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Abstract

Pretangles are defined under the light microscope as diffuse and granular tau immunoreactivity in neurons in
tissue from patients with Alzheimer disease (AD) or corticobasal degeneration (CBD) and are considered to be a
premature stage before neurofibrillary tangle formation. However, the ultrastructure of pretangles remains to be
described. To clarify the similarities and differences between pretangles from patients with AD and CBD
(AD-pretangles and CBD-pretangles, respectively), we examined cortical pretangles in tissue from patients with each
of diseases. For direct light and electron microscopic (LM/EM) correlation of the pretangles, we used quantum dot
nanocrystals (QDs) with dual fluorescent and electron-dense properties. We first identified tau-labeled pretangles on
fluorescence LM and subsequently examined the same neurons on EM. Energy dispersive X-ray spectrometry (EDX)
color mapping identified selenium (Se) and cadmium (Cd) as elementary components of QDs and highlighted each

showed essential differences at the EM level.

QD particle clearly against gray-scale EM images. With these methods, we were successful for the first time in
demonstrating accurately that LM-defined pretangles are tau-positive straight filaments sparsely distributed
throughout neuronal cytoplasm and neurites in both AD and CBD at the EM level. Notably, AD-pretangles showed
a strong tendency to form fibrillary tangles even at an early stage, whereas pretangles or Pick-like inclusions in
tissue from patients with CBD did not even at an advanced stage. In conclusion, AD-pretangles and CBD-pretangles

J

Introduction

Changes that occur in relevant molecules before they be-
come organized into disease-specific inclusions in hu-
man brains are attracting increasing attention [1]. The
pretangle is an example of such an early change; it was
originally defined under light microscopy (LM) as diffuse
and granular tau immunoreactivity in the cytoplasm and
neurites of otherwise intact neurons in brains from pa-
tients with Alzheimer disease (AD) [2-4]. Mature neuro-
fibrillary tangles (NFTs), which are hallmarks of AD, are
readily identified as bundles of paired helical filaments
(PHFs) under electron microscopy (EM) [5]. However, it
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is difficult to identify pretangles under EM because their
faint tau immunoreactivity suggests that their ultrastruc-
ture is less distinct. Although putative ultrastructures of
pretangles in AD have been reported, it is not yet cla-
rified whether they really represent neurons containing
diffuse and granular tau immmunoreactivity as defined
under LM [2]. Similar granular tau immunoreactivity has
also been observed in corticobasal degeneration (CBD),
a four-repeat tauopathy that causes degeneration of the
cerebral cortex, basal ganglia, and substantia nigra. Be-
cause they appear similar to AD-pretangles under LM,
this granular tau immunoreactivity is also known as pre-
tangles. Pretangles are considered one of the most im-
portant neuronal cytopathologies in CBD [6,7] but are
also found in argyrophilic grain disease or progressive
supranuclear palsy [8].

© 2014 Tatsumi et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.



Tatsumi et al. Acta Neuropathologica Communications 2014, 2:161
http://www.actaneurocommes.org/content/2/1/161

The aim of this study was to visualize the ultrastruc-
tures of LM-defined AD- and CBD-pretangles and there-
by to identify possible differences between them. For
this purpose, it is necessary to directly compare LM and
EM images of the same pretangle, an approach that is
now named “correlative light and electron microscopy
(CLEM)”. Although CLEM protocols have been develop-
ing [9-17], they usually allow LM/EM comparisons for
only small fields (the size of the EM preparation). This
limitation makes it practically impossible to capture pre-
tangles for immunoEM study because pretangles are not
sufficiently frequent to be included by chance in such
tiny preparations. Therefore, it is necessary to excise tis-
sue containing a pretangle from the LM sample before it
can be prepared for EM.

Quantum dots (QDs) are fluorescent, electron-dense
semiconductor nanocrystals of uniform size with a core
of cadmium selenide [18]. On EM examination, QDs
also display a characteristic peripheral halo [19]. These
dual optical properties allow QDs to be identified under
both LM and EM and therefore permits labeled LM
structures to be compared directly with their ultrastruc-
tures [16]. Using QDs, we recently established three di-
mension (3D) - oriented immunoelectron microscopy
[19,20]. In this method, a thick floating section from the
formalin-fixed human brain is incubated with the pri-
mary and QD-conjugated secondary antibodies. After a
target neuron is examined with fluorescent LM (confocal
microscopy), landmarks are punched out around the
neuron using laser microdissection. Then, this floating
section is processed for EM preparation. The advantage
of this stepwise LM-EM approach is that the neuron of
interest can be observed closely on confocal microscopy
prior to the EM examination, and its EM findings can
be supplemented with confocal images because the same
reporter (i.e., QDs) can been seen under both LM and
EM immunostaining.

Although QDs provide a powerful bridge between LM
and EM, their electron density is lower and their contour
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is less distinct than those of gold particles, leading to
doubts about QD use as an immunolabeling material
for EM. We previously overcame this problem using en-
ergy dispersive X-ray (EDX) spectrometry, which dem-
onstrated parallel peaks corresponding to selenium (Se)
and cadmium (Cd) on the pixels for definitive confirm-
ation of QDs on EM preparations [19]. Because it is
possible to obtain EDX spectrum for each pixel, we ex-
tended this pixel-based EDX analysis to plot the entire
EM field pixel by pixel in this study. Operational display
of pixels containing Cd peak or those containing Se
peak highlighted QD particles based on their elemental
composition with different colors. When it was overlaid
onto the conventional gray-scale EM image, this EDX
color mapping clearly distinguished QDs from back-
ground structures such as ribosomes.

With these methods, it is possible to examine the ul-
trastructural details of AD- and CBD-pretangles and to
elucidate their similarities and differences at the EM level
[2-4,6]. Using this LM/EM correlation with novel map-
ping method, we obtained an EM image of the early stage
of neuronal tau deposition in AD-pretangles and found
essential differences between AD- and CBD-pretangles at
the EM level. This is the first successful demonstration of
their ultrastructural differences.

Materials and methods

Alzheimer disease and corticobasal degeneration cases
To investigate the ultrastructure of pretangles, we com-
pared them in different diseases with different severities
(Table 1). We used samples from one case of AD, a case
of normal aging, and two typical cases of CBD. The diag-
noses of AD and CBD were based on the current diagnos-
tic criteria [6,21]. Identification of pretangles was based on
LM findings as “cytoplasmic diffuse and granular tau im-
munoreactivity without apparent fibrillary structures”. In
the normal aging samples, pretangles and Alzheimer-type
NFTs were localized to the hippocampus and the para-
hippocampal cortex. In the CBD samples, we examined

Table 1 Demographic features of cases with AD, normal aging, and CBD

Pathological Age of death  Brain weight (g) Duration (y) Braak Clinical symptoms Type of tau-positive
diagnosis (y)/sex NFT stage inclusions investigated
Case 1 Normal aging  73/F 1,260 na | No history of dementia Pretangles, NFTs
or motor symptoms
Case2 AD 58/F 850 14 \% Severe dementia, Pretangles, NFTs
disorientation
Case3 (CBD 60/M 1,145 7 | Supranuclear gaze palsy, Pretangles, Pick-like
frequent fall, parkinsonism,  inclusions*®
frontal signs
Case 4 (CBD 70/F 770 1 Il Frontotemporal dementia, ~ Pretangles, Pick-like

inclusions, ballooned
neurons

parkinsonism

*Pick-like inclusions denoting densely packed round inclusions usually observed in the small-sized cortical neurons in corticobasal degeneration; AD, Alzheimer

disease; CBD, corticobasal degeneration; NFT, neurofibrillary tangle.
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pretangles and densely packed round inclusions (Pick-like
inclusions) (6] in the frontal lobe.

