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ABSTRACT

Introduction: Vascular disease is associated with late-life dementia and other morbidities during life and commonly coexists
with neurodegenerative pathologies. A complex variety of lesions can be documented, which has made development of standard-
ised operationalised criteria difficult. A semiquantitative approach, vascular cognitive impairment neuropathology guidelines
(VCING), has been developed that provides a score based on assessment of occipital white matter arteriolosclerosis, occipital
leptomeningeal cerebral amyloid angiopathy (CAA) and the presence of any macroscopic infarct.

Methods: We applied VCING assessment to an ageing population-derived neuropathology cohort derived from two subcentres
of the cognitive function and ageing study (n =158, 63.7% female and 36.3% male).

Results: Vascular pathology using this method was common in this UK ageing population sample with 75% of individuals hav-
ing a score of 1 or more. VCING score was associated with the presence of dementia at death, even accounting for Alzheimer's
disease neuropathological change (ADNC). Of the VCING components, white matter arteriolosclerosis, but not CAA or infarcts,
was associated with dementia (after adjustment for ADNC). VCING score was not associated with vascular risk factors during
life, but males were at greater risk of a higher VCING score than females. VCING and arteriolosclerosis were associated with
white matter pallor and perivascular space widening as markers of white matter damage. Venous collagenosis was also associ-
ated with white matter pallor. There was an association between VCING score and ADNC in regression analysis, and the associ-
ation was particularly strong for the CAA component.

Conclusions: VCING is a straightforward method to assess vascular pathology in neuropathology cohorts and retains its associ-
ation with dementia. The arteriolosclerosis component, in particular, is related to dementia and to white matter damage, whereas
venous-side effects may also be important for the latter. The strong association of the CAA component with ADNC measures,
however, raises the question of whether the VCING approach may have some confounding effects with ADNC.

Wharton SB and Richardson CD are joint first authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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Summary

« VCING criteria provide a score to assess cerebrovas-
cular disease based on the presence of any infarct
>10mm, occipital leptomeningeal CAA and occipital
white matter arteriolosclerosis.

We assessed VCING in a UK population-representative
neuropathology cohort from the Cognitive Function
and Ageing Neuropathology Study.

VCING and its arteriolosclerosis component are asso-
ciated with dementia status at death and with other
occipital white matter pathologies, whereas venous
collagenosis may also be important white matter
pathology.

1 | Introduction

Vascular disease is one of the commonest causes of late-life
dementia, after Alzheimer's disease [1]. Vascular pathologies
are common in population-, community-based and large un-
selected autopsy series, where they often coexist with neu-
rodegenerative pathologies, such as Alzheimer's disease
neuropathological change (ADNC), Lewy body disease and
TDP-43 pathology, contributing to dementia as part of mixed
pathologies [2-8]. Vascular disease has potentially modifiable
risk factors, whereas changes in brain vascular disease may ac-
count for changing dementia prevalences across birth cohorts
[9], so its assessment is of high importance. However, the pa-
thology of vascular brain disease is complicated and does not
have a stereotypical neuroanatomical hierarchy of progression
that enables clear staging, such as is seen in the neurodegen-
erative causes of dementia. Consequently, there are inconsis-
tencies in the assessment of vascular pathology, with a lack of
harmonisation between studies [10].

Broadly, brain vascular disease can be divided into pathologies
associated with large vessel disease and small vessel disease
(SVD) [11]. Large vessel disease due to atherosclerosis causes
cerebral infarcts, the volume and/or strategic locations of which
correlate with dementia. However, even small strokes may be
associated with a progressive poststroke dementia that is associ-
ated with gliovascular dysfunction in frontal white matter [12].
SVD, which may be due to arteriolosclerosis or cerebral amyloid
angiopathy (CAA), is increasingly recognised as an important
cause of progressive dementia that may mimic Alzheimer's dis-
ease clinically [13, 14].

Research into vascular cognitive impairment has been im-
paired by lack of clear operationalised criteria for assessment.
Approaches to vascular brain disease include classification ac-
cording to the type of vascular pathology present [11]. Consensus
papers have emphasised the need to assess multiple types of pa-
thology [15, 16]. Semiquantitative approaches to SVD include
assessment of the severity of arteriolosclerosis and assessment
of tissue effects related to SVD [17, 18]. The latter includes a con-
stellation of lesion types considered to be related to SVD, such as
lacunar infarcts, microinfarcts, cerebral microbleeds, perivas-
cular lacunes and white matter myelin loss, changes that have

also been used for in-life imaging-based assessment of SVD [19].
However, a well-accepted, simple, reproducible, (semi-)quantita-
tive scheme has been difficult to achieve.

