele is

the most important genetic factor [3]. Apart from genetic differences, previous studies

reported differences in cognitive impairment profiles, a more rapid cognitive decline

[4, 5], and a more severe post-mortem pathology in EOAD patients [6, 7].

The pathophysiology of AD is still incompletely understood and non-invasive methods

to detect AD in vivo at an early stage are important to increase our understanding of

the disease. Presently, the clinical diagnosis AD is based on medical and family his-

tory and loss of performance in certain cognitive domains [3]. Additional support for

the diagnosis is based on the presence and levels of amyloid beta (Aβ) 1-40/1-42 pep-

tides, modified and total tau proteins in CSF and information from PET, MRI, or other

imaging methods [3, 8, 9]. However, the definitive diagnosis of AD can still only be

made post-mortem, as histological confirmation of the presence of Aβ plaques and

neurofibrillary tangles is required [3, 10].

Although Aβ and hyper phosphorylated tau are still considered key mediators in

AD pathogenesis, an increasing number of studies suggest that changes in iron

metabolism might also play a role [11–13]. In AD and other neurodegenerative dis-

eases, iron accumulation has been shown to affect the progression of neurodegener-

ation through several mechanisms. A well-known consequence of increased iron in

neurodegenerative diseases is the production of reactive oxygen species (ROS), leading

to DNA damage and cell death [14]. Additionally, amyloid cleavage and clearance and

intracellular iron storage and clearance are regulated by several common pathways.

Two of these are firstly the furin activation pathway, which regulates both secretase-

mediated APP cleavage and intracellular iron uptake [15]. Secondly, APOE -mediated

lipid transport is involved in clearance of both Aβ and iron, with APOE -ε4 showing re-

duced clearance due to its low affinity for high-density lipoprotein [16]. Furthermore,

mutations in iron-regulating proteins, such as transferrin and human hemochromato-

sis protein (HFE), have a higher incidence in AD patients, stressing the interaction be-

tween iron and AD pathogenesis [17].

Previous ex vivo studies, using high-field T ∗
2 -weighted MRI sequences, which are

highly sensitive for iron deposits in the brain, reported iron-induced intensity changes

in the cortex of post-mortem brain tissue of patients with AD. In these studies

both hypointense foci [18–20] and inhomogeneous cortices [19] were found on T ∗
2 -

weighted images of post-mortem AD brain tissue. Histological comparison revealed
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co-localization with iron and partial co-localization with Aβ plaques [18–20]. More

recent in vivo 7T MRI studies reported cortical iron accumulation in AD patients [21]

and PiB-positive mild cognitive impairment subjects [22]. Moreover, another in vivo

7T MRI study reported cortical phase differences between EOAD and LOAD patients.

This study suggests that EOAD patients have an increased iron accumulation in spe-

cific cortical areas, as for example the middle frontal gyrus, compared to LOAD pa-

tients [23]. Despite these previous studies, the exact pattern of iron accumulation and

the co-localization with specific cells and AD biomarkers is poorly understood.

Therefore, the objective of this study was to gain more insight into the histopatholog-

ical correlates of the observed T ∗
2 -weighted contrast changes in AD and to further in-

vestigate the presence of iron in both LOAD and EOAD. We performed ultra-high field

ex vivo MRI and histopathological examination on post-mortem tissue blocks of the

frontal cortex of both LOAD and EOAD patients. Pixel-by-pixel correlation analysis was

done after non-linear histology-MRI registration to find the histological correlates of

MRI contrast.

3.2. METHODS

3.2.1. POST-MORTEM BRAIN MATERIAL

To investigate the histopathological correlates of the observed T ∗
2 -weighted contrast

changes, post-mortem brain samples of the frontal lobe were obtained of 13 control

subjects, 10 LOAD patients, and 11 EOAD patients from the Netherlands Brain Bank

and the Normal Aging Brain Collection (Table 3.1).

Based on a previous study by van Rooden et al., 2015, tissue blocks of the middle frontal

gyrus were selected [23]. Tissue was fixed in 4% phosphate buffered formalin and to

avoid formalin-induced artefacts on MRI, only material fixed for a maximum period of

three years was selected [24]. All tissue blocks were fixed for a minimum of four weeks

and a maximum of three years, in most cases not more than one year for both control

subjects and AD patients. No significant difference in these factors was found between

control subjects, LOAD, and EOAD patients.

From each subject one tissue block of approximately 20x15x15 mm was resected and

placed individually in a regular 15 ml tube (Greiner Bio-One). To partially restore MR

relaxation parameters residual formalin was removed by washing the tissue block in

phosphate buffered saline (PBS) for > 24 hours [25]. Before MRI, the 15 ml tube con-

taining the tissue block was filled with a proton-free fluid (Fomblin LC08, Solvay). Care

was taken to avoid the inclusion of trapped air bubbles.

