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ABSTRACT

Objective Changes to the retinal vasculature are known
to be associated with hypertension independently

of traditional risk factors. We investigated whether
measurements of retinal vascular calibre from ultra-
widefield fundus imaging were associated with
hypertensive status.

Methods We retrospectively collected and
semiautomatically measured ultra-widefield retinal
fundus images from a subset of participants enrolled in
an ongoing population study of ageing, categorised as
normotensive or hypertensive according to thresholds
on systolic/diastolic blood pressure (140/90 mm Hg)
measured in a clinical setting. Vascular calibre in the
peripheral retina was measured to calculate the nasal—
annular arteriole:venule ratio (NA-AVR), a novel combined
parameter.

Results Left and right eyes were analysed from 440
participants (aged 50-59 years, mean age of 54.6+2.9
years, 247, 56.1% women), including 151 (34.3%)
categorised as hypertensive. Arterioles were thinner and
the NA-AVR was smaller in people with hypertension. The
area under the receiver operating characteristic curve of
NA-AVR for hypertensive status was 0.73 (95% Cl 0.68
to 0.78) using measurements from left eyes, while for
right eyes, it was 0.64 (95% Cl 0.59 to 0.70), representing
evidence of a statistically significant difference between
the eyes (p=0.020).

Conclusions Semiautomated measurements of NA-AVR
in ultra-widefield fundus imaging were associated with
hypertension. With further development, this may help
screen people attending routine eye health check-ups
for high blood pressure. These individuals may then
follow a care pathway for suspected hypertension. Our
results showed differences between left and right eyes,
highlighting the importance of investigating both eyes of
a patient.

INTRODUCTION

Hypertension is a common, generally asymp-
tomatic condition that is a leading risk factor
of death and disability worldwide.! Around
30% of the adult population in the UK are

Key questions
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What is already known about this subject?

» Changes to the retinal vasculature are associated
with hypertension independently of traditional risk
factors.

What does this study add?

» Semiautomated measurements of nasal-annular
arteriole:venule ratio in ultra-widefield fundus imag-
ing were associated with hypertension.

» Our results also showed differences between left
and right eyes, highlighting the importance of inves-
tigating both eyes in a given patient.

How might this impact on clinical practice?

» With further development, this tool may help screen
people attending routine eye health check-ups for
high blood pressure. These individuals may then
follow a care pathway for suspected hypertension.
This could bring health benefits to the individual and
economic benefits to society.

thought to have hypertension,” and approxi-
mately 30% of this group are estimated to be
undiagnosed, leaving them at increased risk
of cardiovascular disease.’

An image of the retina taken by a fundus
camera or a scanning laser ophthalmoscope
reveals a detailed view of the body’s micro-
circulation through non-invasive examina-
tion. Quantitative features derived from the
retina, such as measurements of vascular
calibre (ie, thickness of the blood column)
near the optic disc, have been associated with
increasing blood pressure™ and presence of
hypertension.”™* Typically, this association is
characterised by a narrowing of the retinal
arterioles, with little change to the venules.
To mitigate for body size and eye magnifica-
tion between individuals, the ratio of arteriole
to venule calibre is often used as a surrogate
for arteriolar calibre.'* For people attending
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Figure 1

(A) Pseudo-colour image of the retina showing the region of interest, at a distance of 6.5-8.5 optic disc radii from

the optic disc centre, in which nasal-annular arteriole:venule ratio was calculated. (B) Green laser (532 nm) image showing the
retinal vasculature contrasted against the retinal surface. (C) Red laser (633 nm) image showing choroidal vessels as well as
some of the larger surface venules. (D) Automatically generated retinal vascular map.

routine eye check-ups, a test involving retinal imaging for
undiagnosed hypertension would bring health benefits.

Analyses of the retina have been limited in part by the
viewing field of imaging systems. For a 45° fundus camera,
this is typically a circular area extending approximately
4 mm" from the image centre. Ultra-widefield imaging
with a scanning laser ophthalmoscope captures more of
the retina in a single image'® and thus allows measure-
ment of retinal vessel parameters in areas not previously
investigated.

In this study, we assessed measurements of retinal
vessels in ultra-widefield imaging for association with
hypertension.