Pre-embedding tau/QD labeling for LM/EM observation
Formalin-fixed brains were rinsed in phosphate-buffered
saline (PBS) and cryoprotected in 20% sucrose/PBS over-
night. The tissue was frozen in optimal cutting tempera-
ture (OCT) compound and cut into 25-pm-thick floating
sections on a freezing microtome. The sections were
immersed in 1% bovine serum albumin/PBS for 30 min
and then incubated in anti-PHF tau antibody (ATS,
mouse, monoclonal, 1:700; Thermo Fisher Scientific,
Tokyo, Japan) for 24 hours at room temperature (RT).
After washing in PBS for 30 min, sections were incu-
bated in an anti-mouse secondary antibody conjugated
to Q-dot 655 (QD 655) (goat, 1:100 to 1:800, diluted in
PBS; Invitrogen, Carlsbad, CA) for 8 hours at RT. A QD
655 dilution at 1:400 (Additional file 1: Figure S1) for a
CBD pretangle provided appropriate immunoEM label-
ing on tau-positive filaments, whereas its fluorescent
signal was not intense enough to delineate subcellular
details under confocal microscopy (Additional file 1:
Figure S1). Therefore, the QD-labeled sections were sub-
sequently incubated in an anti-mouse secondary antibody
conjugated to Alexa 488 (goat, 1:200; Molecular Probe)
for 3 hours at RT to allow more detailed LM observa-
tion. After incubation, sections were rinsed in PBS and
then mounted in fluorescence-mounting medium (53023;
Dako, Glostrup, Denmark).

Confocal LM observation and EM preparation

Three-dimensional reconstruction images of the pre-
tangles were obtained under fluorescence confocal mi-
croscopy (LSM 710; Carl Zeiss, Oberkochen, Germany)
using a 63 x —oil immersion objective lens. Alexa 488
was excited using an argon laser (488 nm), and the de-
tection bandwidth was set at 493 to 601 nm (expected
peak at 520 nm). QD 655 was excited with a diode laser
(405 nm), and the detection bandwidth was set at 605 to
690 nm (expected peak at 655 nm), which gave essen-
tially the same image as obtained with Alexa 488 [19]. A
Z-series scan (800 x 800 pixels, interval 0.40 pm, ap-
proximately 10-um thick in total) was performed for 3D
reconstruction. After obtaining 3D data sets with the con-
focal microscope, landmarks were punched out around
the target neurons using the UV laser Micro dissec-
tion system PALM (P.A.L.M. Microlaser Technologies,
Bernried, Germany) (Figure 1). The sections were then
detached from the glass slide, fixed in 2% glutaralde-
hyde for 10 min, and postfixed in 1% osmium tetroxide
for 30 min. Next, the sections were embedded in epon
as follows: they were gently pressed between aclar films
(Nissin EM catalog #4513, Tokyo, Japan) so that flat
preparation on epon was possible and then hardened
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with heat (60°C). An aclar film on one side was detached
from the hardened epon-embedded section. Then, the
section was stuck to columnar epon that had been pre-
pared in advance (Figure 1). The target-oriented trimming
of the epon block was facilitated by the guidance of
punched out landmarks around the target already identi-
fied and 3D-reconstructed on confocal microscopy. Ultra-
thin sections of the trimmed blocks were stained with
uranyl acetate/lead citrate and examined with a JEM-1400
electron microscope (JEOL, Tokyo, Japan). After obtaining
the most appropriate EM images, their exact LM counter-
part was retrieved from the corresponding fluorescent 3D
data set for direct comparison (Figure 1).

Energy dispersive X-ray (EDX) spectrometry and

elemental mapping of QDs

The EM sections were also observed under a Hitachi
HD-2700 scanning transmission electron microscope
(STEM, Hitachi High Technologies Corporation, Tokyo,
Japan). This STEM is equipped with a cold-field emission
gun and detectors that consist of bright-field, high-angle
annular dark-field (HAADF) and secondary electron (SE)
detectors, which distinguish different elements (Cd and Se
in this experiment) based on their energy spectra on a
pixel basis. This approach identifies the presence of Cd
and Se in each STEM pixel. This pixel-based identification
of Cd and Se is then extended to map the entire EM field
to delineate the QD particles in relation to underlying ul-
trastructures. The STEM was operated at 200 kV and an
EDX spot analysis was performed with an incident beam
size of 0.2 nm and a current of 0.4 nA. The acquisition
time for each pixel was 200 psec. In the EDX mapping,
the EDX analysis was performed in a 0.4 ym x 0.5 pm
field, and the total acquisition time was 90 min. Pixels
containing Se or Cd peaks were displayed on the EM field
independently in different color channels.

Results

EDX analysis and EDX mapping of QDs

The shape of electron-dense QD 655, dribbled on the
formvar membrane, was spherical to oblong on the STEM
image (Additional file 2: Figure S2A). Pixel-based EDX
elementary mapping highlighted the distribution of Se and
Cd (Additional file 2: Figure S2B and D, respectively),
which exactly corresponded to the ultrastructural shape of
QDs (Additional file 2: Figure S2C). In a CBD-pretangle
(case 3) examined using a QD 655-conjugated secondary
antibody, tau filaments were labeled with numerous QDs
of similar morphology (Figure 2A). The EDX spot analysis
identified these QDs on the basis of energy peaks corre-
sponding to Se and Cd. Elemental mapping with this EDX
analysis further showed the distribution of QDs based on
the presence of Se and Cd (Figure 2B). As mentioned,
when the original STEM image was overlaid onto this
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3D confocal image

Epon specimen

correlate

Confocal study
and landmarking

corresponding fluoresent 3D data set for direct comparison.

aclar film

cut surface

Subsequent epon embedding of

Figure 1 Outline of correlation of confocal and EM images. Three-dimensional (3D) reconstructed confocal data of the pretangles were
obtained from a free-floating section. After landmarks were punched out around the target neuron using laser microdissection, sections were
fixed and embedded in epon: the section was gently pressed between aclar films, hardened, then stuck to the columnar epon prepared in
advance. The epon block was trimmed by the guidance of landmarks around the neuron, and ultrathin section of the block were examined with
electron microscopy (EM). After obtaining the most appropriate EM images, their exact light microscopic counterparts were retrieved from the

free floating section

EDX mapping, the regional distributions of these ana-
lytical QD signals were identical to the ultrastructural
shapes of QDs (Figure 2C). With this technique, the
QDs could be readily differentiated from the grayscale
background, even if the tau-filaments were intermingled
with (similarly round) ribosomes (Figure 2C, arrow).

LM findings and corresponding ultrastructures of
pretangles in AD and aging

Confocal examination of AD-pretangles revealed a mix-
ture of granular tau immunoreactivity and small tangle
formation (Figure 3A, stacked 3D image). When an EM
section (C) and the corresponding LM counterpart on
the same plane (B) were compared, the tangle-like aggre-
gate (B, arrow; C, rectangle d) was found to be a small
bundle of straight filaments tightly arranged in parallel
(D), which is indistinguishable from mature NFTs in AD
(Figure 3B-D). Such a precise comparison on the corres-
ponding planes of LM and EM was not possible between

3D stacked image (A) and the EM section (C). In con-
trast, granular immunoreactivity on the LM plane (B),
corresponded to straight filaments randomly and sparsely
distributed throughout the cytoplasm (arrowheads, E),
probably representing an earlier stage before bundle
formation (Figure 3B, C, E). Occasional paired helical fila-
ments (PHFs) were observed in AD-pretangles (Figure 3F).
The distribution of these tau filaments was so sparse that
they could be identified on EM only with dual guidance
through subcellular orientation using a LM image and QD
immunolabeling. Perinuclear staining was sometimes
found in AD-pretangles on confocal images (G: stacked
3D image and corresponding plane on LM (H) and
EM (I)). This corresponded to a low density of immuno-
labeled straight filaments attached to the nuclear mem-
brane (Figure 3I, J, asterisk). The diameter of straight
filaments ranged from 14 to 16 nm, and the period of fila-
ment constriction was 70 to 90 nm in AD and normal
aging cases.
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L Scale bar = 50 nm.

