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Retinal microvascular network geometry and
cognitive abilities in community-dwelling older
people: The Lothian Birth Cohort 1936 study
Sarah McGrory,1 Adele M Taylor,2 Mirna Kirin,3 Janie Corley,2 Alison Pattie,2

Simon R Cox,2,4,5 Baljean Dhillon,1 Joanna M Wardlaw,1,4,5 Fergus N Doubal,1

John M Starr,4,6 Emanuele Trucco,7 Thomas J MacGillivray,1,8 Ian J Deary2,4

ABSTRACT
Aim To examine the relationship between retinal
vascular morphology and cognitive abilities in a narrow-
age cohort of community-dwelling older people.
Methods Digital retinal images taken at age ∼73 years
from 683 participants of the Lothian Birth Cohort 1936
(LBC1936) were analysed with Singapore I Vessel
Assessment (SIVA) software. Multiple regression models
were applied to determine cross-sectional associations
between retinal vascular parameters and general
cognitive ability (g), memory, processing speed,
visuospatial ability, crystallised cognitive ability and
change in IQ from childhood to older age.
Results After adjustment for cognitive ability at age
11 years and cardiovascular risk factors, venular length-
to-diameter ratio was nominally significantly associated
with processing speed (β=−0.116, p=0.01) and g (β=
−0.079, p=0.04). Arteriolar length-to-diameter ratio
was associated with visuospatial ability (β=0.092,
p=0.04). Decreased arteriolar junctional exponent
deviation and increased arteriolar branching coefficient
values were associated with less relative decline in IQ
between childhood and older age (arteriolar junctional
exponent deviation: β=−0.101, p=0.02; arteriolar
branching coefficient: β=0.089, p=0.04). Data are
presented as standardised β coefficients (β) reflecting
change in cognitive domain score associated with an
increase of 1 SD unit in retinal parameter. None of these
nominally significant associations remained significant
after correction for multiple statistical testing.
Conclusions Retinal parameters contributed <1% of
the variance in the majority of associations observed.
Whereas retinal analysis may have potential for early
detection of some types of age-related cognitive decline
and dementia, our results present little evidence that
retinal vascular features are associated with non-
pathological cognitive ageing.

INTRODUCTION
Cerebrovascular disease is associated with lower
cognitive ability in older age, and is known to con-
tribute to the pathogenesis of dementia.1 Yet,
research has been hampered by difficulties in
directly observing and measuring the cerebral
microvasculature. Due to the homology between
retinal and cerebral microvasculatures,2 using the
retina as a non-invasive ‘window’ to the cerebrovas-
culature could help identify early microvascular

abnormalities before the appearance of clinically
overt disease.
Previous studies have investigated associations

between retinal parameters and cognitive abili-
ties3–6 and dementia.7–9 A systematic review of six
studies10 found that retinopathy and retinal branch-
ing parameters were most consistently associated
with poorer verbal memory, information processing
speed and executive function in middle-aged and
older people. Two studies of healthy older adults
(n=321–2211) found small effect sizes (η2=0.026
to 0.037)4 11 compared with studies of younger
adults (η2=0.07 to 0.22).12 Similarly, a systematic
review examining associations between microvascular
changes, dementia, cognitive functioning and brain
imaging abnormalities found stronger associations
between retinal differences and cognitive function in
early and mid-adulthood than in older age,13 echoing
age-related weakening of associations between cardio-
vascular and cerebrovascular disease and retinopathy.14

To date, retinal differences appear to be weak indica-
tors within the range of non-pathological age-related
cognitive decline (ie, healthy/normal age-related cogni-
tive ageing, not due to dementia or other pathological
cognitive disorders).
Childhood IQ accounts for about half of the

variance in cognitive status in later life.15

Consequently, cross-sectional associations could be
confounded by prior cognitive ability. Access to a
valid measure of premorbid cognitive ability is rare,
and results from the few studies which have exami-
ned its contribution are inconclusive. Shalev et al16