For two EOAD patients a frozen tissue block of the middle frontal gyrus was obtained

from the Netherlands Brain Bank to investigate the effect of prolonged formalin storage
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Controls (n=13) LOAD (n=10) EOAD (n=11)

Mean age of onset, y (range) - 79,4 (69-89) 52,5 (34-64)++
Mean age of death, y (range) 80,2 (64-93) 85,8 (73-96) 67,3 (43-91) *,++
Male/female 5/8 4/6 4/7
Braak, median (range) 2 (0-3) 5 (4-6) ** 6 (4-6) **
APOE- ε4 carriers 1/8 8/10* 5/11
Genetic mutation (number of known cases) Unknown Unknown APP (1), PSEN1 (1)
Aβ load, median (range) 1 (0-2) 3 (2-3) ** 3 (3) **
Tau load, median (range) 0 (0-1) 2 (1-3) ** 4 (3-4) **, ++
Post-mortem interval, mean (sd) 6h:39m (1h:21m) 5h:17m (1h:20m)* 5h:01m (1h:02m)*
Duration formalin-fixation, median (range) 1 year (0-3) 1 year (0-3) 1 year (0-3)

Table 3.1: Case characteristics and histopathological findings. * Indicates a significant difference between
controls and LOAD and/or controls and EOAD patients. + Indicates a significant difference between LOAD
and EOAD patients. */+ indicates p < 0.05 and **/++ indicates p < 0.001.
Note: APOE- ε4 = Apolipoprotein E ε4 gene allele, EOAD = Early- onset Alzheimer’s Disease patients, LOAD =
Late- onset Alzheimer’s Disease patients.

on MRI. This deeply frozen tissue block was thawed in formalin and fixed for three

days at room temperature. After three days, the same protocol was followed as for the

formalin-fixed tissue blocks; the MR relaxation parameters were partially restored by

immersing the tissue block in PBS for > 24 hours. Before MRI, the 15 ml tube containing

the tissue block was filled with a proton-free fluid (Fomblin LC08, Solvay). Care was

taken to avoid the inclusion of trapped air bubbles.

3.2.2. POST-MORTEM MRI ACQUISITION AND ANALYSIS

Multiple Gradient Echo scans with a total imaging time of 210 minutes were acquired

from each brain sample on a 7T horizontal bore Bruker MRI system (Bruker Biospin, Et-

tlingen, Germany). The third echo (TE 33.9 ms) was selected because these magnitude

images had the best contrast compared to the other echoes, based also on a previous

publication [19]. Pre-defined scoring criteria which were based on a previous 7T MRI

study of the human cortex to define normal and abnormal cortex were used [19].

The previously used scoring criteria (e.g. homogeneity of the cortex) was extended

with the presence of a diffuse hypointense band which was clearly observed due to

high-spatial-resolution in these post-mortem scans.

A normal cortex was defined as either a cortex containing one homogeneous layer with

a higher signal intensity compared to the adjacent white matter, or a homogeneous

cortex containing two or three homogeneous, well-defined layers observed as normal

cortical lamination (Fig. 3.1A). The superficial layer has a higher signal intensity com-

pared to the deepest layers. The same layers as previously described are present in the

cortex with three layers, but separated by a third thin layer with a lower signal intensity

compared to the other layers, as described previously in cortical regions with highly

myelinated layers (e.g. the line of Baillarger) [26]. In a normal cortex with normal cor-
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Figure 3.1: MRI scoring criteria, corresponding values and imaging examples. (A) A normal cortex was de-
fined as a homogeneous cortex with one to three homogenous well-defined layers, including normal cortical
lamination (B, arrow). (C,E) An abnormal cortex was defined as an inhomogeneous cortex with a granular
and/or patchy structure and foci of signal loss. (F, arrow) In addition, diffuse areas of lower signal inten-
sity covering the middle cortical layers obscuring the normal cortical lamination was defined as a diffuse
hypointense band. (D) In case of a partially present diffuse hypointense band, these areas of lower signal
intensities were only weakly or intermittently observed throughout the cortical ribbon. For example in D, in
the same cortical ribbon both normal cortical lamination (arrows) as areas of lower signal intensity could be
observed (arrow heads). A total score was calculated from the values of each criteria, with a minimum score
of 0/4 indicating a normal cortex and a maximum of 4/4 indicating an abnormal cortex.
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tical lamination, no diffuse hypointense band was observed (Fig. 3.1B, arrow).

An abnormal cortex was defined as a cortex with a granular/patchy structure contain-

ing foci of signal loss and one inhomogeneous layer with loss of normal cortical lam-

ination (e.g. without two or three well-defined layers) (Fig. 3.1C,E). Diffuse areas of

lower signal intensity covering the middle cortical layers obscuring the normal cortical

lamination was defined as a diffuse hypointense band (Fig. 3.1F, arrow).

All images were scored for absence or presence of above mentioned criteria. As shown

in Fig. 3.1, different scoring values were used per criteria to indicate presence, par-

tially presence or absence of the criteria. A weakly or intermittently observed diffuse

hypointense band throughout the cortical ribbon was scored as partially present (Fig.