A recent approach has been the development of vascular cog-
nitive impairment neuropathology guidelines (VCING) [20].
This study took a Delphi expert approach to identify potential
vascular lesions for assessment and then to empirically test the
various measures against dementia status in a cohort of 113 in-
dividuals. Regression modelling identified the best predictive
model of cognitive impairment, which was comprised of (1)
moderate/severe arteriolosclerosis in occipital white matter; (2)
moderate/severe occipital leptomeningeal CAA; (3) the presence
of at least one large infarct (> 10 mm). Assessment of these crite-
ria gives a score of 0, 1, 2 or 3 that showed a relationship to cog-
nitive impairment. The study was performed in a cohort selected
to not have concurrent neurodegenerative pathology, so that the
interaction with common pathologies such as ADNC was not as-
sessed. VCING has since been used to assess vascular pathology
in an ageing cohort [21] and in a cohort with Braak and Braak
Stages ITI-IV tau pathology [22]. However, VCING still requires
validation in additional cohorts and particular in a more general
population setting.

We aimed to validate the VCING criteria in a population neu-
ropathology cohort and to determine whether this provides
predictive information for dementia in a general setting. We
used the cognitive function and ageing study (CFAS) neuropa-
thology cohort, as this provides a general 65years. and over UK
population-representative cohort allowing an epidemiological
perspective [23]. The cohort includes a spectrum of age-related
pathologies, allowing assessment of VCING criteria in the pres-
ence of ADNC. Our study therefore avoids biases inherent in
preselection into clinicopathological groups for pathologies that
show a continuum in the ageing population. This study defines
the frequency of brain vascular disease as assessed by VCING,
examines the relationship to other local SVD-related patholo-
gies and to ADNC and determines the relationship of VCING
score to dementia.

2 | Methods
2.1 | Cohort

Archival brain donations from the Newcastle and Cambridge
centres of the CFAS neuropathology cohort were used for
this study (n=158, Table S1) and research ethics committee
approval was granted (19/WM/0255). The CFAS cohort is a
population-representative cohort aged 65years and above on
recruitment with strengths in the length of study and richness
of its data. The study has been previously described. In brief,
dementia status at death was determined from in-life struc-
tured interviews using the AGECAT algorithmic assessment,
death certificate information and a retrospective informant
interview [2, 3, 23, 24]. Measures of ADNC were assessed by
neuropathologists including CERAD and Braak neurofibril-
lary tangle (NFT) stage, supplemented by Thal phase and as-
sessment of CAA based on numbers of brain areas involved
and severity [25, 26].
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2.2 | Assessment of VCING Criteria

VCING criteria were assessed as previously described [20].
Using available formalin-fixed paraffin embedded haema-
toxylin and eosin-stained sections from the occipital lobe,
white matter arteriolosclerosis was assessed as 0, Normal; 1,
Mild thickening of the vessel media, mild fibrosis; 2, Partial
loss of smooth muscle cells in the media, moderate hyaline fi-
brosis; and 3, Complete loss of smooth muscle cells in media,
severe hyaline fibrosis, lumen stenosis (Figure 1). As per the
approach detailed in Table S4 in Skrobot et al., we gave this
score based on overall impression in the section rather than

Stage

the worst vessel. Data on severity of occipital leptomeningeal
CAA, based on the criteria of Love et al. [27] and assessment
of macroscopical infarcts (>1cm diameter) in sections from
nine brain areas was available on the cohort [26, 28]. We used
the latter measure of infarcts because this was available on all
the cases. For comparison, we also carried out an additional
repeat analysis using infarcts documented as part of the mac-
roscopical assessment of CFAS cases at donation; this infor-
mation was available for 45 of our donations. VCING score
(0 to 3) was then assessed as the presence of moderate/severe
leptomeningeal CAA, moderate/severe arteriolosclerosis and
any large infarct.

