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Abstract

Introduction: Retinal vasculometry (RV) provides a neurovascular biomarker which
may relate to cognitive status. However, the presence and form of association remains
unclear and unexamined at scale.

Methods: Artificial intelligence-enabled RV measures from 66,350 UK Biobank study
participants were related to combined cognition scores. Differences in RV were exam-
ined per standard deviation (SD) increase in cognitive score, using multilevel linear
regression, adjusted for age, sex, measurement center, ethnicity, and within-person RV
clustering.

Results: One hundred ten thousand two hundred eighty-two retinal images from
63,165 (95%) participants (mean age 56.6 years, 55.5% female) were analyzed. A one
SD increase in cognition score was strongly associated with increased arteriolar width,
arteriolar tortuosity, increased venular width particularly among those < 50 years and
venular area among those > 50 years; also, inversely associated with venular tortuosity,
and arteriolar and venular width variance.

Discussion: These easily accessible, affordable, and non-invasive RV measures should

be evaluated further as an early predictor of future neurodegenerative disease.

KEYWORDS
cognition, neurovascular biomarker, retinal vasculometry

Highlights

* How cognitive status relates to retinal vasculometry (RV) measures remains
uncertain and unexamined at scale.

» Using data from a large population-based study (UK Biobank) we show strong
graded associations between cognitive status and RV, which contrast with some RV
associations observed with aging. Specifically, increased arteriolar tortuosity, arte-

riolar and venular width (at younger ages), and area are positively associated, and
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memory tests.

1 | BACKGROUND

Alzheimer’s disease (AD), the most common form of dementia, is a
neurodegenerative disorder that is a major cause of death and disabil-
ity (leading to loss of functional independence) among older people
worldwide.! Disease numbers are increasing with an ever-aging pop-
ulation, often as part of a growing burden of multi-morbidities. Early
detection by recognizing cognitive decline may well be key in prevent-
ing this trend,! especially as the majority of candidate drugs for slowing
cognitive decline in AD or other dementias have failed in clinical trials,
probably because they are used too late in the disease process.® Hence,
early warning systems for neurodegenerative disease are needed to
identify those at high risk, to intervene early.® In terms of the micro-
circulatory system, an association between microvascular disease and
AD is increasingly recognized.*> Post mortem studies of the cerebral
microvasculature in persons with AD have shown impairment of the
blood-brain barrier and decreased capillary density, length, and mean
diameters compared with controls.®” Cerebral microvascular changes
are currently only accessible to in vivo imaging technologies by mag-
netic resonance imaging and positron emission tomography (PET).
However, the retinal vasculature is a direct extension of the intracra-
nial circulation, providing a more readily accessible neurovascular
marker.8-12 This has led to previous attempts to discover associations
between AD and various vascular parameters in color fundus pho-
tographs (CFP).1* However, findings have been limited and equivocal
to date,’® and to the best of our knowledge have not been examined
at scale. Previous work has shown associations between eye disease
and AD,'® and shown retinal arterial and venule occlusion associ-
ations with vascular dementia.l” Other studies at a capillary level,
based on optical coherence tomography angiography (OCT-A) have
more recently emerged.'® However, while findings from these stud-
ies using OCT-A suggest decreased vascular density associated with
AD, findings from different studies have been inconsistent,*-2° and
longitudinal studies are needed to demonstrate cause and effect.1?20
Moreover, the link between OCT-A and cognitive status as a precursor
of neurodegenerative disease remains to be established.

Advances in retinal image analysis, particularly harnessing develop-
ments in artificial intelligence (Al)-based approaches, have afforded
automated extraction of detailed retinal vasculometry (RV) charac-
teristics, allowing application to large population-based studies.21-23
This technology has not only allowed associations between RV phe-

notypes and disease risk and outcomes to be examined definitively

venular tortuosity and arteriolar and venular width variability are inversely associ-
ated with higher cognitive status, all showing strong, graded, precise relationships.

These associations appeared to be strongest for fluid intelligence and prospective

* These easily accessible, non-invasive RV measures provide a neurovascular marker
indicative of cognitive status, which should be evaluated as early predictors of

neurodegenerative disease.

at scale, 2426 put has also allowed the role of RV particularly in cir-
culatory and vascular disease prediction to be realized.?” In addition
to retinal feature detection approaches, end-to-end Al approaches
have also been used in risk factor and disease detection,?®2? with
application to retinal disease.?® While end-to-end Al approaches have
recently been used to detect AD from CFPs among those with estab-
lished disease (compared with those without disease),3! the use of
such approaches to predict disease (i.e., in early “prodromal” stages) is
yet to be established, especially in large population settings. A recent
study has shown promise in discerning participants with mild cognitive
impairment compared with participants without, but only from OCT
and OCT-A images.32 Hence, we examined RV associations with cogni-
tive status, as an early marker of neurodegenerative disease, in a large

well-characterized nationally representative population.

