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Morphometric analysis of retinal arterioles in control and hypertensive

population using adaptive optics imaging

Ruchir A Mehta, Mukund C Akkali, Chaitra Jayadev, Aishwarya Anuj, Naresh K Yadav

Purpose: To measure the wall-to-lumen ratio (WLR) and the vascular wall cross-sectional area (WCSA)
of retinal arterioles by an Adaptive Optics (AO) retinal camera using semi-automated software and
comparing them between control and hypertensive population. Methods: This was a cross-sectional
observational study including a hypertensive group and a control group. Subjects were examined and their
medical history recorded. Retinal arteriolar morphometry was assessed by rtx1 AO retinal camera using
AOdetect Artery semiautomated software. Main Outcome Measures: WLR and WCSA were measured
on the basis of retinal arteriolar wall thickness (W1, W2), lumen diameter (LD) and vessel diameter (VD).
Influence of age and arterial hypertension on the WLR and WCSA were examined. Results: A total of
150 human subjects were included out of which 110 were controls and 40 were hypertensives under
treatment. There was statistically significant difference in the age, systolic and diastolic blood pressures
between the control and hypertensive groups (P < 0.01). We found no significant correlation between age
and WLR (R*=0.049, P > 0.05) or age and WCSA (R?>=0.045, P > 0.05). We observed a significant difference
in WLR and WCSA measurements between control and hypertensive groups (P < 0.01). On measuring
intra-observer variability (IOV) we found excellent consistency. Conclusion: AO retinal imaging allows
a direct measurement of the retinal vessel wall and LD with excellent IOV. WLR and WCSA reflect
the remodelling process and can be used to further aid the early detection and monitoring of systemic
hypertension.
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Retinal imaging is limited by the size of the entrance and the
same exit pupil.l'” The ability to retrieve the outgoing rays and
form an image was possible with the development of the fundus
camera.’! Scanning laser ophthalmoscopy (SLO) utilizes the
principle of illuminating only a small spot of the retina using
a collimated laser light directed through the very centre of the
pupil and capturing the reflections from its entire surrounds
within the pupil confines.! This allows for usage of much
lower levels of light energy with better image quality. Optical
coherence tomography (OCT) gives cross-sectional images
of retinal tissue to a submicron axial resolution using a low
coherence interference technique combined with a broadband
light source.” Despite these technological advancements,
imaging of the retina was limited by the “optical aberrations’ of
the eye, also expressed as ‘wave-front aberrations’. This limits
the capacity of optical systems’ lateral resolution. Wave-front
aberrations may be low order (LOA: defocus or astigmatism)
or high order (HOA: coma, trefoil and spherical aberration).!*!
HOA s still pose a limit to the lateral resolution capability, as
they are non-stable, and hence recognition and correction have
to be continuous to allow for excellent resolution.

Adaptive optics (AO) technology aims to correct these
ocular aberrations and enhance performance of the optical
systems. AO was first used in astronomical telescopes to allow
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for correction of atmospheric aberrations.”! The three principal
components of such an AO system include a wave-front
sensor (typically Hartman-Shack), a deformable mirror and
a customized software. The wave-front sensor measures the
native aberrations of the eye in vivo. The deformable mirror
uses a complex system of actuators to adjust several small
mirrors to compensate for the aberrations measured. The
interaction between the two is controlled by the specialized
software.*®! AO in retinal imaging could be used with flood
illumination or combined with both the SLO and OCT to
produce high-quality images whose lateral resolution permits
cone discrimination and also allows the study of blood vessels
and cells.”!”) By compensating for the aberrations caused
by irregularities of the optics of the eye, lateral (transverse)
resolutions to the order of 1-2 microns can be achieved, thereby
allowing near histopathological resolution.!"!!

Arterial hypertension is an important risk factor for vascular
eye diseases, cardiovascular and cerebral events.!" Chronically
elevated blood pressure leads to chronic vasoconstriction
of small arteries."” This leads to vascular remodelling, !
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that is, a decreased lumen diameter and a thickening of
the arteriolar walls resulting in an increased wall-to-lumen
ratio (WLR). The remodelling of arterioles is an early step in
arterial hypertension-associated vessel alteration!'” and target
organ disease, which was first demonstrated in an increased
media-to-lumen ratio in biopsies of subcutaneous vessels.[”!
Since retinal and cerebral vessels emerge from similar anatomic,
physiologic and embryologic background, " retinal vascular
abnormalities could be used as a predictor of stroke events.[’]
An autopsy study in patients with strokes confirmed a close
correlation between cerebral and retinal vascular changes.*!
To distinguish between two types of vessel wall alterations,
eutrophic and hypertrophic remodelling,™ the WLR and the
cross-sectional area of the vascular wall (WCSA) should be
considered. Eutrophic remodelling refers to decreased vessel
lumen diameter with no changes in WCSA; this is usually seen
in acute elevations of blood pressure. Hypertrophic vascular
remodelling shows increased WLR and thickening of vessel
wall thickness (increased WCSA); this is seen in chronically
uncontrolled systemic blood pressure.?!]