FIGURE1 | Morphology and staging of occipital white matter arteriolosclerosis. Two example images shown for each m orphological stage: 0—

normal, 1—mild thickening of vessel wall without collagenisation, 2—partial sclerosis but with preservation of some smooth muscle and 3—com-

plete wall sclerosis with loss of smooth muscle.
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FIGURE 2 | Other vascular-associated pathology in white matter. (A) Severely dilated perivascular spaces. A central vessels can be discerned in
each of these. (B) Mild perivascular space widening. The associated arteriole shows severe arteriolosclerosis and there is pallor of surrounding white
matter. (C) Normal periventricular white matter and periventricular vein (arrow and inset detail). (D) Venous collagenosis in periventricular region.
(E) Collagenosis of small veins in periventricular region (arrows). (F) Moderate periventricular white matter pallor.

We also assessed other features of vascular pathology in the oc-
cipital region, namely, widening of perivascular spaces in white
matter (scored O to 3), white matter pallor (0 to 3) and the pres-
ence of venous collagenosis in small or large veins (Figure 2).

2.3 | Statistical Analysis

Statistical analysis was performed and plots prepared using
R Studio version 2025.5.1.513.3 (Posit team (2025). RStudio:
Integrated Development Environment for R. Posit Software,
PBC, Boston, MA). As VCING score had very small numbers
at the highest stage, the score was collapsed into three levels of
0, 1 and 2-3 combined for analysis. Similarly, the medium and
high levels (2 and 3) for white matter pallor and perivascular
space widening were combined. Chi-square tests were used to
compare relationships between variables and ordinal and bi-
nary logistic regression to examine the effects VCING score
had on the risks of the various white matter pathologies and
ADNC. Regression modelling was used to investigate the effect
of VCING on increased risk of dementia risk factors; ordinal
models for categorical outcomes and logistic models for binary
outcomes. APOE-genotype was made a binary variable for €4-
allele carrier or not to retain statistical power.

The relationship of VCING to dementia status was modelled
univariately to assess the effect of VCING only and multivar-
iately, adjusted for Braak NFT stage and Thal phase. VCING
pathology was analysed using three classification schemes: (i) a
binary variable (no pathology vs. any pathology), (ii) a collapsed
three-level score (no pathology, 1 pathology and 2+ pathologies)
and (iii) the original four-level score (no pathology, 1 pathology
present, 2 pathologies present and 3 pathologies present). Fall

prevalence was summarised by VCING category. Associations
were tested using Pearson's y? test, with Fisher's exact test ap-
plied when expected cell counts were <5. Linear trends in
proportions were assessed with the Cochran-Armitage test.
Unadjusted logistic regression models were fitted with VCING
as a categorical predictor (reference =no pathology) to estimate
odds ratios (ORs) and 95% confidence intervals (CIs).

3 | Results

3.1 | Frequency of Vascular Pathology as Assessed
by VCING

VCING score was determined for 158 donations; demographic
data for this cohort are shown in Table S1. Dementia status was
known for 150 of these, with 57.3% having dementia at death.
Approximately 75% of the cohort had some pathology present
by VCING assessment, with the presence of one (out of three)
pathology being most frequent (49%). As there were very small
numbers in the highest VCING stage of three (<2% of dona-
tions), VCING Stages 2 and 3 were collapsed into a single stage
for further analysis. Distributions of VCING scores and of the in-
dividual components are shown in Figure S1 and Table S1. The
distribution of VCING score and of the individual components
did not differ between the two centres (y?>=3.63 3df p=0.304).

3.2 | Relationship of VCING and of Venous
Collagenosis to White Matter Pathology

White matter pallor and perivascular space widening are import-
antmarkers of white matter pathology. Other vascular-associated
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FIGURE3 | Relationship of VCING and its component pathologies to white matter pathologies. Perivascular space widening shows relationships
to arteriolosclerosis (A) p<0.01 and VCING score (B) p=0.03. White matter pallor shows a relationship to arteriolosclerosis (C) p=0.02 but not
VCING score (D) p=0.017. Using logistic regression, severe arteriolosclerosis (E) OR=2.7 and white matter pallor (F) OR=6.7 for medium/high

white matter pallor showed relationships to venous collagenosis. The y-axes show number of individuals.

pathologies were also noted and semiquantified in the occipital
white matter (Figure 2 and Figure S2). Perivascular space wid-
ening was noted in 28% of cases. Venous collagenosis, affecting
small or large vessels, was most noted in the periventricular
region and was present in 48% of cases. White matter pallor
was present in 56% of cases and was moderate or severe in 19%.
Dilated venous structures and perivascular haemosiderin were
noted in an occasional case but not quantified. For white matter
pallor and perivascular space widening, high and medium lev-
els of pathology were combined for further analysis due to low
numbers in the respective highest stage. Venous collagenosis
was assessed as present or absent.

