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Abstract

Periventricular white matter hyperintensities (pvWMH) are neuroimaging ab-

normalities surrounding the lateral ventricles that are apparent on magnetic 

resonance imaging (MRI). They are associated with age, neurodegenerative 

disease, and cerebrovascular risk factors. While pvWMH ultimately represent 

a loss of white matter structural integrity, the pathological causes are hetero-

geneous in nature, and currently, cannot be distinguished using neuroimaging 

alone. pvWMH could occur because of a combination of small vessel disease 

(SVD), ependymal loss, blood– brain barrier dysfunction, and microgliosis. 

In this study we aimed to characterize microvascular stenosis, fibrinogen ex-

travasation, and microgliosis within pvWMH with and without imaging evi-

dence of periventricular infarction. Using postmortem neuroimaging of human 

brains (n = 20), we identified pvWMH with and without periventricular infarcts 

(PVI). We performed histological analysis of microvessel stenosis, perivas-

cular spaces, microgliosis, and immunohistochemistry against fibrinogen as 

a measure of serum protein extravasation. Herein, we report distinctions be-

tween pvWMH with and without periventricular infarcts based on associations 

with microvessel stenosis, enlarged perivascular spaces, and fibrinogen IHC. 

Microvessel stenosis was significantly associated with PVI and with cellular 
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1 |  INTRODUCTION

White matter hyperintensities (WMH) are a commonly 
reported neuroimaging finding apparent on magnetic 
resonance imaging (MRI) that are associated with age, 
Alzheimer's dementia, and cerebrovascular risk factors 
[1, 2]. The pathology of WMH is heterogeneous in nature 
but core features include rarefaction of myelin and axon 
structure, microvascular disease, and glial cell activity 
[3– 5]. WMH are often considered imaging features of 
cerebral small vessel disease (SVD), where pathology 
of the microvasculature involving stenosis, lipohyalino-
sis, and collagenosis of the arterioles and venules con-
tributes to chronic ischemia of the white matter [6– 10]. 
WMH are usually detected in two primary categories: 
periventricular (pvWMH), surrounding the lateral ven-
tricles, and deep WMH located within the subcortical 
white matter. pvWMH are highly prevalent on FLAIR 
and T2- weighted MRI sequences in aged individuals, 
appearing in the majority of adults over the age of 60 
[11]. They can present as a thin “halo” surrounding the 
ventricles, “caps” at the frontal or occipital horns, or, in 
more severe instances can extend outward into the sub-
cortical white matter [12]. In cognitively normal aged 
subjects, pvWMH are associated with global cognitive 
decline, executive dysfunction, decreased processing 
speed, and gait impairments [13– 15]. Frontal pvWMH 
in particular can be strategically located in white mat-
ter tracts such as the superior longitudinal and uncinate 
fasciculi; disruption of which may mediate their cogni-
tive consequences [16].

Despite their high prevalence, and although they have 
been investigated frequently in neuroimaging studies, the 
development of pvWMH from a pathological perspec-
tive remains poorly understood. While deep WMH are 
presumed to be of vascular origin, pathological reports 
of pvWMH are less consistent. Imaging of pvWMH 
alone is insufficient to determine the underlying etiol-
ogy, and it is possible that both ischemic and nonisch-
emic mechanisms contribute to their development. Some 
studies have reported myelin pallor and ependymal de-
nudation to be the primary features of mild pvWMH, 

with minimal involvement of vascular pathology [17– 20]. 
Others report vascular alterations such as atherosclero-
sis [21], venous collagenosis [22], and enlargement of the 
perivascular space suggestive of an SVD- mediated pa-
thology [5]. These inconsistencies limit the clinical inter-
pretation of pvWMH, which is further complicated by 
the wide spectrum of lesion severity, and the inability to 
predict underlying etiology using neuroimaging alone.

One possible consequence of underlying vascular dis-
ease implicated in ischemic pvWMH involves the break-
down of the BBB and extravasation of serum proteins 
into the white matter. It has been proposed that chronic 
hypoperfusion because of microvessel stenosis can result 
in BBB dysfunction via loss of pericytes and damage to 
the endothelial integrity [23]. Support for the mechanis-
tic link between vascular disease and BBB dysfunction 
comes from recent imaging and pathological studies. 
Imaging studies have confirmed BBB breakdown within 
the white matter of subjects with WMH in association 
with cognitive deficits [24, 25]. Additionally, pathological 
studies have reported extravasation of the serum protein 
fibrinogen into both white matter and cortical tissue [26, 
27], and it is known that the tight regulation of plasma 
protein transport by the BBB is altered with aging, re-
sulting in an increase in leakiness [27– 29]. Once it has 
crossed the BBB, fibrinogen is suggested in in vitro and in 
preclinical studies to impair remyelination and promote 
the accumulation of activated microglia [30– 32]. With 
respect to human studies, it is not yet well understood 
what role fibrinogen plays in the development of white 
matter pathology and whether this involves significant 
microglial activity. Therefore, the potential effects of fi-
brinogen on the white matter and the homeostasis of its 
supportive glial network warrants further study in the 
context of WMH with underlying microvascular disease.

Determining vascular contributions to pvWMH on 
MRI imaging may be aided by the presence of periven-
tricular infarcts (PVI) within the hyperintense tissue. 
Higher imaging resolution caused by advancements in 
MRI field strengths can detect small lesions of ischemic 
nature within pvWMH [33]. We have previously reported 
that the presence of these fluid filled cavities in brains 

deposition of fibrinogen in the white matter. The presence of fibrinogen was 

associated with PVI and increased number of microglia. These findings suggest 

that neuroimaging- based detection of infarction within pvWMH may help dis-

tinguish more severe lesions, associated with underlying microvascular disease 

and BBB dysfunction, from milder pvWMH that are a highly frequent finding 

on MRI.

K E Y W O R D S
fibrinogen, periventricular infarct, small vessel disease, stenosis, white matter disease, white 
matter hyperintensity



   | 3 of 13STENOSIS, FIBRINOGEN AND PERIVENTRICULAR INFARCTS

with cerebrovascular disease are a significant contribu-
tor to the hyperintense signal in both the surrounding 
lesion and normal- appearing white matter [33]. Of the 
few studies that have considered PVI separately from 
pvWMH, associations with vascular stenosis and collag-
enosis have been reported [22, 34], but whether there are 
resulting impairments to the BBB and glial cell activity 
is not well understood. To address this gap, we sought to 
investigate whether the presence of PVI, as an indicator 
of ischemic severity in pvWMH, is associated with mi-
crovessel stenosis and enlarged perivascular spaces char-
acteristic of SVD. Our second aim was to investigate BBB 
dysfunction and microgliosis as potential mechanistic 
correlates of ischemic pathology in PVI. To do this, we 
investigated the white matter of a heterogeneous collec-
tion of human brain specimens with postmortem MRI 
evidence of pvWMH in combination with pathological 
analysis. This direct comparison of imaging and pathol-
ogy allowed for the identification of fibrinogen deposi-
tion within clinically relevant MRI imaging of pvWMH 
and represents the first study, to our knowledge, report-
ing an association between BBB dysfunction and micro-
gliosis in PVI across multiple diagnostic categories.