Figure 2 EDX mapping of QDs around tau-positive straight filaments in a case of CBD. EDX spot analysis of the section highlighted energy
peaks corresponding to Se and Cd on QDs (Arrowheads a and b in panel A correspond to energy spectra a and b), but not on the background
(arrowhead ¢©) and the filament itself (arrowhead d). This pixel-based identification of Cd and Se is then extended to map the entire EM field to
delineate the QD particles in relation to underlying ultrastructures. This approach produced Se (pink)- and Cd (yellow)-specific signals derived
from QDs (B) as a map independent of underlying ultrastructures. The QDs were easily distinguished from a ribosome (arrow) (overlay, C).
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LM findings and corresponding ultrastructures of
CBD-pretangles

CBD-pretangles, which were often found in the superfi-
cial and deep layers of the cerebral cortex, were charac-
terized by diffuse and reticular (rather than granular)
immunoreactivity in the neuronal cytoplasm with few
solid aggregates (Figure 4A). The density of the reticular
structures varied from cell to cell or from case to case.
3D observations using confocal microscopy showed that

the reticular structures extended into the distal por-

tions of dendrites (Figure 4A). Perinuclear tau immuno-
reactivity, as seen in AD-pretangles, was not observed
in CBD-pretangles. Correlation of the LM and EM ima-
ges demonstrated that reticular structures seen by con-
focal microscopy corresponded to straight filaments,
which were diffusely and randomly distributed through-
out the cytoplasm and did not displace cellular organellae

(Figure 4A-C, E). In dendrites, a few straight filaments
were assembled in a roughly parallel fashion. Their ar-
rangement was less tight than in NFTs in AD (Figure 4D).
In tissue from the more severe case of CBD (case 4), re-
ticular structures were denser on both confocal micros-
copy and EM images than in case 3 (Figure 5A- E).
Interestingly, straight filaments were thicker in diam-
eter in case 4 (15-20 nm) than in case 3 (14 to 15 nm).
Straight filaments also appeared longer in case 4. In this
study, PHFs were not observed in CBD-pretangles in
either case.

Ultrastructure of Pick-like inclusions in small neurons in
two CBD cases

Densely packed round inclusions (Pick-like inclusions)
were found mainly in the small neurons in the superfi-
cial layer of the cerebral cortex of CBD cases; their tau
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Figure 3 Correlation of immunolabeled LM and EM images of Alzheimer disease (AD)-type pretangles. A mixture of granular tau
immunoreactivity and tangle-like aggregates in a pretangle neuron from a normal aging brain {(case 1) (A, stacked 3D image). This neuron was
labeled with anti-tau antibody(AT8) visualized with QD 655, also labeled with Alexa 488 for clearer confocal images. When an EM section (C) and
the corresponding LM counterpart on the same plane (B) were compared, the tangle-like aggregate (B, arrow; C, rectangle d) was found to

be a small bundle of straight and paired helical filaments tightly arranged in parallel (D). Granular immunoreactivity on LM (C, rectangle e)
corresponded to 15-nm straight filaments widely and randomly distributed throughout the cytoplasm on EM (E). Paired helical filaments were
occasionally seen in pretangle neurons of AD (F). Another pretangle neuron with perinuclear accentuation of tau immunoreactivity (G, stacked
3D image; case 2). EM image (1) and the corresponding LM counterpart on the same plane (H) were compared, QD-decorated straight filaments
were seen around the nucleus (N) and some of them were attached to the nuclear membrane at the tip (asterisk, J). Scale bars in A-C, G-l =5um;

immunoreactivity was more compact and denser than
that of CBD-pretangles. On confocal observation, we
found that these inclusions often contained small ca-
vities (Figure 6A-B). The correlation of LM and EM
images revealed bundles of tau filaments around the
cavities (Figure 6B-D). Tau-positive filaments were com-
posed of straight filaments and PHFs with a periodicity
of approximately 130 nm (Figure 6D-E). These fila-
ments were loosely assembled and usually intermingled
with cellular organellae, especially ribosomes (Figure 6D,
arrow). Strictly speaking, the straight filaments were

not oriented parallel to each other. The diameters of
straight filaments in these inclusions ranged from 13 to
15 nm in case 3 and 15 to 16 nm in case 4. Similarities
and differences among AD-pretangles, NFTs in AD,
CBD-pretangles, and Pick-like inclusions in CBD are
listed in Table 2.

Among hundreds of AT8-positive neurons on con-
focal, 3—4 pretangles were selected in each AD and CBD
case, which were 3D-reconstructed and prepared for EM
observation. In addition, 3-4 Pick-like inclusions were
selected in each CBD case and were processed similarly.
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Figure 4 Correlation of immunolabeled LM and EM images of CBD-pretangles. Reticular tau immunoreactivity in the cytoplasm in a
pretangle neuron of CBD (case 3) labeled with anti-tau antibody (AT8) visualized with QD 655, also labeled with Alexa 488 for more precise
confocal images (A). When compared between LM (B) and its exact EM counterpart, reticular tau immunoreactivity in the cytoplasm (C, rectangle e)
was composed of randomly distributed straight filaments (E, arrowheads). Tau immunoreactivity in the dendrite (C, rectangle d) on LM
corresponded to a few 15-nm straight filaments assembled roughly in parallel. Their arrangement was less tight than that in NFTs in AD. Scale

bars in A-C = 10 ym; D = 250 nm; E = 500 nm.

Discussion
The name ‘pretangle’ was originally used to describe the
premature stage of NFT formation in AD [2-4]. How-
ever, in CBD, similar structures (also called ‘pretangles’)
are more prevalent than NFTs in the cerebral cortex [6].
It has been unclear whether the pretangles of CBD re-
present a premature stage before NFT formation and
whether they are different from AD-pretangles. Because
pretangles are defined only by LM findings [2-4], it
would be helpful to compare the corresponding pretan-
gle ultrastructures between the two diseases. However,
CBD pretangles in the cortex have not previously been
described at the EM level [22-28]. To address this issue,
we used a method of correlative light and electron mi-
croscopy with QD immunolabeling [19]. This procedure
allowed us to observe not only the features of filament-
ous structures of inclusions but also their intracellular
distribution and relationship with cellular organellae.
Using correlated LM and EM images, we observed a dis-
tinctive EM feature of AD-pretangles: specifically, a strong

tendency to form bundles as a precursor to NFTs. Even in
the earliest stages of tau accumulation, small pieces of
NFTs could already been seen on the background of dif-
fuse and granular tau staining on LM (Figure 3A) [3,29].
Correlation of the LM and EM images revealed that the
granular cytoplasmic staining on LM represented straight
filaments (sparsely distributed in the neuronal cytoplasm),
and the small tangles represented small bundles of parallel
filaments (Figure 3D). Very similar EM findings were re-
ported by Bancher [2], although it remains unclear whe-
ther their EM findings really represented LM-defined
pretangles or not. Because our method of 3D-oriented
immunoEM not only identify pretangles on LM, it is
quite sure that our immuno EM findings represent LM-
identified pretangles. Moreover, it is further possible to
correlates the EM plane (Figure 3C) and its exact counter-
part of the corresponding LM plane (Figure 3B), even a
small aggregates (Figure 3B arrow) not identifiable on
3D stack image (Figure 3A) can be examined with EM
(Figure 3C) for comparison with LM at the extreme
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Figure 5 Correlation of immunolabeled LM and EM images of pretangles in a severe case of CBD. In a pretangle neuron from a severe
case of CBD (case 4), reticular tau immunoreactivity was denser on 3D reconstruction (A). When focusing on the denser area of round inclusion
(B, C), the corresponding EM section contained abundant tau-positive straight filaments that did not form a parallel arrangement (D). These
straight filaments were thicker with a diameter of 15-20 nm (E). Scale bars in A-C = 10 um; D = 500 nm; E = 100 nm.
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accuracy. Another feature of AD-pretangles was peri-
nuclear accumulation of tau. Correlation with its EM
counterpart showed that a small number of tau-positive
15-nm straight filaments were present around the nu-
clear membranes of AD-pretangles (Figure 3G-J). It has
been reported that PHF or tau-like immunoreactivity
may be present in close proximity to the nuclear mem-
brane of mature NFTs in AD [29-32], and this report is
the first demonstration of tau-immunolabeled filaments
around the nuclear membrane of AD-pretangles. Al-
though intranuclear processes such as aberrant cell cyc-
ling may be related to the pathogenesis of AD [33,34],
it is unclear how these processes are related to the peri-
nuclear or cytoplasmic deposition of tau.