3.1D, arrows). A total score was calculated from the values of each criteria, with a min-

imum score of 0/4 indicating a normal cortex and a maximum of 4/4 indicating an ab-

normal cortex. Window settings were standardized for each image and all scans were

scored by two independent blinded trained observers. Agreement values were calcu-

lated and consensus was reached in all cases of disagreement.

3.2.3. HISTOLOGY AND IMMUNOHISTOCHEMISTRY

The same brain samples as used for MRI were used for histology. Tissue blocks were

embedded in paraffin and serially cut into 8 µm and 20 µm thick sections. A 20 µm

thick section was used for histochemical iron detection according to Meguro et al.

[27, 28]. Another 20 µm thick section was used for immunohistemical detection of

myelin, and the 8 µm sections were stained for Aβ, paired helical filament-tau, mi-

croglia and activated astrocytes (Suppl. Table 1). Primary antibodies were incubated

overnight at room temperature, followed by the secondary antibody and avidin-biotin

complex (ABC, Vector Labs, CA, USA). Signal enhancement was completed by immer-

sion in DAB. The 8 µm sections were counterstained with Harris Haematoxylin. Semi-

quantitative histological analysis was done to assess the pathological burden of amy-

loid, tau, iron and myelin.

3.2.4. HISTOLOGY-MRI REGISTRATION

Registration of all histological images to the corresponding MRI images was done to

determine which staining correlated best with the MRI image. To facilitate their com-

parison, histological images were first pre-processed and then non-linearly aligned to

the corresponding MR image. Briefly, all digitized histological images were first pre-

processed to exclude the background noise. The high resolution histological images

were processed using the pre-processing pipeline proposed by Abdelmoula et al [29].

After pre-processing, the high resolution histological images were down-sized to the

same range of the MRI image size, facilitating the registration initialization [30].
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The most similar MRI slice with respect to the given histology was selected based on the

physical location of the section in the tissue block, measured by counting the number

of sections taken starting at the block surface. At this approximate location, the most

similar MRI slice was chosen by visual comparing clearly detectable landmarks (con-

tours, vasculature, tears etc.). Due to manually selecting the most similar MRI slice,

minor changes in tilt were not accounted for. In each MRI slice the cortex including all

cortical layers was manually annotated by a trained observer (MB), and used as region

of interest for correlation analysis.

Non-linear registration was performed to align the manually selected 2D MRI and his-

tological images. The parametric-based registration scheme was used in which B-

Spline transformation was chosen to correct for local deformations and the cost func-

tion of mutual information was used to assess the quality of multi-modal registration.

The registration results were qualitatively quantified by visual inspection of superim-

posing the reference and the aligned images on top of each other. Smooth transi-

tions between same structures in different images mean a good registration has been

achieved.

After registration, the regions of interest were projected on each of the aligned his-

tological images. Visual examination confirmed the quality of ROIs propagation on

top of the aligned histology. Pixel-based spatial correlations of the signal intensities

were computed within that annotated region for each histological image and the cor-

responding MR image.

3.2.5. SI MATERIALS AND METHODS

Detailed descriptions of the post-mortem tissue samples, post-mortem MRI acquisi-

tion and analysis, histology and histological analysis, electron microscopy, histology-

MRI registration, and statistics are provided in SI Appendix, Materials and Methods at

the end of this chapter.
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Figure 3.2: Results MRI scores and representative MRI images. (A) An inhomogeneous cortex was more fre-
quently found in both AD groups. (B) In addition, a diffuse hypointense band was more frequently found in
AD patients, especially in the EOAD patients. (C) Both AD groups had a significantly higher mean total MRI
score, indicating that both AD groups had an abnormal cortical appearance on MRI compared to control
subjects. (D) Representative MRI images show that AD patients have a different cortical appearance com-
pared to controls, characterized by inhomogeneities and a diffuse hypointense band covering the central
layers of the cortex. Overall, EOAD patients were more affected on MRI compared to LOAD patients.

3.3. RESULTS

3.3.1. AD PATIENTS HAVE A DIFFERENT CORTICAL APPEARANCE ON T ∗
2

WEIGHTED MRI

Previous in vivo imaging studies already showed that cortical susceptibility-based con-

trast is observed in AD patients. To assess these differences in cortical appearance in

post-mortem tissue of control subjects, LOAD and EOAD patients, MRI scans of tissue

blocks of the frontal cortex were scored for predefined criteria (Fig. 3.1) by two inde-

pendent blinded observers. The κ value for interobserver agreement was substantial

for homogeneity of the cortex (κ = 0.73) and diffuse hypointense band (κ = 0.70).

An inhomogeneous cortex, observed as a cortex with a granular and/or patchy struc-
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ture containing foci of signal loss (Fig. 3.1C,E, 3.2A), was frequently observed in both

LOAD and EOAD patients (19/21 cases). In contrast, only three out of 13 control sub-

jects were scored as inhomogeneous. In addition, we observed a hypointense diffuse

band-shaped area of signal loss with a grainy appearance covering the middle layers of

the cortex (described as a diffuse hypointense band in the rest of the text). This diffuse

hypointense band was present or partially present in all LOAD and 9/11 EOAD patients,

whereas in only two control subjects this band was partially observed (2/13 cases (Fig.

