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A B S T R A C T

Recent studies suggested a possible association between malformations of cortical development and micro-
vascular density. In this study we aimed to further elucidate the relation between microvascular density and
cortical developmental abnormalities in a cohort of 97 patients with epilepsy and histologically proven mild
malformation of cortical development (mMCD), focal cortical dysplasia (FCD) or tuberous sclerosis complex
(TSC). Surgical tissue samples were analyzed with quantitative measures of vessel density, T-cell response,
microglial activation and myelin content. Subsequently, the results were compared to an age- and localization
matched control group. We observed an increase in microvasculature in white matter of TSC cortical tubers,
which is linked to inflammatory response. No increase was seen in mMCD or FCD subtypes compared to controls.
In mMCD/FCD and tubers, lesional cortex and white matter showed increased vascular density compared to
perilesional tissues. Moreover, cortical vessel density increased with longer epilepsy duration and older age at
surgery while in controls it decreased with age. Our findings suggest for that the increase in white matter
vascular density might be pathology-specific rather than a consequence of ongoing epileptic activity. Increased
cortical vessel density with age and with longer epilepsy duration in mMCD/FCD’s and tubers, however, could be
a consequence of seizures.

1. Introduction

Epilepsy in young people is often caused by malformations of cor-
tical development (Blumcke et al., 2017), some of which are focal in
nature and therefore termed focal cortical dysplasia (FCD). The Inter-
national League Against Epilepsy (ILAE) published a new classification
system for FCD which acknowledges three subtypes of FCD (Blümcke
et al., 2011). Type I is characterized by abnormal cortical layering,
either by persistent radial micro-columnar architecture (Ia) or by a

disruption of the horizontal lamination (Ib) or both (Ic). Type II is
characterized by severe disorganization of the cortex and dysmorphic
neurons (IIa), and balloon cells in addition (IIb). FCD type III refers to
FCD in combination with other pathologies, such as hippocampal
sclerosis (FCD type IIIa), glial or glioneuronal tumors (FCD type IIIb),
vascular malformations (FCD type IIIc) or any other principal lesion
acquired during early life (FCD type IIId). The most subtle architectural
abnormalities in the FCD spectrum are classified as mild malformations
of cortical development (mMCD), characterized by excessive number of
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neurons in the molecular layer (type 1) or white matter (type 2) without
the presence of any other structural abnormalities – in contrast to FCD I
types and II types (Blümcke et al., 2011; Palmini et al., 2004). mMCD as
separate entity is subject to debate, but was included in the FCD ILAE
classification, albeit as addendum (Blümcke et al., 2011). Our group’s
recent surgical cohort study demonstrated differences between patients
with mMCD and FCD histological diagnoses in clinical presentation and
surgical outcome, in support of this clinical differentiation (Veersema
et al., 2019).

A syndrome associated with refractory epilepsy that begins often in
early childhood is Tuberous Sclerosis Complex (TSC). TSC is a genetic
disorder caused by mutations in either the TSC1 or TSC2 gene expressed
as hamartomas or benign tumors in several organ systems (Aronica and
Mühlebner, 2017; Curatolo et al., 2018). In the brain TSC can cause
subependymal nodules, subependymal giant cell astrocytomas and
cortical tubers which are typically associated with seizures. Tubers
found in TSC are histologically often indistinguishable from FCD type
IIb (Blümcke et al., 2011). Calcifications may differentiate tubers from
FCD, but since over two-thirds do not exhibit this stigma, it is not a
reliable distinguishing feature (Mühlebner et al., 2016).

In both isolated mMCD/FCD of all types, and in TSC, surgical re-
moval of the epileptogenic lesion can result in seizure freedom
(Blumcke et al., 2017; Liang et al., 2017). Because many of these lesions
are difficult to spot or outline on conventional MRI, or multiple in
nature, it is often difficult to determine in which patients surgery is
indicated. Therefore, it is of clinical importance to investigate asso-
ciations between radiological features of FCD, histological character-
istics and clinical outcomes. Recently 7 T MR imaging suggested a
possible association between FCD and microvascular density (De
Ciantis et al., 2015; Veersema et al., 2016), which could possibly be
used as diagnostic marker for dysplastic lesions. Evidence for increased
vasculature in FCD lesions was found by Wintermark et al. using
quantitative histological techniques and Arterial spin labelling (ASL)-
MRI (Wintermark et al., 2013). In contrast, Blauwblomme et al. found
disorganized vascular structure but no increased density, and in their
study PET-CT and ASL-MRI suggested lesional hypo- rather than hy-
perperfusion (Blauwblomme et al., 2014). ASL MRI showed hypo and
hyperfused tubers in patients with tuberous sclerosis, and while it was
uncertain if hyperperfusion reflected epileptogenicity, a larger number
of hyperperfused tubers in a patient was associated with increased
seizure frequency (Pollock et al., 2009).

