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A cortical microvascular structure in vascular dementia, Alzheimer’s disease, frontotemporal lobar
degeneration and nondemented controls: a sign of angiogenesis due to brain ischaemia?

Aims: We observed a microvascular structure in the
cerebral cortex that has not, to our knowledge, been pre-
viously described. We have termed the structure a ‘rasp-
berry’, referring to its appearance under a bright-field
microscope. We hypothesized that raspberries form
through angiogenesis due to some form of brain ischae-
mia or hypoperfusion. The aims of this study were to
quantify raspberry frequency within the cerebral cortex
according to diagnosis (vascular dementia, Alzheimer’s
disease, frontotemporal lobar degeneration and nonde-
mented controls) and brain regions (frontal, temporal,
parietal and occipital cortices, regardless of diagnosis).
Materials and methods: In each of 10 age-matched sub-
jects per group, a 20-mm section of the cerebral cortex
was examined in haematoxylin-and-eosin-stained sec-
tions of the frontal, temporal and parietal, and/or
occipital lobes. Tests were performed to validate the

haematoxylin-and-eosin-based identification of relative
differences between the groups, and to investigate inter-
rater variability. Results: Raspberry frequency was high-
est in subjects with vascular dementia, followed by those
with frontotemporal lobar degeneration, Alzheimer’s dis-
ease and last, nondemented controls. The frequency of
raspberries in subjects with vascular dementia differed
from that of all other groups at a statistically significant
level. In the cerebral lobes, there was a statistically sig-
nificant difference between the frontal and occipital cor-
tices. Conclusions: We believe the results support the
hypothesis that raspberries are a sign of angiogenesis in
the adult brain. It is pertinent to discuss possible proan-
giogenic stimuli, including brain ischaemia (such as mild
hypoperfusion due to a combination of small vessel dis-
ease and transient hypotension), neuroinflammation
and protein pathology.

Keywords: Alzheimer’s disease, brain ischaemia, frontotemporal lobar degeneration, neovascularization, pathologic,
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Introduction

In several neuropathological autopsies, we observed a
microvascular structure in the cerebral cortex that has
not, to our knowledge, been previously described. We
termed the structure a ‘raspberry’, referring to its
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appearance under a bright-field microscope rather than
making assumptions about its origin. A raspberry con-
sists of a minimum of three (by our definition)
microvascular lumen in immediate proximity to one
another, sometimes surrounded by a small shrinkage
artefact of the nearby tissue (Figure 1). The vessels are
likely to be capillaries or precapillary arterioles. Rasp-
berries have been observed in the cortex of all cerebral
lobes and in various neuropathological diagnoses,
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including vascular dementia (VaD), Alzheimer’s disease
(AD), frontotemporal lobar degeneration (FTLD), Lewy
body disease, vascular brain injury (VBI) without
dementia and prion disease, as well as in cases with no
apparent neuropathological disease. Raspberries have
only rarely been observed in the subcortical grey mat-
ter and have not been detected in the white matter.

As structures composed of blood vessels, raspberries
are likely formed through angiogenesis (the formation
of new capillaries from already existing ones [1]). Arte-
riogenesis (the development of smaller blood vessels
into larger ones due to forces of blood flow [2]) may
also contribute.

In this study, we hypothesized that raspberries form
as a side effect of angiogenesis in the adult brain. The
vasculature of the adult brain is stable under normal
conditions, but angiogenesis
response to noxious stimuli [3]. Since one such stimu-
lus is cerebral ischaemia [4], we expected the frequency
of raspberries to differ between neuropathological dis-
eases where greater or lesser ischaemia was presumed

can be induced in

to occur during the course of the disease. To test our
hypothesis, we quantified raspberries in age-matched
subjects with VaD, AD, FTLD and nondemented con-
trols. We expected to find a higher raspberry frequency
in VaD and AD compared to FTLD and controls due to
VaD and AD’s well-known associations with cere-
brovascular pathologies [5-8].

Furthermore, we wanted to compare raspberry fre-
quency between cerebral lobes. Magnetic resonance

Figure 1. A ‘raspberry’ in the cerebral cortex. Photomicrograph
of a ‘raspberry’ in the cerebral cortex (parietal lobe), with a
diameter of 80 x 65 um. Stain: haematoxylin and eosin.
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imaging (MRI) has indicated that the frontal lobes are
the most vulnerable to white matter disease (WMD) in
the elderly [9]. There are different forms of WMD, but
the condition referred to here is frequently associated
with cerebral small vessel disease (SVD) and is believed
to result (at least partially) from ischaemia due to
hypoperfusion [5-8,10-13]. Hypothesizing that the
cortex follows the same pattern as the white matter,
we expected to find more raspberries in the cortex of
the frontal lobes than the others, regardless of
diagnosis.