A similar approach to CBD-pretangles of the cerebral
cortex revealed several findings that differed from the
features of AD-pretangles and NFTs: (i) random and dif-
fuse distribution of 14-20 nm straight filaments and (ii)
paucity of PHFs and fibrillary bundle formation. These
ultrastructural architectures may explain the reticular or
diffuse tau immmunoreactivity of CBD-pretangles seen
on LM (Figures 4 and 5). In dendrites, a small number
of straight filaments were observed lying parallel to the
dendritic shaft (Figure 4D), similar to the previous re-
ports of dendritic lesions in CBD [8,22]. Even in CBD-
pretangles with abundant tau filaments, this random and
diffuse distribution of straight filaments was maintained
with little NFT formation (Figure 5D). Indeed, this archi-
tecture was maintained even in Pick-like inclusions, where

tau filaments were randomly assembled and were com-
posed mainly of straight filaments and, to a lesser extent,
PHFs with a periodicity of 130-180 nm (Figure 6D-E).
Thus, so-called CBD-pretangles are a random accumu-
lation of tau-positive straight filaments, rarely evolving
into so-called NFTs even when the filament density is
increased. These findings, especially regarding the fila-
mentous structures themselves, were similar to previ-
ous findings in CBD (15-20 nm straight filaments or
PHFs with a periodicity of 120~180 nm), which were
observed in Pick-like inclusions [22-24,27], ballooned
neurons [24,28], neuronal inclusions in the brainstem
[22,26,28], or an in vivo study using CBD brains [25].
However, this study is the first to clarify the EM struc-
tures of cortical pretangles in CBD by accurately correlat-
ing them with LM images. Authentic Pick bodies in Pick
body disease were more solid than pretangles on LM,
where abundant tau-positive fibrils, 15 nm in diameter,
were randomly arranged without forming PHF [19].

In this study, we greatly enhanced the reliability of
pre-embedding immunoEM using QDs. Although QDs
are considered suitable for CLEM, their reliability as a
reporter for ultrastructural immunolabeling has been de-
bated. The penetration of QD labeling is reported to be
limited to several micronmeters from the sample surface
[15]. However, we were successful in immunolabeling
25-um-thick free-floating sections by increasing the in-
cubation time with QD-conjugated secondary antibodies
to 8 hr at room temperature. This procedure enabled us
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Figure 6 Correlation of immunolabeled LM and EM images of Pick-like inclusions in two CBD cases. A densely packed round inclusion
(Pick-like inclusion) from a CBD case (case 3) labeled with anti-PHF antibody (AT8) visualized with QD 655, also labeled with Alexa 488 for more
precise confocal images (A). Correlated LM and EM images (B, C) showed that tau immunoreactivity around the cavity on LM corresponded to
bundles of tau filaments that were not arranged as parailely as in AD (C, rectangle d; D). Note that these filaments were intermingled with ribosomes
(D, arrow). (E) The ultrastructure of Pick-like inclusions in another case of CBD (case 4) also revealed randomly assembled tau filaments with occasional
formation of paired helical filaments (a periodicity of 130 nm, arrow). Scale bars in A to C = 3 pm; D = 50 nm; E = 100 nm. A to D, case 3; E, case 4.

Table 2 Similarities and differences between AD-pretangle and CBD-pretangle

AD CBD
Pretanle NFT Pretangle Pick like inclusion
LM findings Morphology Granular Fibrillary Reticular Round, frequent vacuoles
(confocal images) Perinuclear accentuation Occiasional Occasional None None
Size of neurons involved  Small- to large- sized Small- to large- sized Medium- to large-sized  Small-sized
EM findings Density of tau filaments  Very sparse*1 Very dense*2 Sparse Dense
Arrangement of tau Irregular/regular Regular (NFT formation)  Irregular Irregular
filaments (focal NFT formation*3)
Diameter of straight About 15 nm About 15 nm 14-20 nm About 15 nm
filaments
PHF (a periodicity) Occasional (about 80 nm) Frequent (about 80 nm) None Occasional (130-180 nm)

IHC, immunohistochemistry; LM, light microscopy; EM, electron microscopy; PHF, paired helical filaments; *1, Density of straight tau filament is more sparse in
AD-pretangles than in CBD-pretangles; *2, Density of tau filaments is more dense in AD-NFT than in Pick-like inclusions of CBD; *3, NFT, neurofibrillary tangle
signifying a regularly and tightly arranged bundle of straight or paired helical filaments.
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to label the entire thickness of floating sections with
QDs so that each tau filament was sufficiently labeled
(Figures 3 and 4). Consequently, confocal images and
immunoEM images could be tightly correlated.

Other disadvantages of QDs are that they have a lower
electron density and less distinct contours than colloidal
gold for immunolabeling. We previously used EDX spot
analysis with STEM to demonstrate the presence of Se
and Cd on a pixel basis [19]. This EDX spot analysis,
now extended to map the entire EM field, resulted in
clear visualization of the position and form of each QD
particle. When the corresponding EM image was overlaid,
QDs could be readily differentiated from the grayscale
cellular backgrounds (e.g., ribosomes) (Figure 2). Simi-
lar elemental mapping of Cd has been reported using
electron energy loss spectrography (EELS) to detect
QDs in ultrathin EM samples [35]. However, compared
with EELS, EDX is more suitable for the detection of
heavy metals, such as Cd or Se [19,36]. Moreover, be-
cause EELS is performed without electron staining, it is
difficult to gain sufficient contrast in EM images [35].
Therefore, combined with pre-embedding Q-dot immu-
noEM and EDX mapping, the use of QDs is one of the
most sensitive and distinct ultrastructural immunola-
beling techniques available and might be particularly
suitable for the correlation of LM/EM images.

Conclusions

Accurate identification of pretangles on LM, followed by
EM examination of their exact counterpart was achieved
through tau immunolabeling with QD, fluorescent nano-
crystals, which are detectable with LM (fluorescence signal)
and with EM (electron dense particles with halo). EDX
spot analysis to confirm the identity of QD on EM section
by showing energy peaks for Cd and Se is now extended to
map the entire EM field to highlight QD particles. This im-
proved method with EDX mapping clearly demonstrated
for the first time that AD-pretangles showed a strong ten-
dency to form fibrillary tangles even at an early stage,
whereas pretangles or Pick-like inclusions in tissue from
patients with CBD did not even at an advanced stage. This
novel strategy is useful to clarify how molecules other than
tau are organized into ultrastructures in the early stages of
disease-specific lesions.
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ABSTRACT

Objectives To clarify the prevalence, frequent causes
and distinct features of hypertrophic pachymeningitis
(HP) according to background conditions in a nationwide
survey in Japan.

Methods The study began with a preliminary survey to
determine the approximate number of HP patients
diagnosed from 1 January 2005 to 31 December 2009,
and was followed by a questionnaire survey for clinical
and laboratory findings. HP was defined as a condition
with thickening of the cranial or spinal dura mater with
inflammation, evidenced by MRI or histology.

Results Crude HP prevalence was 0.949/100 000
population. The mean age at onset was 58.3+15.8 years.
Among 159 cases for whom detailed data were collated,

antineutrophil cytoplasmic antibody (ANCA)-related HP was -

found in 54 cases (34.0%) and lgG4/multifocal
fibrosclerosis (MFS)-related HP in 14 cases (8.8%). Seventy
cases (44.0%) were classified as ‘idiopathic” and 21
(13.2%) as 'others’. ANCA-related HP cases showed a
female preponderance, a higher age of onset, and higher
frequencies of otological symptoms and elevated systemic
inflammatory biomarkers, but lower frequendies of diplopia
compared with idiopathic HP. IgG4/MFS-related HP cases
showed a marked male predominance; all had cranial HP
while none had isolated spinal HP or decreased sensation.
Conclusions HP is not extremely rare. ANCA-related HP
is the most frequent form, followed by IgG4/MFS-related
HP. Both forms have unique features, which may help to
differentiate background causes.