METHODS
The Northern Ireland Cohort for the Longitudinal Study
of Ageing'” (NICOLA) is a long-term study of ageing in
people aged 50 years and over with a projected 10-year
follow-up. Participants were invited for a health assess-
ment at the Wellcome Trust Northern Ireland Clinical
Research Facility that included a review of cardiovascular,
cognitive and respiratory function as well as visual health,
including ultra-widefield imaging with a scanning laser
ophthalmoscope (P200Tx, Optos, Dunfermline, UK).
The ultra-widefield scanning laser ophthalmoscope
generates simultaneous red and green images that are

combined to give a pseudo-colour image of the retina
(figure 1). Green light at a wavelength of 532 nm has a
short penetration into the retina and is quickly absorbed
by the blood column. Red light at 633 nm is preferen-
tially absorbed by deoxygenated haemoglobin,'® causing
venules to appear with greater contrast than arterioles.
Each ultra-widefield image had dimensions of 4000x4000
pixels with an on-axis resolution of approximately 15 pm
and represented a stereographic projection of the retinal
surface. Pixel estimates of vascular calibre were converted
to microns using a pixel to micron scale that varied with
position in the image."?

Images and clinical data were extracted from the
NICOLA study database. Inclusion criteria were people
in the age range of 50-59 years, availability of scanning
laser ophthalmoscope images in both eyes and avail-
ability of blood pressure readings. All participants who
met these criteria at the time of database interrogation
were included in the sample. Clinical systolic and diastolic
blood pressure were derived from the average of two
sitting measurements taken at rest in a quiet place, from
the same arm, 1 min apart, using an automatic digital
blood pressure monitor (Omron M10-IT) and arm cuff.
Hypertension was defined as systolic blood pressure of
=140 mm Hg and/or diastolic blood pressure of 290 mm
Hg.
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Figure 2 NA-AVR plotted against (A) systolic blood
pressure (mm Hg) and (B) diastolic blood pressure (mm
Hg). Also given is a linear model fitted to the data with
corresponding R? value. A reduction in NA-AVR was
observed with increasing systolic and diastolic blood
pressures. NA-AVR, nasal-annular arteriole:venule ratio.

The nasal-annular arteriole:venule ratio (NA-AVR)
is a novel morphometric parameter which extends the
conventional definition of arteriole:venule ratio® by
taking vascular calibre measurements in a more periph-
eral region of the retina. Here, vessels are better sepa-
rated and more distinct than near the optic disc where
they frequently cross. NA-AVR was evaluated in each
ultra-widefield image as follows:

1. The optic disc location, its approximate outline and
the fovea location were manually annotated by a
trained operator (author GR, who has greater than
7 years’ experience analysing retinal images). These
landmarks were used to establish the zone of measure-
ment as an annular segment subtending 180° nasal to
the optic disc and fixed on a line passing through the
centre of the fovea and optic disc. It extended from
6.5 to 8.5 optic disc radii from the optic disc centre
(figure 1A). If the retina in either eye was obscured
by eyelid, lash or other artefact within the zone of
measurement, then the person was excluded from the
study.

2. Next, automatic segmentation of the retinal vessels was
performed using a validated computer algorithm de-
scribed elsewhere.” In brief, the green image was pro-
cessed using scaled filters to increase vessel contrast
with respect to the background. The filters exploited
the morphology of the vessels as well as their cross-
sectional intensity profile. A supervised machine learn-
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Figure 3 Receiver operating characteristic curve for nasal-
annular arteriole:venule ratio as a detector of hypertensive
status in the study cohort, showing sensitivity plotted
against 1-specificity. Increased distance from the chance
line indicates a better detector. Curves are displayed for all
subjects (solid line), males (+) and females (o). (A) Using the
left eye, the largest AUC was obtained for males, AUC=0.77.
(B) Using the right eye, we obtained the largest AUC for
women, AUC=0.68. AUC, area under the receiver operating
characteristic curve.

ing classifier trained on a separate image set catego-
rised image pixels as vessel or non-vessel (figure 1D).

3. The retinal vessels detected in the zone of measure-
ment were overlaid on the original image. The oper-
ator modified the detected vasculature to correct for
false-positive and false-negative detections and labelled
each vessel segment as arteriole or venule according to
their appearance and connectivity.