As such, our aims were to quantify raspberry fre-
quency within the cerebral cortex according to diagno-
sis (VaD, AD, FTLD and nondemented controls) and
brain regions (frontal, temporal, parietal and occipital
cortices, regardless of diagnosis).

Materials and methods

Patient cohort

This was a retrospective study based on microscopic
examination of tissue sections, autopsy reports and
medical records of adult (age at death >18 years)
patients who had undergone a diagnostic neuropatho-
logical examination at the clinical department of
Pathology in Lund, Sweden, during the period of Jan-
uary 2009-September 2018. Data from autopsy reports
was accessed through Sympathy, a digital database
where all findings from autopsies performed in Lund
are recorded. Data from medical records were accessed
through the digital medical record system Melior. Sub-
jects with VaD, AD and FTLD were included based on a
combination of a pure (not mixed) neuropathological
diagnosis and clinically diagnosed cognitive disorder/
dementia. Controls were included based on absence of
significant neuropathological findings that would corre-
spond to a cognitive disorder, in combination with
absence of clinical dementia. All diagnostic work was
carried out prior to this study; thus, no neuropathologi-
cal disease categorization was performed. All groups
were of similar age. Full criteria are detailed below.

Histopathological procedure

The diagnostic neuropathological examination proce-
dure has been described in detail [14]. Briefly, the
entire brain was fixed in formaldehyde for several
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weeks. Slices cut from the cerebrum, cerebellum and
brain stem were examined macroscopically, followed by
selection of coronal slices and smaller tissue blocks for
dehydration and paraffin embedding. All slices were cut
into sections,
included haematoxylin and eosin (H&E); Luxol fast blue
for myelin; Campbell and Gallyas silver stains for neu-
ritic plaques, neurofibrillary tangles and neurites and
alkaline Congo red for amyloid. Additional stains were
used when indicated.

6 micrometres thin. Routine stains

Neuropathological diagnosis of VaD, AD and FTLD

Vascular dementia was diagnosed based on a combina-
tion of extensive cerebrovascular pathology and VBI in
the absence of significant protein pathology, in individ-
uals with clinically diagnosed dementia. Vascular brain
injuries considered included infarcts of various sizes
(large, lacunar and microscopic), haemorrhages, diffuse
WMD, cribriform deep grey matter and neuronal loss
or atrophy in the absence of protein pathology
[5-8,15,16].

Alzheimer’s disease was diagnosed based on the
1997 NIA-Reagan consensus criteria and the 2012
NIA-AA update, where beta-amyloid plaques and neu-
rofibrillary tangles, the neuropathological hallmarks of
AD, are required for diagnosis [17,18]. The criteria
grade the severity of AD neuropathology based on the
Thal plaque phase, Braak stage and CERAD score for
neuritic plaques [19-22]. As a minor modification of
the criteria, the degree of neuronal loss, neurites and
glial activation was also considered.

Frontotemporal lobar degeneration is
ropathological equivalent of frontotemporal dementias
(FTDs) and a group of cognitive disorders with beha-
vioural and movement manifestations. Neuropathologi-
cally, the diseases are characterized to a large extent by
inclusions of tau protein, transactive response DNA
binding protein 43 (TDP-43) or fused in sarcoma pro-
tein. FTLD was diagnosed based on published consen-
sus criteria and nomenclature [23-25].

the neu-

Subjects

The following inclusion criterion was applied to all sub-
jects: access to >1 section from the frontal lobes (taken
from the frontal pole), >1 section from the temporal
lobes (taken from the medial temporal lobe) and >1
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section from the parietal and/or occipital lobes (taken
from various regions).

For the VaD, AD and FTLD groups, the following
additional inclusion criteria were applied:
dementia (diagnosed by a specialist in cognitive medi-
cine or neurology or by a general practitioner), a pure
neuropathological diagnosis (thus excluding mixed
dementias) and a sufficiently extensive neuropathologi-
cal investigation (defined as >1 bihemispheric coronal
section and >5 sections from different brain regions).
The clinical dementia criterion was applied to ensure
that the neuropathological diagnosis had been clini-
cally significant.