INTRODUCTION

Cranial and spinal hypertrophic pachymeningitis
(HP) is a rare inflammatory disorder demonstrating
local or diffuse thickening of the intracranial or
spinal dura mater. Thickening of the dura mater
causes intracranial hypertension, cranial nerve palsy
and spinal cord dysfunction. MRI findings show
thickening and contrast enhancement of the
affected dura mater. HP pathology shows intersti-
tial fibrosis and inflammatory cell infiltration con-
sisting mainly of lymphocytes. HP is aetiologically
heterogeneous, secondarily developing in associ-
ation with a variety of conditions, such as infection,
autoimmune disease, trauma and tumours, or being
labelled idiopathic in the absence of an identifiable
cause.! * The mechanisms underlying idiopathic
HP are thus ill defined, and unidentified causes
might exist. Because there have been no epidemio-
logical or large-scale clinical studies of HE its

prevalence, frequent causes and distinct features
according to background conditions are totally
unknown. Therefore, we aimed to clarify these
issues in a nationwide survey of HP in Japan.

METHODS

Procedures

The nationwide survey was conducted by the
Research Committee of HE sponsored by the
Ministry of Health, Labour and Welfare, Japan.
This study was approved by the Kyushu University
Ethics Committee. The survey was undertaken in
two steps: first, a preliminary survey to ascertain
the approximate number of HP patients in Japan,
and second, a survey using a questionnaire sheet
for each patient. The hospitals studied were ran-
domly selected from the directory of all registered
hospitals in Japan. Selection was made according to
stratification based on the number of beds in each
hospital; the more beds a hospital had, the higher
its probability of being selected.> HP was defined as
a thickening of the cranial or spinal dura mater
with inflammation, and cases in whom either thick-
ening of the dura mater was detected by MRI, or
fibrotic thickening with inflammatory cell infiltra-
tion was observed in biopsied dura mater, were
included. We excluded cases associated with malig-
nancy and intracranial hypotension.

The questionnaire for the preliminary survey on
HP patients who, because of the disease, visited
hospitals from 1 January 2005 to 31 December
2009 was mailed to 5477 hospital departments
(446 neurology, 731 neurosurgery, 994 internal
medicine, 951 orthopaedics, 770 otorhinolaryngol-
ogy, 800 paediatrics and 785 ophthalmology
departments) together with the inclusion criteria.
Following the collection and collation of the results
of the first questionnaire, the second questionnaire
was forwarded to those reporting patients in the
fiest survey. It requested detailed clinical informa-
tion on individual patients including age at onset
and examination, sex, symptoms based on history
and signs based on neurological examination, coex-
isting diseases, laboratory findings, MRI findings of
brain and spinal cords, pathological findings, clin-
ical course, treatment and prognosis. Patients
reported by more than one hospital or department
were treated as duplicate.

Laboratory findings included myeloperoxidase
(MPO)- and proteinase-3 (PR3)-antineutrophil cyto-
plasmic antibody (ANCA) positivity, and elevation of
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IgG4. We further classified cases into several categories according
to positive findings for ANCA, IgG4 elevation and coexisting dis-
eases. Patients were regarded as having ANCA-related HP if either
MPO-ANCA or PR3-ANCA was detected, or ANCA-related dis-
eases (ANCA-related angiitis or Wegener’s granulomatosis) coex-
isted. Diagnosis of IgG4/multifocal fibrosclerosis (MFS)-related
HP was based on the established criteria for [gG4-related disease”
(clinical examination showing characteristic diffuse/local swelling
or mass in single or multiple organs, clevated serum IgG4 levels
>135 mg/dL, and IgG4-positive plasma cells in the biopsied dura
with a IgG4-positive/lgG-positive cell ratio >40% and more than
10 IgG4+ plasma cells per high-power field), or the presence of
MEFS, such as retroperitoneal fibrosis, mediastinal fibrosis, scleros-
ing pancreatitis, Riedel’s thyroiditis and pseudotumour of the
orbit. Idiopathic HP comprised cases with no evidence of ANCA-
or IgG4/MFS-related conditions, or without other causes includ-
ing relevant infections asked about in the second survey, such as
syphilis, tuberculosis, fungal infections (candidiasis, aspergillosis),
bacterial infections (Pseudomonas aeruginosa, Propionibacterium
acnes), borreliosis and cysticercosis.

Statistical analysis

The estimated total number of HP patients in Japan was extra-
polated from our data using formulae derived by the epidemi-
ology committee,® ° taking response rates into account. First,
for each stratum, the total reported number of patients was
divided by the ratio of responding institutions to the number of

surveyed institutions. The results for all strata were then added
to estimate the total number of HP patients.” Statistical analyses
of numerical variables were initially performed using the
Pearson’s x* test and Kruskal-Wallis test. When statistical signifi-
cance was found, Pearson’s y* test or Fisher’s exact test was
used to determine the statistical significance of differences
between groups. Uncorrelated p values were corrected by multi-
plying them by the number of comparisons (Bonferroni-Dunn’s
correction) to calculate corrected p values. Differences in ratios
between two groups were tested for significance by the x* test
or Fisher’s exact test when the criteria for the %2 tests were not
fulfilled. In all assays, p values <0.05 were considered statistic-
ally significant.

RESULTS

Baseline characteristics

In the preliminary survey, 1904 departments (34.8%)
responded, reporting 324 HP patients. In the second question-
naire, detailed clinical data on 159 patients (49.1% of those
reported in the preliminary survey) were collected. The esti-
mated crude prevalence was 0.949/100 000 population (95% CI
0.833 to 1.065). The male to female ratio was 1:0.91 (table 1).
The mean age at onset was 58.3=15.8 years, and mean age at
first visit to the physician was 59.7+15.2 years. HP diagnosis
was made by MRI alone in 106 cases, MRI and pathology in 49
cases, and pathology alone in four cases.

Table 1 Demographic features of the 159 patients with hypertrophic pachymeningitis

Basic demographics Initial symptoms Number (%)
Number of cases analysed 159 Headache 56 (35.2)
Sex ratio (male:female) 1:0.91 Visual loss 21 (13.2)
Age at onset (meanxSD, years) 58.3+15.8 Double vision 20 (12.6) ;
Age at first visit to physician (mean:SD, years) 59.7+15.2 Otological symptoms 15(9.4)
Disease duration (mean+SD, months) 48.3+50.9 Symptoms during entire course Number (%)

Underlying diseases Number Headache 113 (71.1)
ANCA-related angiitis 21 Back pain 6(3.8
Wegener’s granulomatosis ) 19 Fever ; 42 (26.4)
Multifocal fibrosclerosis 6* Consciousness disturbance 2 (13.2)
lgG4-related disease 9 Convulsion 14 (8.8)
Otitis media 3 Memory disturbance and other higher brain dysfunction 11 (6.9)
Cholesteatoma of the middle ear 1 Visual loss 52 (32.7)

* Sinusitis 1 Double vision 46 (28.9)
Sj6gren syndrome 2 Dysphagia 13 (8.2)
Tuberculosis 2 Dysarthria 11 (6.9)
Aspergillosis 2 Weakness (facial and/or extremities) 38 (23.9)

Site of dural hypertrophy Number (%) Sensory disturbance 45 (28.3)
Cranial 135 (84.9) Bladder disturbance 10 (6.3)
Spinal 14 (8.8) Bowel disturbance 7 (4.4)
Cranial and spinal 7 @.4) Neurological findings Number (%)

Mode of onset Number (%) Cranial nerve palsy 99 (62.3)
Acute 41 (25.8) Neck stiffness 7 (4.4)
Subacute 75 (47.2) Motor impairment 26 (16.4)
Chronic 27 (17.0) Abnormal tendon reflexes 44 (27.7)

Clinical course Number (%) Pathological reflexes 15 (9.4)
Monophasic 51 (32.1) Limb and/or truncal ataxia 6 (3.8)
Progressive 28 (17.6) Decreased sensation 31 (19.5)
Relapsing-remitting 62 (39.0) Sphincter dysfunction 5(3.1)
Unknown 18 (11.3)

*Includes five cases of MFS-related HP and one case assigned to ANCA-related HP.