To investigate how vascular pathology, as assessed by VCING
criteria, affects white matter, we investigated the relationships
between VCING score and its component measures versus
white matter pallor and white matter perivascular space wid-
ening (Figure 3A-D) as measures of tissue effect. Initially using
chi-square to assess associations (Table S2), perivascular space

formation showed an association with white matter arteriolo-
sclerosis (p=<0.001) and with VCING score (p=0.03) but not
with leptomeningeal CAA or infarcts. White matter pallor also
showed an association with arteriolosclerosis (p =0.02), but not
with VCING score, leptomeningeal CAA score or the presence
of any infarct > 10 mm.

We now used ordinal and binary logistic regression to investi-
gate the effect of VCING and its components on the risk of white
matter pathologies (Table 1). For perivascular space widening,
moderate and severe arteriolosclerosis carried very high odds
(OR: 6.0, [95% CI:2.2-22.8] and OR: 14.0, [95% CI: 4.4-54.3]) of
worse perivascular widening whilst having >2 VCING lesions
tripled the odds (Table 3). For white matter pallor, a similar ef-
fect was seen. Even mild arteriolosclerosis tripled the odds of
worse pallor rising to 4x at severe levels (OR: 4.4 [95% CI: 1.8-
11.0]). A burden of >2 VCING lesions also doubled the odds.
For both of these white matter pathologies, CAA and infarcts
showed no effect.

Neuropathology and Applied Neurobiology, 2026
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TABLE 1 | Relationship of VCING and of venous collagenosis to TABLE1 | (Continued)
white matter pathology.
Model Level OR 95% CI
Model Level OR 95% C1 Perivascular space Low vs. none 0.6 (0.3-1.4)
Risk of widening Medium/ 15 (04-52
perivascular space .
. . high vs. none
widening
VCING score 1 patholo, 1.5 0.7-3.4
Arteriolosclerosis Low vs. none 3.2 (0.9-13) p gy ( )
vs. none
. " .
Medium 6.0 (2-22.8) 2+ pathologies 2.1 (0.9-5.3)
Vs. none
vs. none
. » _
Highvs.none — 14.0 (4.4-54.3) Arteriolosclerosis Low vs. none 1.2 0.5-2.8)
. . " .
Medium/high 4.7 (2.2-10.3) Medium 22%  (10-5.2)
vs. none/low
Vs. none
Leptomeningeal CAA Low vs. none 1.3 (0.3-4.7) High vs. none 2 7% (1.1-7.1)
Medium 0.8 0.4-1.9) Leptomeningeal CAA Low vs. none 0.5 0.2-1.8)
VS. none
Medium 0.7 0.3-14
High vs. none 1.5 (0.6-3.8) ( 4
vs. none
Medium/high Lo (0.5-2.0) High vs. none 0.7 (0.3-1.6)
vs. none/low
Large infarct Present vs. 3.3* 1.2-10.6
VCING 1 path vs. none 1.1 (0.4-3.0) ge inft , ¢ )
no infarct
2+ path 3.1% (1.2-8.5) Note: Categorical outcomes modelled using ordinal regression, and binary
VS. none outcomes modelled using logistic regression. Results presented as odds ratios
(OR) with 95% confidence intervals (95% CI). OR considered significant marked
2+ path vs. 2.9% (1.4-6.0) with *.
none/1 path
Large infarct Present vs 0.7 0.2-2.2) VCING is essentially composed of arterial side pathologies, so we
no infarct also investigated the association of venous collagenosis with white
. . matter effects. Venous collagenosis affecting large or small ves-
Risk of white ) . £ th 11 coh 1 .
tter vallor sels was present in 47% of the overall cohort. Venous collagenosis
ma p showed a borderline association with infarcts >10mm (p=0.05)
Arteriolosclerosis Low vs. none 3.2% (1.4-7.4) but not with either arteriolosclerosis or VCING score (Table S2).
. Using logistic regression modelling, we found that white matter
* —
xe‘il::: 3.1 (14-7.1) pallor staged at low (OR: 3.1 [95% CI: 1.5-6.6]) and medium/high
’ (OR: 6.7 [95% CI: 1.8-2.7-18.5]), severe arteriolosclerosis (OR: 2.7
High vs. none 4.4*  (1.8-11.0) [95% CI: 1.1-7.1]) and the presence of a large infarct (OR: 3.3 [95%
Leptomeningeal CAA  Lowvs. none 14 (0.4-4.1) 'CI: 10.6]) pr.edlcted venous collagenos'ls, whereas risk e§t1m'f1tes
increased with VCING score and perivascular space widening;
Medium 0.8 (0.4-1.6) confidence intervals included no effect (Table 1 and Figure 3E,F).
VS. none
High vs. none 1.8 (0.8-4.1)
3.3 | VCING and the CAA Component of Its Score
VCING (ordinal) 1 pathology 13 (0.6-2.7) Show a Relationship to Measures of ADNC
VS. none
2+ pathologies  2.7*  (1.2-6.3) We next determined how VCING and its components relate to
VS, none measures of ADNC using y?. VCING score did not show an as-
sociation with either Thal phase (p =0.06) or Braak NFT stage
Large infarct Present vs. 14 (0.6-3.6) (p=0.79). However, leptomeningeal CAA showed an associ-
no infarct ation with both Thal phase (p <0.001) and Braak NFT stage
Risk of venous (p=0.01). The present of any infarct > 10 mm also showed as-
collagenosis sociations with Thal phase (p=0.01) but not Braak NFT stage.
Arteriolosclerosis was not significantly associated with either
White matter pallor Low vs. none 3.1*  (1.5-6.6) ADNC measure.
Medium/ 6.7*  (2.7-18.5)
high vs. none We further investigated these associations using regression
modelling (Table 2). Leptomeningeal CAA score showed a very
(Continues) strong dose-response to Thal phases, with medium (OR: 6.3
6 of 12 Neuropathology and Applied Neurobiology, 2026
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TABLE2 | Relationship of VCING to ADNC. Modelled using ordinal
regression.