4. The calibre (in microns) for each vessel segment in
the measurement zone was estimated as the average
distance between parallel splines automatically fitted
to the detected vessel edges.22

5. Finally, NA-AVR was calculated as the ratio of the av-
erage calibre of the three widest arterioles and the av-
erage of the three widest venules. Fewer arteriole and
venule segments were used when less than three were
available.

Intraobserver measurement repeatability for NA-AVR
was assessed for the left and right eyes in a random subset
(n=46) of the study cohort. Each operator interaction
(above-mentioned steps 1 and 3) was repeated to generate
asecond set of NA-AVR measurements. To mitigate poten-
tial bias in the treatment of left and right eyes, 50% of the
eyes chosen for reanalysis were mirrored in the vertical
axis to simulate the appearance of the opposing eye. The

Table 1 AUC for NA-AVR as a detector of hypertensive status in the study cohort

Left eye Right eye
Measure Group AUC Cl AUC Cl P value
NA-AVR All 0.73 0.68t0 0.78 0.64 0.59 t0 0.70 0.020
(unity) M 0.77 0.700 0.83 0.59 0.5110 0.67 <0.005
F 0.72 0.63t00.78 0.68 0.58 10 0.76 0.502

With 95% Cls and 5% significance level (p). Significant p values are in bold.
AUC, area under the receiver operating characteristic curve; F, female; M, male; NA-AVR, nasal-annular arteriole:venule ratio.
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Table 2 Mean (SD) NA-AVR stratified by eye and sex (all, M and F) in normotension and hypertension

Measure Eye Group Normotension mean n Hypertension mean n P value Cl
NA-AVR Left All 0.90 (0.10) 289 0.82 (0.09) 151 <0.005 0.06t0 0.10
(unity) M 0.91 (0.10) 99 0.82 (0.09) 94  <0.005 0.07 t0 0.12
F 0.89 (0.11) 190 0.81 (0.09) 57  <0.005 0.04 t0 0.11
Right Al 0.91 (0.09) 289 0.86 (0.11) 151 <0.005 0.03 t0 0.07
M 0.90 (0.11) 99 0.86 (0.11) 94 0.024 0.01 t0 0.07
F 0.92 (0.09) 190 0.86 (0.11) 57  <0.005 0.03 10 0.08
Arterioles Left Al 86.6 (10.9) 289 78.5(10.3) 151 <0.005 6.0t010.2
(um) M 87.3(10.3) 99 79.0(10.1) 94  <0.005 5.41011.2
F 86.2 (11.2) 190 77.7 (10.5) 57 <0.005 52t011.8
Right Al 88.8(10.2) 289 83.0(10.2) 151 <0.005 3.8107.8
M 87.8(11.0) 99 83.5(9.6) 94  <0.005 1.4107.3
F 89.3(9.7) 190 82.3(11.0) 57  <0.005 4.01010.0
Venules Left Al 97.3(11.1) 289 96.7 (11.1) 151 0.577 -16t028
(um) M 96.5 (10.3) 99 97.0(10.8) 94 0.733 -35t025
F 97.7 (11.5) 190 96.1 (11.5) 57 0.346 -1.8t05.1
Right Al 98.1 (10.0) 289 97.0 (11.7) 151 0.295 -1.0t03.2
M 98.3(11.0) 99 97.5(11.9) 94 0.624 —25t04.1
F 98.0 (9.4) 190 96.1 (11.4) 57 0.212 -1.1t04.8

The mean diameters of the arteriolar and venular components (um) used to calculate NA-AVR are also given. Two-tailed Student’s t-tests
were used to test the null hypotheses of equal means at the 5% significance level (p) and to obtain 95% Cls for the differences between the

means. Significant p values are in bold.
F, female; M, male; NA-AVR, nasal-annular arteriole:venule ratio.

operator was blinded to previous measurements, and the
images were presented in a different order.

The operator was blind to all clinical information, such
as sex and hypertensive status, during the stages of image
measurement to mitigate for observer bias.

Two-tailed Student t-tests and the area under the
receiver operating characteristic curve (AUC) were used
to assess NA-AVR as a predictor for hypertensive status.
Pearson’s linear correlation coefficient, R2, and a paired
Student t-test were used to compare measures between
eye pairs and in the repeatability analysis. The F-sta-
tistic was used to test significance for the relationship of
NA-AVR with systolic and diastolic blood pressures. All
CIs were evaluated at the 95% level.