ANCA, antineutrophil cytoplasmic antibody; HP, hypertrophic pachymeningitis; MFS, multifocal fibrosclerosis.
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Table 2 Cranial nerve involvement in hypertrophic
pachymeningitis patients

n/N (%)
Cranial nerve involvement 99/159 (62.3)
Single o o 40/99 (40.4)
Multiple ‘ 59/99 (59.6)
Cranial nerves ) ) ~ n/N (%)
1 S : 2199 (2.0)

[ : ' . 41/99 (41.4)
1 30/99 (30.3)

v 25/99 (25.3)
Vo ' 19/99 (19.2)

B , - , 35/99 (35.4)
Vil , 19/99 (19.2)
vilt 27/99 (27.3)
X ‘ ‘ 13/99 (13.1)

X 10199 (10.1)
X - 599 (5.1)
X ‘ , o o 899 8.1)

n, number of involved cases, N, number of cases collated, or total number of involved
cases.

The diseases underlying HP were heterogeneous. ANCA-related
angiitis and Wegener’s granulomatosis were the most common
coexisting diseases. IgG4/MFS-related diseases followed. Among
14 cases diagnosed as having IgG4/MFS-related HE four cases had
retroperitoneal fibrosis and were thus regarded as having
MFS-related HP The remaining 10 cases were diagnosed as having
IgG4-related HP based on the IgG4-related disease criteria®; one
had definite IgG4-related disease (IgG4+ cells in biopsied dura,
elevated serum IgG4 concentrations and diffuse/local organ swel-
ling or mass), six of these had probable IgG4-related HP (IgG4+
cells in biopsied dura and diffuse/local organ swelling or mass),
and three had possible IgG4-related HP (elevated serum IgG4

concentrations and diffuse/local organ swelling or mass).
Otorhinolaryngological disorders, such as otitis media and sinus-
itis, occasionally accompanied. Infectious causes were rarely identi-
fied, with only two cases with tuberculosis and two cases of
aspergillosis. HP was confined to the cranial dura in 137 cases
(86.2%), the spinal dura in 15 (9.49%), and both in 7 (4.4%)
(demographic features according to the sites of HP are shown in
online supplementary table S1). Approximately half the HP cases
had subacute onset, whereas, the rest showed either an acute or
chronic pattern. More than 50% of HP patients showed either a
relapsing-remitting or progressive course.

Symptoms and neurological findings

Headache was the most common initial symptom of HP
(35.2%), followed by ophthalmological symptoms, such as
visual loss and double vision (each 13.2% and 12.6%, respect-
ively) (table 1). Some patients (9.4%) had otological symptoms
including deafness and tinnitus. During the entire course, the
frequency of headache rose to 71.1%. Fever was seen in one-
quarter of HP patients. Visual loss and double vision were
observed in approximately one-third of HP patients, compared
with <10% for dysphagia and dysarthria. Neurological findings
revealed frequent involvement of the cranial nerves (62.3%).
Multiple involvements were more common than isolated
involvement, and cranial nerves II-VIIl were more frequently
affected than IX-XII (table 2). Although headache was the most
frequent symptom, neck stiffness was uncommon (4.4%).
Abnormal tendon reflex and decreased sensation were seen in
approximately one-quarter of HP patients. Ataxia and sphincter
dysfunction were relatively rare.

Laboratory findings in peripheral blood and CSF

Non-specific inflammation was seen in a half to three-quarters
of HP cases, such as increased erythrocyte sedimentation rate
(ESR), white blood cells (WBC) or C-reactive protein (CRP)
(table 3). Antinuclear antibody was detected in 16.9% of cases

Table 3 Laboratory, neurmmagmg, and pathologlcal fmdlngs in 159 hypertrophic pachymenlngms cases

Laboratory findings - n/N (%) Neurmmagmg n/N (%)

Blood . R MRI : : ¢ ;
ESR elevation 78/104 (75.0) Thickening of the cranial dura mater 141/156 (90.4)
WBC increase 63/146 (43.2). Gd enhancement of cranial dura 124/139 (89.2)

“CRPelevation 110/149 (73.8) Thickening of the spinal dura mater 21/54 (38.9)
ANA elevation 20/118 (16.9) Gd enhancement of spinal dura 17/20 (85.0)
MPO-ANCA posmvny 33/119.27.7) ‘Gallium scintigraphy S
‘PR3-ANCA positivity - 141111 .(12:6) < Increased uptake 22/50 (44.0)
1gG4 elevation : ; 7127 (25.9) SPECT :

STS L - 20122 (1.6) Hypoperfusion 729 24.1)
Anti-HTLV-1 Ab - R S 150 (2.0) Hyperperfusion 3129 (10.3)

ADA elevation : <3128 (10.7) PET :

ACE elevation 1/56 (1.8) Positive accumulation 2117 (11.8)

CSF Pathological findings of dura mater n/N (%)
Pleocytosis 71116 (61.2)- Fibrosis 43/52 (82.7)
Protein elevation 115/119 (99.6) Infiltration of inflammatory cells 47/52 (90.4)

- TPLA positivity 0/7 (0.0) Angiitis - 452(1.7)
ADA elevation 2122 (9.1) Granuloma 15/52 (28.8)

; Necrosis 8/52 (15.4)
Oedema 5/52:(9.6)

1gG4-positive plasma cells 11742 (26.2)

Ab, antibody; ADA, adenosine deaminase; ANA, antinuclear antibody; CRP, C-reactive protein; CSF, cerebrospinal fluid; ESR, erythracyte sedimentation rate; Gd, gadolinium; HTLV-1,
human T-lymphotrophic virus type I; MPO-ANCA, myeloperoxidase-antineutrophil cytoplasmic antibodies; PET, positron emission tomography; PR3-ANCA, proteinase-3-antineutrophil
cytoplasmic antibodies; SPECT, single photon emission CT; STS, serologic test for syphilis; TPLA; treponema pallidum latex agglutination; WBC, white blood cells.
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assessed, and adenosine deaminase (ADA) was elevated in
10.7%. Serologic tests for syphilis and human T-lymphotrophic
virus type 1 antibody were rarely positive (1.6% and 2.0%,
respectively). The most noticeable finding was that MPO-ANCA
and PR3-ANCA were positive in 33/119 (27.7%) and 14/111
(12.6%) cases assessed, respectively. In four cases, MPO-ANCA
and PR3-ANCA were detected. As a result, 43 cases were
ANCA-positive. Furthermore, hyper-IgG4aemia was observed in
7/27 (25.9%) cases examined. Cerebrospinal fluid (CSF) pleocy-
tosis was detected in 71/116 (61.29%) cases, while variable
degrees of protein elevation were found in 115/116 (96.6%)
cases. ADA elevation in the CSF was found in 2/22 (9.1%)
cases.

Neuroimaging

On brain MRI, hypertrophic change of the cranial dura mater
was found in 141/156 (90.4%) cases examined (table 3).
Gadolinium (Gd) enhancement was observed in 124/139
(89.290). Hypertrophic changes of the spinal dura mater were
found in 21/54 (38.9%) cases examined, while Gd-enhancement
was seen in 17/20 (85.0%). Thickening of the cranial dura
mater was diffuse in 33/141 (23.4%) cases and partial in 108/
141 (76.6%). Increased uptake in galliam scintigraphy was
found in 22/50 (44.0%). Abnormalities in single photon emis-
sion CT (SPECT) and positron emission tomography (PET)
findings were observed in 10/29 (34.5%) cases and 2/17
(11.89%) cases, respectively.

Pathological findings

Fifty-two patients underwent biopsy of the dura mater (table 3).
The main pathological findings were fibrosis (82.7%), inflamma-
tory cell infiltration (monocytes, plasma cells, eosinophils and
polymorphonuclear  leucocytes) (90.4%) and granuloma
(28.8%). Necrosis and oedema were found in some cases.
Importantly, IgG4-positive cells were found in 11/42 (26.29%)
cases assessed; seven in IgG4/MFS-related HP and four in
ANCA-related HP Importantly, I[gG4-positive cells were found
in 11/42 (26.2%) cases assessed. Angiitis was detected in 4/52
cases (7.7%). Culture of the biopsied dura mater in 27 patients
identified tuberculosis in one while the rest were negative. The
brain adjacent to thickened dura mater was biopsied in eight
cases, revealing infiltration of inflammatory cells in seven, while
granuloma and necrosis were each observed in four cases, and
[gG4-positive cells in one.