For the control group, the following additional inclu-
sion criteria were applied: absence of clinically diagnosed
dementia or symptoms indicating dementia reported in
the medical records, absence of significant major neu-

clinical

ropathology, a neuropathological examination above a
minimum level of extension (>5 sections from different
brain regions) and age at death >65 years. The age crite-
rion was applied to ensure adequate age-matching with
demented subjects (see below).

As stated, nondemented controls were not allowed to
have any significant neuropathology and demented
subjects with mixed dementia were excluded. However,
some minor co-occurrent pathology was allowed, since
the pathologies in question were not believed to be
extensive or long-lasting enough to significantly affect
raspberry formation. Based on the literature and our
own appraisal, the following
ropathologies were allowed in all subjects: Braak stage
I-II, primary age-related tauopathy (PART), a total of
1-2 cerebral microinfarcts or lacunar infarcts, other
minor signs of ischaemia (mildly cribriform deep grey
matter) and
encephalopathy (CAE) [ischaemic damage due to car-
diac arrest with transient return of spontaneous circu-
lation (ROSC)] [18,26-28].

A total of 83 individuals met the above-mentioned
(Vab =19, AD=21, FTLD =25, con-
trol = 18), and an approximate age-matching was per-
formed until 10 subjects per group had been selected.
An age difference of <5 years was considered matched.

co-occurrent neu-

acute or subacute cardiac arrest

criteria

Raspberry quantification

Raspberries were counted manually in H&E-stained sec-
tions. The quantification was based on one section per
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subject from the following regions: the frontal cortex
(frontal pole), temporal cortex (medial temporal lobe),
parietal cortex (various regions) and/or occipital cortex
(various regions), resulting in 3-4 examined sections
per subject (there were missing sections of the parietal
or occipital cortex in some cases). In each section, a
distance of 20 mm was measured and marked at the
surface of the cortex. Under the marked distance, the
entirety of the cortex was examined with a bright-field
microscope using a x 10 magnification. When a possi-
ble raspberry was identified, it was examined using a
x 40 magnification before being included or excluded.
Structures with two lumen were also noted, but not
defined as raspberries. To increase the specificity, only
structures where the lumen were transversally sec-
tioned were included, since longitudinally sectioned
structures would be less characteristic and more diffi-
cult to define objectively. For each raspberry, its num-
ber of lumen was noted.

Control staining and control counting

To validate the identification of relative differences
between the groups with H&E, 16/151 sections (10.5%
of all included sections) were randomly selected to be
immunohistochemically stained for collagen IV. The
raspberries were then quantified in areas equivalent to
those of the corresponding H&E-stained sections. Colla-
gen IV is a constituent of the basal lamina, so staining
for it makes the identification of vascular structures
easier. We thus expected to find considerably more
raspberries here than in the H&E-stained sections, but
also expected any relative differences between the
groups to remain the same.

To test for inter-rater variability, all included sections
of the frontal lobes (n = 40, 26.5% of all included sec-
tions) were independently examined by an experienced
neuropathologist and the results were compared.

Statistics

Statistical analyses were performed using IBM spss
Statistics 25 (IBM Corp, Armonk, NY, USA). When
comparing the raspberry frequency between VaD, AD,
FTLD and controls, subjects were represented by the
mean raspberry frequency of the examined sections,
since the number of examined sections varied (between
3 and 4 sections per subject). The Kruskal-Wallis test
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was run to test for statistical significance between any
of the groups, followed by the Mann—Whitney test for
pairwise testing. When comparing the raspberry fre-
quency between the cortices of the cerebral lobes, the
Friedman test was run to test for significance between
any of the lobes, followed by the Wilcoxon signed ranks
test for pairwise testing. A P value of <0.05 was con-
sidered statistically significant for the Kruskal-Wallis
and Friedman tests. Six pairwise tests, either Mann—
Whitney or Wilcoxon signed ranks, were run. We
therefore applied a Bonferroni correction, resulting in
an adjusted level of significance of P = <0.008 for these
tests (0.05/6). In the following sections the raspberry
median (min—-max) is presented, using the unit of rasp-
berries/cm cortex.