Image processing and statistical analysis were under-
taken using MATLAB (r2014a, The MathWorks, USA).

RESULTS
In total, 460 participants in the NICOLA study (aged
50-59 years, mean age of 54.6+2.9 years, 259, 56.3%
women) met the inclusion criteria. Of these, 20 (4.3%)
were excluded due to the retina being obscured in the
measurement zone, leaving 440 available for analysis.
The number of participants categorised as hypertensive
from their clinical blood pressure measurements was 151
(34.3%), of which 57 (37.7%) were female.

A linear relationship between NA-AVR and blood pres-
sure, both systolic and diastolic, was observed (figure 2).

There was a reduction in NA-AVR with increasing systolic
(R*=0.118, p<0.005) and diastolic (R*=0.119, p<0.005)
blood pressures.

Table 1 shows the AUC of NA-AVR for hypertensive
status in the study cohort, with corresponding receiver
operating characteristic curves in figure 3. For all partic-
ipants, the AUCs were 0.73 (95% CI 0.68 to 0.78) in the
left eye and 0.64 (95% CI 0.59 to 0.70) in the right eye,
representing evidence of a statistically significant differ-
ence between the eyes (p=0.020). Further analysis by
sex revealed that NA-AVR gave the best performance in
the left eye for men, the AUC being 0.77 (95% CI 0.70
to 0.83) compared with 0.72 (95% CI 0.73 to 0.78) for
women; this was not statistically significant (p=0.352). We
determined that using the three widest arterioles and the
three widest venules gave better performance than the
use of one or five (see online supplementary table S2).

NA-AVR was lower in hypertension compared with
normotension when stratified by both eye and sex
(table 2). There was a difference in arteriolar calibre of
8.1 pm between people with normotension and hyper-
tension (95% CI 6.0 to 10.2, p<0.005) but no evidence of
a difference for venular calibre (0.6 pm, 95% CI -1.6 to
2.8, p=0.577).

For all participants and subgroups by hypertension
status, a weak correlation between the eyes was observed
(table 3). Splitting NA-AVR into its component arteriolar
and venular calibres revealed moderate correlations,
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Table 3 Pearson’s linear correlation coefficient (R and paired t-test results comparing NA-AVR between left and right eyes

for groups: all subjects (all), HT and NT

Pearson’s linear correlation

Paired t-test

Measure Group R? cl P value Difference cl P value N
NA-AVR (unity) All 0.34 0.26 t0 0.42 <0.005 -0.03 —0.04 to -0.02 <0.005 440
HT 0.29 0.14100.43 <0.005 -0.05 —0.07 to —-0.03 <0.005 151
NT 0.30 0.1910 0.40 <0.005 -0.02 —0.03t0 -0.00 0.040 289
Arterioles (um) All 0.50 0.43t0 0.57 <0.005 -3.1 -411t0-2.0 <0.005 440
HT 0.50 0.38 to 0.62 <0.005 -4.6 -6.21t0-2.9 <0.005 151
NT 0.43 0.33t0 0.52 <0.005 -2.2 -3.51t0-0.9 <0.005 289
Venules (um) All 0.31 0.22 10 0.39 <0.005 -0.6 -1.8100.6 0.317 440
HT 0.43 0.29 10 0.55 <0.005 -0.3 -2.31t01.7 0.776 151
NT 0.24 0.131t00.35 <0.005 -0.75 -2.2100.7 0.311 289

The mean diameters of arteriolar and venular components (um) used to calculate NA-AVR are also shown. With 95% Cl and 5% significance

level (p). Significant p values are in bold.

HT, hypertension; NA-AVR, nasal-annular arteriole:venule ratio; NT, normotension.

which were R*=0.50 (95% CI 0.43 to 0.57) and 0.31 (95%
CI 0.22 to 0.39) for arterioles and venules, respectively.
NA-AVR measured in the left eye was smaller than that
in the right eye, with a difference of -0.03 (95% CI -0.04
to -0.02, p<0.005; table 3). There was a left-right differ-
ence in arteriolar calibre of -3.1 pm (95% CI —4.1 to
-2.0, p<0.005) but no evidence of a difference in venular
calibre. Bland-Altman plots show the relationship for
NA-AVR between eye pairs in subjects with normoten-
sion and hypertension (figure 4). A greater difference in
NA-AVR between the eyes was observed in people with
hypertension compared with those with normotension
(0.03,95% CI0.01 to 0.06, p<0.005).