2 |  M ETHODS

2.1 | Specimen selection

Specimens were chosen for MRI using neuropathologi-
cal diagnosis and blinded to clinical diagnosis. Brains 
were stored in 10% formalin for up to 15 years. A coronal 
section from the frontal lobes, where all three frontal re-
gions: superior, middle, and inferior were present, of 25 
brains was selected for imaging. The final selection in-
cluded 20 specimens with the following neuropathologi-
cal diagnoses: five normal, five AD, five with features 
of cerebrovascular disease (CVD), and five with both 
AD and features of CVD. CVD specimens were grouped 
based on neuropathological reports that included re-
ports of CVD such as subcortical infarcts, microinfarcts, 
and vasculopathy since there were rarely diagnoses that 
were the exact same in terms of CVD manifestation.

2.2 | Imaging

All scans of postmortem tissue were performed at 
Western's Centre for Functional and Metabolic Mapping 
on a 7T Scanner (Siemens) following a previously de-
scribed imaging protocol [33]. Briefly, frontal coronal 
sections were selected from each fixed brain and im-
mersed in Galden HT- 270 perfluorinated fluid in a 
custom- stacking device for imaging. T1- weighted im-
ages from a MP2RAGE sequence, with an extended T1 
time to improve contrast, and FLAIR images from a T2 
SPACE sequence were acquired.

2.3 | WMH assessment

Ratings and intensity quantification of WMH was per-
formed blinded to neuropathological diagnosis and 
histological data. The MRI slice that corresponded to 
the coronal surface of the sectioned tissue was used for 
WMH rating. Periventricular WMH (pvWMH) were as-
sessed on the FLAIR sequence and rated as either mild 
(extending outwards into <1/3 of the subcortical white 
matter) or moderate (>1/3 but <2/3 of the subcortical 
white matter involved). There were no specimens with 
extension into >2/3 of the depth of the subcortical white 
matter on the coronal section assessed. Focal hyperin-
tensities that were present in deeper subcortical white 
matter, and not directly connected to the lateral ventri-
cles were seen in 3/20 specimens and were not factored 
into the rating. The presence of periventricular infarc-
tion was evaluated using the T1- weighted image and was 
defined as a periventricular fluid filled space, often lo-
cated within the pvWMH, and confirmed histologically 
in order to exclude enlarged perivascular spaces that can 
be seen on T1- weighted imaging [1]. We did not consider 
microinfarcts that were not visible on T1 imaging in 
order to limit analysis to lesions that could be appreci-
ated on MRI clinically.

2.4 | Tissue processing

Areas of periventricular white matter were sampled for 
tissue selection based on the MRI findings with the as-
sistance of neuropathologists (KL & RH). Histological 
blocks were obtained from brain tissue that included the 
periventricular white matter, subcortical white matter, 
and cortical tissue; and placed into histological cassettes. 
One block from both the left and right hemispheres were 
sampled and stored in 10% neutral buffered formalin 
prior to histological processing.

2.5 | Histology

All staining was performed by the Department of 
Pathology and Laboratory Medicine, University 
Hospital, and the Molecular Pathology Facility, Robarts 
Research Institute, in London, Canada. Tissue was par-
affin embedded and sectioned at 8  μm thickness prior 
to staining with 0.1% Luxol Fast Blue (LFB) in 95% al-
cohol for 2  h at 60°C. Tissue was stained with Ricinus 
communis- I (RCA) Lectin (Vector Labs, Brockville, 
Canada, 1:10,000) prior to Movat's pentachrome stain-
ing, the slides were placed in 0.5% periodic acid for 15′ 
caused by over- fixation. The following steps were taken: 
Alcian blue solution 20′, running water wash 5′, Alkaline 
alcohol 5′ at 58°C, running water wash 5′, Verhoeff's 
Haematoxylin 5– 15′, tap water wash, 1.4% ferric chlo-
ride, 95% ethanol 5′, running water wash, Acid fuschin 
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solution 5′, rinse in water, rinse in 0.5% aqueous glacial 
acetic acid, differentiate in 5% aqueous phosphotungstic 
acid 15′, rinse in 0.5% aqueous glacial acetic acid, rinse 
three times with absolute alcohol for 2′ total, alcoholic 
saffron solution 5′, dehydrated three times with absolute 
alcohol.

2.6 | Immunohistochemistry

Tissue was cryosectioned at 4  μm onto microscope 
slides (VWR International, Radnor, United States) and 
stained with monoclonal mouse anti- smooth muscle 
actin (Agilent Dako, Mississauga, Canada, IR611, 1:500), 
polyclonal rabbit anti- human fibrinogen (Agilent Dako, 
Mississauga, Canada, A0080, 1:200).

2.7 | Histological assessment

Histological assessments were performed blind to neuro-
pathological diagnosis and MRI imaging of SVD mark-
ers. Stenosis and Perivascular Spaces: Sclerotic index 
(SI) and PVS volume were calculated using a previously 
described method [35]. Measurements were taken at the 
maximum diameter of vessels that were not perfectly 
round. All periventricular vessels were located within 
0.5  cm of the ependymal lining and subcortical ves-
sels were in the white matter outside of this boundary. 
Movat's Pentachrome was used to distinguish compo-
nents of the vascular walls and measure vascular diam-
eter. Arterioles were distinguished from venules using 
smooth muscle actin staining to detect concentric rings 
of smooth muscle cells in the tunica media of arterioles. 
Vessels were further separated in the small (<50 µm), me-
dium (50 < IntD < 200), and large (>200 µm) categories 
based on external diameter. Three vessels were measured 
for each size category in each region (periventricular & 
subcortical). Fibrinogen Rating Scale: Fibrinogen ratings 
were performed blinded to the neuropathological status 
of the specimen and was scored according to the most se-
vere area present in a histological block. Cortical intra-
neuronal fibrinogen accumulations were rated according 
to a previously published scale: 0 = none, 1 = isolated, 
3 = frequent (approximately 50% of neurons), 4 = very 
frequent (greater than 50% of neurons) [27]. Intraglial 
fibrinogen accumulation was defined as intracellular 
fibrinogen staining surrounding nuclei within the white 
matter which would represent oligodendrocytes, mi-
croglia, and astrocytes. Intraglial accumulations were 
rated as follows: 1  =  none, 2  =  isolated, 3  =  frequent 
(approximately 50% of glia), 4 = very frequent (greater 
than 50% of glia). Interstitial fibrinogen: To capture in-
terstitial staining of fibrinogen images were taken at 
10x magnification from the pvWM of medium and large 
venules and arterioles (3 each). ROIs were drawn to en-
compass the area around each vessel, with a width of 

1cm and excluding the perivascular space devoid of tis-
sue. The percentage area of fibrinogen was quantified 
in the perivascular white matter using Image J with a 
threshold of 235. The percentage area coverage of nearby 
white matter without vessels in the field of view was cal-
culated in order to normalize the background intensity. 
Microglia Count: Microglia cell numbers were generated 
using Image J with the following parameters optimized 
to distinguish them from endothelial cells: Threshold 
130, Size 200– 1200, and Circularity 0– 0.5.