Results

Subjects

Demographic data are presented in Table 1. As shown
in the table, the groups were of similar age. In the
FTLD group, there were five patients with tauopathy
and five patients with TDP-43 proteinopathy. The
prevalence of co-occurrent neuropathologies is pre-
sented in Table 2. Of these, ischaemia-related patholo-
gies were the most frequent: 1-2 cerebral microinfarcts
or lacunar infarcts were present in one subject with
AD and three controls; mildly cribriform deep grey mat-
ter was present in two subjects with AD, three subjects
with FTLD and one control; and ischaemia related to
CAE occurred in two controls (subjects died <1 h and
<2 weeks after ROSC respectively). In addition, Braak

Table 1. Demographic variables

Age at Duration of
Group Sex (F/M) death (year)* dementia (year)*
VaD 5/5 78.5 (71-86) 4 (1-8)
AD 6/4 76.5 (70-87) 6.5 (4-12)
FTLD} 5/5 78 (71-85) 4.5 (2-20)
Control 3/7 76.5 (69-84) n/a

AD, Alzheimer’s disease; F, female; FTLD, frontotemporal lobar
degeneration; M, male; TDP-43, transactive response DNA-bind-
ing protein 43; VaD, vascular dementia.

*Median (min—-max).

tThe FTLD group consisted of five patients with TDP-43 pathol-
ogy and five patients with tau pathology.
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Table 2. Co-occurrent neuropathology

VaD AD FTLD Control
Neuropathology (Y/N) (Y/N) (Y/N) (Y/N)
1-2 small infarcts* n/a 1/9 0/10 3/7
CAE 0/10 0/10 0/10 2/8
Ischaemia, otherf n/a 0/10 3/7 1/9
Braak I-IT 1/9 n/a 1/9 0/10
PART 0/10 n/a n/a 0/10

AD, Alzheimer’s disease; CAE, cardiac arrest encephalopathy;
FTLD, frontotemporal lobar degeneration; N, no; PART, primary
age-related tauopathy; VaD, vascular dementia; Y, yes.

*Cerebral microinfarcts or lacunar infarcts.

TMild cribriform changes in the deep grey matter.

stage I-II was present in one subject with VaD and one
subject with FTLD.

Raspberry quantification: general remarks

Sections representing the cortex of all four lobes were
present in 31/40 cases. The frontal and temporal lobes
were represented in all subjects. A section of the pari-
etal lobe was lacking in two subjects from the VaD
group, and a section of the occipital lobe was lacking
in three subjects from the VaD group and four subjects
from the control group. A total of 560 raspberries were
counted in 151 sections, corresponding to an overall
1.9 raspberries/cm cortex, with substantial variation
between and within groups (see below). At least one

Raspberries/cm cortex

A microvascular structure in dementia 561

raspberry was found in 39/40 cases (O raspberries were
found in 1 control). Raspberries were found throughout
the cortex and in both pathologically affected and
seemingly normal cortex. In several cases, the raspber-
ries appeared to be focally clustered rather than dif-
fusely distributed. The comprising the
raspberries were estimated to be capillaries or precapil-
lary arterioles, though this was not further investi-
gated.

vessels

Raspberries according to neuropathological
diagnosis

Raspberry frequency according to neuropathological
diagnosis is demonstrated graphically in Figures 2 and
3. The highest raspberry frequency was found in the
VaD group [3.8 (1.3-4.8) raspberries/cm cortex]|, fol-
lowed by FTLD [1.8 (0.4-4.4) raspberries/cm cortex],
AD [1.1 (0.6-2.4) raspberries/cm cortex| and last, non-
demented controls [0.6 (0.0-3.8) raspberries/cm cor-
tex]. When the one outlier of the control group was
excluded, the frequency of this group was 0.6 (0.0—
1.8) raspberries/cm cortex. This outlier had only minor
neuropathological findings (one small cerebral infarct),
although clinical findings of interest were described in
the medical records; see Discussion.

Since the Kruskal-Wallis test demonstrated statisti-
cally significant
(P =<0.001), pairwise tests were run. These revealed

differences between the groups

VaD AD

FTLD Control

Group

Figure 2. Raspberry frequency according to diagnosis. Raspberries/cm cortex in age-matched subjects with VaD, AD, FTLD and
nondemented controls. Outliers are represented by asterisks. AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration; VaD,

vascular dementia.
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Figure 3. Raspberry frequency according to diagnosis, with lumen-based fractions. Group sum of raspberries/cm cortex, fractioned based
on the number of raspberry lumen. AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration; VaD, vascular dementia.

statistically significant differences between VaD and all
other groups (P = <0.001, P = 0.005 and P = <0.001
compared to AD, FTLD and controls respectively). Com-
paring AD and FTLD to controls resulted in low, but
not statistically significant, P values (P = 0.07 for
both). The difference between AD and FTLD was also
not statistically significant (P = 0.54).