Treatment

Selected treatment options in our HP series are listed in online
supplementary table S2. In 12 cases of infectious HE antibiotic,
antifungal, and antituberculosis drugs were used as the first-line
therapy for relevant pathogens. Corticosteroids, mostly methyl-
prednisolone pulse therapy followed by oral administration,
were administered as the first choice for HP when infectious
cases were excluded. A total of 94 cases received corticosteroids
as immunotherapy at first, resulting in an 87.2% improvement.
In 54 cases with insufficient response to corticosteroids, immu-
nosuppressants were added and 92.6% improved. Only 24 cases
(15.19%) required surgery.

Comparison of idiopathic, ANCA-related

and 1gG4/MFS-related HP

According to the classification stated in the section on Methods,
ANCA-related and IgG4/MFS-related diseases are the two major
causes of HP in Japan (figure 1A,B). There were 48 (30.2%)
and 14 (8.8%) cases of ANCA-related and IgG4/MFS-related

~ Neuro-inflammation

HJ, respectively. Six patients (3.8%) with ANCA-related HP also
had either hyper-IgG4aemia or IgG4-positive plasma cells in the
biopsied dura (combined cases in figure 1A,B). Such cases were
included in the ANCA-related HP group in the following ana-
lyses because they showed similar features to ANCA-related HP
and ANCA-related disease could show hyper-IgG4aemia.
Idiopathic HP comprised 44.0% (70/159) of cases while various
other causes were responsible for 13.2% (21/159).

Comparisons of demographic features among idiopathic,
ANCA-related and IgG4/MFS-related HP revealed a male pre-
dominance for idiopathic HP (male:female=1:0.75) and a
female preponderance for ANCA-related HP (1:1.34) (table 4).
Interestingly, IgG4/MFS-related HP showed a marked male pre-
dominance (1:0.17). Thus, sex ratios were significantly different
among the three groups. All IgG4/MFS-related HP cases exhib-
ited cranial HP; none showed isolated spinal HE while isolated
spinal HP was occasionally seen in idiopathic and ANCA-related
HP (12.9% and 5.6%, respectively). Age of onset was signifi-
cantly older in ANCA-related HP cases than in idiopathic HP
cases. There was no significant difference in the mode of onset
and clinical course among the three groups; however,
ANCA-related HP cases less frequently developed acute onset
while IgG4/MFS-related HP cases tended to show a monophasic
course more frequently than did the others (p=0.0553).

As initial symptoms, ANCA-related HP cases showed a higher
frequency of otological symptoms but lower frequency of
double vision, compared with idiopathic HP cases (see table 4
and online supplementary figure S1). Regarding symptoms and
signs during the entire course, ANCA-related HP cases had sig-
nificantly greater frequency of fever compared with idiopathic
HE and lower frequency of double vision compared with idio-
pathic and IgG4/MFS-related HP cases. Sensory disturbance was
more common in idiopathic HP cases than ANCA-related and
IgG4/MFS-related HP cases. Systemic inflammatory responses,
such as elevated ESR and CRE and increased WBC, were more
frequently found in ANCA-related HP compared with idio-
pathic HP

DISCUSSION
This nationwide epidemiological survey of HP in Japan enabled
us to elucidate the prevalence and clinical characteristics of HP
This is epoch-making because there has been no previous epi-
demiological survey of HE with a series of approximately 10
patients being the largest." ® The main new findings of the
present study are as follows: (1) crude HP prevalence was deter-
mined to be 0.949/100 000; (2) among all HP cases, the most
common cause is ANCA-related HE making up as much as
34.0% of all cases, and the second most common cause is [gG4/
MFS-related HE making up 8.8% (12.6%, if including
ANCA-related HP cases with hyper-IgG4aemia); (3)
ANCA-related HP showed a female preponderance, a higher age
at onset, and higher frequencies of otological symptoms and ele-
vated systemic inflammatory markers compared with idiopathic
HE but lower frequencies of diplopia compared with idiopathic
and IgG4/MFS-related HP; (4) IgG4/MFS-related HP showed a
marked male predominance, and all IgG4/MFS-related HP
patients had cranial HP while none had isolated spinal HB
resulting in a lower frequency of decreased sensation compared
with idiopathic HP patients who occasionally had spinal HP
Hawever, our study has some limitations. First, the rate of
response to the preliminary survey was not very high; however,
the estimated number of HP patients in Japan was calculated by
taking the response rate in each stratum into account.’ The
response rate in the secondary survey was reasonably high
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Classification of hypertrophic pachymeningitis (HP) in the present nationwide survey in Japan. (A) Flow chart showing the classification

of the 159 HP patients. Causes of HP, idiopathic or secondary, were initially judged by the physician in charge. We classified 70 cases as having
idiopathic HP because neither antineutrophil cytoplasmic antibody (ANCA)-related nor IgG4/multifocal fibrosclerosis (MFS)-related systemic diseases
was present. We extracted 68 cases with ANCA-related angiitis, Wegener's granulomatosis, ANCA-seropositivity, hyper-igG4aemia, 1gG4-positive
plasma cells in the biopsied dura mater, IgG4-related disease, and MFS from cases with secondary HP and those initially judged as ‘idiopathic HP'
by the physician in charge. We further divided them into 48 cases with ANCA-related HP, 14 cases with IgG4/MFS-related HP, and six cases with
combined ANCA-related and IgG4/MFS-related HP. (B) Proportions of idiopathic and secondary HP according to the major underlying diseases.
Idiopathic HP accounts for 44.0% of all cases while ANCA-related and |gG4/MFS-related cases make up 30.2% and 8.8%, respectively. When ANCA-
and IgG4/MFS-combined cases (3.8%) are included, the percentages rise to 34.0% in ANCA-related HP and 12.6% in IgG4/MFS-related HP.

compared with the response rates of the secondary surveys in
recent nationwide epidemiological surveys of multiple sclerosis
and myasthenia gravis conducted in Japan (39.3% and 36.9%,
respectively).® 7 We thus believe that the response rates did not
impair the quality of the present study. Second, the diagnosis of
HP depended on a decision by a doctor in charge, and we
cannot completely neglect the possibility that the doctors in
charge did not have an opportunity to thoroughly review the
medical charts and radiological reports. ANCA and serum IgG4
were not examined in all patients, generating a possibility that
the idiopathic HP group may contain some secondary HP cases.
Third, therapeutic efficacy was based on the judgement of each
doctor, vielding some uncertainty. Fourth, performance of
Gd-enhanced MRI was not an inclusion criterion, which may
have caused some diagnostic inaccuracy in 11 patients (6.9%)
diagnosed with non-enhanced MRI alone in the second survey.

With these reservations in mind, the prevalence of HP in Japan
(0.949/100 000) is much higher than those of rare neurological
diseases, such as Creutzfeldt—Jakob disease (0.1/100 000).%
Given the relapsing and progressive nature of HP without
adequate medication, it casts a non-negligible healthcare burden
on our society.

