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Venous Collagenosis as Pathogenesis
of White Matter Hyperintensity

David Lahna, BA®," Daniel L Schwartz, BA,"? Randy Woltjer, MD, PhD,?
Sandra E Black, MD,*>® Natalie Roese, MPH," Hiroko Dodge, PhD," Erin L Boespflug, PhD,’
Julia Keith, MD,’ Fugiang Gao, MD,*> Joel Ramirez, PhD ©,*° and Lisa C Silbert, MD'

Objective: Periventricular white matter hyperintensities (pvWMHSs) are commonly observed on MRI in older individuals
and are associated with cognitive and motor decline. The etiology of pvWMH remains unknown. Venous collagenosis
has been implicated, which may also interfere with perivascular fluid flow leading to dilation of perivascular spaces
(PVS). Here, we examine relationships between in vivo pyWMH volume and ex vivo morphological quantification of col-
lagenosis and the PVS in veins and arteries.
Methods: Brain tissue from 25 Oregon Alzheimer's Disease Research Center subjects was selected to cover the full
range of WMH burden. Tissue from white matter abutting the ventricle was stained with Masson's trichrome and
smooth muscle actin. An automated hue based algorithm identified and segmented vessel into collagenized vessel
walls, lumen, and PVS. Multiple linear regressions with pyWMH volume as the dependent variable and either collagen
thickness or PVS width were performed with covariates of vessel diameter, age at death, sex, and interval between
MRI and death.
Results: PVS width and collagen thickness were significantly correlated in both arteries (r = 0.21, p = 0.001) and veins
(r=0.23, p = 0.001). Increased venous collagen (p = 0.017) was a significant predictor of higher pyWMH burden while
arterial collagen was not (p = 0.128). Neither PVS width in arteries (p = 0.937) nor veins (p = 0.133) predicted pvWMH
burden.
Interpretation: These findings are consistent with a model in which venous collagenosis mediates the relationship
between vascular risk factors and pyWMH. This study confirms the importance of changes to the venous system in con-
tributing to MRI white matter lesions commonly observed with advanced age.
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Introduction details of these relationships remain elusive. These

White matter hyperintensities (WMHs), prominently visi- lesions can be divided by their location into per-

ble as regions of high signal intensity within parenchymal iventricular and deep’; diffuse periventricular WMH

tissue relative to normal appearing white matter on T,/
FLAIR-weighted MRI, are a common finding in the aged
population. A positive relationship exists between WMH
volume and the risk of stroke, mild cognitive impairment,
dementia, and overall mor’cality,14 although the mechanistic

(pvWMH) are more often observed at the frontal and
posterior horns of the lateral ventricle and extend super-
olaterally, while deep WMH are often punctate lesions
that appear in the centrum semiovale in subcortical
white matter (WM).
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Many post mortem studies have demonstrated a sig-
nificant relationship between MRI visible WMH and
arteriolosclerosis.®”'® Although veins are rarely examined,
some previous studies have identified thickening of cere-
brovascular walls in WM associated with or proximal to
WMH and concluded that the venous system is particu-
larly implicated.”""'* Surgical and genetic animal models
used to induce hypertension have reliably demonstrated
causal relationships between hypertension and cerebrovas-
cular venous wall sclerosis and thickening due to col-
lagenosis'’; some have further observed WMH-like
periventricular lesions,14 leading them to conclude that
venous collagenosis may cause ischemic WM damage.

A recent in vivo MRI study with post mortem histo-

pathology in humans!®

confirmed the relationship
described by Moody et al.'" between venous collagenosis
and pvWMH. Investigators hypothesized that venous col-
lagenosis increased the rigidity of veins, thereby disrupting
perivenular fluid flow'” and leading to stasis of interstitial
fluid at or near WMH. Given past and recent work
describing fluid transport in the parenchyma alongside
vessels in the peri/paravascular space’®'” and the possibil-
ity that pathological fluid stasis in the efflux portion of
this system may cause the retrograde buildup of interstitial
fluid in the parenchyma, a detailed examination of the
effect of small vessel disease in brain parenchyma with
respect to pvWMH obliges a morphological quantification
of the perivascular spaces (PVS) in periventricular vessels.
This report details the relationships between in vivo
volume measurements of pvWMH and ex vivo morpho-
logical quantitation of collagenosis and PVS in per-
iventricular vessels in the same individuals, with a
particular focus on vessel lineage. We hypothesize that the
degree of venous but not arterial collagenosis is positively
associated with pyWMH burden, the size of the PVS in
venules is positively correlated with pyWMH burden, and