Uncertainty remains whether there is true increased vascular den-
sity in FCD or tubers, and if these changes would be an intrinsic etio-
logical factor of epileptogenesis, part of the underlying malformation,
or a result of aberrant neuronal activity. In this study we aimed to
further elucidate the relation between microvascular density and cor-
tical developmental abnormalities in a cohort of patients with histolo-
gically proven mMCD/FCD or TSC, and with possible etiopathological
factors.

2. Material & methods

All patients who underwent epilepsy surgery between 2000 and
2012 at the University Medical Center Utrecht and had an initial his-
topathological report compatible with current mMCD/FCD subtypes
were included. The pathological diagnosis was reviewed and estab-
lished according to the currently available classification schemes for
lesions associated with therapy-refractory epilepsy (Blümcke et al.,
2011; Palmini et al., 2004). Patients with complex malformations (e.g.
polymicrogyria, hemimegalencephaly) and associated cortical dysplasia
(FCD III types) were omitted from the study.

Cortical tuber samples were added to the cohort by selecting pa-
tients from the database operated between 2002 and 2013 with con-
firmation of TSC through genetic testing and of whom tissues samples
were available after resective epilepsy surgery. In addition to TSC gene
defects, (combinations of) multiple cortical or subependymal

abnormalities, cutaneous stigmata or typical abnormalities in kidneys,
heart or lung lead to a clinical TSC diagnosis, following the standard
diagnostic criteria for TSC (Northrup and Krueger, 2013).

The age- and localization-matched control group consisted of 14
autopsy cases. None of these patients had a history of seizures or other
neurological diseases. All control samples were collected at the
Department of (Neuro) Pathology, AMC, Amsterdam, The Netherlands.

Tissue was obtained and used in accordance with the Declaration of
Helsinki and the AMC Research Code provided by the Medical Ethics
Committee and approved by the science committee of the UMC Utrecht
Biobank.

2.1. Tissue preparation and immunohistochemistry

The tissue was carefully oriented, cut perpendicular to the pial
surface, fixed overnight in 4 % formaldehyde and routinely processed
into liquid paraffin. Sections were cut at 4−6 μm with a microtome
(Microm, Heidelberg, Germany), and mounted on positively charged
slides (Superfrost + Menzel, Germany). Each specimen was histo-
pathologically examined using hematoxylin & eosin (H & E). The re-
vised diagnosis was based on following commonly used im-
munohistochemical stainings: NeuN, SMI32, Vimentin, GFAP, and
MAP2. The tissue samples were reclassified according to the 2011 ILAE
classification system. Additional stainings were performed when ne-
cessary.

The immunohistochemical examinations for the quantitative ana-
lysis of all surgical specimens was performed using the following anti-
bodies: CD34 (cluster of differentiation 34, 1:600, Qbend, Immunotech)
endothelial staining for vascular density, CD3 (cluster of differentiation
3, 1:200, clone F7.2.38, DAKO) for T-cell presence, Cr3/43 (HLA - DP,
DQ, DR antigen, DAKO) for microglia activation, GFAP (glial fibrillary
acid protein, 1:4000, Dako, Glostrup, Denmark) for gliosis, MBP
(myelin binding protein, 1:400 DAKO) for myelinization, NeuN (neu-
ronal nuclei 1:100, clone A60, Chemicon, Billerica, MA, USA) for
neurons, non-phosphorylated neurofilament H (SMI32) (1:1000, clone
SMI32, Sternberger, Lutherville). The semi-quantitative analysis of
blood brain barrier disruption was performed using albumin staining
(Albumin Rabbit polyclonal 1:20,000 DAKO, Glostrup, Denmark). The
slides were air dried overnight at 37 °C. All immunohistochemical
stainings were performed with a Ventana semi-automated staining
machine (Benchmark ULTRA; Ventana, Illkirch, France) and the
Ventana DAB staining system according to the manufacturer’s protocol.

2.2. Quantitative measurements

The CD34 stained slides were digitized using an IntelliSite Ultra Fast
Scanner (Phillips healthcare Best, the Netherlands). Other stainings
were digitized with an Olympus dotSlide system (vs 2.5, Olympus,
Tokyo, Japan). In both scanners the magnification size was set on 100x
and pixels size was 0,64 μm². The slides were converted to Tagged
Image File Format (TIFF) files. Every file was subsequently divided into
evenly spread tiles. In Photoshop (Version: 2015.1.2) regions of interest
(ROI’s) with a median size of 0.83 mm2 (range: 0.23–6.5 mm2) were
selected for the analysis. The selected ROI’s were evenly spread within
cortex, subcortical white matter (white matter was defined as
being>500 μm away from the grey white matter border), lesion and,
when available, perilesional tissue. Perilesional tissue was defined by
the absence of aberrant cell forms such as dysmorphic neurons and
balloon/ giant cells (for FCD II or TSC) and by normal cortical archi-
tecture (FCD subtypes and TSC). The lesional border in mMCD is less
obvious, due to the subtle characteristics; perilesional tissue shows no
excessive neurons in layer 1 or white matter.