In the intraobserver analysis of 91 images, no evidence
of significant differences was found in repeat measures
of NA-AVR or arteriolar calibre. However, a small differ-
ence of 1.9 pm (95% CI 0.6 to 3.2, p<0.005) was observed
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Figure 4 Bland-Altman plot for (A) NA-AVR in normotension
and (B) in hypertension. The y-axis shows the difference in
NA-AVR between left and right eyes, while the x-axis is the
average of NA-AVR for each eye pair. In both normotension
and hypertension, NA-AVR is smaller for the left eye
compared with the right eye. The data points in (B) are further
to the left compared with those in (A), indicating smaller NA-
AVR in hypertension compared with normotension. NA-AVR,
nasal-annular arteriole:venule ratio.

between measurements of venular calibre (see figure 5,
online supplementary figure S1 and table S1).

DISCUSSION
NA-AVR and arteriolar calibre were reduced in hyperten-
sion compared with normotension, and there was a trend
of decreasing NA-AVR with increasing systolic and dias-
tolic blood pressures, which is consistent with previous
literature.”

Differences were observed in arteriolar calibre and
NA-AVR between left and right eye pairs in both normo-
tension and hypertension. This differs from conclusions
drawn in previous studies that measured vascular calibre
closer to the optic disc. In the Rotterdam study, a subset
of 100 subjects found no differences between eyes for
arteriolar or venular calibros:,?4 while the Blue Mountains
Eye Study (n=1546) concluded, based on between-eye
correlations, that measurements from one eye could
adequately represent the retinal vascular diameters of
a particular person. However, in a subset of the data
(n=576) where both eyes were graded by the same person,
arteriolar calibre was significantly lower in the left eye,
with no significant difference in venular calibre.”” This is
in concordance with our findings. In other studies, it has
been common practice to use only one eye per subject,” "
usually the right eye, unless the quality was insufficient, in
which case the left eye was used. This is presumably due
to the assumption that differences in left and right eye
morphology were insignificant. Recently, however, the
assumption of symmetry in vessel morphology between
the eyes has been questioned.” For example, vascular
branching and vessel tortuosity display asymmetry.*®

NA-AVR for detection of hypertensive status differed
between left and right eye pairs for men but not for
women, where lower arteriole:venule ratios were
found in men. The disparity between left and right eye

Robertson G, et al. Open Heart 2020;7:€001124. doi:10.1136/openhrt-2019-001124
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Figure 5 Bland-Altiman plots for NA-AVR measurement repeatability, showing the difference between successive
measurements (repeat—original) on the y-axis and the average of the two measurements on the x-axis for (A) all eyes, (B) left
eyes and (C) right eyes. NA-AVR, nasal-annular arteriole:venule ratio.

performances with sex is a potentially interesting area for
a future study. We do not currently know of any physio-
logical reason for this effect.

This study had the following limitations. Blood pressure
measurements taken in a clinical setting can suffer from
the so-called ‘white-coat effect’ (at a rate of 9.4%—24.2%)
where elevated measurements are recorded, resulting in
overdiagnosis of hypertension, and masked hypertension
(8.6%-17.0%) where lower measurements are recorded,
resulting in underdiagnosis.27 This limitation of single
clinical blood pressure measurements has led to the
recommendation of 24 hours of ambulatory blood pres-
sure measurement as the reference standard for hyper-
tension diagnosis.28 A precondition for clinical use of
NA-AVR should therefore include an evaluation against
ambulatory blood pressure measurement. A restricted
age range was used (50-59 years) in this study. This was
intended to reduce the effects of vascular changes that
have been reported with age.("_8 A more comprehensive
evaluation of the association of NA-AVR with hyperten-
sion would include an expanded age range. In this study,
it was unknown if subjects had known hypertension or
used antihypertensive medication. An additional limita-
tion of the study is the lack of demographic characteris-
tics to mitigate for cofounders, such as other conditions
that may be simultaneously associated with high blood
pressure and abnormal NA-AVR.