that collagenosis is associated with a proportionally larger

PVS in all vessels.

Methods

Data Collection

Brain tissue was obtained from participants previously
followed in the NIH-Layton Oregon Alzheimer’s Disease
Research Center (OADRC) longitudinal aging study with
signed autopsy consent. In brief, OADRC participants
were community dwelling individuals age 55 years or
greater, who underwent detailed cognitive, neurological
and MRI assessments. All subjects signed written
informed consent and approval from the Institutional
Review Board of Oregon Health & Science University
was obtained (IRB00000361). Ninety seven deceased
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OADRC participants who had undergone brain autopsy
and who had iz vivo 1.5 T MRI results were available.
MRI were segmented into deep WMH, periventricular
WMH, and total intracranial volume using previously
described methods.'®

WMH (as well as brain tissue and fluid) were selected on

In brief, unambiguous pixels of

a dual echo spin echo sequence. A regression model that
included proton density and T2 intensities and location of
each pixel differentiated tissue types. WMH was identified
based on higher signal intensity observed on proton den-
sity and T2-weighted contrasts. Areas of high signal that
abutted ventricles were defined as being periventricular
WMH, whereas areas of high signal that were surrounded
by healthy brain tissue were defined as being deep WMH.
Available samples were rank ordered by total WMH bur-
den and every fourth dataset was analyzed resulting in
25 samples covering the available range of WMH vol-
umes. The vast majority of samples were from subjects
with pure or mixed Alzheimer’s diagnoses (n = 23, 92%).
The MRI to death interval ranged from 2.6 to 14.3 years
with a mean of 6.9 years. Further demographic and diag-
nostic information can be found in Table 1 including
Braak staging, degree of cerebral amyloid angiopathy'’

. 20
and presence of infarcts.

Tissue Processing

Brains were examined grossly and microscopically after fix-
ation in neutral-buffered formaldehyde solution for at least
2 weeks, and samples from all cortical lobes, anterior cin-
gulate gyrus, hippocampus, amygdala, striatum, thalamus,
midbrain, pons, medulla, and cerebellum were evaluated
microscopically using hematoxalin-eosin and luxol fast
blue and immunohistochemical studies of tau, beta-amy-
loid, alpha-synuclein, TDP-43, and ubiquitin to deter-
mine diagnostic features as described previously.® Similar
to Keith et al,"” three paraffin embedded 6 pm thick coro-
nal blocks of tissue per subject from anterior, middle and
posterior superolateral periventricular WM were stained
with Masson’s trichrome histochemical stain (kit from
Newcomer Supply, Middleton, WI) and by immunohisto-
chemistry for the presence of smooth muscle actin (SMA,
antibody from Dako USA, Carpinteria, CA), an arterial
marker that is relatively diminished in venules. Slides were
scanned at a resolution of 0.773 pm?*/pixel and down-
sampled to 13.4 pm*/pixel.

Digital Microscopy Segmentation and Analysis

An automated hue based algorithm identified vessels in
trichrome images. Decorrelation stretching was applied to
the red-green-blue (RGB) images, which were then trans-
formed to hue-saturation-value images (HSV). “Blue”
objects (collagen in vessel walls) were detected by finding
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TABLE 1. Demographics, Diagnoses, and MRI

Variables (N = 25)

Age at death (years)
Sex (N, % female)

MRI-to-death interval (years)

Total WMH volume (cc)
pvWMH volume (cc)
Deep WMH volume (cc)
History of HTN (N, %)
History of stroke (N, %)
History of TIA (N, %)