2.8 | Statistics

All statistical analyses were completed with Graphpad 
Prism 8  software. Pearson's correlations values are re-
ported for analysis of histological metrics. Group com-
parisons were performed using either unpaired Student's 
t- test, One- way ANOVA with Tukey's post- hoc test, or 
Kruskal– Wallis test with Dunn's post- hoc test with a sig-
nificance value of p = 0.05.

3 |  RESU LTS

Twenty brains were included in the final analysis: five 
normal brains, five Alzheimer's disease, five with path-
ological reports of cerebrovascular disease, and five 
with both Alzheimer's disease and cerebrovascular dis-
ease findings. Demographic and pathological data for 
specimens are reported in Table 1. The average age of 
specimens at time of death was 72.9 (11.7). Postmortem 
FLAIR imaging identified pvWMH in 14/20 specimens 
and PVI in 5/20 specimens (Figure 1B,C) with sizes rang-
ing from 4.9 to 34 mm3. Length of time in fixative was 
not significantly correlated with any of the histological 
or immunohistochemical metrics (Table S1). Diagnosis 
of AD in 10 of the subjects was not significantly associ-
ated with any of the histological measures assessed.

3.1 | Microvessel stenosis is associated with 
periventricular infarction

The first aim of this study was to describe microves-
sel stenosis within the white matter of the specimens 
with pvWMH and PVI. To measure stenosis of the mi-
crovessels, the SI of small, medium, and large venules 
and arterioles within the periventricular white matter 
and subcortical white matter was assessed (Figure 2A). 
Qualitatively, drastic reductions in lumen size and visi-
ble thickening of collagen within the tunica adventitia of 
stenosed vessels was evident. When comparing vessels in 
the two anatomical regions, only the small venules were 
significantly more stenotic in the periventricular white 
matter (40.41 ± 3.459) than in the subcortical white matter 
(22.17 ± 1.824, p < 0.0001). We analyzed periventricular 
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stenosis values of small and medium arterioles and small, 
medium, and large venules from specimens with perive-
ntricular infarcts (PVI) in comparison to specimens 
with no, mild, or moderate pvWMH. When stratifying 
by size, only the SI of the small periventricular venules 
remained significantly increased in specimens with PVI 

(0.566 ± 0.137, p = 0.035) overall and in comparison to 
specimens with no pvWMH (0.359  ±  0.148, p  =  0.048) 
(Figure 2B). When grouping the arteries by size, SI of 
small periventricular arterioles displayed a significant 
increase in PVI specimens (0.439 ± 0.109, p = 0.012) over-
all and when compared to specimens with no pvWMH 

Specimen Age Sex Pathology
Fixation 
(mo.)

1 75 M Mild AD (Braak stage 1/2) 158

2 71 M Advanced AD (Braak stage 5/6), NFT, 
CAA, superficial siderosis

151

3 80 F Advanced AD (Braak stage 5/6) 155

4 68 F Mild AD (Braak stage 1/2) 155

5 83 M Advanced AD (Braak stage 5/6) 160

6 73 F Advanced AD (Braak stage 5/6), CVD, 
acute infarct, vasculopathy

161

7 91 F Advanced AD (Braak 5/6), cerebrovascular 
disease, atherosclerosis

155

8 84 M Old infarct cerebellum, mild AD (Braak 
stage 1/2)

56

9 80 F Advanced AD (Braak 5/6), CVD 154

10 83 F Advanced AD (Braak stage 5/6), diffuse 
Lewy body, CVD, CAA

155

11 78 M Acute microinfarcts 151

12 75 M Cerebrovascular disease & old bleed 154

13 78 F Multiple infarcts 148

14 47 M Multiple infarcts, CVD, arteriosclerosis 157

15 85 M CVD, Crookes hyalinization, acute HIE 
CA1

162

16 65 F No significant findings 151

17 52 F No significant findings 158

18 69 M No significant findings 164

19 70 M No significant findings 159

20 52 F No significant findings 161

TA B L E  1  Demographic and 
pathological details of included specimens

F I G U R E  1  Example images of postmortem specimens and MR imaging that guided tissue blocking. (A) Coronal section of postmortem 
tissue. (B) FLAIR image with identification of pvWMH and fluid filled PVI (red arrow). (C) H&E stained tissue block corresponding to the 
region identified in B. Periventricular tissue was identified as tissue within 0.5 cm of the ependymal lining. Box 1 and 2 indicate examples of 
cortical tissue and subcortical white matter, respectively. Scale bar indicates 5 mm 
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(0.293 ± 0.056, p = 0.006) (Figure 2C). SI of the medium 
periventricular arterioles displayed a significant in-
crease in PVI (27.91 ± 2.586, p = 0.0262) overall and when 

compared to specimens without pvWMH (0.197 ± 0.037, 
p = 0.001), with mild pvWMH (0.252 ± 0.102, p = 0.018), 
and moderate pvWMH (0.240  ±  0.065, p  =  0.018) 

F I G U R E  2  Stenosis of both the small arterioles and venules is evident in the periventricular and subcortical white matter, and the severity 
is associated with imaging evidence of PVI. (A) Movat's pentachrome staining of arterioles and venules including non- stenosed (with minimal 
collagen accumulation), small stenosed (<50 μm diameter), medium stenosed (50– 200 μm diameter), and large stenosed (>200 μm diameter). All 
images captured at 20x magnification; scale bar indicates 100 μm. IHC for SMA was used to distinguish arterioles from venules. (B) Average 
SI of the small, medium, and large venules quantified in the periventricular white matter of each tissue block in specimens with none, mild, or 
moderate pvWMH or PVI. (C) Average SI of the small and medium arterioles quantified in the periventricular white matter of each tissue block 
in specimens with none, mild, or moderate pvWMH or PVI. SI of the small arterioles is increased in specimens with PVI in comparison to those 
with no WMH (p = 0.0063).SI of the medium arterioles is increased in specimens with PVI in comparison to those with no (p = 0.0006), mild 
(p = 0.0175), or moderate pvWMH (p = 0.0180). Comparison performed using one- way ANOVA with Tukey's post- hoc analysis, significance 
value of p = 0.05 
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(Figure 2C). Stenosis of the subcortical venules and ar-
terioles was not significantly associated with the WMH 
rating or the presence of periventricular infarction.