3.2B)). Overall, the diffuse hypointense band was most striking in the EOAD patients.

To differentiate between a normally-appearing and abnormally-appearing cortex, the

individual criteria were summed up to calculate a total MRI score with a minimum

score of 0/ 4 and a maximum score of 4/4. Both LOAD and EOAD patients had a sig-

nificantly higher mean total MRI score, indicating that both AD groups have an abnor-

mal cortical appearance on MRI compared to control subjects (Fig. 3.2C). Figure 3.2D

shows representative MR images of a cortex from a normal control cortex (total score of

0), a cortex from a LOAD patient (total score of 3), and an EOAD patient (total score of

4). As can been seen from these results (Fig. 3.2C,D), AD patients have a different corti-

cal appearance compared to control subjects, characterized by inhomogeneities, and a

diffuse hypointense band covering the central layers of the frontal cortex. In addition,

the EOAD patients were generally more affected on MRI compared to LOAD patients.

3.3.2. HISTOPATHOLOGICAL ASSESSMENT OF Aβ, TAU, MYELIN, AND
IRON

After MRI, all tissue blocks were processed for histological analysis and the pathologi-

cal burden was assessed for all subjects by two independent blinded observers (Table

3.1). The majority of the AD patients showed high Aβ plaque load (18/21 cases) and

some control subjects showed a low to moderate amount of Aβ plaques (7/13 cases).

Neurofibrillary degeneration, in the form of hyperphosphorylated tau in neuronal cell

bodies and processes, was found in all AD patients and in one control. In general,

EOAD patients were more affected than LOAD patients.

Myelin and iron stainings were also performed since both are potential sources of T ∗
2 -

weighted MRI contrast. Histopathological assessment showed a normal myelin distri-

bution in all control subjects and nearly all LOAD patients with the typical increased

staining intensity in myelin rich areas including the white matter (WM), the lines of

Baillarger and the myelinated fiber bundles formed by pyramidal cell output axons

traversing from the WM into the cortex (Fig. 3.3B1). In contrast, only three EOAD pa-

tients showed a normal appearance of cortical myelin. The other patients had a dif-

fuse band-shaped increased myelin staining covering the middle layers of the cortex

(III/IV), sometimes extending to layer II and V (Fig. 3.3B2). This diffuse band-shaped

increased myelin staining intensity disturbed the normal lines of Baillarger and was
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Figure 3.3: Normal and abnormal cortical iron and myelin distribution. (A1) A normal myelin-associated
increased iron staining was found in the WM, lines of Baillarger (arrows) and fibers transversing into the
GM. (B1) Normal myelin distribution was observed as an increased staining intensity in myelin-rich areas
including the WM, the lines of Baillarger (arrows) and in fibers projecting from the WM into the cortex. (A2,
B2) Abnormal iron and myelin was observed as a diffuse band-shaped increased staining intensity covering
the middle cortical layers (III/IV), extending till layer II and V. (C, D) In addition, the iron staining showed
focal iron accumulation in Aβ plaques (C, arrow), microglia (C, dotted arrow) and myelin fibers (D, arrow).
Please note that the cortex is clearly thinner in the EOAD subject presented in A2 and B2, due to cortical
atrophy.

observed in eight out of 13 EOAD patients and one LOAD patient.

In normal control cortex iron was concentrated in the myelin rich areas of the WM,

the lines of Baillarger and myelinated fibers traversing from the WM into the cortex

(Fig. 3.3A1). In AD patients iron accumulated on a subset of Aβ plaques, microglia

and, as observed in control subjects, in areas with increased myelin (Fig. 3.3C,D). In

addition, in 3/8 LOAD and 6/10 EOAD patients an altered pattern of diffuse myelin

associated iron accumulation was observed (Fig. 3.3A2). In these patients, abnormal

cortical iron was observed as a diffuse band-shaped pattern of increased myelin asso-

ciated iron covering the middle layers of the cortex (III/IV), sometimes extending till

layer II and V, obscuring the lines of Baillarger (Fig. 3.3A2). In two control subjects and

three AD patients the iron staining showed artefacts and these subjects were therefore

not examined.

3.3.3. MRI CONTRAST IN AD IS MAINLY IRON AND MYELIN DRIVEN

Comparing the histological images with the MRI images already suggested that the

differences found on MRI mainly co-localize with changes in iron and myelin orga-

nization (Fig. 3.4). To quantify this finding, non-linear histology-MRI registration was

performed followed by spatial correlation analysis of the cortical pixel intensities.
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Figure 3.4: MRI and histology of a control, LOAD and EOAD patient. Overview and zoomed images (in-
dicated with a box) of both MRI and histology are presented. Comparing the histological images with the
MRI images suggested that the differences found on MRI mainly co-localize with changes in iron and myelin
organization in all three groups. Due to resolution, the relatively sparse and small microglia are not visible in
this figure, however, microglia were observed in all subjects. A representative high-resolution zoomed image
of microglia in the cortex is shown in Suppl. Fig. S3.
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Figure 3.5: Histology- MRI correlation analysis of the cortical pixel intensities. A high spatial correlation
was found for the iron and myelin staining. Less spatial correlation was found for the Aβ, tau, microglia and
astrocyte staining.