found that wider venular width at 38 years was sig-
nificantly associated with lower cognitive ability
measured concurrently and in childhood, indicating
that retinal parameters may reflect cognitive status
years before cognitive impairment and dementia
onset. Retinal branching parameters accounted for
3.7%, at most, of the variance in non-pathological
cognitive ability measured at ∼83 years after con-
trolling for childhood IQ in the Lothian Birth
Cohort 1921 (LBC1921).4 Conversely, Taylor et al3

found little evidence to support an association
between retinal fractal dimension and cognitive
ability in a sample of 648 LBC1936 participants
aged 73 years, before or after adjustment for child-
hood IQ.
A study of retinal vascular abnormalities in pre-

clinical and clinical Alzheimer’s disease found dif-
ferences between Alzheimer’s disease (n=25) and
healthy control groups (n=123) for 13 of 19
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parameters assessed.8 Controls with high neocortical plaque
burden (n=15), predictive of progression to dementia,17 had
increased arteriolar length-to-diameter ratio (LDRa; a measure
of vessel width) and venular branching asymmetry factor values.
This suggests that LDR may be more sensitive to early vessel
morphology changes than summary calibre measures (ie, central
retinal arteriolar equivalent, CRAE), where the difference was
not observed. To our knowledge, no studies have examined rela-
tions between LDR and non-pathological cognitive ageing.

The identification of retinal parameters sensitive to diffe-
rences in non-pathological cognitive ageing could offer prognos-
tic potential in identifying those at risk of developing mild
cognitive impairment or dementia. Here, we examine associa-
tions between several retinal vascular parameters and important
domains of cognitive ability in a large, well-characterised sample
of healthy older adults. IQ scores from age 11 and at age 70
allow us to: investigate the link between retinal measures and
childhood cognitive ability; and test associations between retinal
measures and lifetime cognitive change by adjusting the cross-
sectional retinal–cognitive associations in older age for child-
hood IQ.

METHODS
Participants
Participants were from the LBC1936. The recruitment and
testing of this cohort have been described elsewhere;18 most of
the LBC1936 participated in the Scottish Mental Survey 1947
(SMS1947), which tested the intelligence of almost all Scottish
schoolchildren born in 1936. Older age data for the present
study, including digital retinal photographs and most cognitive
tests, were obtained at the second wave of testing (2008–2010)
when the participants were ∼73 years old (n=866). A total of
689 participants had at least one image for analysis. Participants
with a Mini-Mental State Examination (MMSE) score <24
(n=6) were excluded. This commonly used cut-off reduces the
risk of having persons with dementia in the sample.

Ethics approval for the LBC1936 study protocol was obtained
from the MultiCentre Research Ethics Committee for Scotland
(Wave 1: MREC/01/0/56), the Lothian Research Ethics Committee
for Scotland (Wave 1: LREC/2003/2/29) and the Scotland
A Research Ethics Committee (Wave 2: 07/MRE00/58). The
study complied with the Helsinki Declaration.

Cognitive ability
Moray House Test
The Moray House Test (MHT) No. 12 was used to measure
mental ability at ∼11 years as part of the SMS1947.19 MHT
scores for all LBC1936 participants were corrected for age in
days at time of testing and converted to an IQ-type scale
(mean=100, SD=15) to provide a measure of age-11 IQ.

Change in IQ across the life course
The same version of the MHTwas re-administered when parti-
cipants were seen again at around age 70, and IQ-type scores
were calculated using the same method as for age-11 IQ.
Age-70 IQ was regressed on age-11 IQ with standardised resi-
duals saved as a measure of IQ change across the life course.

Cognitive domains
Factor scores for the domains of general cognitive ability (g),
processing speed, visuospatial ability, memory and crystallised
ability at age 73 were derived from principal component ana-
lysis of subtests, according to previous studies of the LBC1936

cohort.20 First unrotated principal components explained
between 35.4% and 74.7% of the variance in each domain.
Factor loadings ranged between 0.44 and 0.94 (see online
supplementary table S1 for factor loadings and details of the
tests from which factors were derived).