In addition to SI, we measured the area of the perivas-
cular spaces around the measured arterioles and venules. 
Within the periventricular white matter, the area of the 
PVS around small arterioles was significantly increased 
(2524 µm2 ± 1769, p = 0.004) overall and when compared to 
subjects without pvWMH (599.2 µm2 ± 469.5, p = 0.004), 
with mild pvWMH (1073 µm2 ± 1110, p = 0.023), and with 
moderate pvWMH (1022 µm2 ± 430.6, p = 0.040).

3.2 | Fibrinogen uptake occurs 
within the white matter and is associated with 
periventricular infarction

To investigate disruptions of BBB function, the presence 
of fibrinogen within the white matter was characterized. 
Fibrinogen IHC revealed intraglial, intraneuronal, and 
interstitial accumulations of fibrinogen which were all as-
sessed independently. Fibrinogen staining was frequently 
detected within rounded cell bodies of the white matter 
that had the morphological appearance of oligodendro-
cytes. Dual labelling with the oligodendrocyte marker 
Olig2 confirmed the co- localization of fibrinogen in 

these cells (Figure S1). There was a smaller population of 
fibrinogen positive cells with a ramified phenotype more 
characteristic of microglia or astrocytes, therefore the 
term intraglial is being used to describe accumulations 
within the white matter encompassing these three cell 
populations. Both intraglial fibrinogen in the white mat-
ter and intraneuronal fibrinogen within the cortex were 
assessed using a rating scale (Figure 3A). Age was weakly 
correlated with the fibrinogen glial rating within the sub-
cortical white matter. (r = 0.3318, p = 0.039). Interstitial 
fibrinogen deposition was apparent in specimens with 
visible accumulations in a halo- like pattern surround-
ing vessels of the white matter (Figure S2B). When con-
sidering all three types of fibrinogen assessment, only 
intraglial fibrinogen uptake was associated with PVI. 
Significantly higher fibrinogen ratings in the white matter 
were associated with the presence of PVI (p = 0.0041) in 
comparison to individuals without (p = 0.0041) and with 
mild pvWMH (p = 0.0187). Regionally, the periventricu-
lar white matter fibrinogen ratings were significantly ele-
vated in specimens with PVI in comparison to specimens 
with no WMH (p = 0.0076) (Figure 3B). Overall group 
differences were significant for subcortical fibrinogen rat-
ings (p = 0.0188), without any significant individual dif-
ferences amongst imaging groups (Figure 3B). Neuronal 
ratings of fibrinogen uptake did not associate with the 

F I G U R E  3  IHC reveals intraglial fibrinogen staining within the periventricular and subcortical white matter is associated with PVI. (A) 
Fibrinogen rating scale used to quantify accumulations of fibrinogen. Intraglial scale was as follows: 1 = none, 2 = isolated, 3 = frequent but 
affecting <50% of glial cells, 4 = very frequent affecting >50% of glial cells. Images capturedat 20x with a 40x insert, scale bar indicates 100 μm. 
(B) Fibrinogen ratings were assigned to images taken within the periventricular or subcortical white matter and cortical neurons (3 images per 
region, per tissue block were used to generate a rating) in subjects with none, mild, moderate pvWMH or PVI. An increase in periventricular 
white matter ratings of fibrinogen is associated with PVI (p = 0.0076). Significant overall group differences in subcortical white matter ratings 
of fibrinogen (p = 0.0188). No significant differences in neuronal fibrinogen ratings across WMH groups. Comparison performed using 
Kruskal– Wallis test with Dunn's post- hoc analysis of multiple comparisons, significance value of p = 0.05 
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presence of WMH or PVI (Figure 3C). Interstitial fibrin-
ogen was not significantly associated with the severity of 
pvWMH or the presence of PVI.

3.3 | Periventricular microvessel stenosis is 
associated with intraglial fibrinogen uptake

Next, we investigated associations between white mat-
ter microvessel SI and fibrinogen uptake. Correlations 
between periventricular arterioles and venules stratified 
by size category, and corresponding fibrinogen ratings 
are reported in Table 2. White matter ratings of fibrin-
ogen were significantly correlated with stenosis of the 
arterioles, both small (r = 0.502, p = 0.001) and medium 
(r = 0.323, p = 0.045), and venules, both medium (r = 0.472, 
p = 0.003) and large (r = 0.373, p = 0.019). Intraneuronal 
and interstitial fibrinogen pools did not significantly as-
sociate with microvessel stenosis of any size.

3.4 | Microglial number is associated with 
fibrinogen uptake in the white matter

Finally, we sought to characterize increases in microglia 
cell number in specimens with evidence of fibrinogen up-
take. Distinction of microglia using RCA lectin, a histo-
logical marker that stains microglia and endothelial cells 
[36], was effective for the assessment of cell number after 
further differentiation from endothelia based on size and 
shape criterion. The number of microglia was quantified 
within the periventricular and subcortical white mat-
ter (Figure 4A). Increases in periventricular microglia 
number were significantly associated with intraglial fi-
brinogen ratings within the subcortical (p = 0.0153) and 
periventricular white matter (p  =  0.0046) (Figure 4C). 
Similarly, increases in subcortical microglia number were 
significantly associated with both subcortical (p = 0.0329) 
and periventricular (p  =  0.0178) fibrinogen ratings 
(Figure 4C). Microglia number was not significantly as-
sociated with pvWMH or PVI (Figure 4B).

4 |  DISCUSSION

The role of WMH in AD, vascular and mixed dementias 
is becomingly increasingly clear, making it imperative to 

gain a better understanding of mechanisms that underlie 
the progression of WMH in these disease [37– 40]. The 
primary objective of this study was to investigate micro-
vascular disease and blood– brain barrier leakiness in 
the white matter of specimens with postmortem imag-
ing evidence of SVD. Recent studies have highlighted 
the utility of postmortem MRI as a reliable method for 
detecting imaging evidence of SVD that allows for direct 
spatial comparison between histological and imaging 
abnormalities [41]. Consistent with previous neuropatho-
logical studies, the small vessels in the periventricular 
white matter displayed reductions in lumen size and 
thickening of collagen in the vessel wall [34, 42]. As a 
watershed region, the periventricular white matter does 
not have a rich arterial blood supply and relies mainly 
on diffusion of nutrients [43]. This may make this region 
particularly vulnerable to the effects of hypoperfusion 
because of arteriole stenosis, where impaired blood de-
livery contributes to chronic ischemia of the white mat-
ter resulting in the rarefaction of white matter tissue [44].