Hence, we aim to measure the vascular parameters
in normotensive and hypertensive individuals using AO
imaging and study the difference in the vascular parameter
measurements in these two groups.

Methods

The study was carried out according to the principles outlined
in the Declaration of Helsinki of 1975, as revised in 2000. We
obtained the approval of the institutional ethics committee
and review board. Phakic patients older than 18 years with a
clear ocular media (patients with early nuclear sclerosis, not
compromising quality of images, were also included) and no
ocular or systemic diseases other than arterial hypertension
were included in the study. Patients’ past medical records
and investigations were perused to determine the absence of
systemic disorders other than systemic hypertension. Another
group with no systemic or ocular conditions was recruited as
controls. In all, 80% of our study population were south Indians,
14% were from northern and western parts of India and 6%
from the eastern states. All patients were clearly explained
the procedure, and a written consent prior to inclusion was
obtained from all.

All patients underwent detailed ophthalmic examination
including a dilated fundus evaluation. The dilatation was
obtained with 1% topical tropicamide (Tropicamet, Sun
Pharmaceutical Industries). All patients recruited for the
study were rested for about 15 minutes prior to imaging,
during which time they were explained the procedure. Prior
to the AO image acquisition, the blood pressure (BP) of
each patient was measured in the sitting position using an
automated oscillometric device using an arm cuff (Omron
HEM-7132 Blood Pressure Monitor with Fit Cuff). Enface AO
fundus images were obtained using a commercially available
flood-illumination AO retinal camera (rtx1; Imagine Eyes,
Orsay, France). Briefly, the rtx1 camera measures and corrects
wave-front aberrations with a 750 nm super luminescent
diode source and an AO system operating in a closed loop.
A 4 x 4 fundus area (i.e., approximately 1.2 x 1.2 mm in
emmetropic eyes) is illuminated at 840 nm by a temporally
low coherent light-emitting diode flashed flood source, and

a stack of 40 fundus images is acquired in 4 seconds by a
charge-coupled device camera. The measured refraction
and axial length (GALILEI G6 Lens Professional, Zeimer
Ophthalmic Systems, Switzerland) was integrated into the
camera. Gaze was oriented by an external target in order to
capture the region of interest. The region of interest was a
segment of the supero-temporal artery of the right eye, at least
250 mm long with an inner diameter of at least 50 mm, devoid
of bifurcations, within one disc diameter from the disc [Fig. 1].
A total of five such images were taken. BP was obtained again
after image acquisition.

Image acquisition and analysis
Brief description of the image processing method

Each series of 40 images acquired by the AO camera is
processed using software programs provided by the system
manufacturer (Imagine Eyes, Orsay, France). These images
are registered and averaged to produce a final image with an
improved signal-to-noise ratio. Image processing included
image enhancement by applying a median filter followed
by a nonlinear diffusion filter to allow smoothening of the
blood vessels while preserving the contrast along their
edges and image segmentation based on mathematical
morphology, k-means clustering and active contours models
relying on parallelism information, in order to extract the
lumen (internal diameter) and outer diameters of the vessel.
Finally, the wall thickness was defined as wall thickness = (outer
diameter-internal diameter)/2, and the ratio of total parietal
thickness over the LD defined the WLR.

All five AO images of each patient were analysed using a
semi-automated software AOdetect Artery 2.0b13 (Imagine
Eyes, Orsay, France). AOdetect artery can read any file
format exported by the machine. Once a point on the vessel
is manually selected for analysis, the rest is performed
automatically by the software. Automatic detection of
the internal and external limits of the walls is done by

Figure 1: Retinal arteriole and venule taken by AO-backed retinal
camera. Analysis of the superotemporal arteriole parameters of the
23-year-old healthy female patient: A point on the vessel is manually
selected for analysis, the rest is performed automatically by a
semi-automated software AOdetect Artery 2.0b13 (Imagine Eyes,
Orsay, France). Automatic detection of the vessel walls is done by
detection of a rapid contrast change in the intensity across the Vernier
line. The software gives the results in a side window. Inset: Magnified
view of the side window with the measured six parameters. Scale
bar = 100 um ($: retinal venule; *: retinal arteriole; A: W1; A2 W2,
#: lumen of retinal arteriole)
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detection of a rapid contrast change in the intensity across
the Vernier line. The analysis at a particular cross-section of
the vessel is done corresponding to the manually selected
point and is perpendicular to the vessel at that selected
point. The software gives the results in a side window.
Units can be in microns, pixels or arcmin, with the latter
two not dependent on the eye’s axial length. Lumen diam:
Lumen diameter (LD), Total diam: External diameter (ED)
= LD + Walll + Wall2, wall dimension (W1, W2), WCSA:
Wall cross-sectional area: Area encompassed by vessel
circumference-lumen area: ([ED/2]?-[LD/2]?) and WLR:
Wall-to-lumen ratio: (W1 + W2)/LD [Fig 1].