2 | METHODS

UK Biobank is a large prospective cohort, designed to improve the
prevention, diagnosis, and treatment of disease. Baseline assessments
were carried out 2006 through 2010, in 502,682 adults aged 40 to
69 years recruited from 22 UK centers, including questionnaire, phys-
ical measurements, and collection of biological samples.3® Details of
the physical examination, blood measures, and collection of other data

(including health outcome data) have been detailed elsewhere.33

2.1 | Cognitive status

Cognitive testing was included in the baseline assessment as part of a
fully automated touchscreen questionnaire.33 Assessment included a
wide range of cognitive function tests that are relevant for assessing
various aspects of cognitive decline and dementia phenotype (including
fluid 1Q, pairs matching, prospective memory, reaction time, numeric
memory, matrix, symbol digit substitution, tower test, trail making,
paired associate learning).1%34 The reliability and validity of these non-
standard cognitive tests, developed specifically for UK Biobank, have
been subsequently shown.3*3> Using principal component analysis
(PCA), these different cognitive measures can be combined to provide a
general measure of cognitive ability, which has been shown to correlate
highly with established cognitive measures.343> The same method was

followed to derive a general measure of cognitive ability among those
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Research in context

1. Systematic review: A systematic review of the literature
(using PubMed) was used to identify all relevant literature
relating retinal vessel size and shape, so called “retinal
vasculometry” (RV), to cognitive status and neurodegen-
erative outcomes. We have cited findings to date, but
these have been limited and equivocal, and to the best of
our knowledge have not been examined at scale.

2. Interpretation: Our findings add to the literature showing
strong graded associations between automated artificial
intelligence measures of RV and a combined cognitive sta-
tus score. These associations were independent of the
strong associations observed with age, and were particu-
larly evident for fluid intelligence and prospective mem-
ory components of the combined score, suggestive of
regional neuro-specific pathways which might underpin
the association.

3. Future directions: Given the low cost, and rapid, non-
invasive, and readily accessible availability of retinal
imaging (particularly within existing opticians and eye
clinic health-care pathways), this technology should be
evaluated further as a neurovascular biomarker predic-
tive of neurodegenerative outcome, to maximize oppor-
tunities for early treatment that could avert/delay pro-
gression to neurodegenerative disease.

who underwent ocular examination. Among those who underwent ocu-
lar assessment, scores from pairs matching (log [x+1] transformed),
reaction time (log transformed), prospective memory, and fluid intelli-
gence tests were identified from PCA and used to derive a composite
cognitive score. Only participants with all four tests completed and
retinal images taken for one or both eyes at their respective visits were
included in the PCA. Description of the tests used to derive a general
cognitive score (G4) are provided in Table S1 in supporting informa-
tion. The derived score, the first unrotated component of the PCA,
had an eigenvalue of 1.53, which accounted for 38% of the variance
(Table S2 in supporting information, scree plot in Figure S1 in support-
ing information). The factor loadings of the individual tests were > 0.4
for all tests (Table S3 in supporting information). The PCA-derived G4
score showed a slight negative skew (Figure S2 in supporting informa-
tion). The general cognitive score was named G4 to indicate that it was
derived from four cognitive tests available in the UK Biobank.

2.2 | Ocular examination

Ocular assessments were carried out from 2009.%¢ Digital CFPs were
captured using the Topcon 3D-OCT 1000 Mark 2. A single non-
mydriatic, 45° digital color image, centered on the fovea, was captured
at the baseline visit for 68,550 participants (135,867 images from one

Disease Monitoring

or both eyes).%¢ Further images were obtained from 17,534 partici-
pants who attended for reassessment, 1 to 5 years after the baseline
assessment (late 2012 to mid-2013). Overlap with baseline ocular
assessment was minimal as recruitment centers revisited did not
include those that had ocular image capture at baseline.