The available images were color deconvoluted according to the
following RGB values: red: 0.26814753, green: 0.57031375 and blue:
0.77642715. The resulting 8bit image was converted to a black and
white mask (black: positively stained area, white: no staining). To
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discard background noise, a grey intensity value (GI) for each in-
dividual stain was selected.

2.3. Quantitative analysis of cells and microvasculature

To improve the accuracy and to avoid counting vessels or cells
multiple times, a size range in μm² was selected for each staining and no
watershed filter was used. Microvessel count was performed using
CD34 (GI: 210, Pixel: 30-unlimited μm²), including capillaries and
parenchymal arterioles. For the count of inflammatory cells, CD3 was
used (GI: 160, Pixel: 10-unlimited μm²). Neuronal cell bodies were
counted with NeuN (GI: 180, Pixel: 30-unlimited μm²). To analyze the
amount of dysmorphic neuron, SMI32 was used (GI: 50, Pixel: 100-
unlimited). All images were automatically processed via FIJI (ImageJ2,
v64, open source) with a specifically developed macro based on Java
programming language. Semi-automated quantification methods have
been validated in our lab and described previously (Scholl et al., 2017).

Initial analysis revealed differences in vascular densities between
tubers and controls that prompted further analysis of potential addi-
tional and explanatory contrasts or relationships regarding neuroin-
flammation, blood brain barrier dysfunction, and myelin content in
tubers.

2.4. Quantitative analysis of area size

For area size analysis the total area of the ROI was determined using
Image J. Subsequently the GI was set to remove background noise.
Finally, field fraction of positively stained area was calculated. CR3/43
was used to measure microglial activation. To determine the number of
reactive astrocytes, GFAP was used. Myelin content was examined using
MBP. The GI for all area size stainings was set on 180. The images were
processed with a specific macro-based field fraction Java programming
language in FIJI.

2.5. Semi-quantitative scoring of balloon/giant cells and blood brain barrier
damage

The number of balloon/giant cells was scored on high power fields
using an Olympus BX 50 microscope (each representing 1.081mm²).
The area of highest density was taken into account. We assessed the
total coverage of abnormal cells within the grid area resulting in the
following scores: I: 0–25 %, II: 25–50 %, III: 50–75 % and IV: 75–100 %.
Blood brain barrier damage was also analyzed according to the same
technique as used in earlier studies (Aronica et al., 2012; Englot et al.,

2012; Prabowo et al., 2013). The intensity of the albumin staining was
scored using a semi-quantitative scale ranging from 0 to 3 (0: negative,
1: weak, 2: moderate, 3: strong reactivity).

Quantitative and automated methods were not suitable for scoring
balloon/giant cells or albumin extravasation due to non-specific
staining patterns.

2.6. Clinical data

Clinical patient data was collected for age at surgery, seizure
duration in years and location of resected tissue (frontal, temporal,
parietal or occipital).

2.7. Statistical analysis

Statistical analysis was performed with SPSS version 22 and 25
(IBM, PASW Statistics, USA). Descriptive statistics were used for the
primary analysis: counts, mean, standard deviation. Vascular density
counts were tested for normal distribution using Shapiro-Wilk test and
for homogeneity of variances (scatterplot predicted versus observed).
Test for normality (Shapiro-Wilk, p< 0.001) and homogeneity of var-
iances (scatterplot predicted versus observed for vascular density and
age) – failed for white matter vascular density. Therefore, we performed
a natural logarithmic transformation for white matter vascular density.
Grey matter and the log-transformed white matter vascular density
showed normal distribution and homoscedasticity. T-test was used to
assess differences in vascular densities between sex. We used multi-
variate analysis of covariance (MANCOVA) to test dependence of grey
and white matter vascular density on age, region, epilepsy duration and
consequently for differences between pathologies and for groupwise
comparison of lesional versus perilesional densities. Multiple testing in
post-hoc analysis was corrected for with Hochberg or Dunnett’s test
because of differences in sample sizes. Correlation was tested with
Pearson’s test, Kendell-Tau for correlation with semi-quantified balloon
cell density and Spearman’s rho for semi-quantifications of albumin
leakage. Paired-T test was performed to assess lesional versus perile-
sional vessel densities within the same patients.