Predictor OR 95% CI
Thal phase
VCING score 1 pathology 2.0% (1.0-4.1)
vs. none
2+ pathologies 3.0* (1.3-7.1)
vs. none
Leptomeningeal Low vs. none 24 0.7-8.3)
cAA Medium vs. none 6.3* (3-13.8)
High vs. none 13.6%  (5.3-39.3)
Arteriolosclerosis Low vs. none 0.7 (0.3-1.6)
Medium vs. none 0.7 (0.3-1.6)
High vs. none 0.7 (0.3-1.5)
Large infarct Present vs. 0.6 (0.3-1.4)
no infarct
Braak stage
VCING score 1 pathology 12 (0.6-2.4)
vs. none
2+ pathologies 16 (0.7-3.6)
vs. none
Leptomeningeal Low vs. none 1.3 0.4-4)
CAA .
Medium vs. none 1.7 (0.9-3.5)
High vs. none 5.2% (2.2-12.7)
Arteriolosclerosis Low vs. none 1.7 0.7-3.8)
Medium vs. none 1.2 (0.6-2.5)
High vs. none 0.8 (0.3-1.9)
Large infarct Present vs. 0.7 (0.3-1.7)
no infarct

Note: Results presented as odds ratios (OR) with 95% confidence intervals (95%
CI). OR considered significant marked with *.

[95% CI: 3.0-13.8]) and high CAA (OR: 13.6 [95% CI: 5.3-39.3]).
VCING showed an increasing trend, strongest with 2 or more
pathologies present (OR: 3.0 [95% CI: 1.3-7.1]). Large infarcts
and atherosclerosis did not independently predict Thal phase.
For Braak NFT stage, only leptomeningeal CAA emerged as a
predictor of advanced tau pathology (OR: 5.2 [95% CI: 2.2-12.7]).
For VCING stage, although point estimates showed a trend for
increased odds, 95% confidence intervals included no effect.
Arteriolosclerosis and infarcts showed no effect on Braak NFT
stage in this univariate analysis.

3.4 | VCING Score and Dementia Risk

Distributions of VCING stage and of its component lesions in
relation to dementia are shown in Figure 4. The relationship
of VCING to dementia was investigated in univariate model-
ling and multivariately, adjusted for the risk from Braak stage

and Thal phase (Table 3). For VCING, having >2 pathologies
present more than doubled the odds of dementia (OR: 2.6, CI
1.0-6.9) suggesting that higher VCING scores increase dementia
risk. This persisted when adjusted for ADNC (OR: 2.4); however,
the lower CI for this was just below 1 (95% CI 0.9-7.1). For the
component lesions of the VCING score, severe arteriolosclero-
sis independently predicted dementia (OR 3.7) but not moder-
ate or mild disease. Leptomeningeal CAA and infarct did not
independently predict dementia once ADNC burden was ac-
counted for.