2.3 | Al-enabled RV assessment

Image processing was carried out using a fully automated com-
puterized system (QUARTZ [Quantitative Analysis of Retinal vessel
Topology and size], Figure S3 in supporting information). QUARTZ
distinguishes between right and left eyes (by optic disc localization)
and between venules and arterioles, identifies vessel segments, out-
puts centerline coordinates, and provides thousands of measures of
vessel width (um), area (mm?), precision (1/[standard deviation (SD)
of within-vessel widths]) and tortuosity (arbitrary units). Image level
averages weighted by vessel segment length were used. QUARTZ
has been extensively used and validated, having thus far measured
11 million vessel segments from > 200,000 images from 100,000
participants.24-27:37 A model eye was used to quantify the magnifi-
cation characteristics of the telecentric fundus camera used (Topcon
3D-OCT 1000 Mark 2), allowing pixel dimensions of vessel width to be

converted to real size.3®

2.4 | Statistical analysis

Retinal arteriolar and venular diameters were normally distributed;
tortuosity required log transformation. Multilevel linear regression
models adjusted for age, sex, ethnicity, and UK Biobank center as fixed
effects, with a random effect for person to allow for repeated RV
measures within the same person (model 1), were used to examine
associations of combined cognitive score with vasculometry outcomes.
Model 2 additionally adjusted for smoking status, Townsend Depri-
vation Index, and height (cm); height (which relates to brain size and
cognition)3? was fitted as a further marker of social status. Model
3 included further adjustment for body mass index (BMI; kg/m?),
hemoglobin Alc (HbAlc; mmol/mol), systolic blood pressure (mmHg),
total cholesterol (mmol/L), and triacylglycerol (mmol/L). Model 4 exam-
ined the exclusion of those with self-reported history of myocardial
infarction, stroke, hypertension, or on medication for hypertension.
Levels of adjustment followed the approach we have used previously,3”
allowing for non-modifiable risk factors, followed by socioeconomic-
related factors, then cardiometabolic risk factors, examining the effect
of exclusion of cardiovascular outcomes. Models identical to those fit-
ted above with further adjustment for educational qualification and
refractive error were examined but made little difference. RV asso-
ciations with individual test scores used to generate G4 (including
fluid intelligence and prospective memory tests) were carried out as
complementary analysis. Data missing on categorical variables were
included as an additional category for each variable, to minimize data
loss. Associations with the log-transformed tortuosity were exponen-

tiated to give percentage differences in vessel tortuosity, and absolute
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differences in vessel width, area, and precision per specified increase
in exposure variable (per SD for G4). Interactions between cognitive
score and RV measures were examined for sex, age, and ethnic group.
Given the large sample size of UK Biobank P values for statistically
significant interactions were set to < 0.001 (which given 32 tests
for interaction approximates to a Bonferroni correction). Statistical
analyses were carried out using STATA (version 17, StataCorp LP).

3 | RESULTS

Of the 88,052 UK Biobank participants who underwent retinal imag-
ing, 66,350 passed QUARTZ image quality assessment (75%), of which
63,195 (72%) with cognitive scores (110,282 images) were included
in the analysis (Figure S4 in supporting information). Mean age was
56.5 years, 55.1% were female, and most (93.2%) were of White ethnic
origin (Table 1). Compared with those excluded, participants included
with complete data were slightly younger and more likely to be women;
less likely to be a current smoker; less deprived; had lower BMI,
HbA1c, and systolic blood pressure; and were less likely to be hyper-
tensive (Table 1). Those included were also less likely to have had a
heart attack or stroke (Table 1). RV characteristics were broadly sim-
ilar, although those included had thinner retinal arterioles and wider
venules (Table 1). Those included were also taller compared with those
excluded (Table 1).

Figure 1 shows adjusted mean RV characteristics by deciles of age
and G4 score. Age showed strong graded inverse associations with
arteriolar width, area, and precision, while it was positively associ-
ated with arteriolar tortuosity. For venular measures, age was inversely
associated with venular area and precision but positively associated
with venular width and tortuosity. G4 was positively associated with
venular width and area, but inversely associated with venular preci-
sion and tortuosity. Additionally, G4 showed a positive association with
arteriolar tortuosity and an inverse association with arteriolar preci-
sion. There was a modest positive association of G4 with arteriolar
width, which persisted with adjustment (Table 2), whereas arteriolar
width inverse associations with age were attenuated after adjustment
(Table 2, models 3 and 4).