Despite recognition that hypoperfusion and ischemia 
may cause white matter disease, the mechanistic effects 
of stenotic vessels on the integrity of the white matter 
remain unclear. While many factors likely contribute to 
myelin and axon reduction associated with WMH, the 
role of microvessel stenosis may be mediated by impair-
ments in BBB function. Extravasation of serum proteins, 
such as fibrinogen, is a consequence of BBB dysfunction 
with potentially toxic effects to the cellular environment 
of the white matter [32]. Recent studies point to age- 
related increases in BBB leakiness [29], which can be 
exacerbated in the context of SVD [23]. Histologically, 
evidence of fibrinogen leakage was considered in this 
study by accounting for intraglial, intraneuronal as well 
as interstitial pools. All three types of deposition were as-
sessed separately since they may not occur at the same 
rate or have the same consequences. We demonstrate that 
of the three subtypes of reported fibrinogen uptake, only 
intraglial accumulation of fibrinogen was associated with 
histological evidence of stenosis. This is the first study, 
to our knowledge, demonstrating an association between 
periventricular stenosis of arterioles with fibrinogen up-
take in the white matter in human postmortem subjects. 
These results are consistent with recent findings suggest-
ing that hypoperfusion because of SVD and BBB dys-
function are related, with endothelial dysfunction and 
pericyte loss acting as potential mediators [23].

Periventricular venules Periventricular arterioles

Small Medium Large Small Medium

Fibrinogen 
rating

n.s. p = 0.003* p = 0.019* p = 0.001* p = 0.0451*

r = 0.472 r = 0.373 r = 0.502 r = 0.323

Note: Correlations between the SI of venules and arterioles with white matter fibrinogen ratings. Spearman 
correlations are reported for rating scale analyses, * indicates a correlation with significance value of 
p = 0.05.

TA B L E  2  Microvessel SI is associated 
with reductions in white matter density and 
intraglial fibrinogen accumulation
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F I G U R E  4  Increases in microglia are seen in the periventricular and subcortical white matter and are associated with fibrinogen uptake. 
(A) Example images of specimens with high and low levels of microglia, stained with RCA Lectin. (B) Microglia were counted within the 
periventricular and subcortical white matter (data points represent the average count for 3 images per region) in specimens with none, mild and 
moderate pvWMH or evidence of PVI. (C) Microglia count within the periventricular and subcortical white matter subjects with fibrinogen 
ratings of 1– 4 in either the periventricular or subcortical white matter. Microglia count is associated with both periventricular and subcortical 
fibrinogen ratings. Comparison performed using one- way ANOVA with Tukey's post- hoc analysis, significance value of p = 0.05. (D) Example 
images taken from the subcortical white matter of a specimen with high fibrinogen rating and high microglial count. All images captured at 20x 
magnification; scale bar indicates 100 μm 
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The primary means of assessing SVD clinically is 
with the use of neuroimaging, therefore in addition to 
studying the microvessels and fibrinogen uptake histo-
logically, both features were compared to MRI markers 
of SVD. Both pvWMH and PVI were considered in the 
analyses as these were evident in postmortem images. 
Both subcortical and periventricular vessels were ana-
lyzed since it has been proposed that vascular changes 
and BBB disruption related to SVD may extend beyond 
MRI- visible lesions [24]. However, only periventricular 
vessels demonstrated associations with pvWMH or PVI. 
Stenosis of small and medium periventricular arterioles 
was associated with the presence of PVI. Evidence of en-
larged PVS surrounding small arterioles was also asso-
ciated with PVI. Enlarged PVS are frequently reported 
features of SVD and have been recently associated with 
increased compromise of the BBB [45], however this phe-
nomenon requires further investigation.

Although less frequently studied, venules have also 
been implicated in the pathogenesis of WMH [22, 34]. 
In the present study, small venules were the only vessel 
size to be significantly more stenotic in periventricular 
white matter in comparison to subcortical white matter 
and significantly more stenotic in specimens with PVI. 
Small venules within periventricular white matter might 
be particularly at risk of becoming occluded following 
accumulation of collagen within their walls because of 
their small lumen [34]. The resulting occlusion may pre-
vent adequate drainage through these small venules and 
result in venous insufficiency and subsequent edema. 
Although large venules were visibly affected by collag-
enosis, the SI levels were not associated with PVI in our 
sample which is in contrast to other analyses of large 
vein stenosis [22]. Due to their larger lumen, SI values 
in the large venules of our samples were often lower and 
this may have reduced the sensitivity of the analysis to 
the degree of collagenosis.

Despite associations with PVI, stenosis and fibrino-
gen uptake were not associated with the size of pvWMH 
(mild vs. moderate). There are other microvessel abnor-
malities which were not addressed in this study, such as 
lipohyalinosis and amyloid angiopathy that have been re-
ported in SVD and may also be increased in the presence 
of pvWMH. Additionally, the lack of severe pvWMH in 
our sample did not allow us to study microvessel steno-
sis in specimens with far- reaching pvWMH that extend 
deep into the subcortical white matter. It is also possible 
that the presence of periventricular infarcts was under-
estimated in this study, as only infarcts present within 
the same coronal slice as the WMH assessed were ac-
counted for. Therefore, some mild or moderate pvWMH 
could have had more severe underlying tissue damage 
if the PVI had not been captured in the coronal section 
featuring the pvWMH. Furthermore, we did not account 
for microinfarcts that can be identified pathologically 
but are often missed on postmortem neuroimaging 
[46]. Overall, these findings confirm previous reports 

of microvessel stenosis in association with imaging evi-
dence of pvWMH [47, 48] but suggest that the identifica-
tion of PVI may be more indicative of severity of stenotic 
pathology rather than pvWMH alone. pvWMH are often 
interpreted clinically as lesions of presumed vascular or-
igin, however, the role of axonal pathology, ependymal 
damage, and AD- related pathology cannot be excluded 
with neuroimaging alone especially when there is no evi-
dence of clear ischemic damage (PVI). Given the known 
heterogeneity in the etiologies of pvWMH, identifying 
PVI within lesions may be useful clinically in confirming 
those that are ischemic and of vascular origin.