We assessed the relationship of VCING score to dementia risk
factors (Table S3). Infarct was included as a dementia risk fac-
tor in the model and showed a very large increase in the OR for
higher VCING burden, unsurprising given its inclusion in the
VCING score. Men were at an increased risk for higher VCING
score compared to women (OR: 1.5, 95% CI: 1.11-5.0). However,
hypertension, diabetes, angina, heart attack and APOE-e4
showed no independent association with VCING in these uni-
variate models.

3.5 | Effect of Changing How Infarcts Are
Assessed for VCING

This analysis to date was based on infarct assessment in mi-
croscopical sections. Within the CFAS dataset, there is also a
macroscopical assessment of infarcts >10mm, by naked eye at
the time of dissection. We therefore repeated the analysis and
compared the VCING scores using the two infarct assessments.
Only 45 of the donations had macroscopic infarct data and
therefore we did not generally use this measure of infarcts for
our analysis. Nevertheless, the VCING score using this measure
of infarcts also showed a relationship to dementia. In a binary
analysis of VCING, having more than one pathology gave an
odds ratio of 3.43 (95% CI: 0.84-14.66) for dementia prediction in
a univariate model. In a multivariate model, adjusted for Braak
stage and Thal phase, having more than one pathology gave an
odds ratio for dementia of 7.7 (95% CI: 1.29-74.06).

4 | Discussion

Unlike neurodegenerative pathologies, which progress in ste-
reotypical hierarchies that lend themselves to clear staging
schemes using standard immunohistochemical approaches
[29-31], brain vascular disease is complex with different types
and anatomical patterns of disease [11]. The VCING criteria,
developed using an unbiased data-based method, were devel-
oped as the most parsimonious model predictive of demen-
tia in the original study [20]. VCING has also been applied
to assess vascular pathology in 185 brains derived from the
Brains for Dementia Research programme and the University
of Manchester Longitudinal Study of Cognition in Healthy Old
Age [22] and in an archival brain cohort of 63 cognitively in-
tact individuals across a wide age spectrum [21]. VCING has
the advantage of simplicity and reproducibility but requires
testing in a broader range of settings. We here present an
assessment of the application of VCING criteria in an unse-
lected late-life (65years and above) population-derived co-
hort in which both cognitively intact donors and those with
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FIGURE 4 | Distributions of VCING and component pathology scores vs dementia status at death. VCING with > 2 pathologies (A) OR 2.4 and
severe arteriolosclerosis (C) OR 3.7 predicted dementia but not the presence of an infarct >1cm (B) or leptomeningeal CAA (D). The y-axes show

number of individuals. No dementia and dementia shown for each score level (x-axes) for respective pathologies.

TABLE 3 | Relationship of VCING to risk of dementia.

Unadjusted Adjusted

Predictor OR 95%CI OR 95%CI
VCING no pathologies 1 . 1

VCING 1 pathology 1.5 (07-3.4) 1.6 (0.6-3.8)
present

VCING 2+ pathologies 2.6 (1.0-6.9) 2.4 (0.9-7.1)
present

Braak stage . . 3.2 (1.8-5.9)
Thal phase . . 1.1 (0.6-1.9)

Note: Modelled using logistic regression, univariate and multivariate (adjusted
for Braak and Thal pathology). Results presented as odds ratios (OR) with 95%
confidence intervals (95% CI).

dementia at death are represented, and where there is a mix-
ture of pathologies typical of the ageing spectrum [23]. Given
the important relationship of vascular disease to white matter
pathology, we also looked at the relationship of VCING and its
component scores to white matter pathology in the occipital
region. Model outcomes from our statistical analyses are sum-
marised in Table 4.

Our study has several limitations. It is based on a single cohort,
CFAS, and ideally multiple cohorts should be investigated to de-
termine the ranges of odds ratios for the dementia relationship.
Although population-representative, there are limitations to the
cohort related to its geography and ethnicity, which may im-
pact vascular disease and risk factors. There is also a temporal

effect such that later cohorts have different age-specific demen-
tia prevalence rates, which could be due to changes in vascular
disease [32, 33]. The study is limited to certain subcohorts of the
CFAS study due to availability of some measures, thus reducing
the study cohort size. The VCING analysis of CAA and arterio-
losclerosis is limited to a single brain area, the occipital lobe, and
so does not capture all of the potential vascular pathologies in a
brain. Thus, although VCING may be valuable for large sample
research studies, it is limited for the assessment of vascular pa-
thology for diagnostic purposes in an individual, so that there
is still a need to document all brain vascular pathologies for an
individual case. Owing to the data available, our assessment of
infarcts for this study was based on their detection in sections,
which, although it may be proportional, is unlikely to detect all
of the infarcts present. To address this, we carried out a sensi-
tivity analysis by substituting data on infarcts from macroscopic
analysis for the smaller number of donations for which this was
available and found that this did not materially affect the rela-
tionship of VCING to dementia status.