3. Results

Patient characteristics are summarized in Table 1. In total 97 pa-
tients with either mMCD, FCD or TSC were included (31 mMCD, 52
FCD, 13 TSC). Median age at surgery was 14 years (range 3 months – 56
years). Three patients with FCD underwent a second surgical resection

Table 1
Patient characteristics.

Diagnosis Number of
patients

Gender ♂ /
♀

median age at surgery yrs.
(range)

Localization tissue samples F T P O Lesionala Perilesionala median epilepsy duration
yrs. (range)

mMCD 31 13 / 18 23 (1–48) 9 17 4 1 32 0 10 (1–32)
mMCD type 1 7 3 / 4 32 (19–48) 4 3 0 0 8 0 16 (7–32)
mMCD type 2 24 10 / 14 19 (1–46) 5 14 4 1 24 0 7 (1–30)
FCD I 9 3 / 6 13 (7 months – 56 yrs.) 3 5 1 0 9 1 5 (1–42)
FCD Ia 4 2 / 2 2 (7 months – 56 yrs. 0 3 1 0 4 0 2 (1–42)
FCD Ib 4 1 / 3 14 (5–40) 2 2 0 0 4 1 7.5 (2–23)
FCD Ic 1 0 / 1 32 1 0 0 0 1 0 23
FCD II 44 25 / 19 13 (3 months – 46) 32 7 4 1 46 3 7.5 (0–37)
FCD IIa 17 11 / 6 13 (3 months-45 yrs.) 12 4 1 0 18 1 6 (0–37)
FCD IIb 27 14 / 13 13 (8 months-41 yrs.) 20 3 3 1 28 2 9 (1–36)
TSC 13 7 / 6 9 (10 months-47 9 4 0 0 14 3 5 (1–35)
total 97 48 / 49 14 (3months-56 yrs. 53 33 9 2 101 7 8 (0–42)

Overview of the patients, gender distribution (♂ = male, ♀ = female) lesion type and location, epilepsy duration in years. The different pathology types are mild
malformation of cortical development (mMCD), Focal cortical dysplasia (FCD) and Tuberous Sclerosis Complex (TSC). The different brain regions are Frontal (F),
Temporal (T), Parietal (P), Occipital (O). a Note, for certain patients only lesional, perilesional tissue or both were available for analysis. The sum of lesional and
perilesional samples exceeds the number of patients due to three patients that underwent surgery twice and seven patients with both lesional and perilesional samples
available for analyses.
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because of recurrent seizures.

3.1. Control tissue vessel density

As control group we included 14 cortical post-mortem samples
(median age 15 years, range 2–42), sex: 9 male; location: 4 frontal, 8
temporal, 2 occipital). For 7 patients perilesional samples were also
available (1 FCD Ib, 1 FCD IIa, 2 FCD IIb and 3 TSC). “Perilesional” was
defined as cortex surrounding a main FCD II or TSC lesion without
presence of giant cells or dysmorphic neurons. Subtle cortical ab-
normalities may be present. The group size of all pathologies included
was highly variable, therefore we fused the groups into mMCD (n =
31), FCD I (n = 10), FCD IIa (n = 18), FCD IIb (n = 28) and TSC (n =
13). Quantifications of vascular density are provided in Table 2.

In post-mortem control tissue we measured a mean vascular density
of 154.3± 40.8/mm2 in cortex and in white matter a median density of
65.2/mm2 (range 44.6–118.3). To further characterize vascular density
in controls, we first compared vascular density between men and
women and found no significant differences in cortex (t(12) = 1.026, p
= 0.325), or white matter (t(12) = 1.346, p = 0.195). White matter
and cortical vascular density were correlated (r = 0.551; p = 0.041). In
multivariate regression analysis we found a significant association be-
tween vascular densities and age (F(2,9) = 5,252; p = 0.031; Wilk’s λ
= 0.461) and brain region (F(4,18) = 3.988; p = 0.017; Wilk’s λ =
0.280). Corrected for region, there was a negative association between
age and cortical vessel density (F(1) = 11.512; p = 0.007; r(14)
=−.704, p = 0.005) (Figs. 1 and 2a) but not between age and white
matter vessel density (F(1) = 2.289; p = 0.161,) (Figs. 1 and 2c). There

was a significant effect of region on cortical vascular density for cortex
(F(2) = 11.024, p = 0.03), correcting for age. Occipital regions
(221.0±23.0/mm2) had highest cortical vascular density followed by
frontal (168.9±16.8 /mm2) and temporal regions (130.4± 29.2/
mm2) (no parietal control samples).