Raspberries according to cerebral lobes

Raspberry frequency according to cerebral lobes is pre-
sented in Table 3. When observing the median of all
subjects, a tendency was
observed, with a median of 1.5 (0.0-9.5) raspberries/

small rostral-to-caudal
cm cortex in the frontal lobe, 1.3 (0.0-8.0) raspberries/

Table 3. Raspberry frequency according to brain regions

Temporal Parietal Occipital
Group Frontal lobe lobe lobe lobe
VaD 5.8 (0.5-9.5) 2.5 (1-8) 3 (1-8) 1.5 (0-3)
AD 1.3 (0-4.5) 1.5 (0-3) 1 (0-4) 0.5 (0-2)
FTLD 2 (0.5-6) 1(0-3) 0.5(0-12) 1.3 (0-4)
Control 0.5 (0-9.5) 0.5 (04) 0.8 (0-1.5) 0 (0-0.5)
Total 1.5 (0-9.5) 1.3 (0-8) 1(0-12) 0.5 (0-4)

Raspberries/cm cortex in the frontal, temporal, parietal and occip-
ital lobes. Values presented as median (min—-max).

AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration;
VaD, vascular dementia.
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cm cortex in the temporal lobe, 1 (0.0-12.0) raspber-
ries/cm cortex in the parietal lobe and 0.5 (0.0-4.0)
raspberries/cm cortex in the occipital lobe. More rasp-
berries were found in the frontal cortex than in the
occipital cortex in all groups, while the differences
between the other lobes were more heterogeneous. The
Friedman test revealed statistically significant differ-
ences between the lobes (P = 0.005); as such, pairwise
tests were run. These tests revealed a statistically signif-
icant difference between the frontal and occipital lobes
(P =<0.001). The other differences did not demon-
strate statistical significance after Bonferroni correction:
P =0.03 for frontal-temporal, P=0.11 for frontal-
parietal, P = 0.85 for temporal-parietal, P = 0.07 for
temporal-occipital and P = 0.01 for parietal-occipital
comparisons respectively.

Control stain and control count

Raspberry frequency in sections stained for collagen TV
and corresponding H&E-stained sections is presented in
Table 4. As expected, considerably more raspberries
were identified in sections stained for collagen IV than
those stained with H&E (a difference of 0-10 raspber-
ries/cm cortex compared to H&E-stained sections).
However, when comparing the raspberry frequency
between VaD, AD, FTLD and controls using the colla-
gen-IV-based values, the relative differences between
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the groups were the same as in the corresponding
H&E-stained sections. It should be noted that the stains
were not applied to serial sections, which may explain
the large range of differences between corresponding
sections. Raspberries in a section stained for collagen
IV are shown in Figure 4.

The inter-rater variability is presented graphically
under Supporting Information. The highest variability
was found in the VaD group, but both positive and
negative differences were found in all groups. The over-
all variability ranged from —3 to 2 raspberries/cm cor-
tex with a median of O (0.5 in absolute values). The
difference was <+1 raspberry/cm cortex in 33/40
sections.

Table 4. Control stain

Relative Absolute
Group H&E* Collagen IV* change, %71  changet
VaD 3(1.59.5) 10.8 (1.5-13) 260 7.8
AD 2.3 (0-3) 5.5(1.5-10) 130 3.2
FTLD 1.3 (0-3) 3.8 (1.5-7) 190 2.5
Control 0.3 (0-4) 2.5 (0-7) 730 2.2

Raspberry frequency in corresponding sections stained with H&E
and immunohistochemistry for collagen IV. Data based on four
randomly selected sections per group. Values are presented in
raspberries/cm cortex unless otherwise indicated.

AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration;
H&E, haematoxylin and eosin; VaD, vascular dementia.

*Median (min—-max).

ftCompared to the median.

Figure 4. Cortical raspberries in a section stained for collagen IV.
Photomicrograph of two raspberries and an abundance of normal
1-luminal small blood vessels in a section of the cerebral cortex
(occipital lobe) stained immunohistochemically for collagen IV.
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Summary

The raspberry frequency was higher in the VaD group
than in all other groups, and the differences were sta-
tistically significant. The frequency was also higher in
the AD and FTLD groups compared to controls, but
these differences did not achieve statistical significance.
Raspberry frequency was higher in the frontal lobes
compared to the occipital lobes regardless of diagnosis,
and the difference here was statistically significant.