Retinal image analysis
Digital fundus retinal images were captured at wave 2 of the
study at age ∼73 using a non-mydriatic camera at 45° field of
view (CRDGi; Canon USA, Lake Success, New York, USA).
Images were analysed by a trained grader (MK) at the Centre
for Population Health Sciences, University of Edinburgh, using
semiautomated software (Singapore I Vessel Assessment (SIVA),
V.3, National University of Singapore, Singapore). For each of
the 683 participants who had retinal images for analysis, retinal
parameters from one eye were measured. The right eye was
selected if both images were of the same quality (n=353), or if
unavailable or ungradable, the left eye was used (n=330). The
main reasons for rejection included images being centred overly
towards the macula instead of centred between the optic disc
and macula, images being of very poor quality including
out-of-focus images and overexposing of the lens, and those
with known pathologies including cataract and asteroid hyalosis.
Fifteen parameters measured from the calibre (central retinal
arteriolar/venular equivalent (CRAE/CRVE); arteriole–venular
ratio (AVR); LDR); branching pattern of vessels (number of
arterioles and venules with a first branch in Zone C; branching
coefficient; junctional exponent deviation) as well as measures
of tortuosity and fractal dimension were calculated. Retinal
measurement and summarisation procedures have been
described previously.8 Intragrader and intergrader correlation
coefficients are not available for images analysed in the current
study. However, intergrader and intraobserver reliability esti-
mates conducted by the same grader as the current study (MK)
on sets of 60 images from the Singapore Research Eye Study
and Orkney Complex Disease Study confirmed high reliability
of quantitative retinal vessel traits (all intraclass correlation coef-
ficients (ICCs) between 0.90 and 0.99).21 A description of all
retinal parameters is listed in table 1. Separate arteriolar and
venular measurements are indicated by lowercase ‘a’ or ‘v’.

Covariates
Age (in days at time of testing) at the LBC1936 wave 2 testing
visit and sex were included as covariates. Smoking status
(current, ex or never), apolipoprotein E (APOE) status (e4 allele
carrier or not), logMAR (logarithm of the minimum angle of
resolution) visual acuity, current depression symptoms (depres-
sion subscale of Hospital Anxiety and Depression Scale)22 and
self-reported medical history (classified according to whether
they had histories of hypertension, cardiovascular disease
(CVD), stroke and diabetes) were ascertained during structured
interviews with a trained psychologist and during physical
assessment with a research nurse at wave 2 cognitive testing (age
∼73). At Wave 1 (age ∼70), education was recorded as the
number of years spent in full-time education, and socio-
economic status (SES) was calculated according to the Office of
Population Consensus Surveys (1980).23 SES was based on
highest status occupation or, for females, husband’s occupation
if higher. These covariates were selected on the basis of their
known association with study outcomes.

Statistical analysis
Statistical analyses were conducted using SPSS V.19 (IBM,
New York, USA) and R V. 2.15.2. Branching coefficient, LDR
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and tortuosity underwent natural log transformation to normal-
ise their distribution. Remaining variables were normally distrib-
uted. Pearson’s correlations were used to examine bivariate
retinal–cognitive ability associations at age ∼73 (see online
supplementary table S2). Multivariate associations were exam-
ined using linear regression, with retinal vascular predictors
(treated as continuous variables), cognitive ability outcomes and
adjustments for potential confounding factors added cumula-
tively. Model 1 and all subsequent models adjusted for age and
sex. Model 2 added hypertension, diabetes, CVD, stroke,
smoking status, APOE status, current depression symptoms and
visual acuity of both eyes. Model 3 further adjusted for SES,
education and age-11 IQ. Data are presented as standardised β
coefficients (β) reflecting change in cognitive domain score asso-
ciated with an increase of 1 SD unit in retinal parameter. To
minimise the potential for type I errors, p values were adjusted
according to the false discovery rate (FDR) method.25

Since associations might be confounded by the presence of
diabetes or CVD,2 we conducted sensitivity analyses excluding
individuals with these conditions (diabetes: n=62; CVD:
n=189). Changes to results were minimal (see online
supplementary tables S5 and S6).