3.2. Patient tissue vessel density

In the analysis of vascular density in lesional tissue of 97 patients no
sex difference was detected either (cortex t-test p = 0.771; white matter
t-test p = 0.917). Corrected for age, there were significant regional
differences in cortex (F(3) = 8.021, p<0.0005) but not in white
matter (F(3) = 1.482, p = 0.224) vascular density. Highest cortical
vascular density was found occipitally (mean 184.57±57.02 vessels
per mm2), followed by frontal lobe (mean 162.24±40.36), parietal
lobe (mean 147.41± 20.53) and temporal lobe cortex (mean
122.53±43.60). In post-hoc analysis – omitting age as co-variate -
there were significant differences between frontal and temporal (LSD,
p<0.0005, Hochberg p<0.0005) and between temporal and occipital
lobe cortical vascular densities (LSD, p = 0.041, Hochberg = 0.220).

Corrected for region, vessel density in lesional samples was posi-
tively associated with age at surgery (F(2,93) = 7.163 p = 0,001) and
with epilepsy duration (F(2,93) = 5.400, p = 0.006) in cortex
(Fig. 2a,b), but not in white matter (Fig. 2c,d). The positive relation
between age and cortical vascular density was more pronounced in TSC
(Fig. 2b).

Corrected for age and region we found no significant vascular
density differences in groupwise comparison between lesional samples

Table 2
Vascular densities in cortex and white matter.

vascular density in cortex, count/mm2 vascular density in white matter, count/mm2

mean± SD median range p mean±SD median range p

controls 154.3± 40.8 154.1 73.7-237.2 0.057a 69.1± 17.4 65.2 44.6-118.3 0.866a

Lesional 147.2± 44.4 142.3 5.51 – 277.4 76.3± 51.1 62.8 32.2-348.7
perilesional 116.7± 39.4 99.0 73.7-192.0 69.0± 23.3 65.8 41.4–99.2
frontal (controls) 168.9± 16.8 164.7 154.3-191.8 0.03b 65.6± 10.5 66.8 51.7-76.9 0.579b

temporal (controls 130.4± 29.2 133.1 73.7-166.3 66.0± 11.7 65.1 44.6-80.5
parietal (controls) – – – – – –
occipital (controls) 221.0± 23.0 204.7 204.7-237.2 88.6± 42.0 88.6 58.9-118.3
frontal (lesional) 162.2± 40.4 167.4 71.0-233.1 < 0.0005b 84.2± 56.9 67.7 32.2-348.7 0.224b

temporal (lesional) 124.5± 43.8 123.2 5.3-277.4 67.2± 48.6 56.3 32.4-325.3
parietal (lesional) 140.8± 28.5 142.3 81.2-181.7 66.9± 16.7 62.1 48.5-106.5
occipital (lesional) 184.6± 57.0 184.6 144.3-224.9 54.0± 5.0 54.0 50.5-57.6
mMCD (lesional) 145.1± 39.6 139.0 55.3-233.1 0.495a 57.0± 12.7 56.2 32.2-81.8 < 0.0005a

FCD I (lesional) 143.2± 41.7 135.2 89.0-220.6 59.5± 8.3 61.8 44.8-71.1
FCD IIa (lesional) 153.3± 58.3 168.2 5.3-231.0 60.7± 11.3 62.4 35.6-77.2
FCD IIb (lesional) 149.5± 30.9 151.4 96.3-221.7 73.6± 11.3 62.4 35.6-77.2
TSC 143.0± 59.1 131.3 52.5-277.4 146.2±98.2 106.8 41.3-348.7

a Mancova, corrected for age and region.
b Mancova, corrected for age mMCD: malformation of cortical development. FCD: focal cortical dysplasia. TSC: tuberous sclerosis complex.

Fig. 1. Cortical vascular density in healthy controls declines with age, p= 0,007. The temporal region of a 2-year-old (a), 17-year-old (b) and 42-year-old subject (c)
scale bar in d = 100 μm.
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and controls (F(2,104) = 0.982, p = 0.399, Wilk’s λ = 0.928).
Groupwise comparison between lesional (147.2±44.4 /mm2) and

perilesional (116.7±39.4 /mm2) cortical density showed a trend for
higher density of lesional tissues, regardless of age and region (F(1) =
4.025, p = 0.048). No difference was found in white matter vascular
densities (F(1) = 0.152, p = 0.698).

In a pairwise analysis of the 7 patients of whom both lesional and
perilesional samples were available we found significantly higher vas-
cular densities in the lesional cortex (t(6) = 3.156, p = 0.02) (Fig. 3a)
and in the lesional white matter (t(6) = 2.733, p = 0.034) (Fig. 3d)
compared to perilesional tissue (lesional cortex 160.2± 30.4, perile-
sional cortex 116.7±39.4 /mm2; lesional white matter median 96.7,
range 52.9–206.0, perilesional white matter median 65.8 range
41.4–99.2 /mm2). In all individual cases lesional cortex had a higher
vascular density than the neighboring perilesional tissue. In 5 of 7 white
matter pairs, vascular density was higher in the lesional tissue.