Mean (SD) Range

81.9 (11.75) 54.6 - 99.5
9 (36%)

6.9 (2.89) 2.6 — 14.3
7.81 (8.0) 0.22-32.42
6.62 (5.97) 0.02-24.43

1.19 (2.31) 0-8.48
10 (40%)
5 (20%)
3 (12%)

Pathological diagnosis (N, %) 14 (56%) AD

3 (12%) minimal AD
pathology

5 (20%) mixed AD/VD
2 (8%) VD
1 (4%) mixed AD/LBD

Cerebral amyloid angiopathy 7 (28%) none

(N.9%)* 7 (28%) mild
10 (40%) moderate
1 (4%) severe

Braak staging (N,%)* 1 (4%) none
1 (4%) stage 1
2 (8%) stage 2
2 (8%) stage 4
3 (12%) stage 5
16 (64%) stage 6
14 (56%)

Microinfarcts present (N,%)*
p 5

Macroinfarcts present 1 (4%)
(N,%)*

SD = standard deviation; cc = cubic centimeter; AD = Alzheimer ‘s

disease; VD = vascular dementia; LBD = Lewy body disease.

*Pathological diagnoses made using NACC criteria.

connected components in the HSV whose hue was
between 0.45 and 0.70, saturation > 0.9, and larger than
670 pm®. The “holes” (lumenal and other) in the resul-
tant collagen mask were filled, and filled vessel objects
were further constrained to be larger than 13400 pm®
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which equates to a vessel diameter of 130.62 pm. Vessels
smaller than this threshold were removed due to the difh-
culty of clearly delineating the lumen at that scale.
Lumenal (and other holes) were separately segmented by
subtracting the collagen mask from the labeled vessel
mask. PVS segmentation was accomplished by finding all
whitespace objects (pixels in which all RGB channels were
valued greater than 200 and which formed connected
objects larger than 670 pm?®), adding whitespace objects
into the binary vessel mask, and relabeling all final
summed connected objects. All whitespace objects which
were found to have an object label that matched a vessel
label were assigned to that vessel; any whitespace objects
which were not connected to a vessel object were dis-
carded. Finally, all resulting objects (walls, lumen and
other connected holes, and PVS) were subjected to a “tis-
sue mask” constraint in an effort to remove meningeal
vessels, that is, all connected components on the entire
slide image were identified and the largest object was
taken to be the tissue mask. The native RGB image was
translated to HSV, thresholded on the saturation channel
>0.1, and holes filled.

Eight hundred six identified potential vessels across
all samples were visually inspected. Ninety-two objects
(11.4%) were excluded for being meningeal vessels
(Figure 1, bottom left) or objects other than vessels,
99 objects (12.3%) were excluded for having broken,
noncontiguous walls which precluded proper segmenta-
tion (Figure 1, bottom middle), and 68 objects (8.4%)
were excluded from further analysis because they consisted
of contiguous clumps of multiple vessels (Figure 1, bot-
tom right). The remaining 547 objects (67.9%) were seg-
mented into arteries and veins on the basis of SMA
positivity.

Slide Coregistration and Vessel Segmentation

SMA slides were registered to trichrome using the follow-
ing procedure: decorrelation stretching was applied, the
RGB images were translated to grayscale, and the grayscale
output was downsampled by a factor of 5. The resulting
images were rigid registered using Matte’s Information
Metric (50 bins) for multimodal image registration
(MATLAB; Natick, MA), and a modified one-plus-one
evolutionary optimizer. Optimizer changes included an
initial search radius set at 0.003, the minimum size of the
search radius was set to 0.00015, the growth factor rate of
the search radius was set to 1.01, and the maximum itera-
tions was set at 1000. After a transformation matrix had
been generated, translation elements of the transformation
matrix were multiplied by five, the scaled transformation
matrix was applied to the original SMA RGB image, and

the output was saved in its native imported resolution.