Discussion

Raspberries and ischaemia

We hypothesized that raspberries are a sign of angiogen-
esis in the adult brain and, based on our hypothesis,
expected to find a higher frequency of raspberries in
brains presumably exposed to ischaemia during the
course of the disease. Specifically, we expected raspberry
frequency to be higher in VaD and AD compared to FTLD
and controls due to VaD and AD’s well-known associa-
tions with cerebrovascular pathologies [5-8]. We believe
that the statistically significant (P = <0.001) higher
raspberry frequency in VaD compared to controls pro-
vides support for our hypothesis. The differences between
AD and FTLD on one hand and controls on the other did
not reach statistical significance (P = 0.07 for both),
although, with more subjects, they may have. In addi-
tion, the higher frequency of VBIs in the control group
may have reduced the differences between these groups.
These differences are, therefore, also discussed below.
The vasculature of the adult brain is stable under
normal conditions, but angiogenesis can be induced in
response noxious stimuli [3]. In a state of ischaemia,
hypoxia is thought to be the most important proangio-
genic stimulus [29] by the induction of increased tran-
scription of proangiogenic factors, such as vascular
endothelial growth factor (VEGF) [30]. Complete, per-
manent, focal ischaemia with resulting infarcts is
known to result in (mainly locally) increased levels of
proangiogenic factors, increased capillary density and
morphological signs of angiogenesis, both in animal
experiments and in patients [29,31-39]. However, we
frequently observed raspberries in seemingly normal
cortex, and in one control (outlier) the raspberry fre-
quency was surprisingly high, given the minor co-
occurrent neuropathology of just one small cerebral
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infarct. Considering this, we believe that a relatively
minor ischaemic stimulus, such as transient and/or
partial ischaemia (hypoperfusion), could be sufficient to
induce raspberry formation. Also in these settings
(transient focal ischaemia, chronic cerebral hypoperfu-
sion), animal experiments have demonstrated proangio-
genic factors and density
[34,40-45]. Furthermore, positron emission tomography
has shown endothelial activation (suggestive of angio-
genesis) in the hypoperfused hemisphere of patients with
unilateral intracranial arterial stenosis [46].
Angiopathic or non-Wallerian WMD can be consid-
ered a well-established neuropathological finding sugges-
tive of hypoperfusion. This form of WMD is believed to
arise from SVD, and it has been associated with VaD, AD
and Pick’s disease (a tauopathy on the FTLD spectrum)
[5-8,10-13,47]. In addition to SVD, there are indica-
tions that low systemic blood pressure could contribute

increased capillary

to ischaemic damage. Here, some clinical findings
described in the medical records of the outlier individual
in the control group deserve mentioning. Specifically,
this subject suffered from marked and prolonged sys-
temic hypotension (systolic blood pressure well below
100) and anaemia, documented on several occasions
over at least a month prior to death. We propose that
this could be a possible explanation for the subject’s high
raspberry frequency, since, as mentioned, the subject
showed only modest co-occurrent neuropathology. Pre-
vious studies suggest that hypotension, even transient,
can affect the brain, likely through hypoperfusion and
resulting ischaemia. A correlation has been demon-
strated between hypotension and MRI-verified WMD
[48,49], orthostatic hypotension is a risk factor for clini-
cal dementia [50], and infarcts have been shown in the
white and deep grey matter due to acute hypotension in
a hereditary form of SVD, indicating synergistic activity
between hypotension and SVD [51].

In the cerebral cortex, where our raspberry quantifi-
cation took place, an equivalent of WMD (as a neu-
ropathological finding suggestive of hypoperfusion) is
not as well established. Regional atrophy of pyramidal
cells without other characteristics of neurodegenerative
disease has been described and associated with clinical
dementia, and it has been proposed that the underlying
cause is vascular [15]. In addition, imaging studies
have indicated a correlation between cortical thinning
and WMD but have been criticized for not taking the
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possible co-occurrence of neurodegenerative disease
into account [52].

We propose that (frequent) raspberries could be sug-
gestive of cortical hypoperfusion — perhaps in the form of
recurrent hypotension, where SVD could contribute by
rendering the blood vessels unable to respond to the
hypotensive episodes, resulting in cerebral hypoperfu-
sion. While this would manifest as WMD in the white
matter, the capillary-dense and well-perfused cortex may
remain relatively unharmed and respond with angiogen-
esis, of which raspberries could be a sign. Whether rasp-
berries numbers also under

can form in small

physiological conditions remains to be determined.