In both control subjects and AD patients, a significant high spatial correlation was

found between the MRI image intensity and the iron and myelin staining intensity (Fig.

3.5). Less spatial correlation was found for the Aβ, tau, microglia and astrocyte stain-

ing. Although differences were found in severity of Aβ and tau pathology between con-

trol subjects and AD patients, no difference was found in the correlation analyses; both

the control and AD groups showed low spatial correlation between MRI and Aβ and/or

tau. Only in EOAD patients the microglia staining showed a higher spatial correlation

compared to the Aβ, tau and astrocyte staining, suggesting that microglia might be a

contributing factor to the observed contrast changes in EOAD patients.

3.3.4. CORTICAL MYELIN ORGANIZATION IS CHANGED IN AD

Apart from the iron staining, also the myelin staining showed a high correlation with

the diffuse hypointense band on MRI. Therefore, the cortical myelin in layer IV of the

frontal cortex was examined in more detail (Fig. 3.6). Microscopically, the myelin ar-

chitecture in layer IV of the frontal cortex in the majority of the controls (9/13) , 3/9

LOAD patients and one EOAD patient showed the typical organized raster-like struc-

ture with myelinated fibers traversing all cortical layers, as well as fibers running paral-

lel to the cortical surface. Structural myelin organization was scored by two observers

and consensus was reached in all cases. The myelin architecture in 4/9 LOAD patients

and 2/11 EOAD patients were scored as more disorganized compared to the majority of

the controls , noticeable as a less clear raster-like structure and less fibers traversing all

cortical layers. In the majority of the EOAD patients (8/11) and two LOAD patients the

myelin architecture was scored as significantly disorganized, characterized by crowded

reticular fibers and loss of raster-like organization.
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Figure 3.6: Myelin architecture of layer IV of the frontal cortex. Control subjects showed the typical orga-
nized, raster-like myelin architecture. LOAD patients were scored as showed more disorganization, notice-
able as a less clear raster-like structure and less fibers traversing all cortical layers. In contrast, the myelin
architecture of EOAD patients was scored as significantly disorganized, characterized by crowded reticular
fibers and loss of raster-like organization.

3.3.5. ULTRASTRUCTURAL LOCALIZATION OF IRON IN MYELIN

The increased myelin associated iron in AD patients suggested a change in cortical iron

accumulation and prompted us to further investigate the location of iron at the ultra-

structural level in one control and one EOAD patient. Using electron microscopy, we

further investigated where iron was located, i.e. within the myelin sheaths, nuclei or

neuropil. Additionally, we identified iron-accumulating cells to further confirm our

histological observations. Electron microscopy revealed in tissue of an EOAD patient,

as also stated by Quintana et al. [31], the presence of iron when splitting of adjacent

myelin lamellae has taken place. Between spit lamellae one finds vacuoles that can

contain remnants of cytoplasm presumably derived from the oligodendrocyte forming

the sheath. Iron is found lining the vacuoles that can bulk inward towards the axon

or outward towards the cytoplasm. (Fig. 3.7A, B). Iron was not found in axons with-

out myelin splitting (Fig. 3.7C). As the tissue was not fixed with optimal protocols to

prevent disruption of the myelin sheaths [32], we cannot draw conclusions on ultra-

structural myelin damage in the AD patients based on this material. The procedure to

detect iron results in the loss of nuclear and cytoplasmic structures. As a result the glia

cannot be classified solely according to morphology. Occasionally cells are found with

a process extending from this cell which is in very close proximity to a myelinated axon

and seems to enwrap this axon, suggesting that these cells are oligodendrocytes [33].

We have found iron present in these cells both in the cytoplasm and the nucleus. (Fig.

3.7D). A large amount of iron is also found in cells containing inclusions (Fig. 3.7E).

These inclusions are clearly the result of phagocytosis and these cells are therefore be-

lieved to be microglia [33]. Cells with the morphological traits of neurons, that have a

large round nucleus and sparse heterochromatin primarily present bordering the nu-
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Figure 3.7: Ultrastructural localization of iron in myelin. Ultrastructural localization of iron amidst the
myelin sheaths and in the nucleus and cytoplasm of oligodendrocytes in the cortex of an EOAD patient.
(A + B) Electron microscopy showed iron accumulation between split myelin sheaths. Arrows show iron
lining vacuoles resulting from split myelin sheaths with bulging of the sheath towards the flattened axon
(indicated by a). Arrow heads show vacuoles bulging out toward the cytoplasm containing iron. (C) Iron was
not observed in normal axons (indicated by a) without myelin splitting. (D) A nucleus of an oligodendrocyte
in the cortex of an EOAD patient. Iron is clearly visible in the nucleus and cytoplasm. Inset shows iron
particles in the nucleus and cytoplasm. (E) A large amount of iron is also found in cells containing inclusions
(arrows) which are clearly the result of phagocytosis and these cells are therefore believed to be microglia.
(F) A nucleus of a neuron as found in the cortex of an EOAD patient, no iron is found in the nucleus and
cytoplasm. Inset: shows detail of the same nucleus. (A,B,C) Thick arrows indicate the myelin sheaths. The
axon is indicated by a.