We averaged the findings of each of the five images of a
patient. We also calculated the intra-observer variability (IOV)
by measuring the above parameters thrice in a single image. All
the data was entered for analysis in the commercial software
SPSS (version 22.0; SPSS Inc. Chicago, IL). Normal distribution
of the data was tested using the Kolmogorov-Smirnov test.
Results were expressed as the mean + SD for normally
distributed data, and as the median for not normally
distributed data. Arterial hypertension was defined as a
categorical variable. Age, retinal arteriolar wall thickness,
vessel diameter, WLR and WCSA were evaluated as numeric
variables and converted into categorial variables where it was
needed. Cronbach’s alpha was measured to study the IOV for
WCSA and WLR parameters. For comparison between groups,
the Mann-Whitney-U test was used. The level of significance

was set at P <0.05. Correlation analysis was performed using
Pearson’s correlation coefficient for normally distributed data
and Spearman-Rho for not normally distributed data.

Results

We included a total of 150 patients. Of these, 40 patients had
been diagnosed with systemic arterial hypertension and were
on treatment for the same and the rest 110 patients had no
known systemic ailments.

Demography

Age

The mean age of our group was 42 + 14.03 years. There was
a statistically significant difference in the age of control
population and the group with systemic hypertension (mean
age of controls: 37.5 + 13 years; mean age of patients with
systemic hypertension: 54.83 + 8.03 years; P <0.01) [Table 1].

Gender

We had 43 males and 67 females in the control group. The
hypertensive group consisted of 27 male and 13 female patients
[Table 1].

Axial length (AXL)

There was no statistically significant difference in AXLs of
right eyes between the control and hypertensive population
(controls: 23.39 + 0.96 mm vs hypertensives: 23.28 + 0.92 mm,
P =0.58).

Table 1: Demographic parameters of study population and morphometric analysis of retinal arteriole in control and

hypertensive population with AO imaging

Control population Hypertensive population P

Number 40
Demographic parameters of study population

AGE (MEAN, SD) in years 37.5,13 54.83, 8.03 <0.01

GENDER (M: F) 43:67 27:183

SYSTOLIC BP, mmHg (MEAN, SD) 118.5, 8.1 134.1,9.9 <0.01

DIASTOLIC BP, mmHg (MEAN, SD) 76.9,4.5 86.8,7.8 <0.01
Morphometric analysis of retinal arterioles

WLR (MEAN, SD) 0.23, 0.03 0.30, 0.07 <0.01

WCSA (MEAN, SD) 4180.03, 1029.51 5087.98, 1402.24 <0.01
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Figure 2: Box-plot analysis: Differences between normal (control) [n = 110] and hypertensive [n = 40] population. The thick horizontal line
within the box marks the median the lower and the upper boundaries of the box indicate the 25" and 75" percentiles. The whiskers below
and above the box indicate the 2.5" and the 97.5 percentiles. The single dots indicate outliers, the asterisks extreme values. (a) Systolic and
diastolic BP: normals - systolic/diastolic: 119/78 mmHg, hypertensives - systolic/diastolic: 131/86 mmHg (P < 0.01). (b) WLR: normals - 0.225,
hypertensives - 0.3185 (P < 0.01). (c) WCSA: normals - 4144.85 mm?, hypertensives - 4895 mm? (P < 0.01)
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Blood pressure

There was a statistically significant difference in both systolic
and diastolic pressures between the controls and hypertensives
(mean systolic BP: 118.5 mmHg + 8.1 vs 134.1 mmHg + 9.9,
P <0.01; mean diastolic BP: 76.9 mmHg +4.5 vs 86.8 mmHg + 7.8,
P <0.01) [Table 1 and Fig. 2a].

Retinal arteriolar morphology
Wall-to-lumen ratio (WLR)

In the 110 controls, we found no significant correlation between
age and WLR for the normal population (R*=0.049, P > 0.05)
[Fig. 3a].

We found a statistically significant difference for WLR
between the two groups with WLR significantly higher in the
hypertensive group (controls: 0.23 +0.03 vs hypertensive group:
0.30 £0.07, P <0.01) [Table 1 and Fig. 2b].