Volume 92, No. 6



806 objects identified by
automated algorithm

259 failed visual inspection

92 meningeal vessels

99 with broken walls
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163 veins

547 reviewed on SMA

251 arteries

133 unclassifiable/
not present on SMA

68 contiguous clumps

FIGURE 1: Results from automated vessel segmentation algorithm on 75 slides (three slides/subject) stained with Masson's
trichrome. Common error classes are shown in three examples along with the automated segmentation result (bottom).

Segmentation results were visually inspected by an
experienced neuropathologist (RW) blinded to participant
demographics and MRI characteristics. Each vessel was
marked as “artery”, “vein”, or “unclassifiable” as judged
by a positive stain on the coregistered SMA slide. One
hundred sixty-three of the remaining 547 (28.4%) appro-
priately segmented vessels were veins, 251 (45.9%) were
arteries, and 133 (24.3%) were unclassifiable either
because SMA positivity was indeterminate or the vessel
could not be identified in the coregistered SMA stain. The
final set consisted of 414 vessels (Figure 2).

The average lumen diameter, collagen wall thickness
and PVS width for each vessel were calculated by taking
the segmentation areas of white space within the vessel (ie,
lumen), collagen and extravascular white space and model-
ing each vessel as a circular lumen surrounded by two con-
centric annuli, the internal one of collagen and the

external PVS (Figure 3).

MRI Analysis

MRI acquisition parameters and segmentation algorithms
have been previously described in detail [18,21]. In brief,
scans were acquired on a 1.5 T GE system, and a custom-
ized, semi-automated image analysis software program,
REGION, was used to quantify brain regions of interest.
Representative unambiguous voxels of each tissue type
including WMH, brain, CSF and bone were selected and
then segmented into tissue type using a regression model
based on proton density and T, signal intensities as well
as voxel location. WMH contiguous with the ventricles

December 2022

was labeled periventricular WMH. ICV was calculated as
the sum of brain structures and CSF segmented by
REGION. WMH volumes were ICV corrected and log
transformed'® to maintain normal distribution.

Statistical Testing

Pearson correlation coefficients were calculated to assess
relationships between PVS width, collagen thickness, ves-
sel lumen diameter, age at death, and distance from the
ventricle. T-tests were used to compare distance from the
ventricle, vessel diameter, collagen thickness and PVS
width between veins and arteries. Multiple linear regres-
sions were used to determine the relationships between
WMH and collagen thickness as well as WMH and PVS
width while covarying for sex, age at death, MRI-to-death
interval, and vessel size (lumen diameter + collagen thick-
ness), using periventricular WMH as the dependent
variable.

Results

Differences Between Veins and Arteries

Veins were larger than arteries (t412 = —7.87,p < 0.001)
and closer to the ventricles (t4;2 = 10.32, p < 0.001), but
did not differ from arteries in collagen thickness (te12)
= —1.53, p = 0127) or PVS width (t(412) = —066,
p = 0.512). Means and standard deviations of vessel char-
acteristics can be found in Table 2.

PVS Width. PVS width of veins was positively correlated
with collagen thickness (rg61) = 0.23, p = 0.003) and
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A Digitized trichrome B Digitized smooth muscle actin (SMA)

F Pat _ shown:

FIGURE 2: Trichrome (A)- and SMA-stained (B) slides from the same cartridge are shown along with the results of the whole-slide
affine registration (C), zoomed views of trichrome (D), and SMA (E), and the images the neuropathologist (R.W.) was shown for
designating the lineage of the vessel: F(l) is the native trichrome image, F(ll) is the native SMA depicting an artery, F(lll)
represents the whole-slide registration between the two (the trichrome slide has been falsely colored pink and the SMA green
for ease of viewing, and finally F(IV) depicts the final segmentation of the vessel (green is PVS, blue is collagen, and red is
lumen).

female sex (r(61) = 0.24,p = 0.002) but not significantly p = 0.29), nor age at death (rp49) = 0.14, p = 0.49) or

correlated with vein diameter (rg6;y = 0.02, p = 0.8), sex (r49) = 0.01, p = 0.89).
nor age at death (rg61) = 0.34, p = 0.13).