The clinical utility of the proposed system might be
improved with further automation. For example, auto-
matic arteriole—venule classification could be achieved
by machine learning techniques.29 Further investigation
over a larger age range and with ambulatory blood pres-
sure measurement as a more accurate reference standard
is now needed.

Author affiliations

"Research, Optos plc, Dunfermline, UK

%Centre for Cardiovascular Sciences, University of Edinburgh, Edinburgh, UK
*The VAMPIRE Project, Computer Vision and Image Processing Group, School of
Science and Engineering, University of Dundee, Dundee, UK

*Centre for Public Health, Queen's University Belfast, Belfast, UK

SEdinburgh Imaging Facility QMRI, University of Edinburgh, Edinburgh, UK

5The VAMPIRE Project, Centre for Clinical Brain Sciences, University of Edinburgh,
Edinburgh, UK

Acknowledgements We are grateful to the subjects of the Northern Ireland
Cohort for the Longitudinal study of Ageing (NICOLA) and the NICOLA team, which
includes nursing staff, research scientists, clerical staff, computer and laboratory
technicians, managers and receptionists. We acknowledge funding support from
Atlantic Philanthropies, Economic and Social Research Council, Health and Social
Care Research and Development, United Kingdom Clinical Research Collaboration
and Queen’s University Belfast, which provided core financial support for NICOLA.
The authors alone are responsible for the interpretation of the data, and any
views or opinions presented are solely those of the author and do not necessarily
represent those of the NICOLA steering committee.

Collaborators The Northern Ireland Cohort of Longitudinal Ageing. IY-first Principal
Investigator of NICOLA study. FK-Chair of the NICOLA Scientific Steering Committee

Contributors GR was the primary author and researcher for the manuscript.

EP, AF and TM contributed to algorithm development. GR and NQ curated the
dataset. AF, ET, GJMcK, JH and TM were supervisors and contributed to the review
and accuracy of the manuscript. RH, FK and IY supervised the NICOLA study. All
coauthors contributed to the interpretation of the results, drafted the manuscript
and reviewed the final version.

Funding This study was funded by Scottish Image Network: A Platform for Scientific
Excellence Knowledge Exchange Programme and Innovate UK Knowledge Transfer
Partnership (1011973).

Competing interests GR, AF, EP and JvH: current employment at Optos plc. ET,
NQ, RH, TP and TM: research grant. GJMcK: consultant.

Patient consent for publication Obtained.

Ethics approval Written informed consent, covering the use of data in future
studies, was obtained from participants prior to taking part, and followed ethical
approval from the School of Medicine, Dentistry and Biomedical Sciences Ethics
Committee, Queen’s University Belfast (SREC 12/23).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data may be obtained from a third party and are
not publicly available. Data is available from the Northern Ireland Cohort for the
Longitudinal Study of Aging (NICOLA); a long-term study of ageing in people aged
50 and over, with projected 10-year follow-up. We aim to encourage and facilitate
data access with all ‘bona fide’ researchers and research organisations as defined
by UK Research and Innovation (UKRI) (https://www.ukri.org/) and welcome
proposals from researchers, either for collaborative projects or for other forms of
data access in order to help advance research knowledge. For further information
please see: http://www.qub.ac.uk/sites/NICOLA/InformationforResearchers/.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,

Robertson G, et al. Open Heart 2020;7:€001124. doi:10.1136/openhrt-2019-001124

“ybuAdoa Aq parosioid 1sanb Aq 1202 ‘vz [1Mdy uo ywod fwgesyuado//:dny wol) papeojumoq ‘0Z0zZ Arenuer 8 Uo #2TT00-6T0Z-Myuado/ogTT 0T Se payslgnd 1sii :LesH uado


https://www.ukri.org/
http://www.qub.ac.uk/sites/NICOLA/InformationforResearchers/
http://openheart.bmj.com/

Basic and translational research

and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs

Gavin Robertson http://orcid.org/0000-0002-9670-930X
Enrico Pellegrini https://orcid.org/0000-0001-6913-1760
Jano van Hemert http://orcid.org/0000-0003-0834-7079

REFERENCES

1

10

11

12

13

Lewington S, Clarke R, Qizilbash N, et al. Age-specific relevance
of usual blood pressure to vascular mortality: a meta-analysis of
individual data for one million adults in 61 prospective studies.
Lancet 2002;360:1903-13.