Raspberries, neuroinflammation and protein
pathology

Several studies have demonstrated signs of angiogenesis
in AD
endothelial activation, morphological signs of angiogen-

(increased levels of proangiogenic factors,
esis and regionally increased capillary density) [53-57].
Furthermore, there is a known potential proangiogenic
stimulus in the form of ischaemia: nonstructural as
well as structural effects on blood vessels may con-
tribute to hypoperfusion in AD, the hypoperfusion thus
mainly reflecting insufficient blood supply rather than
the reduced metabolism of an atrophic brain [58,59].
On the FTLD spectrum, signs of angiogenesis (endothe-
lial activation and increased capillary density) have
been demonstrated in the deep grey matter and cere-
bral cortices of patients with progressive supranuclear
palsy (a tauopathy) [60]. However, while there is an
association between SVD and WMD in Pick’s disease
[47], there is no well-established association between
ischaemia and FTLD. Given (at variance with our
hypothesis) the higher raspberry frequency in FTLD
compared to controls (P = 0.07), possible additional
proangiogenic stimuli should be considered.

First, inflammation can induce angiogenesis via the
release of cytokines with proinflammatory as well as
proangiogenic effects [61]. Considering the central ner-
vous system, for example inflammation-induced angio-
genesis is a known phenomenon in multiple sclerosis
[62]. In neurodegenerative disease, a different form of
inflammation is believed to take place, where traditional
inflammatory cells are lacking and glia (mainly micro-
glia) appear to play a central role [63,64]. This form of
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inflammation, too, involves increased levels of proinflam-
matory cytokines with known proangiogenic effects, as
demonstrated in both AD and FTD [61,65-67]. It is pos-
sible, therefore, that the inflammation associated with
neurodegenerative disease contributes to angiogenesis,
and thus to raspberry formation.

Second, the protein pathology of neurodegenerative
disease may play a direct role in angiogenesis. Studies
have shown interactions between beta-amyloid and pro-
teins with angiogenic effects. The results indicate proan-
giogenic as well as antiangiogenic effects [55,68-72].
On one hand, beta-amyloid causes proangiogenic activ-
ity by enhancing the effect and increasing the expres-
sion of basic fibroblast growth factor (a proangiogenic
factor) [70,71]. On the other hand, VEGF binds to beta-
amyloid with high affinity, which may have an antian-
giogenic influence by preventing VEGF from binding to
its receptors [55]. In addition, beta-amyloid can bind to
a VEGF-receptor and exert a competitive antagonism
[72]. The net effect of beta-amyloid appears to be con-
centration-dependent, where low concentrations are
proangiogenic while higher concentrations are antian-
giogenic [71]. This could mean that the net effect is
antiangiogenic in a brain with AD, thus lowering the
probability that direct interactions between beta-amyloid
and angiogenic proteins contribute to raspberry forma-
tion. Whether the abnormal proteins of FTLD possess
any corresponding angiogenic effects is un-known.

In summary, it is possible that stimuli other than
ischaemia could also contribute to angiogenesis, and
thus to raspberry formation.

Raspberries in relation to cerebral lobes

More raspberries were present in the frontal cortex
than the occipital cortex in all groups, and the differ-
ence was statistically significant (P = <0.001). This
could indicate that at least part of the raspberry forma-
tion occurs due to a mechanism common to all groups.
Our results correspond to previous studies of AD and a
hereditary form of SVD, where it is described that the
WMD s
[11,12,73]. Furthermore, in a cohort of elderly sub-
jects, MRI findings indicated that the frontal lobes are
the first to be affected by WMD [9]. It has been sug-
gested that the longer end arteries that supply the

the most severe in the frontal lobes

white matter of the frontal lobes makes it more vulner-

able to hypoperfusion and thus WMD [9]. This
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explanation is not as easily applied to the cortex,
although there may be a link. MRI has shown a corre-
lation between lacunar infarcts in the white matter
and focal thinning of the overlying cortex in a heredi-
tary form of SVD, thus demonstrating cortical damage
secondary to ischaemia in the white matter [74]. Per-
haps white matter hypoperfusion, and a resulting
ischaemic environment for oligodendrocytes and axons,
can render the overlying neurons themselves more sus-
ceptible to ischaemia, thus decreasing their threshold
for releasing proangiogenic factors. Alternatively, given
the inflammatory response to neuronal damage [75], it
is possible that cortical neuronal degradation secondary
to WMD induces inflammation in the cortex, thereby
resulting in a more proangiogenic environment.