RESULTS
The sample comprised 683 (51.5% male) participants who
underwent cognitive testing at ∼73 years (m=72.5, SD=0.7)
and had at least one retinal vascular measurement recorded at
the same visit. Demographic characteristics are presented in
table 2. Retinal vascular values are summarised in online
supplementary table S3.

Bivariate analyses
Few retinal vascular parameters were associated with cognitive
ability at age ∼73, age-11 IQ or with IQ change across the life

course (see online supplementary table S1). Venular tortuos-
ity (TORTv) was negatively associated with memory (r=
−0.08, p=0.04), crystallised ability (r=−0.09, p=0.02) and
age-11 IQ (r=−0.10, p=0.02). Arteriolar fractal dimension
(FDa) was negatively associated with memory (r=−0.09,
p=0.03), and venular fractal dimension (FDv) was negatively
associated with age-11 IQ (r=−0.08, p=0.04). IQ change
across the life course was negatively associated with arteriolar
junctional exponent ( JEa; r=−0.11, p=0.01) and positively
associated with arteriolar branching coefficient (BCa;
r=0.10, p=0.01). These bivariate associations were not cor-
rected for multiple testing. None would have survived FDR
correction, which was applied to the regression analyses that
follow.

Regression analyses
The results of multiple linear regressions are presented in
table 3. In model 1 which adjusted for age and sex, higher
LDRv, FDa and TORTv were nominally significantly associated
with poorer speed (LDRv: β=−0.112, p=0.04), memory (FDa:
β=−0.087, p=0.04; TORTv: β=−0.085, p=0.04) and crystal-
lised ability (TORTv: β=−0.093, p=0.02), respectively.
Increased BCa and decreased JEa were nominally significantly
associated with less decline in IQ in old age (BCa: β=0.104,
p=0.01; JEa: β=−0.116, p=0.01). Model 2 included adjust-
ment for vascular risk factors. Nominal significance was main-
tained in the above associations except that between FDa and
memory. In model 3, with additional adjustment for SES, educa-
tion and age-11 IQ, the following associations remained nomin-
ally significant: LDRv and speed (β=−0.116, p=0.01), JEa, BCa
and IQ change ( JEa: β=−0.101, p=0.02; BCa: β=0.089,
p=0.04).Two associations became nominally significant after
full adjustment. LDRv became negatively associated with g
(β=−0.079, p=0.04), and increased LDRa became associated

Table 1 Description of the 15 retinal vascular parameters measured for each retinal photograph and relevant retinal zone

Parameter Description
Retinal
zone

CRAE Central retinal arteriolar equivalent calibre Summary measures of vascular equivalent calibre representing the equivalent single-vessel
parent width for the six largest arterioles and venules. Based on the Knudston-Parr-Hubbard
formula.24

B
CRVE Central retinal venular equivalent calibre B

AVR Arteriole–venular ratio Defined as the ratio of CRAE to CRVE. CRAE/CRVE=AVR B
FDa Fractal dimension of arteriolar network Global summary measure of branching complexity of the retinal vascular tree reflecting how

thoroughly the branching pattern fills two-dimensional spaces. Larger values represent a
more complex pattern. Calculated from the skeletonised line tracing using the box-counting
method.

C
FDv Fractal dimension of venular network C

TORTa Curvature tortuosity arteriole Integral of the curvature squared along the vessel path, normalised by the total path length.
Measurements are summarised to represent the average tortuosity of arterioles and venules
separately, with smaller values reflecting straighter vessels.

C
TORTv Curvature tortuosity venule C

Num1stBa Number of first branching arterioles The number of arterioles and venules with a first bifurcation, branch or daughter vessel, in
zone C.

C
Num1stBv Number of first branching venules C
BCa Branching coefficient arteriole Calculated from average Num1st measurements. Branching coefficient reflects the

relationship between parent vessels and branches. Defined as the summed square of the
mean vessel widths of each branch or daughter vessel divided by the square of the mean
width of the parent vessel.