clear envelope show little to no iron. (Fig. 3.7F). The same is true for endothelial cells

lining the blood vessels (Suppl. Fig. S4). The same locations of iron were found in con-

trol tissue. We did not describe any possible differences in myelin integrity between

these two subjects, because this material was initially fixed for histology, a protocol

which may disrupt the myelin sheaths, resulting in experimental artefacts resembling

membrane blobbing [32].

3.3.6. CORTICAL APPEARANCE ON MRI IN TWO ATYPICAL AD CASES

As shown in Fig. 3.2C, two EOAD patients had a normal cortical appearance according

the total MRI score. To confirm this finding, a MRI scan of an adjacent tissue block

was made of both patients. This showed the same normal cortical appearance for both

patients (Suppl. Fig. S5A,B). We hypothesised that leakage of iron due to prolonged for-

malin storage might be the cause of these results. Therefore we scanned a frozen tissue
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block, which was thawed in formalin and fixed for three days at room temperature, of

the same brain region of one patient. However, also this MRI scan showed a normal

cortical appearance and thereby excluded leakage of iron as a cause (Suppl. Fig. S5C).
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3.4. DISCUSSION

This study aimed to gain more insight into the histopathological correlates of the pre-

viously observed T ∗
2 -weighted MRI contrast changes in AD and to further investigate

the presence of iron in both LOAD and EOAD. Ultra-high field MRI of post-mortem

brain tissue showed that AD patients have a different cortical appearance compared

to control subjects upon visual rating, characterized by inhomogeneities and a diffuse

hypointense band covering the central layers of the cortex. Non-linear histology-MRI

registration revealed that iron and myelin changes are the predominant source of the

observed MRI contrast changes. Overall, the observed diffuse hypointense band was

scored as more intense in EOAD patients compared to LOAD patients.

Previous MRI studies heavily focussed on the correlation of iron-induced contrast

changes and individual Aβ plaques [18–20, 34]. These studies used thin tissue sec-

tions, very high magnetic fields (9.4T), very high resolutions (40 µm2), and it’s not

clear whether these results are also visible in a more clinical setting. Therefore, our

study used larger tissue blocks, high magnetic field (7T), but a lower resolution (100

µm isotropic) and focussed on the complete cortex. This allowed the identification of

patterns of iron-induced contrast changes over the entire cortex rather than focussing

on individual Aβ plaques.

We observed an inhomogeneous appearance of the cortex characterized by a gran-

ular appearance and foci of signal loss in AD patients. These MRI contrast changes

have been previously reported [18–20], but were assigned to represent Aβ plaques [18–

20]. The inhomogeneous appearance of the cortex was hypothesized to be caused by

smaller plaques containing less iron, thereby causing partial signal loss [19]. Recently,

van Bergen et al., 2016 showed increased cortical iron levels, measured by quantitative

susceptibility mapping (QSM) MRI, in PiB-positive APOE-ε4 carriers with mild cog-

nitive impairment [22]. Complementary work from our lab on post-mortem AD tis-

sue showed that the degree of altered iron accumulation is positively correlated with

the amount of Aβ plaques [35]. However, our spatial correlation analysis showed that

the observed contrast changes on MRI do not co-localize with the distribution of Aβ

plaques in the cortex. This was confirmed by the histological images; Aβ plaques were

found in all cortical layers, whereas the MRI contrast changes and iron and myelin

changes only cover the middle cortical layers (III/IV), extending till layer II and V. More-

over, although iron was observed in Aβ plaques, significant amounts of iron were also

found in myelinated fibers and microglia, showing that iron-induced contrast changes

in AD reflect not solely Aβ plaques. Microscopic studies of the hippocampus and

entorhinal cortex also confirm that microglia contribute to iron accumulation in AD

[36, 37].

The spatial correlations reported in this study demonstrate a relationship between cor-

tical iron accumulation, changes in gray matter myelin, and T ∗
2 -weighted contrast.
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Consistent with our findings, both iron and myelin have been previously suggested

as important sources for magnetic susceptibility-based MRI contrast [38–40]. In the

human occipital cortex, for example, iron was found to be the dominant source of MRI

contrast and laminar variations in iron content were reflected on MRI [38]. Another

study, confirmed that T ∗
2 -weighted tissue contrast is also influenced by myelin [40].