Consistent with the microvessel stenosis findings, in-
traglial fibrinogen uptake within periventricular white 
matter was significantly increased in cases of PVI. Our fi-
brinogen findings are consistent with previous reports of 
associations between intraglial and intraneuronal fibrin-
ogen uptake with SVD [26, 27]. The lack of association 
between fibrinogen and pvWMH may be caused by our 
mixed diagnostic cohort of specimen, as previous stud-
ies have demonstrated that fibrinogen is associated with 
SVD in normal control specimens but not in Alzheimer's 
disease [26]. Additionally, preclinical studies have 
demonstrated age- related increases in BBB permeability 
in the hippocampus and medial temporal lobe, but not in 
the white matter [49– 51]. Therefore, further elucidation 
of the anatomical regions that are most at risk because of 
increases in age- related BBB permeability in the absence 
of severe SVD or infarction is required. In contrast to the 
observed intraglial fibrinogen accumulation, we do not 
report significant associations of intraneuronal or inter-
stitial fibrinogen with SVD imaging markers. Previous 
studies of serum protein extravasation in SVD have also 
reported negative findings regarding interstitial fibrin-
ogen deposition [27]. Interstitial staining may represent 
a transient pool of fibrinogen that is adequately cleared 
from the white matter, or an earlier state of fibrinogen 
leakage that precedes damage to the structural integrity 
of the white matter, consistent with the toxic effects of fi-
brinogen on the white matter microstructure seen in pre-
clinical models of blood– brain barrier dysfunction [52].

We report that fibrinogen rating is associated with an 
increase in microglia density. Due to the postmortem na-
ture of this study, the temporality of fibrinogen uptake 
into the white matter and its potential effect on glial cell 
activity requires further study. Future in vitro modelling 
can allow for the study of possible microglial increases in 
response to fibrinogen exposure, either via recruitment 
or local proliferation.

Microglia number was not significantly associated 
with microvessel SI, pvWMH or PVI in our specimens. 
This is in contrast to previous studies which have re-
ported microglia in pvWMH [53] and there are a few 
potential explanations for this contradiction. First, most 
studies have previously reported increases specifically in 
activated microglia, whereas we assessed the total pop-
ulation of microglia using the histological RCA lectin 
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stain instead of accounting for differences in activation 
state (prevented by prolonged fixation state of the sam-
ples). A recent study reported only a weak correlation 
between total (Iba+) microglia and SI [54]. Furthermore, 
previous studies have reported that postmortem MRI, 
in comparison to pathological analysis of myelin pallor, 
is not as sensitive to white matter changes that contain 
activated microglia [46]. Our classification of subjects 
based on white matter changes severe enough to be iden-
tified as pvWMH on MRI may have limited our detec-
tion of more subtle disease. Finally, while fibrinogen 
uptake was associated with PVI, microgliosis may not be 
specific to ischemia and can increase in the white matter 
under a variety of contexts. Since our selection of brains 
was heterogeneous in neuropathological diagnosis, it is 
difficult to rule out other causes of microgliosis seen in 
the white matter. Future analyses investigating microglia 
activation may be more specific to ischemic conditions 
associated with pvWMH and could build upon the asso-
ciations we report between fibrinogen extravasation and 
microgliosis.

5 |  CONCLUSIONS

This postmortem study confirms the association be-
tween both imaging and histological markers of SVD and 
extravasation of fibrinogen in a mixed diagnostic sam-
ple. The ability to detect SVD during pre- symptomatic 
phases in midlife using imaging makes it a promising 
target for potential intervention. This is the first study, to 
our knowledge to demonstrate, the association between 
fibrinogen and microglial number within postmortem 
human tissue. Further characterization of fibrinogen 
uptake in the white matter, and its association with im-
aging markers of SVD, is necessary to understand po-
tential effects on glial cells and the maintenance of white 
matter integrity. Due to the co- morbidity of SVD with 
aging and neurodegenerative diseases, understanding 
cellular changes associated with disease progression can 
identify important therapeutic targets for the prevention 
of cognitive decline.

ACK NOW LEDGM EN TS
The authors acknowledge support from the Department 
of Pathology and Laboratory Medicine, University 
Hospital, London, the Centre for Functional and 
Metabolic Mapping and the Molecular Pathology Core 
Facility, Robarts Research Institute, London.

CON F LICT OF I N T ER E ST
The authors declare no conflict of interest.

ET H IC S A PPROVA L
Informed consent was obtained for all specimens, ac-
cording to the Declaration of Helsinki.

AU T HOR CON TR I BU T IONS
Austyn D. Roseborough: study design, neuroimaging 
analysis, tissue dissection, microscopic assessments, 
image analysis, statistical analysis, manuscript draft-
ing, and preparation. Berk Rasheed, Youngkyung Jung, 
William Pinsky: study design, neuropathology, critical re-
view of the manuscript. Kristopher D. Langdon, Robert 
Hammond: study design, neuropathology, and critical 
review of the manuscript. Stephen H. Pasternak: study de-
sign, critical review of the manuscript. Ali R. Khan: neu-
roimaging analysis, study design, and critical review of the 
manuscript. Shawn N. Whitehead: study design, micro-
scopic assessments, and critical review of the manuscript.

DATA AVA I LA BI LI T Y STAT EM EN T
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

ORCI D
Shawn N. Whitehead   https://orcid.
org/0000-0003-4728-8067 

R E F ER E NC E S
 1. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, 

Frayne R, et al. Neuroimaging standards for research into small 
vessel disease and its contribution to ageing and neurodegenera-
tion. Lancet Neurol. 2013;12:822– 38.

 2. Debette S, Schilling S, Duperron MG, Larsson SC, Markus HS. 
Clinical significance of magnetic resonance imaging markers 
of vascular brain injury: a systematic review and meta- analysis. 
JAMA Neurol. 2019;76:81– 94.

 3. Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic ce-
rebral small vessel disease: insights from neuroimaging. Lancet 
Neurol. 2013;12:483– 97.

 4. Hachinski VC, Potter P, Merskey H. Leuko- araiosis. Arch 
Neurol. 1987;44:21– 3.

 5. Grafton ST, Sumi SM, Stimac GK, Alvord EC, Shaw CM, 
Nochlin D, et al. Comparison of postmortem magnetic reso-
nance imaging and neuropathologic findings in the cerebral 
white matter. Arch Neurol. 1991;48:293– 8.

 6. Pantoni L. Cerebral small vessel disease: from pathogenesis and 
clinical characteristics to therapeutic challenges. Lancet Neurol. 
2010;9:689– 701.

 7. Bridges LR, Andoh J, Lawrence AJ, Khoong CH, Poon W, Esiri 
M, et al. Blood- brain barrier dysfunction and cerebral small 
vessel disease (arteriolosclerosis) in brains of older people. J 
Neuropathol Exp Neurol. 2014;73:1026– 33.