We compared vessel densities between the different pathologies
with grouping of mMCD (type 1 and 2), FCD I (a, b and c), FCD IIa, FCD
IIb and cortical tubers in TSC. Corrected for age and region there were
significant differences between pathologies in lesional vascular density
(F(10,184) = 5.478, p< 0.005, Wilk’s λ = 0.594). This is due to
significant differences in white matter vessel densities across patholo-
gies (F(5) = 9.569, p< 0.0005). No differences were found in cortical
density (F(5) = 0.884, p = 0.495). Post-hoc testing showed that only
TSC samples (median 106.8, range 41.3-348.7 mm2) had a significantly
higher white matter vascular density compared to control samples
(median 65.2, range 44.6-118.3 mm2, Dunnett, p< 0.0005) (Fig. 4a).
Perilesional samples were excluded from these analyses.

There was no correlation between balloon cell density and vessels in
FCD IIb and TSC (Kendall-tau, grey matter p = 0.679, white matter p =
0.196).

FCD IIb and cortical tubers have identical histological features.
However, we observed a difference in white matter vascular density
between FCD IIb and tubers. Corrected for age, white matter vascular
density was significantly different (F(2,36) = 9.683, p< 0.0005, Wilk’s
λ = 0.650), with higher densities in TSC (median 106.8 range
41.3–348.7 mm2) compared to FCD IIb (median 62.4, range 35.6–77.2)
(F1) = 16.481 p<0.0005;). Cortical vessel density did not differ be-
tween FCD IIb and tubers.

Because cortical tubers of the TSC cohort showed a significantly
higher number of vessels in white matter compared to controls, we
continued to examine the tuber samples with different stainings which
were mainly focused on the role of inflammation and the damage of the
blood brain barrier (BBB). Because of the lack of differences between
the FCD and control groups, we did not examine more stainings within
FCD or mMCD groups.

TSC samples showed a positive correlation between vascular density
in white matter and microglial activation (Cr3/43 positivity, r(10) =
0.716, p = 0.02) (Fig. 4e).

White matter vascular density tended to correlate with in-
flammatory cell response (CD3 activity, r(10) = 0.563, p = 0.09).
Inflammatory cell response significantly correlated with microglial ac-
tivation in white matter (r(10) = 0.823, p = 0.003). We did not find a
correlation between vascular density and myelin content.

We then performed a semi-quantitative analysis of the BBB leakage,
with albumin as marker. Albumin deposits were observed in grey and
white matter in all TSC samples (Fig. 5), but there was no significant
correlation between quantities of extracellular albumin and vascular
density.

Fig. 2. Vascular density in cortex (a,b) and white matter (c,d) in controls, mMCD, FCD and TSC samples in relation to age at surgery (a,c) and epilepsy duration
(b,d). There is no relation between age and epilepsy duration and vascular density in white matter (c,d), while in cortex density declined with age in controls (a) and
increased with age and epilepsy duration in lesions, most pronounced in TSC (b,d).
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4. Discussion

This study provides the first description of relationship between
microvascular density and cortical developmental abnormalities in a
large cohort of patients with either cortical dysplasia or cortical tubers
in TSC.

We found that cortical and white matter vascular density is in-
creased in FCD and tubers compared to the surrounding perilesional
cortex, irrespective of age. While in healthy controls cortical vascular
density decreased with age, in epilepsy patients with FCD or tubers
density appeared to increase with age and with longer epilepsy dura-
tion. No time-relation was seen in white matter vascular density. Tubers
had an increased microvascular density in white matter compared to
age-matched controls. The latter was associated with microglial acti-
vation and an increased number of inflammatory cells.

In both healthy subjects and in patients there were significant re-
gional differences in cortical vascular density. The highest densities
were found in the occipital region, followed by frontal, parietal and
temporal locations. This is likely linked to the regional differences in
brain metabolism (Ishi et al., 1996; Wong-Riley, 2010). Moreover,
several studies have indicated that the same area consists of a higher
numbers of neurons which are necessary for the visual processing
(Collins et al., 2010; Rockel et al., 1980; Skoglund et al., 1996; Young
et al., 2013). However, the high level of variance amongst the existing
studies does not allow clear-cut conclusions concerning topography of
vascular density. As described by Riddle et al., a more robust analysis of
the different regions in the brain, with a standardized method is
needed, to see if this finding is consistent in the general population
(Riddle et al., 2003).

Furthermore, our data suggests not only differences in vascular
density between brain regions, but also variation with age due to
constant remodeling of the brain, a process thought to be mainly based
on the functional needs of the brain (Marín-Padilla, 2012; Mito et al.,
1991).