Arteriolar tortuosity associations with G4 were more marked after
adjustment and exclusion of those with prevalent cardiovascular dis-
ease (1%/SD rise in G4), but associations for venular tortuosity were
attenuated after adjustment (Table 2, models 3 and 4). Reduced
arteriolar area with age (~ 0.3 mm?2/decade) was evident across all
models.

Tests for interaction were statistically significant (P < 1 x 10~8 in all
instances) between G4 and age with venular width and venular area,
hence coefficients in Table 2 were stratified by age group for these
associations.

Venular width showed a consistent rise (~ 0.5 um) per SD rise in
G4 across all models in the under 60 years age groups (Table 2 and
Figure 2) whereas venular widening per decade in age was particularly
strong in the oldest age group (~ 2.0-2.5 um/decade). Increased venu-

lar area with G4 was most marked in the 50+ age groups (~ 0.05 mm?

per SD) and the venular area reduction of 0.2 mm? per decade in age
remained in the oldest age group after adjustment.

Venular tortuosity was consistently more strongly related to age
(~ 2 %/decade) compared with arteriolar tortuosity (~ 1 %/decade) in
adjusted analyses.

Both measures of vessel precision showed a consistent decline with
rise in G4 particularly with rising age. Because of the inverse transfor-
mation, a decline in precision equates to increased variation in vessel
widths along a vessel with rising age and G4.

For completeness, Figure 2 shows associations stratified by age
groups for all RV measures and for all factors showing systematic dif-
ferences between age groups, but that the patterns are broadly similar
(except for venular width and area).

Full outputs from the regression models showing the independent
contribution of other relevant covariates to RV characteristics (in par-
ticular, sex, height, HbAlc, and systolic blood pressure) are shown in
Table S4 in supporting information. Further adjustment for educational
status showed similar associations between G4 and RV (Table S5 in
supporting information).

Directions of G4 associations with RV showed similar patterns for
men and women (Figure 3) with no formal evidence of interactions.
However, men had wider arteriolar and venular width, and larger venu-
lar area compared with women. Levels of arteriolar tortuosity and
arteriolar precision were higher in women, but there was no clear
difference by sex in levels of association with venular tortuosity and
venular precision (Figure 3).

Although proportionately UK Biobank includes participants pre-
dominantly of White ethnic background, the cohort still includes
appreciable numbers from non-White ethnic groups. RV characteris-
tics by deciles of G4 among White participants, and by quintiles of
G4 among those of Black and Asian ethnic origin are shown in Figure
S5 in supporting information. Marked differences in absolute levels of
RV by ethnic group were apparent, but directions of association of RV
with G4 were broadly similar. Differences in RV characteristics per SD
increase in G4 by ethnic group are shown in Table Sé in supporting
information, and were broadly similar for White, Black, and Asian par-
ticipants, with no formal evidence of a difference in association across
ethnic groups.

For the individual tests used to derive the combined cognitive
score, associations between RV and fluid intelligence score as well
as prospective memory were similar to those found between RV
and G4 (Table S7, Figure Sé, and Table S8 in supporting information,
respectively). However, no significant associations (P < 0.01) were
identified between RV and both pairs matching and reaction time
(Table S9, Figure S7, and Table S10, Figure S8 in supporting information,

respectively).

4 | DISCUSSION

While RV studies among those with AD (compared with those with-
out) suggest a reduced vascular network associated with AD,** and

thinner arterioles and reduced vessel branching in wide-field retinal
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TABLE 1 UK Biobank population characteristics overall and among those included and excluded from analyses.

Characteristics

N

Age (SD) years

Sex, N (%) female

Ethnicity, N (%)

White

Black

Asian

Other

Unknown/didn’t answer/missing
Smoking, N (%)

Never

Occasionally

Previous

Current

Prefer not to answer or missing
Quartiles of Townsend Deprivation Index, N (%)
<-34

-34to-1.6

-17-0.8

>0.8

Missing

BMI (kg/m?2)

Arteriolar width (um)

Venular width (um)

Arteriolar area (mm?2)

Venular vessel area (mm?)
Precision arteriolar diameter SD~*
Precision venular diameter SD~!
Arteriolar tortuosity®

Venular tortuosity?

Height (cm)

HbA1c (mmol/mol)

Systolic blood pressure (mmHg)
Cholesterol (mmol/L)
Triglycerides (mmol/L)
Prospective memory test N, (%)
Pairs matching (no. of errors)
Reaction time (ms)

Fluid final (no. of questions answered correctly)
G4 (arbitrary units)

Stroke, N (%)

Heart attack, N (%)

High blood pressure and medication, N (%)

Note: Mean (SD) unless otherwise stated.