 8. Akiguchi I, Tomimoto H, Suenaga T, Wakita H, Budka H. 
Blood- brain barrier dysfunction in Binswanger's disease. An im-
munohistochemical study. Acta Neuropathol. 1998;95:78– 84.

 9. Li Y, Li M, Zhang X, Shi G, Yang S, Fan H, et al. Higher blood– 
brain barrier permeability is associated with higher white matter 
hyperintensities burden. J Neurol. 2017;264:1474– 81.

 10. Wardlaw JM, Sandercock PA, Dennis MS, Starr J. Is breakdown 
of the blood- brain barrier responsible for lacunar stroke, leuko-
araiosis, and dementia? 9476. Stroke. 2003;34:806– 12.

 11. Wen W, Sachdev P, Li J, Chen X, Antsey K. The topography of 
white matter hyperintensities on brain MRI in healthy 60-  to 
64- year- old individuals. NeuroImage. 2004;22:144– 54.

 12. Scheltens P, Barkhof F, Leys D, Pruvo JP, Nauta JJ, Vermersch P, 
et al. A semiquantitative rating scale for the assessment of signal 

https://orcid.org/0000-0003-4728-8067
https://orcid.org/0000-0003-4728-8067
https://orcid.org/0000-0003-4728-8067


12 of 13 |   ROSEBOROUGH Et al.

hyperintensities on magnetic resonance imaging. J Neurol Sci. 
1993;114:7– 12.

 13. Yatawara C, Ng KP, Chander R, Kandiah N. Associations be-
tween lesions and domain- specific cognitive decline in post-
stroke dementia. Neurology. 2018;91:e45– 54.

 14. van Dijk EJ, Prins ND, Vrooman HA, Hofman A, Koudstaal 
PJ, Breteler MMB, et al. Progression of cerebral small vessel 
disease in relation to risk factors and cognitive consequences: 
Rotterdam scan study. Stroke. 2008;39:2712– 9.

 15. Debette S, Markus HS. The clinical importance of white matter 
hyperintensities on brain magnetic resonance imaging: system-
atic review and meta- analysis. BMJ. 2010;341:288.

 16. Kim HJ, Im K, Kwon H, Lee J- M, Kim C, Kim YJ, et al. Clinical 
effect of white matter network disruption related to amyloid and 
small vessel disease. Neurology. 2015;85:63– 70.

 17. Schmidt R, Schmidt H, Haybaeck J, Loitfelder M, Weis S, 
Cavalieri M, et al. Heterogeneity in age- related white matter 
changes. Acta Neuropathol. 2011;122:171– 85.

 18. Fazekas F, Kleinert R, Offenbacher H, Schmidt R, Kleinert G, 
Payer F, et al. Pathologic correlates of incidental MRI white mat-
ter signal hyperintensities. Neurology. 1993;43:1683– 9.

 19. Fernando MS, Simpson JE, Matthews F, Brayne C, Lewis CE, 
Barber R, et al. White matter lesions in an unselected cohort of 
the elderly molecular pathology suggests origin from chronic hy-
poperfusion injury. Stroke. 2006;37:1391– 8.

 20. Chimowitz MI, Estes ML, Furlan AJ, Awad IA. Further ob-
servations on the pathology of subcortical lesions identified on 
magnetic resonance imaging. Arch Neurol. 1992;49:747– 52.

 21. Scarpelli M, Salvolini U, Diamanti L, Montironi R, Chiaromoni 
L, Maricotti M, et al. MRI and pathological examination of 
post- mortem brains: The problem of white matter high signal 
areas. Neuroradiology. 1994;36:393– 8.

 22. Keith J, Gao FQ, Noor R, Kiss A, Balasubramaniam G, Au K, 
et al. Collagenosis of the deep medullary veins: An underrecognized 
pathologic correlate of white matter hyperintensities and periven-
tricular infarction? J Neuropathol Exp Neurol. 2017;76:299– 312.

 23. Wong SM, Jansen JFA, Zhang CE, Hoff EI, Staals J, van 
Oostenbrugge RJ, et al. Blood- brain barrier impairment and 
hypoperfusion are linked in cerebral small vessel disease. 
Neurology. 2019;92:e1669– 77.

 24. Muñoz Maniega S, Chappell FM, Valdes Hernandez MC, 
Armitage PA, Makin SD, Heye AK, et al. Integrity of normal- 
appearing white matter: Influence of age, visible lesion burden 
and hypertension in patients with small- vessel disease. J Cereb 
Blood Flow Metab. 2016;37:644– 56.

 25. Freeze WM, Jacobs HI, de Jong JJ, Verheggen IC, Gronenschild 
EH, Palm WM, et al. White matter hyperintensities mediate the 
association between blood- brain barrier leakage and informa-
tion processing speed. Neurobiol Aging. 2020;85:113– 22.

 26. McAleese KE, Graham S, Dey M, Walker L, Erskine D, Johnson 
M, et al. Extravascular fibrinogen in the white matter of Alzheimer's 
disease and normal aged brains: implications for fibrinogen as a 
biomarker for Alzheimer's disease. Brain Pathol. 2019;29:414– 24.

 27. Viggars AP, Wharton SB, Simpson JE, Matthews FE, Brayne C, 
Savva GM, et al. Alterations in the blood brain barrier in age-
ing cerebral cortex in relationship to Alzheimer- type pathology: 
a study in the MRC- CFAS population neuropathology cohort. 
Neurosci Lett. 2011;505:25– 30.

 28. Yang AC, Stevens MY, Chen MB, Lee DP, Stähli D, Gate D, 
et al. Physiological blood– brain transport is impaired with age 
by a shift in transcytosis. Nature. 2020;583:425– 30.

 29. Verheggen ICM, de Jong JJA, van Boxtel MPJ, Gronenschild 
EHBM, Palm WM, Postma AA, et al. Increase in blood –  brain bar-
rier leakage in healthy, older adults. GeroScience. 2020;42:1183– 93.

 30. Merlini M, Rafalski VA, Rios Coronado PE, Gill TM, Ellisman 
M, Muthukumar G, et al. Fibrinogen induces microglia- 
mediated spine elimination and cognitive impairment in an 
Alzheimer's disease model. Neuron. 2019;101:1099– 1108.e6.

 31. Davalos D, Kyu Ryu J, Merlini M, Baeten KM, Le Moan N, 
Petersen MA, et al. Fibrinogen- induced perivascular microglial 
clustering is required for the development of axonal damage in 
neuroinflammation. Nat Commun. 2012;3:1227.