The most important finding of the present study is that
ANCA-related disease and IgG4/MFS-related disease are the
two major conditions underlying HP in Japan, where infectious
causes are infrequent. Both conditions may not be mutually
exclusive, and indeed, occurrence of IgG4-related HP was previ-
ously reported in association with either ANCA positivity” or
Churg-Strauss syndrome (CSS).'® However, because CSS itself
shows hyper-IgG4aemia,'’ increased serum IgG4 levels in
ANCA-related HP may not be pathognomonic. Wegener’s gran-
ulomatosis frequently produces mucosal thickening of the nasal
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Table 4 Comparison of clinical features among idiopathic, ANCA-related, and 1gG4/MFS-related hypertrophic pachymeningitis cases

Idiopathic ANCA-related IgG4/MFS-related
n=70 n=54 n=14 p Value
Sex ratio (male:female) 1:0.75 1:1.34 1:0.17 0.0126*
Location of hypertrophic dura
Cranial 58 (82.9) 49 (90.7) 14 (100.0) NS
Spinal 9(12.9) 3 (5.6) 0 (0.0) NS
Cranial and spinal 3 (4.3) 2 (3.7) 0 (0.0) NS
Age of onset (meanSD, years) 54.8+16.5 62.5:14.4 56.7+12.5 0.0183t
Time between onset and diagnosis (meanzSD, months) 25.3+72.2 14.6+36.6 3.57+3.59 NS
Age at first visit to physician (meanSD, years) 56.4:16.0 63.5+13.6 57.0+12.5 0.0321%
Disease duration (meanSD, months) 49.8+52.7 49.3+51.8 20.3£20.7 NS
Mode of onset
Acute 21 (30.0) 12 (22.2) 5 (35.7) NS
Subacute 29 (41.4) 28 (51.9) 8 (57.1) NS
Chronic 16 (22.9) 7 (13.0) 1(7.1) NS
Unknown 4(5.7) 7 (13.0) 0 (0.0)
Clinical course
Monophasic 23 (32.9) 16 (29.6) 9 (64.3) NS
Progressive 14 (20.0) 8 (14.8) 2(14.3) NS
Relapsing-remitting 27 (38.6) 22 (40.7) 3(21.4) NS
Unknown 6 (8.6) 8 (14.8) 0 (0.0)
Initial symptom
Headache 22 (31.4) 14 (25.9) 7 (50.0) NS
Visual loss 12 (17.1) 3 (5.6) 1(7.1) NS
Double vision 14 (20.0) 2(3.7) 3(21.4) 0.0387t
Otological symptoms 3(43) 12 22.2) 1(7.1) 0.01241
Symptoms and signs during entire course
Headache 44 (62.9) 43 (79.6) 11 (78.6) NS
Back pain 6 (8.6) 0 (0.0) 0(0.0) NS
Fever 11 (15.7) 25 (46.3) 2(14.3) <0.0011
Consciousness disturbance 10 (14.3) 7 (13.0) 3(21.4) NS
Convulsion 7 (10.0) 6 (11.1) 1(7.1) NS
Memory disturbance /higher brain dysfunction 5 (7.1) 5(9.3) 1(7.1) NS
Visual loss 21 (30.0) 14 (25.9) 3(21.4) NS
Double vision 26 (37.1) 8 (14.8) 7 (50.0) 0.0236t, 0.0149*
Dysphagia 6 (8.6) 4 (7.4) 1(7.1) NS
Dysarthria 5.1 4(7.4) 0(0.0) NS
Weakness (facial and/or extremities) 22 (31.4) 11 (20.4) 1(7.1) NS
Sensory disturbance ' 29 (41.4) 10 (18.5) 1(7.1) 0.03211
Bladder disturbance 6 (8.6) 2(3.7) 0 (0.0) NS
Bowel disturbance 4'(5.7) 2 (3.7) 0(0.0) NS
Neurological findings , ‘ , ,
Cranial nerve palsy 39 (55.7) 34 (63.0) 10 (71.4) NS
Neck stiffness 3(43) 2 (3.7) 2 (14.3) NS
Motor impairment 14 (20.0) 8 (14.8) 1(7.1) NS
Abnormal tendon reflexes 20 (28.6) 17 (31.5) 0 (0.0) NS
Pathological reflexes 8 (11.4) 4(7.4) 0(0.0) NS
Limb and/or truncal ataxia 3 (4.3) 2 (3.7) 0 (0.0) NS
Decreased sensation 24 (34.3) 12 (22.2) 0(0.0) NS
Sphincter dysfunctions 6 (8.6) 2(3.7) 0 (0.0) NS
Laboratory data
WBC increase 17 (24.3) 34 (63.0) 6 (42.9) <0.0011
ESR elevation 27 (38.6) 34 (63.0) 8 (57.1) - 0.0219t
CRP elevation 38 (54.3) 47 (87.0) 12 (85.7) <0.0011
Reaction to immunotherapy
Corticosteroids
Remission 27146 (58.7) 712 (58.3) 713 (53.8) NS
Insufficient 15/46 (32.6) 4/12 (33.3) 4/13 (30.8) NS
Unknown 4/46 (8.7) 112 (8.3) 2/13 (15.4)

Continued
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Table 4 Continued

idiopathic ANCA-related 19G4/MFS-related

n=70 n=54 -~ n=14 . p Value
Corticosteroids-+immunosuppressants ; ,
Remission ‘ 3114 (21.4) 12/28 (42.9) 01 (0.0) NS
Insufficient 914 (64.3) 12/28 (42.9) 1/1.(100.0) : NS
Unknown 2/14 (14.3) 4/28 (14.3) 0/1 (0.0)

A p value of <0.05 has been estimated as significant among the three groups because we performed Bonferroni-Dunn’s correction. When we found a significant difference among the
three groups, we performed a Mann—Whitney’s test, Pearson’s %* test or Fisher's exact test to assess the significance of differences between groups.

tBetween idiopathic and ANCA-related HP.
*Between ANCA-related and IgG4/MFS-related HP.

Concerning the clinical features according to the location of hypertrophic dura, see the online supplementary table S1.
ANCA, antineutrophil cytoplasmic antibody; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HP, hypertrophic pachymeningitis; MFS, multifocal flbroscler05|s, WBC,

white blood cells.

and paranasal sinuses'?; therefore, its intracranial extension
could produce HP. There are several reports of HP harbouring
ANCA in the absence of clinically overt manifestations of
Wegener’s granulomatosis.’*™° We included HP cases demon-
strating ANCA positivity alone in the ANCA-related HP group,
because demographic features are similar between those with
and  without clinical manifestations of  Wegener’s
granulomatosis.

Based on the observation that HP developed in a patient with
MFS,'¢ a chronic fibrosing inflammation of connective tissues
comprising retroperitoneal and mediastinal fibrosis, sclerosing
pancreatitis and cholangitis, and Riedel’s thyroiditis,'” it was
proposed that HP could be a manifestation of MFS. Later, with
the finding of infiltration of IgG4-positive plasma cells and
hyper-IgG4aemia in lymphoplasmacytic sclerosing pancreatitis,
cholangitis, sialadenitis and retroperitoneal fibrosis, MFS was
supposed to be an IgG4-related disease, featuring IgG4-positive
plasma cell infiltration and fibrosis in many organs.'® '* Recent
case reports of IgG4-related HE evidenced by IgG4-positive
plasma cell infiltration, show a monophasic, steroid-responsive
course.?’ 2! Thus, ANCA-related and IgG4/MFS-related sys-
temic diseases might be overlooked causes of HP

Idiopathic HP showed a slight male predominance, while
ANCA-related HP showed a female preponderance and IgG4/
MFS-related HP had a marked male predominance, although
there is no male or female preponderance in either
ANCA-related®® 23 or IgG4/MFS-related systemic diseases.”*
ANCA-related HP cases had a higher age of onset than idio-
pathic HP cases and IgG4/MFS-related HP cases, probably
reflecting the fact that age at onset of classical CSS patients
among the Japanese is around 60 years, according to the results
of a nationwide survey we previously conducted.”® In terms of
symptoms during the entire course, ANCA-related HP cases
showed higher frequencies of fever and otological symptoms as
initial symptoms, but lower frequencies of diplopia compared
with idiopathic HP and IgG4/MFS-related HP cases. [gG4/
MFS-related HP cases showed a higher frequency of cranial
nerve involvement but less frequent sensory disturbance/
decreased sensation. By contrast, idiopathic HP cases showed a
higher frequency of double vision as an initial symptom and
sensory disturbance/decreased sensation during the course.
Thus, besides the differences in sex and age at onset, clinical
manifestations are somewhat distinct among the three major
groups of HE which may be partly derived from the nature of
the underlying diseases.

We conclude that ANCA-related disease and IgG4/MFS-related
disease are the two major causes of HP in Japan. It is necessary to

elucidate whether these findings, including an extremely high fre-
quency of ANCA-related HE, are applicable to other races, by con-
ducting large-scale epidemiological surveys in the future.
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