Abbreviations: BMI, body mass index; G4, general cognitive score; SD, standard deviation.

2Natural log-transformed values.

Total

66350
56.6(8.2)

36489 (55.0)

61036 (92.0)
1640 (2.5)
1646 (2.5)
1638 (2.5)

390(0.6)

37592 (56.7)
1749 (2.6)
22595 (34.1)
4052 (6.1)

362(0.5)

16605 (25.0)
16585 (25.0)
16495 (24.9)
16587 (25.0)
78(0.1)
27.2(4.7)
86.9(8.5)
103.0(14.1)
1.8(0.9)
2.5(0.9)
0.1(0.03)
0.1(0.03)
1.5(0.5)
1.1(0.4)
168.7 (9.2)
35.9(6.3)
136.6(18.3)
5.7(1.1)
1.7(1.0)
52185 (78.7)
4.0(3.2)
559.5(117.2)
6.2(2.2)
0.0(1.2)
914 (1.4)
1261 (1.9)
18021 (27.2)

Included

63165
56.5(8.2)

34788 (55.1)

58860 (93.2)
1364 (2.2)
1329 (2.1)
1398(2.2)

214(0.3)

35822 (56.7)
1653 (2.6)
21723 (34.4)
3789 (6.0)

178(0.3)

16082 (25.5)
15948 (25.2)
15780 (25.0)
15282 (24.2)
73(0.1)
27.1(4.7)
86.8(8.5)
103.0(14.0)
1.9(0.9)
2.5(0.9)
0.1(0.03)
0.1(0.03)
1.5(0.5)
1.1(0.3)
168.8 (9.2)
35.8(6.1)
136.4(18.2)
57(1.1)
1.7(1.0)
52185 (82.6)
4.0(3.2)
559.5(117.2)
6.2(2.2)
0.0(1.2)
814 (1.3)
1165 (1.8)
16962 (26.9)

Excluded

3185
57.4(8.6)
1701 (53.4)

2176 (68.3)
276(8.7)
317(10.0)
240(7.5)
176 (5.5)

1770 (55.6)
96(3.0)

872(27.4)
263(8.3)
184 (5.8)

523(16.4)
637 (20.0)
715 (22.4)
1305 (41.0)
5(0.2)
27.7 (4.8)
87.1(8.6)
101.4 (15.5)
1.8(0.8)
2.4(1.0)
0.1(0.03)
0.1(0.03)
1.4(0.5)
1.2(0.4)
166.2(9.1)
37.6(8.3)
139.4(19.6)
5.5(1.1)
1.7 (1.0)

100(3.1)
96(3.0)
1059 (33.3)
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FIGURE 1 Adjusted mean RV characteristics by deciles of age (left) and G4 (right). Adjusted means (solid square symbols), 95% Cls (solid
vertical error bars), and regression line (dashed line) for RV, by deciles of age (left) and G4 (right), from multilevel models adjusted for age and sex,
allowing for repeated RV measures within each person (N participant = 63,165, nimages = 110,282). ¥ denotes natural log-transformed values. *
denotes statistical significance for a trend test across deciles of age/G4 (0.001 < P value < 0.05) ** denotes statistical significance for a trend test
across deciles of age/G4 (P value < 0.001). Cl, confidence interval; G4, general cognitive score; RV, retinal vasculometry

images,*? associations with arteriolar and venular tortuosity remain
unclear,’* and fewer studies have examined RV associations with
cognitive decline.’* Among studies that have reported longitudinal
findings, declines in cognitive status have been associated with reduced
arteriolar3! and wider venular width,3%4! but not consistently.*>43 A
concern is that many studies have lacked sufficient size to identify RV
associations (if relationships truly exist), let alone identify the shape
and form of any association. To the best of our knowledge, our find-
ings are the first to report RV associations with cognitive status on this
scale. While we showed no clear pattern of association between cog-
nitive score and arteriolar width, we showed a clear graded positive
association with venular width, among other definitive associations,
which have not been previously described. We showed that lower lev-
els of cognition, indicative of cognitive decline, were associated with
reduced venular width, arteriolar and venular area, increased venular
tortuosity, and arterial and venular precision. While these findings are
commensurate with previous findings of a reduced vascular network
associated with AD, other findings remain less clear, such as with pre-
cision, which opposes the association observed with aging. However,
the totality of RV findings provide evidence of a link between microvas-
cular changes and cognitive decline. Persistence of RV-cognitive score
associations, particularly with fluid intelligence and prospective mem-
ory score components, may suggest regional as well as more general
neuroanatomical correlates, although further vasculometry-brain vol-