Moreover, the observed co-localization of iron and myelin on both the histological level

and on the ultrastructural level using electron microscopy is consistent with earlier ob-

servations [31, 38] in normal human brain tissue and is suggested to reflect the role of

iron in the synthesis of myelin; to ensure the availability of iron during myelin mainte-

nance and repair, iron is stored in ferritin deposits close the myelination sites [41]. In

our study, we demonstrate that in AD, a high proportion of iron is still associated with

myelin, as was also demonstrated by Quintana et al. [31]. This indicates that both in the

healthy brain and in disease, MRI reflects the underlying myelin cytoarchitecture. This

is particularly interesting as the pathophysiology of AD is still not fully understood; an

excess of iron caused by ferritin dysfunctioning and myelin dyshomeostasis have both

been proposed as mechanisms underlying AD [31, 42].

Our data confirm that iron and myelin are important sources for T ∗
2 -weighted MRI

contrast, but even more importantly, we show that the cortical iron distribution and

myelin architecture is disturbed in AD patients. Although Aβ and neurofibrillary tau

degeneration are considered as key mediators of AD, disturbed homeostasis of both

iron and myelin is increasingly reported as potential factors contributing to AD patho-

physiology [11–13, 21]. Nonetheless, changes in cortical myelin have only rarely been

reported. Focal demyelination around Aβ plaques has been mentioned [43], but we

observed a disturbed cortical myelin architecture and an increased myelin staining not

spatially related to Aβ plaques. One other study, using an amyloidosis mouse model,

observed similar cortical myelin changes [44]. This study showed a severely disorga-

nized cortical myelin architecture in old Aβ overproducing APP/PS1 transgenic mice;

this disruption was dependent of Aβ load. This is consistent with our findings, with

cortical myelin architecture showing the most striking changes in the EOAD group. Al-

though little is known about the relation between AD pathology and white matter, a

recent in vivo MRI study by Dean et al., showed that amyloid pathologies, measured by

CSF, significantly influences white matter and that this might be a feature early in the

disease process [45].

Although the reported results suggest an increase of myelin, it is not known what the

origin is of these changes. It might be possible that the number of myelinated fibers is

changed or that the amount of myelination per fiber is increased. On the other hand,

an increased staining intensity does not necessarily mean more protein; epitope avail-

ability might affect the staining. Quantitative measurements of myelin, with for exam-

ple mass spectrometry, are needed to give more insight. Thirdly, it is possible that the

increased myelin density and the collapse of structural integrity is the result of cortical
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compaction due to cortical atrophy and loss of neurons and supporting cells. However,

measuring atrophy was not possible in our post-mortem samples since we used small

tissue blocks and deformation due to formalin fixation might be present. Moreover,

normal variation in cortical thickness is present over the brain. Therefore, in vivo or in

situ post-mortem scans should link our iron-based MRI scans to local cortical atrophy.

Apart from differences between AD patients and control subjects, we also observed

differences between LOAD and EOAD patients. Overall, the EOAD patients were more

affected on both MRI and histology. Our findings are consistent with the previously re-

ported higher cortical phase changes on MRI in EOAD patients, and confirm that these

phase changes can indeed be interpreted as a result of increased cortical iron load

[23]. Previous histological studies on LOAD and EOAD patients demonstrated larger

amounts of Aβ plaques and neurofibrillary tangles in EOAD patients [7], which we also

found in our study. However, histological differences in iron accumulation between

LOAD and EOAD patients have not previously been reported. Although it is in gen-

eral suggested that AD patients have increased iron accumulation, conflicting results

depending on study population, measurement method and brain region have been re-

ported [21, 46, 47]. Future high-field MRI studies using, for example, QSM are needed

to give more insight into the spatial localization and increase of iron in AD.

Neuro-inflammation is recognized as another important factor in AD pathophysiology

and generally thought to be initially caused by recruitment of activated astrocytes and

microglia to Aβ plaques [48]. Since Aβ plaque load has been reported to be higher in

EOAD patients [7], and both microglia and astrocytes are involved in iron homeostasis

[12], neuro-inflammation could partially explain the differences found in iron accumu-

lation between LOAD and EOAD patients. Previous studies have shown an association

between inflammation, atrophy and disease progression in AD patients [49, 50]. More-

over, Kreisl et al., 2013 showed that EOAD patients have more inflammation compared

to LOAD patients. Therefore, we hypothesize that a pro-inflammatory environment in

EOAD patients might lead to an increase of iron-laden microglia and thus increased

iron accumulation.

Consistent with previous studies [18, 19], we found an abnormal appearance of the cor-

tex on MRI more frequently in the AD patients compared to control subjects. However,

two EOAD patients showed a normal cortical appearance on MRI. Both a MRI scan

of an adjacent tissue block as a MRI of a frozen tissue block confirmed these findings

and thereby excluded leakage of iron as a cause. Examination of the clinical history

revealed that one of these two patients had an APP genomic duplication and that the

other patient had an unusual parietal AD phenotype. Clinically it is increasingly recog-

nized that AD is a heterogeneous disease with multiple underlying mechanistic causes

and this might explain the variety observed in our study.