Strengths and limitations

The strengths of this study were the access to complete
autopsy reports and clinical data, the neuropathologi-
cally verified pure diagnoses, the use of age-matched
subjects and an extensive amount of data. There are
several limitations, which should also be recognized.

First, as a retrospective study, examinations were
based on available data and material rather than gath-
ered specifically for this study. This resulted in the
absence of tissue sections in some subjects and the fact
that the exact locations of the parietal and occipital
lobes were varying.

Second, there was some co-occurrent neuropathology
in all groups, the most prominent one being ischaemia.
This may explain some of the raspberry burden in the
control group, and it is possible that it reduced the dif-
ference between AD and FTLD on one hand, and con-
trols on the other. Then again, a control group with a
certain amount of pathology may be more representa-
tive of the general population.

Third, a vessel-specific stain was not used. As could
be expected, the immunohistochemical staining for col-
lagen IV revealed considerably more raspberries than
H&E staining. Since the sections stained with H&E and
for collagen IV were not serially cut, conclusions about
the considerable range of differences cannot be made.
The results indicate that staining for collagen IV would
have been superior to H&E staining for an absolute
quantification. We do, however, believe that our
observed relative differences hold true, since the relative
rating of the groups was the same using both stains.
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Fourth, the study was not blinded regarding neu-
ropathological diagnosis. Even with blinding, the
underlying neuropathology would likely have been rec-
ognized in some cases. To compensate for this, 40/151
sections were counted by two investigators, who were
blinded to the results of the other. The results indicated
some degree of inter-rater variability, which was largest
in the VaD group, but they did not indicate systematic
over- or underrating for any of the groups. The vari-
ability does, however, indicate that differences within
the groups may have been less reliable if tested. This
may also indicate that determining the presence of
raspberries is still, to some extent, a question of judge-
ment, despite the attempt at an objective definition.

Finally, the method of quantifying raspberries should
be addressed. Raspberries with few lumen may, in fact,
be different structures to those with many lumen, even
though the relative differences between these types
mimicked those of the total raspberry load. We counted
only transversally sectioned raspberries (thus poten-
tially excluding raspberries with different orientations,
for example others than parallel to the surface of the
cortex), again emphasizing that the current method
does not provide a reliable absolute quantification of
raspberries. Our observation that raspberries often
appear focally rather than diffusely could make the cur-
rent approach imprecise, as the random inclusion or
exclusion of some foci may have affected the results.
Perhaps a more systematic raspberry quantification in
larger areas is necessary to identify weak but signifi-
cant correlations. As well, we counted raspberries in
an area based on a distance measured at the surface of
the cortex. This may have introduced a random error,
since the geometry of the gyri and sulci in the exam-
ined region affects the size of the area. It may also have
introduced a systematic error, since the cortex would
be expected to be thinner in demented individuals and,
thus, the area would be expected to be smaller. How-
ever, this approach could also be considered a strength:
if raspberries remain intact while the cortex degener-
ates, an area-based unit of raspberry frequency would
be falsely higher in degenerated regions.

Conclusion and future studies

This is, to the best of our knowledge, the first study
to describe and examine the ‘raspberry’, a corti-

cal microvascular structure. We demonstrated that
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raspberries were more frequent in VaD compared to AD,
FTLD and controls, and observed a similar (but not sta-
tistically significant) tendency in AD and FTLD compared
to controls. We also demonstrated that raspberries were
more frequent in the frontal than the occipital cortex
regardless of diagnosis. We hypothesize, therefore, that
raspberries are formed through angiogenesis in the adult
brain and propose that recurrent cortical ischaemia due
to hypotensive episodes, in combination with SVD, could
be an underlying stimulus. Other mechanisms, such as
neuroinflammation and protein pathology, may also
contribute. Further studies are necessary to evaluate this
hypothesis. Such studies could aim to examine correla-
tions between raspberry frequency and SVD, WMD and
clinical hypotension. Furthermore, the blood vessels that
compose a raspberry should be examined for signs of
active angiogenesis, and the vessel type should be deter-
mined. An investigation into the fate of individual blood
vessels by reconstruction of serial sections would also be
pertinent.
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Figure S1. Inter-rater variability. Bland Altman dia-
gram demonstrating the inter-rater variability of rasp-
berries/cm cortex in the frontal cortex. The x-axis
demonstrates the mean values of the investigators. The
y-axis represents the differences between the investiga-
tors. AD, Alzheimer’s disease; FTLD, frontotemporal
lobar degeneration; VaD, vascular dementia.
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