ume analyses are needed.**%¢ Moreover, G4 may not represent

several domain-specific cognitive domains (such as language or visu-
ospatial processing) which may also contribute to lower performance
on these tasks. Importantly the detailed extraction of vessel maps
using QUARTZ allows more complex vasculometry characteristics to
be extracted. This could provide a more in-depth characterization of
vessel complexity on an unprecedented scale, which could relate dif-
ferently or more strongly to cognitive and ultimately neurogenerative
status.?”

The concept that the eye provides a window on neurodegenera-
tive processes within the central nervous system is well established.
Degeneration of the optic nerve is a well-recognized feature of AD,2
and a growing body of evidence (including work carried out in UK
Biobank) has shown that total and segmented thicknesses of the
neuroretina give insights into both cognitive function and volumet-
ric characteristics of the brain relevant to cognition.®X° People with
AD have a thinner retinal nerve fiber layer (RNFL) and retinal gan-
glion cell layer (GCL) than those without AD of a similar age, and
OCT measurement of RNFL and GCL may be useful in discriminat-
ing between AD and healthy individuals.*3*? These findings provide
a potential biological basis for the RV associations observed in that
these neuronal changes may be as a result of or a consequence of
reduced axonal activity and function.'®> Moreover, the concept that the
retina may allow early detection of systemic and non-ocular disease
(in addition to ocular neurodegenerative disorders, such as glaucoma)

is well established for other vascular-related diseases (see supporting
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TABLE 2 Difference in RV characteristics per SD increase in general cognitive score (G4) and per decade in age, from multivariable regression
models with different levels of adjustment.

Arteriolar width

Model 1

Model 2

Model 3

Model 4

Difference (95% Cl) P value

Difference (95% Cl) P value

Difference (95% Cl) P value

Difference (95% Cl) P value

per SD in G4 0.16 (0.09,0.22) 1.49E%¢  0.09(0.03,0.15) 0.01 0.09(0.02,0.16) 0.01 0.10(0.02,0.18) 0.01

per decade in age —0.81(—0.89,—0.74) 4.44E-%¢ —0.61(-0.69,—0.53) 3.58E—2 —0.06(-0.15,0.03) 0.19 —-0.02(-0.13,0.08) 0.66
Venular width

Age < 50

per SD in G4 0.65 (0.43,0.87) 6.26E-%7  0.65(0.42,0.87) 1.55E-%  0.65(0.41,0.90) 1.87E-%7  0.59(0.32,0.85) 1.34E-95
per decade in age 0.58(-0.21,1.36) 0.15 0.63(-0.16,1.42) 0.12 0.92(0.06,1.78) 0.04 0.73(-0.19,1.64) 0.12

50 < Age < 60

per SD in G4 0.55(0.36,0.74) 1.33E7%¢  0.58(0.39,0.77) 3.62E-%° 0.57(0.35,0.78) 1.84E97 0.48(0.23,0.73) 1.45E704
per decade in age 0.58(-0.02,1.18) 0.06 0.76(0.15,1.37) 0.01 0.90(0.22,1.58) 0.01 1.19(0.40,1.97) 3.03E-9
Age > 60

per SD in G4 0.09 (-0.07,0.25) 0.26 0.11(-0.05,0.27) 0.17 0.11(-0.06,0.29) 0.21 0.09(-0.13,0.31) 0.42

per decade in age 1.72(1.23,2.21) 4.86E-12 1.87(1.38,2.36) 7.50E-1* 2.15(1.59,2.71) 4.63E-14  2.48(1.76,3.19) 9.50E-12
Arteriolar tortuosity®

per SD in G4 0.48 (0.06,0.89) 0.03 0.56(0.14,0.98) 0.01 0.67(0.20,1.14) 0.01 0.83(0.27,1.39) 3.48E03
per decade in age 2.25(1.74,2.77) 2.59E-18  2.31(1.79,2.84) 4.04E-18  1.18(0.56,1.80) 1.90E-% 0.89(0.16,1.61) 0.02
Venular tortuosity®