Finally, APOE gene status is an important risk factor for AD. Recent studies showed
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that the APOE-ε4 status is linked to ferritin [16, 22]. More specifically, Ayton et al. 2015

showed that ferritin is strongly associated with CSF ApoE levels and elevated in APOE-

ε4 carriers [16]. Van Bergen et al., 2016 showed the same association in mild cognitive

impairment subjects; significantly higher levels of magnetic susceptibility were found

in APOE-ε4 carriers [22]. These results suggest that the APOE-ε4 allele may increase the

risk of developing AD via brain iron accumulation, possibly due to reduced clearance

of iron because of the low affinity of APOE-ε4 to high-density lipoprotein [16]. In our

study, APOE gene status was determined for 29/34 subjects, but our sample size is too

small to make a definitive conclusion. Moreover, the LOAD group included by chance

significantly more APOE-ε4 carriers compared to the control group, but very few non-

APOE-ε4 carriers. In EOAD patients no clear differences were found between APOE-

ε4 carriers and non-carriers, but other genetic risk factors as APP or PSEN1 mutations

might be present in this sample population as well. Besides APOE status, mutations in

iron-regulating genes, such as the HFE gene, are also known to be implicated in brain

iron accumulation and AD age of onset [17]. Future studies correlating iron-related

genetic variants to the cortical appearance on MRI would be of interest.

A limitation of this study is the use of a semi-quantitative scoring system for both his-

tology and MRI instead of a quantitative approach. However, quantitative approaches

to measure histological staining intensity are predominately based on contrast. In our

study, we scored the presence of a band-shaped increased staining intensity which is

difficult to quantify using image analyses since it is not merely an increased intensity

but a different distribution of iron and myelin. Also for MRI, we scored for a change

in distribution rather than an increase of contrast. A quantitative approach to ex-

tract these cortical features is texture analysis which provides quantitative means to

describe tissue heterogeneity, as has been shown by Hwang et al. This study showed

that QSM texture analyses can be used to distinguish both MCI and AD patients from

controls [51]. Although we used a semi-quantitative scoring system to differentiate be-

tween controls, LOAD and EOAD patients, our conclusion that these differences are

best explained by changes in iron and myelin were based on quantitative measure-

ments. The pixel-by-pixel correlation analysis is done on the pixel intensities of both

MRI and histology and therefor fully quantitative.

In conclusion, on ultra-high field MRI control subjects, LOAD patients and EOAD pa-

tients had a different appearance of the cerebral frontal cortex. These MRI contrast

changes are best explained by cortical iron accumulation and changes in myelin or-

ganization, whereas amyloid and tau showed less spatial correspondence. MRI mea-

surements of iron could play a crucial role in classifying subtypes of AD for further

mechanistic studies.
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SUPPLEMENTARY TABLES AND FIGURES

Staining Primary Antibody Dilution Pre-treatment Counterstaining

Aβ
Anti-human Aβ
(6F/3D, DakoCytomation, Glostrup, Denmark)

1:20
Formic acid (1 hour)
+ Trypsin (30 minutes at 37°C)

Harris Haematoxylin

Astrocytes
Anti-human GFAP monoclonal mouse
(6F2, DakoCytomation, Glostrup, Denmark)

1:1000
Boiled in citrate buffer
(20 minutes, pH 6)

Harris Haematoxylin

Microglia
Anti-human CD68 monoclonal mouse
(KP1, DakoCytomation, Glostrup, Denmark)

1:50
Boiled in citrate buffer
(20 minutes, pH 6)

Harris Haematoxylin

Myelin
Anti-proteolipid protein (PLP) monoclonal mouse
(Serotec)

1:1000 N.A. N.A.

Tau
Anti-PHF-tau monoclonal mouse
(AT8, Innogenetics, Ghent, Belgium)

1:2000 N.A. Harris Haematoxylin

Table S1: Immunohistochemistry details including primary and secondary antibodies and additional pre-
treatments. Secondary Antibody: Biotinylated rabbit anti-mouse, 1:200, (DakoCytomation, Glostrup, Den-
mark) followed by ABC (Vector) and DAB.

Figure S1: Histology examples of the Aβplaque load scoring. Aβ plaque load was scored as: mild, moderate
or severe.
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Figure S2: Histology examples of the tau load scoring. Tau load was scored as: light, mild, moderate or
severe. The used scoring system was based on our own observations and adapted from Alafuzoff et al., 2008,
with categories ranging from light tau load till severe tau load. The last two categories (moderate and severe)
are macroscopically instead of microscopically determined by exploring the complete cortical ribbon.
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Figure S3: High resolution and zoomed image of a microglia observed in the cortex.
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Figure S4: Electron microscopy image of an endothelial cell observed in an EOAD patients. Cells with the
morphological traits of endothelial cells show no to little iron.
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Figure S5: MRI scans of two EOAD patients with a normal cortical appearance on MRI. (A) The frontal
cortex of both patients was normal as indicated by a low total MRI score. (B) This observation was confirmed
by an adjacent tissue block showing the same cortical appearance. (C) Leakage of iron was excluded by
scanning a frozen tissue block, same brain region, of EOAD patient #1 which was thawed in formalin and
fixed for three days at room temperature. Also this MRI scan showed a normal cortical appearance.
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