Although there is not yet a clear consensus on the effect of age on
vascular density, a decline has been observed in several studies (Riddle
et al., 2003). Correspondingly, we found a decrease in cortical vascular
density with advancing age in controls.

In contrast to normal cortex, in resected malformations of cortical
development – most pronounced in cortical tuber – we observed an
increase in vascular density with ageing. This could suggest that certain
processes in lesional or epileptogenic cortex drive ongoing angiogenesis
and increasing vascularity, rather than that the higher vessel density is
static and reflects and intrinsic part of the developmental abnormality.
Moreover, in contrast to cortical vascular density, vessel density in
white matter was related to pathology specific processes. Compared to
controls, increased density was only observed in tubers and not in FCD
subtypes.

We did not perform rater variability analysis for the mMCD/FCD
reclassification, but prior research has shown good intra-observer re-
liability, good interobserver agreement for FCD II subtypes and mod-
erate agreement for non-FCD and FCD Ia en Ib types in the evaluation
according to the 2011 ILAE classification (Coras et al., 2012). However,
we acknowledge that no such attempt has been made for the mMCD so
far and therefore this group remains rather heterogeneous, albeit with
distinct clinical features (Veersema et al., 2019).

During brain development, early migration in particular, neuronal
progenitor cells associate with blood vessels of the vascular plexus in

Fig. 3. Lesional vs perilesional vascular densities in cortex (a) and white matter (d). Significant difference in vessel density (per mm2) in pairwise analysis between
lesional and perilesional grey matter (p = 0.02) (a, mean and 1 std for bar and whiskers), and white matter (p = 0.034) (d, median for bar, non-parametric data). A
characteristic feature of type IIb focal cortical dysplasia is the presence of dysmorphic neurons (b) (as shown by NeuN staining, in grey matter). Perilesional grey
matter (c) does not contain dysmorphic neurons. Lesional vessel density in FCD IIb (e) (as shown by CD34 staining) compared to perilesional vessel density (f) in grey
matter. Scale bar in f = 100 μm and also applies to b, c, e, f.
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the (sub)ventricular zone - which develops relatively early in embry-
ogenesis, - and migrate abluminally to their target location in the
cortex. This vasophilic migration mechanism is one of several involved
in cortex formation (Bovetti et al., 2007; Stubbs et al., 2009). Analo-
gously, neuroblast association with microvessels is a phenomenon that
is nowadays widely accepted as one of the main drivers of the massive
infiltration in human gliomas, proving that vessel sprouting and the
mode of neuronal migration can be re-activated any time (Farin et al.,
2006).

Interestingly is however that severe cortical disorganization is not
invariably associated with aberrant vessel architecture or density, as
shown in studies investigating the development of cortical

microvasculature in reeler mice, exhibiting normal vasculature patterns
and abnormal, inverted, laminar position of cortical neurons (Stubbs
et al., 2009). Nevertheless the observation that newly formed neurons
and glia cells strongly associate with the vascular plexus and are in-
volved in migration processes suggest there is possible interaction be-
tween developing vasculature and cortex formation, which could have
pathomechanistic significance (Stubbs et al., 2009).

In tubers, TSC1 or TSC2 gene dysfunction causes disinhibition of
mTOR activity, which leads to upregulation of HIF-1a expression, in-
creased vascular endothelial growth factor (VEGF) production and an-
giogenesis (El-Hashemite et al., 2003). Tubers are dynamic processes
and serum VEGF levels in TSC patients are related to proliferation of

Fig. 4. Histological subgroups, vascular density and microglia activation. a Increased white matter vessel density in TSC compared to control in white matter,
p< 0.001 (box shows median and 25th and 75th percentile, whiskers min-max). Vessel density in white matter in a healthy control (b) and a cortical tuber in a
patient with TSC (c). micro-vasculature is clearly visible with CD34 endothelial staining (d). increased vessel density is accompanied with increased microglia
activation in a tuber (e), p<0.05. Microglial activation in control (f) vs TSC (g). Microglial activation can clearly be seen with Cr3/43 staining (h). Scale bar in g =
100 μm and also applies to b–c and f–g.

Fig. 5. Albumin deposits in TSC. a Deposits of albumin in grey matter indicating damage to the blood brain barrier. B similar deposits can be seen in white matter
Scale bar in b = 100 μm and also applies to a.
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lesions. VEGF production appears to be secondary to mTOR activation
and is rapidly reversed by rapamycin, a mTOR inhibitor (Curatolo et al.,
2018; El-Hashemite et al., 2003). This is also compatible with the ob-
servation of increasingly high vascular densities at older age.