per SD in G4 —0.68 (—0.93,—0.44) 6.92E-%¢ —0.59 (—0.84,—0.34) 4.65E-°° —0.39(—0.67,—0.11) 0.01 -0.31(-0.63,0.02) 0.06

per decade in age 2.27(1.96,2.58) 1.21E~%8  2.37(2.05,2.68) 1.86E~%° 1.92(1.55,2.30) 1.90E-2¢  1.78(1.35,2.21) 4.14E-16
Arteriolar area

per SD in G4 0.01(0.00,0.02) 2.01E-°¢  0.01(0.00,0.01) 0.04 0.01(0.00,0.01) 0.16 0.01(0.00,0.01) 0.22

per decade in age

Venular area

—0.36(—0.37,—0.35) <10—323

—0.35(—0.36,—0.35) <10323

—0.31(-0.32,—0.31) <1032

—0.32(-0.33,~0.31) <10323

Age < 50

per SD in G4 0.02(0.00,0.03) 0.03 0.01(0.00,0.03) 0.17 0.01(-0.01,0.03) 0.32 0.01(-0.01,0.03) 0.19
per decade in age —-0.03(-0.08,0.03) 0.35 —-0.01(-0.07,0.04) 0.67 —-0.01(-0.07,0.05) 0.75 —0.03(-0.09,0.04) 0.44
50<Age <60

per SDin G4 0.05(0.04,0.06) 8.75E-%* 0.04(0.03,0.05) 2.28E-'° 0.05(0.03,0.06) 1.77E-° 0.05(0.04,0.07)  8.88E~1°
per decade in age —0.16(-4.21,3.88)" 0.94 0.01(-0.03,0.05) 0.64 0.03(-0.02,0.07) 0.23 —0.01(-0.06,0.05) 0.80
Age > 60

per SDin G4 0.04(0.03,0.05)  6.60E-* 0.03(0.02,0.04) 7.32E-'! 0.03(0.02,004) 4.38E-%° 0.04(0.02,0.05) 8.11E%8
per decade in age —0.17 (—0.20,—0.14) 1.08E-2¢ —0.15 (—0.18,—0.12) 6.55E-?2 —0.14(—0.17,—0.10) 2.10E-*4 —0.13(—0.17,—0.08) 3.46E~08
1/ (arteriolar SD[um])?

per SDin G4 —0.06 (—0.08,—0.04) 5.48E-°% —0.06 (—0.08,—0.04) 5.66E~% —0.06 (—0.08,—0.04) 1.82E-°7 —0.06 (—0.09,—0.03) 1.94E~0°

per decade in age

—0.93(—0.95,—0.90) <1032

—0.93(—0.96,—0.91) <10-323

—0.85(—0.88,—0.82) <1033

—0.87 (—0.91,—0.84) <1032

1/ (venular SD[um])?

per SD in G4 —0.05 (—0.08,—0.03) 6.04E-% —0.05 (—0.08,—0.03) 5.53E-%¢ —0.05 (—0.08,—0.03) 7.15E-%> —0.05 (—0.08,—0.02) 1.00E~°3

per decade in age —1.03(-1.06,—1.00) <10—3® —1.04(-1.07,—1.02) <1032® —1.04(-1.07,—1.00) <10-3%° —1.04(—1.08,—1.00) <10323

Note: Model 1: adjusted for age, sex, ethnicity, and UK Biobank center. Model 2: Model 1 adjustment, with adjustment for smoking, Townsend Deprivation
Index, and height. Model 3: Model 2 adjustment, with adjustment for BMI, HbA1c, systolic BP, total cholesterol, and triacylglycerols. Model 4:Same as Model
3 but excluding persons with self-reported history of heart attack, stroke, hypertension, or on medication for hypertension. Results for venular width and
venular area are stratified by age due to statistically significant interaction term (P < 0.001) between age and G4.

Abbreviations: BMI, body mass index; BP, blood pressure; Cl, confidence interval; G4, general cognitive score; HbAlc, hemoglobin Alc; RV, retinal
vasculometry; SD, standard deviation.