The principal aim of this study was to determine whether
VCING criteria retain their ability to predict dementia status
in a general unselected late-life cohort that includes the range
of both vascular and degenerative age-related pathologies. This
was important to assess as the original study excluded cases with
significant ADNC [20], thus potentially limiting general applica-
bility particularly in community and population-based settings,
where neurodegenerative and vascular pathologies commonly
coexist to form the substrate for dementia [2, 5, 34-36]. In this
context, we show that VCING retains an association with de-
mentia risk at death, particularly when two or more of its con-
stituent pathologies are present. However, it should be noted
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TABLE 4 | Summary of model outcomes and predictors modelled.

Predictors
Outcome Associated Not associated
Perivascular space widening Arteriolosclerosis Leptomeningeal CAA
VCING Large infarct
White matter pallor Arteriolosclerosis Leptomeningeal CAA
VCING Large infarct
Venous collagenosis White matter pallor Perivascular space widening
Arteriolosclerosis VCING
Large infarct Leptomeningeal CAA
Thal phase VCING Arteriosclerosis
Leptomeningeal CAA Large Infarct
Braak stage Leptomeningeal CAA VCING
Large infarct
Arteriolosclerosis
Dementia VCING Leptomeningeal CAA
Arteriolosclerosis Large infarct
VCING Infarct Hypertension
Age Diabetes
Male sex Angina
Heart attack

APOE-¢4 carrier

Note: Associations divided by those with strong evidence of an association, based on point estimate and 95% confidence intervals, and those where no association was

found.

that the confidence intervals for the odds ratio ranged from
below 1 (in the adjusted), so that this relationship, although sug-
gestive, is not proven in this cohort and greater power may be
required. Nevertheless, the relationship to dementia was main-
tained in the smaller cohort where data on infarcts from mac-
roscopic assessment was substituted. In a study of intermediate
Braak NFT stage cases, VCING score did not differ between cog-
nitively intact and impaired individuals, whereas CAA did [22],
in contrast to our findings where arteriolosclerosis as well as
VCING score, but not CAA showed a relationship to dementia.
The robust significant link of severe arteriolosclerosis to demen-
tia in our cohort suggests that this is a key measure to assess.
An important question is how arteriolosclerosis varies between
brain regions and whether occipital white matter arterioloscle-
rosis can be taken as a measure of general brain arteriolosclero-
sis, suggesting that its assessment in the occipital lobe may have
value as a measure of global brain arteriolosclerotic disease in
an individual case assessment. The third previous study using
VCING assessment was limited to cognitively intact individu-
als [21]. Given the importance of being able to assess vascular
pathology and the simplicity of use of VCING, assessment of the
performance of this metric and of its composite parts to predict
dementia in cohorts that reflect different patient and population
groups is therefore warranted.

Given that VCING in our study showed a relationship to dementia,
we further investigated whether VCING increased with demen-
tia risk factors. As vascular dementia, cardiovascular disease and
Alzheimer's disease share similar risk factors and some mecha-
nisms [37-40], they might operate through either the infarct/arte-
riolosclerosis measures or through the CAA component given the
latter's association with ADNC. We demonstrate an association
with sex with an apparent protective effect of female sex, which
may interact with dementia risk and cardiovascular risk factors in
a complex way [41, 42]. A larger study, specifically powered, would
be valuable to address the potential effect of sex. However, we did
not demonstrate a relationship to other vascular risk factors, in-
cluding possession of the APOE €4 allele. The lack of a relationship
in this study may reflect cohort size or the selectivity of the mea-
sures used in the VCING criteria.