BBB dysfunction is known to occur as a result of epileptic seizures
and reciprocally plays a role in epileptogenesis and can sustain or ag-
gravate epilepsy (van Vliet et al., 2015). Almost all TSC samples showed
evidence of BBB dysfunction, with extravasation of albumin. In addi-
tion, there was an increase of T-cells that are not able to infiltrate the
cortex and white matter without leakage of the BBB (van Horssen et al.,
2012). However, we did not find a correlation between quantifications
of microvascular density and BBB leakage.

Tubers exhibit complex activation of pro-inflammatory pathways,
including chemokines, interleukin-1β, HMGB1 (high-mobility-group-
box-1), TLR (toll-like-receptor), RAGE (receptors for advanced glyca-
tion end products) and complement mediated pathways (Curatolo et al.,
2018). Local seizure activity triggers the release of a multitude of va-
soactive substances which alter neurovascular coupling and can cause
oxidative stress which both contribute to BBB dysfunction. In addition
to promoting angiogenesis, VEGF increases BBB permeability through
direct induction of inflammation (Gorter et al., 2015) and activation of
matrix metalloproteases which break vessel walls and degrade tight
junctions (Rigau et al., 2007). Alternatively, extravasated serum pro-
teins are phagocytized by activated microglia and astrocytes (Alonso
et al., 2011), elicit an inflammatory response (Ralay Ranaivo and
Wainwright, 2010) and in turn possibly drive angiogenesis. In TSC
samples we found a correlation between white matter vascular density
and microglial activation, which co-occurred with T-cell activation.
This supports a relation between inflammation and the observed an-
giogenesis.

Even though angiogenic processes and BBB dysfunction in epilepsy
are generally considered detrimental for brain tissue and progression of
disease, these could also be seen as protective mechanisms. Fast VEGF
release, through FLK-1/AKT pathways, and activation of nitrous oxide-
synthase, mediates vasodilation through nitrous oxide release (Ahmad
et al., 2006; Papapetropoulos et al., 1997). In combination with in-
creased vasculature these processes help to ensure adequate perfusion
in tissue with increased metabolic demand due to epileptic activity.

We had hypothesized vascular density would be higher in lesional
tissue compared to both control and perilesional samples due to pro-
cesses related to epileptic activity and the underlying structural ab-
normality, and have no explanation for why we instead found no
overall difference in vascular density between lesions and control
samples, and lower perilesional vascular density.

Recent 7 T MRI studies showed an increased prominence of vascular
structures co-localizing with cortical malformations in polymicrogyria
(De Ciantis et al., 2015) and focal cortical dysplasia (Veersema et al.,
2016). These vascular structures appeared to be mostly localized in the
leptomeninges and sulci bordering the lesions. This was apparent on
susceptibility-weighted contrast series, and therefore it could not be
determined if this prominence was due to hemodynamic or structural
changes, or a combination of both.

Unfortunately, it was not possible to examine leptomeningeal vas-
culature in the current study, since meninges were not sufficiently
preserved in the surgical specimens.

Although in our study a significant increase vascular density in FCD
lesions compared to normal controls could not be found, we did see an
increase in vessel density in the FCD lesion compared to peri-lesional
tissues. Our findings do not provide conclusive support there are vas-
cular structural changes that could be the substrate of possible identi-
fying or localizing imaging features of FCD. Hemodynamic and con-
sequent blood oxygen level variations possibly better explain vascular
prominence on T2* MR images.

ASL-MRI would have added valuable information regarding hemo-
dynamic changes and possible correlation with vascular density and
cytoarchitectural abnormalities, especially since prior studies showed

conflicting results (Blauwblomme et al., 2014; Pollock et al., 2009;
Wintermark et al., 2013). Unfortunately, ASL-MRI was not part of the
standard pre-surgical diagnostic work-up and the retrospective nature
of this study precluded collection of this data.

Sun et al. (Sun et al., 2018) observed fine vascular structures in
white matter of tubers on 7 T susceptibility weighted images. This
imaging feature is compatible with the findings if our study, and po-
tentially could be of use in characterizing tubers. It remains to be
clarified if this conveys information on epileptogenicity of individual
tubers.

5. Conclusion

Cortical vascular density decreases with age in healthy controls,
while it increases with age and with epilepsy duration in patients with
epilepsy due to FCD or tubers in TSC. White matter vascular density was
not correlated with age or epilepsy duration. In dysplasia and tubers
lesional brain tissue showed higher vascular density compared to
perilesional tissue. Compared to controls, we observed an increase in
microvasculature in white matter of TSC cortical tubers, which was
linked to an inflammatory response.

The increased white matter vascular density of tubers compared to
FCD suggests that it is the underlying pathology, rather than seizure
activity itself, that explains differences in vascular index. The lesional
cortical vascular density increase with age and duration of epilepsy,
however, appears to suggest a direct effect of ongoing epileptic activity.
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