C
BCv Branching coefficient venule C

JEa Junctional exponent deviation for arterioles Calculated from average Num1st measurements. Junctional exponent deviation reflects the
deviation from the optimum ratio of vessel widths at a bifurcation

C
JEv Junctional exponent deviation for venules C
LDRa Length-to-diameter ratio arteriole Length-to-diameter ratio is the length of the vessel from the midpoint of one bifurcation to

the midpoint of the next bifurcation. It is expressed as a ratio to the diameter of the parent
vessel at the first bifurcation

C
LDRv Length-to- diameter ratio venule C

Retinal vessels within the retinal zones of interest (0.5–1.0 (zone B) and 1.0–2.0 (zone C) disc diameters away from the optic disc margin) were traced automatically by the software.
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with better visuospatial ability (β=0.092, p=0.04). Collinearity in
the data was assessed with variance inflation factor (VIF) and tol-
erance statistics which were found to be within acceptable bound-
aries in all models (VIF<10; tolerance >1, <3).

In summary, retinal parameters contributed <1% of the vari-
ance in the majority of associations observed. A small number
of associations remained significant after adjustment for addi-
tional covariates in models 2 and 3. However, no nominally sig-
nificant associations remained significant following FDR
adjustment. Full results are presented in online supplementary
table S4.

To check whether our non-significant results were due to a
lack of statistical power, we conducted post hoc power ana-
lyses. Power calculations were carried out on all retinal para-
meters. The full sample size (n=570) had 80% power to
detect a change of 0.118 SD units. The reduced sample
(n=334) had 80% power to detect a change of 0.154 SD
units (from http://hedwig.mgh.harvard.edu/sample_size/size.
html).

DISCUSSION
The retinal vessels provide a unique insight into the cerebral
microvasculature due to the anatomical, physiological and
developmental homology between the retina and brain.2

Therefore, this study investigated the contribution of retinal

features to non-pathological cognitive ageing. Few retinal–cogni-
tive associations were found, despite the large N and compre-
hensive assessment of cognitive domains and retinal vessel
parameters. After adjustment for childhood IQ and cardiovascu-
lar risk factors, decreased arteriolar junctional exponent and
increased arteriolar branching coefficient values were signifi-
cantly associated with less cognitive decline across the life
course. Associations between venular LDR, and g and processing
speed were also maintained. However, all significant associations
were small, and none survived FDR adjustment.

The lack of association between cognitive ability and
summary calibre measures (CRAE, CRVE, AVR) follows previ-
ous findings.4 6 Associations between vessel width and demen-
tia7–9 suggest that alterations may not manifest until late in the
disease process, or that alternative measurements such as LDR
may be more sensitive. Only Frost et al8 corrected for multiple
statistical testing. Though the association between increased
LDR and slower processing speed did not survive FDR adjust-
ment, it provides tentative support for this idea and should be
the subject of further research.

Results from a previous LBC1936 study found little evidence
of an association between fractal dimension and cognitive
ability.3 Though an association between higher fractal dimension
and poorer memory performance was found, the low number of
significant associations prevents type 1 error being ruled out.
This conflicts with studies reporting lower fractal dimensions in
those with cognitive dysfunction and dementia.7–9 There are
therefore inconsistencies in the direction of association between
those with cognitive impairment and ‘normal’ cognitive ageing,
which further studies might resolve.

This study has some strengths. Using data from a well-
characterised cohort, we were able to control for premorbid
cognitive ability and numerous possible confounders to provide
a more accurate reflection of any independent contribution of
retinal properties to cognitive ability in later life. Having child-
hood IQ meant that we could protect against confounding and/
or reverse causation, whereby those with higher cognitive scores
in early life have more optimal retinal vessel parameters in older
age.15 The sample’s narrow age range is valuable as it avoids
problems associated with heterogeneity of the effects of retinal
properties on cognitive function at different ages. Post hoc
power calculations suggest that the sample was large enough to
detect small effects, and is unlikely to have resulted in type 2
statistical errors. A number of important cognitive domains
were assessed, each of which was the reliable summary of mul-
tiple tests.