PVS width of arteries was positively correlated with Collagen Thickness. Venous collagenosis was positively
collagen thickness (ro49) = 0.21, p < 0.001) but not sig- correlated with vessel diameter (r6;) = 0.54, p < 0.001),
nificantly correlated with arterial diameter (r(49) = 0.07, age at death (rq6;) = 0.45, p = 0.036) and female sex

Trichrome Segmentation result Area transforms
2 Area (pm?) Lumen diameter: 41.8pm
—137 Collagen width: 47.8pm
13387 PVS width: 54.2pm
32441

-

[l Lumen
[ Collagen
mrvs

4409 =3
10037 Lumen diameter: 75.1pm
27296 Collagen width: 30.4pm

PVS width: 47.6pum

FIGURE 3: Segmentation and quantitation method for two nearby vessels. The area of vessels that passed manual quality
assurance and were identifiable as an artery or vein was reorganized into a circle (lumen) and two concentric annuli (collagen,
and PVS) while conserving their area (colored quantities, middle). The diameter of the lumen, the width of the wall annulus, and
the width of the PVS annulus were taken as the dependent variables that described the vascular unit (right).
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TABLE 2. Vessel Characteristics
Mean (SD)

209.4 (86.0)
Veins 327.0 (212.4)

Vessel diameter (um) Arteries

Arteries 8.57 (4.66)

Veins 4.12 (3.64)

Distance from ventricles (mm)

Arteries 33.4 (13.8)

Veins 36.3 (24.9)

Collagen thickness (pm)

PVS width (um) Arteries 32.1 (33.1)

Veins 35.3 (66.1)

(raen = 0.17, p = 0.032). Arterial collagenosis was corre-
lated with vessel diameter (rp49) = 0.51, p < 0.001) but
not age at death (rp4 =0.29,p = 0.17) or sex
(r(249) = —0.87, p= 0172)

Relationship Between Venous and Arterial Collagen
Thickness and pyWMH Burden. Multiple linear regressions,
with %WMH volume as the dependent variable and ves-
sel collagen thickness as the independent variable were
performed. The first model included venous collagen
thickness and the second model included arterial collagen
thickness as independent variables. Covariates in both
models included vessel diameter, age at death, sex, and
time interval between iz wivo MRI and death. In
model number 1 (venous), a significant overall regression
equation was found (F(s;s7) = 34.226, p<0.001
R? = 0.522). Female sex (p = 0.006), older age at death
(p < 0.001), shorter interval between MRI and death
(p <0.001), smaller vein diameter (p = 0.007), and
increased venous collagen thickness (p = 0.017) were all
significant predictors of higher pvWMH burden. In
model number 2 (arterial), the overall model was signifi-
cant (Fs 245 = 9.802, p < 0.001, R? = 0.167), but arte-
rial collagen thickness was not a significant predictor of
pvWMH burden (p = 0.128) nor was arterial vessel diam-
eter (p = 0.191). Female sex (p = 0.002), older age at
death (p < 0.001) and shorter interval between MRI and
death (p = 0.007) remained significant predictors of a
higher pyWMH burden. See Table 3 for an overview of
these results.

Relationship Between Venous and Arterial PVS Width and

pvWMH Burden. Multiple linear regressions, with %
WMH volume as the dependent variable and vessel PVS
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width as the independent variable were performed. The
first model included venous PVS width and the second
model included arterial PVS width as independent vari-
ables. Covariates in both models included vessel diameter,
age at death, sex, and time interval between in vivo MRI
and death. In model number 1 (venous), a significant
overall regression equation was found (F4, 155y = 39.886,
p < 0.001, R* = 0.502). Venous PVS width was not a sig-
nificant predictor of pvWMH burden (p = 0.133).
Female sex (p = 0.013), older age at death (p < 0.001),
and shorter interval between MRI and death (p < 0.001)
were all significant predictors of pvWMH burden. In
model number 2 (arterial), the overall model was signifi-
cant (F4246) = 11.496, p < 0.0001, R* = 0.157). How-
ever, PVS width around arteries was not a significant
predictor of pyWMH burden (p = 0.937); female sex
(p = 0.001), older age at death (p < 0.001), and shorter
interval between MRI and death (p = 0.003) remained
significant predictors of pvWMH burden. See Table 3 for

an overview of these results.