In a late-life context, direct damage to small vessels is mainly
due to either arteriolosclerosis or $A4-related CAA, with con-
sequent tissue effects including lacunar infarcts, microinfarcts,
cerebral microbleeds, perivascular space dilatation, perivascular
rarefaction and white matter pallor forming the basis of in-life
the basis of MRI assessment of SVD [19, 43]. We therefore ex-
amined the relationship of VCING and its criteria to local tissue
damage effects in the occipital white matter. Arteriolosclerosis
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in this cohort was the strongest driver of white matter pallor
and perivascular space dilatation. VCING also predicted white
matter pallor and PVS dilatation when two or more pathologies
were present. We did not observe an effect of CAA on these
measures, whereas CAA has been shown to be associated with
white matter and PVS dilatation in other studies, and such an
effect might be expected mechanistically through white matter
ischaemia and impaired periarterial drainage [44, 45]. These re-
lationships need clarification in pathological studies in different
brain regions. Venous collagenosis of larger and smaller vessels
was present at high frequency in our cohort and was associated
with white matter pallor. This supports previous work showing
that periventricular collagenosis is associated with white matter
hyperintensities [46, 47]. This suggests that, in addition to arte-
rial supply-side insufficiency [48], venous-side insufficiency and
oedema are also important contributors to the pathogenesis of
white matter damage.

VCING score showed an association with ADNC in regression
modelling, particularly when two or more component patholo-
gies were present. The association between VCING and ADNC
herein appears mainly driven by the association between CAA
and ADNC. Although CAA is a small vessel pathology, it is an
Ap-deposition disorder. Although in individual cases it may or
may not be associated with parenchymal Alzheimer's lesions,
in a population-cohort setting CAA is highly correlated with
ADNC, and in particular other A measures, such as Thal phase
[26, 49]. This has implications for VCING as a relationship to
dementia may be confounded by its association with ADNC in
a setting where this is present and suggests a need for separate
measures of vascular pathologies of arteriosclerotic versus CAA
pathologies for mechanistic and therapeutic studies.

In conclusion, VCING is an easy-to-apply scheme that maintains
its value as an assessment in a general population setting. We
show that, in this context, it maintains a relationship to demen-
tia and also to tissue effects of SVD. White matter arterioloscle-
rosis in particular has a more robust relationship to dementia in
this setting. However, further correlative studies are needed to
determine whether VCING is also a surrogate measure of sub-
cortical vascular pathology and whether it has predictive value
for subcortical clinical patterns of dementia that are an import-
ant outcome of vascular brain disease.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Descriptive statistics for de-
mographic and pathological variables used in the analysis. Table S2:
Associations between VCING score and white matter pathologies, p-
values determined using chi-square tests. Table S3: Relationship of
VCING score to dementia risk factors. Categorical outcomes modelled
using ordinal regression, binary outcomes modelled using logistic re-
gression. Results presented as odds ratios (OR) of having higher VCING
score with 95% confidence intervals (95% CI). Figure S1: Distribution
of scores for VCING criteria (A) and for individual VCING pathologies
(C-E). Comparison of distributions of VCING scores between the two
CFAS centres is also shown (B). The y-axes show number of individuals
and x-axes the score categories. Figure S2: Distributions of scores of the
additional occipital white matter pathologies. The y-axes show number
of individuals, x-axes the score categories.

12 of 12

Neuropathology and Applied Neurobiology, 2026

d ‘€ '9T0T ‘066TS9€E1

:sdjy woiy papeoy

ssdny) suonipuop pue sy, a4 23S *[970z/S0/LT] U0 Areiqry auiuo A ‘A THIAAHHS 0 ALISYHAINN £q 1800L UBU/[[11°01/10p/wod Ka[im Areiqrjouy

110)/w0d" KM .

pue-s

2SULOIT SUOWIO)) dANEaAI) dqesrdde ayy Aq pauIaAos are sapoNIE () fasn Jo sa[nI 10y AIRIQIT AuIjuQ K31 UO (



	VCING Scoring and White Matter Arteriolosclerosis Show Relationships to Dementia Status and White Matter Damage in an Unselected Ageing Brain Cohort
	ABSTRACT
	Summary
	1   |   Introduction
	2   |   Methods
	2.1   |   Cohort
	2.2   |   Assessment of VCING Criteria
	2.3   |   Statistical Analysis

	3   |   Results
	3.1   |   Frequency of Vascular Pathology as Assessed by VCING
	3.2   |   Relationship of VCING and of Venous Collagenosis to White Matter Pathology
	3.3   |   VCING and the CAA Component of Its Score Show a Relationship to Measures of ADNC
	3.4   |   VCING Score and Dementia Risk
	3.5   |   Effect of Changing How Infarcts Are Assessed for VCING

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