Limitations should be noted. Despite retinal measurement
using a validated program (SIVA), there remains a degree of sub-
jective human interaction with potential intergrader and intra-
grader variability. Retinal vessel calibres are also subject to
variation within an individual: arteriolar and venular calibres
can vary by up to 17% and 11%, respectively, due to vasomo-
tion and pulsation during a cardiac cycle.26 Capturing images at
random points during the cycle potentially introduces variation
in measurements.

Findings are based on assessment of the best quality image
(either right or left) for each participant. This relies on the
assumption of symmetry, that is, measurements of retinal para-
meters from one eye can adequately represent the same para-
meter in the other eye. Substantial correlations between right
and left eye vessel widths and tortuosity have been reported27 28

however, only moderate correlations between fractal dimension
of each eye were reported in a previous study of LBC1936
participants.3

Table 2 Characteristics of the study population (% prevalence and
mean values)

Participant characteristics N (%)/M (SD) Min Max

Age 72.5 (0.7) 70.9 74.1
Sex
Male 352 (51.5)
Female 331 (48.5)

Presence or history of disease
Hypertension 322 (47.1)
Diabetes 62 (9.1)
CVD 189 (27.7)
Stroke 38 (5.6)

Smoking status
Current smoker 54 (7.9)
Ex-smoker 308 (45.1)
Never smoked 321 (47.0)

APOE status
e4 allele present 184 (26.9)
No e4 allele 465 (68.1)

Visual acuity (left) 0.4 (0.3) −0.1 1.3
Visual acuity (right) 0.4 (0.3) −0.1 1.4
HADS depression 2.5 (2.1) 0 13
Years of education 10.8 (1.1) 9 14
Social class 2.3 (0.9)
I 134 (19.6)
II 261 (38.2)
IIIN 142 (20.8)

IIIM 109 (16.0)
IV 22 (3.2)
V 5 (0.7)

Visual acuity in logMAR units. Social classes are categorised as follows:
I (professional occupations); II (managerial and technical occupations); IIIN
(non-manual skilled occupations); IIIM (manual skilled occupations); IV (partly skilled
occupations); V (unskilled occupations).
APOE, apolipoprotein E; CVD, cardiovascular disease; HADS, Hospital Anxiety and
Depression Scale.
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Table 3 Standardised coefficients from multiple linear regressions using retinal vascular parameters to predict cognitive ability in the LBC1936

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Cognitive
outcome

Retinal
predictor β‡ p Value β‡ p Value β‡ p Value

Cognitive
outcome

Retinal
predictor β‡

p
Value β‡ p Value β‡ p Value

g Memory
CRAE −0.003 0.95 0.012 0.79 −0.001 0.97 CRAE −0.007 0.87 −0.006 0.88 −0.014 0.71
CRVE 0.010 0.81 0.020 0.63 0.010 0.74 CRVE 0.030 0.47 0.024 0.57 0.022 0.55
AVR −0.017 0.69 −0.013 0.76 −0.013 0.67 AVR −0.040 0.35 −0.033 0.44 −0.036 0.34

JEa −0.048 0.26 −0.056 0.20 −0.026 0.38 JEa −0.030 0.48 −0.035 0.42 −0.019 0.62
JEv 0.001 0.98 −0.006 0.89 −0.035 0.25 JEv 0.029 0.50 0.030 0.48 0.014 0.71
FDa −0.028 0.51 −0.007 0.88 0.014 0.65 FDa −0.087 0.04* −0.080 0.06† −0.062 0.09†
FDv −0.038 0.37 −0.023 0.58 0.016 0.61 FDv −0.020 0.64 −0.013 0.77 0.019 0.61
TORTa 0.016 0.70 0.025 0.56 0.014 0.64 TORTa −0.040 0.34 −0.041 0.33 −0.041 0.27
TORTv −0.075 0.07† −0.067 0.12 0.002 0.96 TORTv −0.085 0.04* −0.095 0.02* −0.053 0.16
LDRa 0.014 0.80 0.006 0.92 0.033 0.38 LDRa 0.013 0.81 0.002 0.96 0.011 0.81
LDRv −0.071 0.20 −0.071 0.20 −0.079 0.04* LDRv −0.008 0.88 −0.007 0.90 −0.014 0.78
BCa 0.060 0.16 0.063 0.14 0.037 0.22 BCa 0.050 0.25 0.054 0.21 0.038 0.32
BCv −0.033 0.44 −0.025 0.57 −0.016 0.59 BCv −0.043 0.31 −0.039 0.36 −0.034 0.36
Num1stBa −0.047 0.26 −0.039 0.35 −0.040 0.18 Num1stBa −0.060 0.15 −0.060 0.16 −0.062 0.09†
Num1stBv −0.009 0.84 0.002 0.96 −0.013 0.65 Num1stBv 0.019 0.65 0.024 0.57 0.017 0.65