Discussion

This report confirms several previously reported anatomi-
cal and histopathological findings: (1) veins are larger than
arteries in white matter near the ventricle?? and (2) that
aging and sex are predictive factors for pyWMH burden.
Although several studies have found a relationship
between WMH burden and venous collagenosis'"*'>** no
previous study has directly compared collagen thickness
surrounding veins with that of surrounding arteries in
relation to i vivo MRI WMH burden. This current study
has uniquely demonstrated that collagenosis involving
veins but not arteries, in the same tissue samples, is associ-
ated with the degree of MRI-visible WMH volume sur-
rounding the ventricle in older individuals. The size of the
PVS around a vessel, regardless of the lineage, is correlated
with the degree of collagenosis in the vessel wall; although
veins are larger than arteries, the walls of vessels identified
as veins did not contain more collagen or have a larger
PVS than arteries, and the size of the PVS in either veins
or arteries was not a predictor of pyWMH burden.

A decrease in parenchymal fluid clearance has been
suggested to be associated with pyWMH?* rather than an
increase in fluid deposition as in vasogenic edema.
Supported by the evidence presented in this report and in
other recent reports”'” venous collagenosis may cause
parenchymal fluid stasis and potentially mediate the rela-
tionship between vascular risk factors and pvWMH. As
arteries stiffen as a consequence of aging and associated
arteriosclerosis, they are less able to dampen and absorb

the increased range of cardiac output pressure. Increased
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TABLE 3. Predictors of pyWMH Burden

Model Significance Vessel diameter
Venous p = 0.017, p = 0.007,
collagenosis f = 0.167 f=—.0181
Arterial p = 0.128, p=0.191,
collagenosis f = 0.105 f = —0.091
Venous PVS p = 0.133,
width B = 0.088
Arterial PVS p=0.937,
width B = 0.005

Covariates
MRI to death

Sex Age at death interval
p = 0.006, p < 0.001, p < 0.001,
f=0.171 p = 0.509 B = —0.669
p = 0.002, p <0.001, p = 0.007,
f=0.192 p=0.324 p=-0.173
p = 0.013, p < 0.001, p < 0.001,
f=0.159 p =0.531 p=—-0.705
p = 0.001, p < 0.001, p = 0.003,
B =0.198 B =0.335 B=—0.188

pulse pressure and pressure variability results in increased
downstream tensile shear stress on the venous system,
which is less able to manage higher pulse pressures due to
the absence of a smooth muscle cell layer. In response
to this shear stress, collagen is produced and deposited to
strengthen and shore up the walls of veins and arteries,
resulting in stiffer vessel walls which decrease the pulsatile
potential of that vessel. Since fluid flow in the PVS is
largely driven by pulsatile movement, bulk fluid stasis in
the PVS may occur, and the concomitant decrease in fluid
egress may cause interstitial fluid accumulation instanti-
ated as pvWMH.

Like others, we found an association between female
sex and greater WMH burden®>?°), a relationship which
has been thought be driven, in part, by increased arterial
stiffness in women compared with men.””** Interestingly,
in this cohort we did not find a sex difference in venous
collagenosis, a potential down-stream consequence of arte-
rial stiffness that might explain variation in WMH bur-
den. It is possible that differences in arterial stiffness
between men and women were minimal in this popula-
tion, or that other factors, including microstructural integ-
rity differences related to sex hormone exposure™ explain
sex differences in WMH burden observed here.