The Scottish Public Health Observatory. High blood pressure:
prevalence, 2016. Available: http://scotpho.org.uk/clinical-risk-
factors/high-blood-pressure/data/prevalence [Accessed 28 Nov
2016].

Knott C, Mindell J. Hypertension. In: Health survey for England 2011.
The Health and Social Care Information Centre, 2011.

Wei F-F, Zhang Z-Y, Thijs L, et al. Conventional and ambulatory
blood pressure as predictors of retinal arteriolar narrowing.
Hypertension 2016;68:511-20.

Wong TY, Hubbard LD, Klein R, et al. Retinal microvascular
abnormalities and blood pressure in older people: the cardiovascular
health study. Br J Ophthalmol 2002;86:1007-13.

Leung H, Wang JJ, Rochtchina E, et al. Relationships between age,
blood pressure, and retinal vessel diameters in an older population.
Invest Ophthalmol Vis Sci 2003;44:2900-4.

Kawasaki R, Wang JJ, Rochtchina E, et al. Cardiovascular risk
factors and retinal microvascular signs in an adult Japanese
population: the Funagata study. Ophthalmology 2006;113:1378-84.
von Hanno T, Bertelsen G, Sjolie AK, et al. Retinal vascular calibres
are significantly associated with cardiovascular risk factors: the
Tromse eye study. Acta Ophthalmol 2014;92:40-6.

Ikram MK, Witteman JCM, Vingerling JR, et al. Retinal vessel
diameters and risk of hypertension: the Rotterdam study.
Hypertension 2006;47:189-94.

Kawasaki R, Cheung N, Wang JJ, et al. Retinal vessel diameters
and risk of hypertension: the multiethnic study of atherosclerosis. J
Hypertens 2009;27:2386-93.

Sun C, Liew G, Wang JJ, et al. Retinal vascular caliber, blood
pressure, and cardiovascular risk factors in an Asian population:
the Singapore Malay eye study. Invest Ophthalmol Vis Sci
2008;49:1784-90.

Wong TY, Klein R, Sharrett AR, et al. Retinal arteriolar diameter and
risk for hypertension. Ann Intern Med 2004;140:248-55. +138.
Wong TY, Shankar A, Klein R, et al. Prospective cohort study of
retinal vessel diameters and risk of hypertension. BMJ 2004;329:79.

14

15

20

21

22

23

24

25

26

27

28

29

Sharrett AR, Hubbard LD, Cooper LS, et al. Retinal arteriolar
diameters and elevated blood pressure: the Atherosclerosis risk in
Communities study. Am J Epidemiol 1999;150:263-70.

Fuchs SC, Pakter HM, Maestri MK, et al. Are retinal vessels calibers
influenced by blood pressure measured at the time of retinography
acquisition? PLoS One 2015;10:e0136678-11.

Choudhry N, Duker JS, Freund KB, et al. Classification and
guidelines for widefield imaging: recommendations from the
International widefield imaging study Group. Ophthalmol Retina
2019;3:843-9.

McCarter RV, McKay GJ, Quinn NB, et al. Evaluation of coronary
artery disease as a risk factor for reticular pseudodrusen. Br J
Ophthalmol 2018;102:bjophthalmol-2017-310526.

Mordant DJ, Al-Abboud I, Muyo G, et al. Spectral imaging of the
retina. Eye 2011;25:309-20.

Sagong M, van Hemert J, Olmos de Koo LC, et al. Assessment of
accuracy and precision of quantification of ultra-widefield images.
Ophthalmology 2015;122:864-6.

Leung H, Wang JJ, Rochtchina E, et al. Computer-Assisted retinal
vessel measurement in an older population: correlation between
right and left eyes. Clin Exp Ophthalmol 2003;31:326-30.

Pellegrini E, Robertson G, Trucco E, et al. Blood vessel
segmentation and width estimation in ultra-wide field scanning laser
ophthalmoscopy. Biomed Opt Express 2014;5:4329.

Cavinato A, Ballerini L, Trucco E, et al. Spline-based refinement of
vessel contours in fundus retinal images for width estimation. Proc -
Int Symp Biomed Imaging 2013:872-5.