Visuospatial Crystallised
CRAE −0.019 0.64 −0.002 0.95 −0.008 0.83 CRAE 0.003 0.94 0.002 0.96 0.007 0.81
CRVE 0.021 0.61 0.031 0.45 0.031 0.39 CRVE −0.011 0.78 −0.009 0.84 −0.007 0.82
AVR −0.048 0.25 −0.040 0.33 −0.043 0.24 AVR 0.008 0.84 0.005 0.91 0.012 0.68
JEa −0.052 0.22 −0.059 0.15 −0.040 0.27 JEa −0.041 0.33 −0.043 0.31 −0.009 0.77
JEv 0.007 0.86 −0.002 0.95 −0.021 0.57 JEv 0.007 0.86 0.007 0.86 −0.022 0.45
FDa −0.008 0.85 0.015 0.71 0.033 0.36 FDa −0.028 0.50 −0.018 0.67 0.014 0.62
FDv −0.019 0.65 0.001 0.98 0.027 0.46 FDv −0.025 0.55 −0.023 0.59 0.020 0.50
TORTa 0.021 0.60 0.034 0.40 0.028 0.44 TORTa 0.021 0.62 0.020 0.63 0.014 0.62
TORTv −0.032 0.44 −0.018 0.66 0.032 0.38 TORTv −0.093 0.02* −0.088 0.04* −0.011 0.70
LDRa 0.077 0.14 0.073 0.16 0.092 0.04* LDRa −0.027 0.60 −0.033 0.53 −0.012 0.76
LDRv −0.046 0.39 −0.045 0.40 −0.053 0.25 LDRv 0.026 0.62 0.030 0.59 0.022 0.56
BCa 0.070 0.09† 0.073 0.08† 0.056 0.12 BCa 0.032 0.46 0.032 0.45 −0.001 0.97
BCv −0.059 0.16 −0.046 0.26 −0.043 0.23 BCv 0.002 0.97 0.002 0.95 0.012 0.69
Num1stBa −0.010 0.81 0.004 0.92 0.005 0.89 Num1stBa −0.052 0.21 −0.046 0.27 −0.044 0.12
Num1stBv 0.006 0.89 0.014 0.73 0.003 0.92 Num1stBv −0.004 0.92 0.002 0.97 −0.006 0.84

Speed IQ change
CRAE −0.024 0.56 −0.002 0.97 −0.009 0.81 CRAE −0.048 0.25 −0.049 0.25 −0.040 0.35
CRVE −0.046 0.27 0.030 0.47 −0.033 0.38 CRVE −0.052 0.22 −0.050 0.24 −0.047 0.27
AVR 0.021 0.62 0.027 0.52 0.025 0.51 AVR −0.003 0.94 −0.006 0.89 0.001 0.98
JEa −0.033 0.43 −0.043 0.30 −0.026 0.48 JEa −0.116 0.01* −0.112 0.01* −0.101 0.02*