Bold text denotes statistically significant associations.

aCoefficients multiplied by 100.

bCoefficients as % change for log-transformed target variables.
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FIGURE 2 Adjusted mean RV characteristics by deciles of
cognition scores by age group. Adjusted means (solid square symbols),
95% Cls (solid vertical error bars), and regression line (dotted line) for
RV by deciles of G4 are from a multilevel model stratified by age
category adjusted for sex, ethnicity, UK Biobank center as fixed
effects, allowing for repeated RV measures within each person (N
participants = 63,165, nimages = 110,282). Black, red, and blue
represent ages < 50, 50 to < 60, > 60 years, respectively. T denotes
natural log-transformed values. * denotes statistical significance for a
trend test across deciles of age/G4 (0.001 < P value < 0.05) ** denotes
statistical significance for a trend test across deciles of age/G4 (P
value < 0.001). Cl, confidence interval; G4, general cognitive score; RV,
retinal vasculometry; SD, standard deviation

information).’® We believe the combination of our unique method of
RV assessment (as a marker of retinal vasculopathy and microvascular
dysfunction) along with the strong graded associations observed, has
a strong basis as a predictor of cognitive decline and subsequent neu-
rodegenerative disease. Prediction approaches may need to include
different RV characteristics and be nuanced to account for different
vasculometry associations, for example, for venular width and venu-
lar area where there was evidence of effect modification in association
by age. We have previously demonstrated such prediction approaches
for circulatory mortality, coronary heart disease, and stroke in UK
Biobank, which perform as well as established risk scores.” For neu-
rodegenerative disease, the additive value of RNFL along with retinal
sub-layer measures, may be incremental (see supporting information).

This study has strengths and weaknesses. UK Biobank offers one
of the largest and most widely phenotyped retinal imaging data-
sets in the world.3¢ Even though macular centred retinal images
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FIGURE 3 Adjusted mean RV characteristics by deciles of
cognition scores by sex (red: male, blue: female). Adjusted means (solid
square symbols), 95% Cls (solid vertical error bars), and regression line
(dotted line) for RV by deciles of G4 are from a multilevel model
stratified by sex adjusted for age, ethnicity, UK Biobank center as fixed
effects, allowing for repeated RV measures within each person (N
participants = 63,165, nimages = 110,282). Red represents males
while blue represents females. + denotes natural log-transformed
values. * denotes statistical significance for a trend test across deciles
of age/G4 (0.001 < Pvalue < 0.05) ** denotes statistical significance
for a trend test across deciles of age/G4 (P value < 0.001). Cl,
confidence interval; G4, general cognitive score; RV, retinal
vasculometry; SD, standard deviation

were captured by non-experts, inclusion rates were high, limiting
potential selection biases.?” We also distinguished between arterioles
and venules, which could show different RV-cognitive associations.
While UK Biobank includes those largely of White ethnic origin, the
numbers of participants of non-White ancestry were still high, allow-
ing the consistency of RV-cognitive associations across ethnic groups
to be examined. However, replication of these findings in other large
diverse data sources would still be worthwhile. UK Biobank is a
“healthy” cohort compared with other similarly aged nationally repre-
sentative cohorts (see supporting information), and appreciable num-
bers with AD are yet to evolve, although the age of participants remains
optimal to examine those most likely to experience age-related cogni-
tive decline, awell-established precursor of neurodegenerative disease
(see supporting information). However, those included with useable
retinal images were younger and healthier, which might not reflect the

full spectrum of cognitive status. It is noteworthy that the cognitive
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tests used to measure cognitive decline were specifically developed
for UK Biobank with unknown validity and test-retest reliability.343°
However, the test performance of these cognitive tests,®> and their
association with subsequent neurodegenerative diseases (particularly
AD), have since been shown (see supporting information).

The ease, speed, and precision of Al-derived vascular metrics gener-
ated from retinal imaging, and the strong definitive associations these
show with cognitive status, may offer a biomarker to more accurately
discriminate between those who subsequently develop neurodegen-
erative outcomes from those who do not. This biomarker could be
enhanced by ongoing technological improvements in image capture,
coupled with the additive value of OCT RNFL measures, in addition
to deeper vascular OCT-A assessment, which in time could become
more routinely available.!® OCT RNFL thicknesses are available in UK
Biobank but we are yet able to examine their associations with these
RV measures. Examining the time course of structural changes in the
retina associated with cognitive decline and how these relate to RV
changes will provide further insight into the mechanism of disease.
However, for now, relative to the high cost of hospital- or clinic-based
brain scanning or blood testing, CFP are low cost to acquire, non-
invasive, rapid, and scalable given availability within existing opticians
and eye clinic health-care pathways, maximizing population reach, pro-
viding the potential to screen for cognitive decline and intervene early

to avert/delay age-related neurodegenerative outcomes.*84?
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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