Hubbard LD, Brothers RJ, King WN, et al. Methods for evaluation of
retinal microvascular abnormalities associated with hypertension/
sclerosis in the Atherosclerosis risk in Communities study.
Ophthalmology 1999;106:2269-80.

lkram MK, de Jong FJ, Vingerling JR, et al. Are retinal arteriolar

or venular diameters associated with markers for cardiovascular
disorders? The Rotterdam study. Invest Ophthalmol Vis Sci
2004;45:2129-34.

Cameron JR, Megaw RD, Tatham AJ, et al. Lateral thinking -
Interocular symmetry and asymmetry in neurovascular patterning, in
health and disease. Prog Retin Eye Res 2017;59:131-57.
MacGillivray TJ, Cameron JR, Zhang Q, et al. Suitability of UK
Biobank retinal images for automatic analysis of morphometric
properties of the vasculature. PLoS One 2015;10:e0127914-10.
Fagard RH, Cornelissen VA. Incidence of cardiovascular events

in white-coat, masked and sustained hypertension versus true
normotension: a meta-analysis. J Hypertens 2007;25:2193-8.

NICE. National Institute for health and care excellence. (2019).
Hypertension in adults: diagnosis and management (NICE guideline
NG136), 2019. Available: www.nice.org.uk/guidance/ng136
Welikala RA, Foster PJ, Whincup PH, et al. Automated arteriole and
venule classification using deep learning for retinal images from the
UK Biobank cohort. Comput Biol Med 2017;90:23-32.

Robertson G, et al. Open Heart 2020;7:€001124. doi:10.1136/openhrt-2019-001124

“ybuAdoa Aq parosioid 1sanb Aq 1202 ‘vz [1Mdy uo ywod fwgesyuado//:dny wol) papeojumoq ‘0Z0zZ Arenuer 8 Uo #2TT00-6T0Z-Myuado/ogTT 0T Se payslgnd 1sii :LesH uado


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-9670-930X
https://orcid.org/0000-0001-6913-1760
http://orcid.org/0000-0003-0834-7079
http://dx.doi.org/10.1016/s0140-6736(02)11911-8
http://scotpho.org.uk/clinical-risk-factors/high-blood-pressure/data/prevalence
http://scotpho.org.uk/clinical-risk-factors/high-blood-pressure/data/prevalence
http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.07523
http://dx.doi.org/10.1136/bjo.86.9.1007
http://dx.doi.org/10.1167/iovs.02-1114
http://dx.doi.org/10.1016/j.ophtha.2006.02.052
http://dx.doi.org/10.1111/aos.12102
http://dx.doi.org/10.1161/01.HYP.0000199104.61945.33
http://dx.doi.org/10.1097/HJH.0b013e3283310f7e
http://dx.doi.org/10.1097/HJH.0b013e3283310f7e
http://dx.doi.org/10.1167/iovs.07-1450
http://dx.doi.org/10.7326/0003-4819-140-4-200402170-00006
http://dx.doi.org/10.1136/bmj.38124.682523.55
http://dx.doi.org/10.1093/oxfordjournals.aje.a009997
http://dx.doi.org/10.1371/journal.pone.0136678
http://dx.doi.org/10.1136/bjophthalmol-2017-310526
http://dx.doi.org/10.1136/bjophthalmol-2017-310526
http://dx.doi.org/10.1038/eye.2010.222
http://dx.doi.org/10.1016/j.ophtha.2014.11.016
http://dx.doi.org/10.1046/j.1442-9071.2003.00661.x
http://dx.doi.org/10.1364/BOE.5.004329
http://dx.doi.org/10.1016/s0161-6420(99)90525-0
http://dx.doi.org/10.1167/iovs.03-1390
http://dx.doi.org/10.1016/j.preteyeres.2017.04.003
http://dx.doi.org/10.1371/journal.pone.0127914
http://dx.doi.org/10.1097/HJH.0b013e3282ef6185
www.nice.org.uk/guidance/ng136
http://dx.doi.org/10.1016/j.compbiomed.2017.09.005
http://openheart.bmj.com/

	Association between hypertension and retinal vascular features in ultra-­widefield fundus imaging
	Abstract
	Introduction﻿﻿
	Methods
	Results
	Discussion
	References