It is important to note that that PVS size may not
be a specific indicator of PVS clearance efficiency or inefh-
ciency. In our regression models, venous collagenosis was
a significant predictor of pyWMH burden and, although
PVS size is correlated with collagenosis in both veins and
arteries, PVS size did not predict pvWMH volumes.
These results are consistent with a mechanism by which
collagenosis renders veins more rigid thereby impairing
perivascular and subsequently interstitial fluid flow.
Enlargement of the PVS may be one result of collagenosis,
as collagen fibers are situated basolaterally in the tunica
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externa of vessels of either lineage. However, PVS size is
not necessarily an indication of flow efficiency in that
same space, as the PVS may dilate for reasons unrelated to
fluid flow or collagen, including inflammatory factors.”®

Larger vessels require proportionally larger scaffold-
ing to maintain structure and protect against pulsatile
stress; vessel diameter was correlated with collagen burden
in both veins and arteries. Interestingly, we did not
observe a similar relationship between vessel diameter and
PVS width. If the width of the PVS were a marker of the
capacity to clear ISF, one might expect larger vessels to
have proportionally larger PVS as the need to deliver and
drain blood from a region likely correlates with the
requirement to drain toxic solutes and other metabolic
byproducts. However, this does not appear to be the case,
again suggesting that PVS size may be a consequence or
cause of a disease state such as collagenosis rather than a
regular feature related to vessel size.

A final explanation for this negative finding is that
PVS are related to pyWMH but that only the very largest
are pathologically relevant. Iz vivo MRI imaging studies of
PVS only capture the extreme upper end of PVS dilation
due to the resolution limitations of MRI (at best 0.5mm?>
but more often 1mm?®) and often use counts of MR-
visible PVS rather than continuous volume or width mea-
surements. In contrast, this study examined the PVS
width of all vessels as a continuous variable. Perhaps the
inclusion of many non-pathological PVS obscured the
relationship between WMH and the largest, pathologically
relevant PVS, although this relationship has been most
often reported as it relates to deep WMH, and not
pvWMH. It is not yet known whether there exists a size
threshold beyond which a PVS may be considered patho-
logical or damaged; future studies may provide a norma-
tive distribution, which is likely to vary by location and
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vessel lineage, and which would help in assigning a given
PVS to a normal or abnormal classification.

In addition to the limitations already discussed,
interpretation of these results should be made with cau-
tion due to methodological constraints. Vessels that were
fully occluded by collagen so that no lumen hole could be
identified were excluded from analysis. Vessels with an
extremely thin ring of collagen that at any point thinned
below our image resolution were also excluded for having
broken walls; thus, both the upper and lower extremes of
collagenized vessels were excluded from analysis. Due to
the difficulty of clearly resolving the lumen using auto-
mated methods at scale, vessels smaller than 130 pm in
diameter were not examined. This size constraint excludes
smaller arterioles and future studies conducted at smaller
scale may help elucidate mechanistic relationships not
observed here. WMH volumes were derived from in vivo
imaging acquired years before death (mean 6.9 years). A
shorter interval between MRI and death would have
yielded more accurate WMH volume measurements.

The generalizability of these finding is limited by the
samples being drawn primarily from Alzheimer’s disease
afflicted tissue and collecting data from other cohorts
would be beneficial. The mechanisms by which WMH
develop and progress are likely multifactorial, particularly
in an AD population in which tau and amyloid deposition
may contribute.>! Future studies could extend this work
by coregistering and analyzing amyloid and tau staining in
conjunction with vessel collagenosis. There is also anatom-
ical heterogeneity in the presentation of vessels and
WMH throughout the brain which is difficult to fully
characterize at the microscopic scale; future studies acquir-
ing samples from regions of the brain that are not
periventricular, as well as samples specifically targeting
MR-visible WMH are needed in order to fully capture the
full breadth of factors relating to regional WMH accumu-
lation. Additional data collected 7 vivo would also be ben-
eficial for future studies including cardiovascular risk
factors, pulse wave velocity and pulse pressure. Finally, as
with any post mortem investigation, assertions of the spe-
cifics of dynamic processes should be avoided. While this
study does not directly examine mechanistic hypotheses, it
does preferentially support some putative mechanisms for
the significant relationship between pvWMH and venous
collagenosis, and does not support arterial collagenosis as a
contributor to pyWMH burden.
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