JEv 0.011 0.80 −0.002 0.96 −0.020 0.59 JEv −0.069 0.10 −0.069 0.10 −0.073 0.08†
FDa 0.036 0.39 0.055 0.19 0.070 0.06† FDa −0.032 0.44 −0.033 0.44 −0.030 0.48
FDv −0.028 0.51 −0.014 0.74 0.014 0.71 FDv −0.047 0.27 −0.042 0.33 −0.044 0.30
TORTa 0.013 0.76 0.020 0.62 0.012 0.75 TORTa −0.017 0.68 −0.012 0.77 −0.023 0.59
TORTv −0.037 0.38 −0.025 0.55 0.022 0.56 TORTv −0.044 0.30 −0.043 0.32 −0.026 0.54
LDRa 0.014 0.80 0.004 0.95 0.015 0.76 LDRa −0.048 0.37 −0.050 0.36 −0.042 0.44
LDRv −0.112 0.04* −0.115 0.03* −0.116 0.01* LDRv −0.008 0.89 −0.017 0.76 −0.007 0.91
BCa 0.034 0.42 0.043 0.32 0.028 0.46 BCa 0.104 0.01* 0.099 0.02* 0.089 0.04*
BCv −0.042 0.32 −0.032 0.44 −0.029 0.43 BCv 0.048 0.26 0.048 0.25 0.046 0.27
Num1stBa −0.030 0.47 −0.020 0.63 −0.020 0.58 Num1stBa −0.052 0.21 −0.058 0.17 −0.053 0.21
Num1stBv −0.036 0.39 −0.027 0.51 −0.033 0.37 Num1stBv −0.048 0.25 −0.051 0.23 −0.052 0.21

Negative associations were such that increased retinal vascular measurements were related to lower cognitive ability scores at age 73 and lower relative change in IQ. Positive
associations showed that increased retinal vascular measurements were related to higher cognitive ability scores at age 73 and increased IQ after age 11 or less decline in older age.
Model 1 adjusted for age and sex; Model 2 adjusted for age, sex, hypertension, diabetes, cardiovascular history, stroke, current smoking status, apolipoprotein E (APOE) status, visual
acuity, depression; Model 3 adjusted for age, sex, hypertension, diabetes, cardiovascular history, stroke, current smoking status, APOE status, visual acuity, depression, age-11 IQ, years
of education and socioeconomic status. No associations survived false discovery rate (FDR) adjustment. N varies due to incomplete range of measurements/missing subtest data: range
553–570 for all retinal parameters except LDR, range: 334–351.
*Significant (p<0.05); **Significant (p<0.01); †Trend (p<0.01).
‡Data are presented as standardised β coefficients (β) reflecting change in cognitive domain score associated with an increase of 1 SD unit in retinal parameters.
Crystallised, crystallised ability; g, general cognitive ability; memory, memory ability; speed, information-processing speed; visuospatial, visuospatial ability.
AVR, arteriole–venular ratio; BCa, arteriolar branching coefficient; BCv, venular branching coefficient; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent;
FDa, arteriolar fractal dimension; FDv, venular fractal dimension; JEa, arteriolar junctional exponent; JEv, venular junctional exponent; LDRa, arteriolar length-to-diameter ratio; LDRv,
venular length-to-diameter ratio; Num1stBa, number of first branching arterioles; Num1stBv, number of first branching venules; TORTa, arteriolar tortuosity TORTv, venular tortuosity.
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In summary, despite a relatively large sample (with power to
detect small effect sizes) and the use of multiple retinal variables
and key cognitive domains, no FDR-corrected significant asso-
ciations between retinal vascular properties and cognitive ability
were found. This supports previous negative results concerning
milder retinal vascular changes.3 4 Associations might have been
found, had retinal measurements been available from partici-
pants in middle-age, where stronger associations have been
reported.11 As brain structure and cognitive ability undergo
rapid change after age 70,29 follow-up retinal photography
could provide a better opportunity to assess the relationship
between retinal parameters and cognitive change with the pro-
gression of vascular pathology. Though mostly null, we judge
the present study’s results to be valuable. There is currently
great interest in finding early and easily accessible biomarkers of
age-related cognitive decline. Here, in a large sample with com-
prehensive cognitive testing, little age variation, multiple retinal
parameters, many relevant covariates and rarely available prior
cognitive ability, we find that in non-pathological cognitive
decline, retinal information, at best, has a very small contribu-
tion to make in discriminating who is cognitively ageing better
or worse.
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