 32. Petersen MA, Ryu JK, Chang K- J, Etxeberria A, Bardehle S, 
Mendiola AS, et al. Fibrinogen activates BMP signaling in oli-
godendrocyte progenitor cells and inhibits remyelination after 
vascular damage. Neuron. 2017;96:1003– 1012.e7.

 33. Roseborough AD, Langdon KD, Hammond R, Cipriano LE, 
Pasternak SH, Whitehead SN, et al. Post- mortem 7 Tesla MRI 
detection of white matter hyperintensities: a multidisciplinary 
voxel- wise comparison of imaging and histological correlates. 
NeuroImage Clin. 2020;27:102340.

 34. Moody DM, Brown WR, Challa VR, Anderson RL. 
Periventricular venous collagenosis: association with leukoara-
iosis. Radiology. 1995;194:469– 76.

 35. Yamamoto Y, Ihara M, Tham C, Low RWC, Slade JY, Moss T, 
et al. Neuropathological correlates of temporal pole white mat-
ter hyperintensities in CADASIL. Stroke. 2009;40:2004– 11.

 36. Mannoji H, Yeger H, Becker LE. A specific histochemical 
marker (lectin Ricinus communis agglutinin- 1) for normal 
human microglia, and application to routine histopathology. 
Acta Neuropathol. 1986;71:341– 3.

 37. Ramirez J, Holmes MF, Gao F, Black SE. Alzheimer's and 
cerebrovascular disease: the twin towers of dementia. J Neurol 
Neuromed. 2017;2:8– 13.

 38. Schneider JA, Arvanitakis Z, Bang W, Bennett DA. Mixed brain 
pathologies account for most dementia cases in community- 
dwelling older persons. Neurology. 2007;69:2197– 204.

 39. Roman GC. Vascular dementia may be the most common form 
of dementia in the elderly 7513. J Neurol Sci. 2002;203– 204:7– 10.

 40. Jellinger KA. The enigma of mixed dementia. Alzheimers 
Dement. 2007;3:40– 53.

 41. Stringer MS, Lee H, Huuskonen M, Macintosh BJ, Brown R, 
Montagne A, et al. A review of translational magnetic resonance 
imaging in human and rodent experimental models of small ves-
sel disease. Transl Stroke Res. 2021;12:15– 30.

 42. Gao F, Noor R, Keith J, Nadeau Y, Kiss A, Black SE, et al. 
Relationship between collagenosis of the deep medullary veins 
and periventricular white matter hyperintensities on magnetic 
resonance imaging in Alzheimer's disease: does one size fit all? 
Alzheimers Dement. 2012;8:P297.

 43. Nonaka H, Akima M, Hatori T, Nagayama T, Zhang Z, Ihara F, 
et al. The microvasculature of the cerebral white matter: arter-
ies of the subcortical white matter. J Neuropathol Exp Neurol. 
2003;62:154– 61.

 44. Al- Mashhadi S, Simpson JE, Heath PR, Dickman M, Forster G, 
Matthews FE, et al. Oxidative glial cell damage associated with 
white matter lesions in the aging human brain. Brain Pathol. 
2015;25:565– 74.

 45. Li Y, Li M, Yang L, Qin W, Yang S, Yuan J, et al. The relation-
ship between blood- brain barrier permeability and enlarged 
perivascular spaces: a cross- sectional study. Clin Interv Aging. 
2019;14:871– 8.

 46. Fernando MS, O'brien JT, Perry RH, English P, Forster G, 
McMeekin W, et al. Comparison of the pathology of cerebral white 
matter with post- mortem magnetic resonance imaging (MRI) in 
the elderly brain. Neuropathol Appl Neurobiol. 2004;30(4):385– 
95. https://doi.org/10.1111/j.1365- 2990.2004.00550.x

 47. Brun A, Englund E. A white matter disorder in dementia of 
the alzheimer type: a pathoanatomical study. Ann Neurol. 
1986;19:253– 62.

 48. Brown WR, Moody DM, Thore CR, Anstrom JA, Challa VK. 
Microvascular changes in the white matter in dementia. J Neurol 
Sci. 2009;283:241– 2.

 49. Montagne A, Barnes S, Sweeney M, Halliday M, Sagare A, Zhao 
Z, et al. Blood- brain barrier breakdown in the aging human hip-
pocampus. Neuron. 2015;85:296– 302.

https://doi.org/10.1111/j.1365-2990.2004.00550.x


   | 13 of 13STENOSIS, FIBRINOGEN AND PERIVENTRICULAR INFARCTS

 50. Montagne A, Nation DA, Sagare AP, Barisano G, Sweeney MD, 
Chakhoyan A, et al. APOE4 leads to blood- brain barrier dys-
function predicting cognitive decline. Nature. 2020;581:71– 6.

 51. Nation DA, Sweeney M, Montagne A, Sagare AP, D'Orazio 
LM, Pachicano M, et al. Blood- brain barrier breakdown is an 
early biomarker of  human cognitive dysfunction. Nat Med. 
2019;25:270– 6.

 52. Montagne A, Nikolakopoulou A, Zhao Z, Sagare AP, Si G, Lazic 
D, et al. Pericyte degeneration cause white matter dysfunction in 
the mouse CNS. Nat Med. 2018;24:326– 37.

 53. Simpson JE, Fernando M, Clark L, Ince PG, Matthews F, 
Forster G, et al. White matter lesions in an unselected cohort of 
the elderly: astrocytic, microglial and oligodendrocyte precursor 
cell responses. Neuropathol Appl Neurobiol. 2007;33:410– 9.

 54. Waller R, Narramore R, Simpson JE, Heath PR, Verma N, 
Tinsley M, et al. Heterogeneity of cellular inflammatory re-
sponses in ageing white matter and relationship to Alzheimer's 
and small vessel disease pathologies. Brain Pathol. 2021;31(3):1– 
15. https://doi.org/10.1111/bpa.12928

SU PPORT I NG I N FOR M AT ION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.
FIGURE S1 Dual labelling of fibrinogen and Olig2 or 
NeuN. (A) IHC confirms co- localization of fibrinogen 

(brown) and Olig2 (pink) within the white matter. (B) 
IHC confirms co- localizations of fibrinogen (brown) and 
NeuN (pink) in the grey matter. Images taken at 20x mag-
nification; scale bar indicated 100 μm
FIGURE S2 Interstitial fibrinogen staining is seen in the 
parenchyma surrounding white matter vessels. (A) Vessel 
with minimal fibrinogen extravasation, (B) vessel with ap-
parent halo of fibrinogen in surrounding tissue. Images 
taken at 20x scale bar indicates 50 μm
TABLE S1 Correlations between time in fixative and 
histological or immunohistochemical metrics used in 
analyses
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