Wall cross-section area (WCSA)

In the 110 controls, we found no significant correlation between
age and WCSA for the normal population (R*=0.045, P> 0.05)
[Fig. 3b].

We found a statistically significant difference for WCSA
between the two groups with WCSA being significantly higher
in the hypertensive group (controls: 4180.03 mm? + 1029.51 vs
hypertensive group: 5087.98 mm? + 1402.24, P < 0.01) [Table 1
and Fig. 2c].

We found a significant correlation between WLR and WCSA
(Fig. 3c. R? linear = 0.289; P < 0.01).

Intra-observer variability (IOV): IOV was calculated for
vessel WCSA and WLR, and we found excellent consistency
with Cronbach’s alpha being 0.97 and 0.96, respectively.

Discussion

AO retinal imaging is a novel non-invasive way of evaluating
qualitative and quantitative vascular morphology at a near
histological level.?? There was a statistically significant
difference in systolic and diastolic pressures between the
normal and hypertensive groups in our study. We found a high
WLR and WCSA in our group of patients with hypertension
compared to the normal population. This suggests that
in patients with systemic hypertension there were retinal
vascular remodelling processes which were attended by
an arteriolar vessel wall thickening and a decreased lumen

diameter, resulting in an increased WLR. An AO retinal
camera allows a direct anatomical measurement of the vessel
wall and lumen diameter. The AOdetect Artery software, a
semi-automated method used to measure vessel parameters,
offers a low IOV. Other methods to assess retinal vessel
parameters include the functional method of Scanning Laser
Doppler Flowmetry (SLDF), which measures the retinal vessel
endothelium and the corpuscle free edge flow.[9?/%2 The WLR
was higher in patients with a history of cerebrovascular event,
compared to hypertensives on treatment and normotensives.®!
Some studies suggest that an assessment of retinal arteriolar
structure by WLR may reflect vascular target organ damage.?"*!

Two important vascular parameters which can help
differentiate between eutrophic and hypertrophic vascular
remodelling are WCSA and WLR."! Meixner ef al.”! reported
that the median age-adjusted WLR was significantly higher in
the hypertensive group with no significant difference in the age
adjusted WCSA between the hypertensive and normotensive
group. This finding suggests eutrophic rather than hypertrophic
remodelling, which is supported by the fact that all hypertensive
patients in their study suffered from mild hypertension without
severe retinal angiopathy. Although data regarding the duration
of hypertension in our patients was not reliable, a majority
of them showed increased WLR and WCSA (hypertrophic
remodelling) suggestive of disease chronicity or a persistently
elevated blood pressure despite treatment. The data from
the study conducted by Meixner et al. suggests that age has a
dominant effect on the WLR, which is consistent with the results
of Koch et al.,) who showed that age and mean arterial blood
pressure accounted for 43% of the variability of WLR.

Gallo et al.,” in their study of 1500 patients, showed that
age and BP independently increased the WLR by thickening
the arteriolar wall. In our study, we found an increase in WLR
and WCSA with age in our normal population but it was not
statistically significant. The same group showed that a reversal
of the vascular remodelling processes was possible in controlled
hypertensives and it seemed to include short-term functional
and long-term structural changes.?*

To acquire high-quality images for analysis can be challenging
as AO imaging requires good fixation. Low-quality images are
usual in subjects with cataract or bad fixation. The AOdetect
Artery software needs further validation and although we found
an excellent consistency in intra-observer measurements, IOV
of the same needs to be assessed. As only one retinal arteriole of
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Figure 3: (a and b) WLR and WCSA did not correlate significantly with age in normal population (R? = 0.049; P> 0.05 and R? = 0.045; P> 0.05,
respectively). (c) WLR correlated significantly with the cross-sectional area of the vascular wall (R? = 0.289; P < 0.01) (n = 150)
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one eye per patient was assessed, we cannot be certain that the
changes in that arteriole are reflective of all other retinal vessels.

We included patients with systemic hypertension who
already were on antihypertensive medical treatment. In
future studies, it would be interesting to distinguish between
treated and treatment naive arterial hypertensive subjects,
and to examine patients with severe arterial hypertension.
All patients in this study were assumed to have essential
hypertension based on the information declared by the subjects.
One of the main limitations of the study is the small number.
Larger studies with a well-matched comparison between
normotensives and hypertensives will throw further light on
the vascular remodelling process in health and disease.

Conclusion

AQ retinal camera is a non-invasive tool to evaluate the
retinal vessel WLR. WCSA and WLR reflect the remodelling
process and can be used to further aid the early detection
and monitoring of systemic hypertension. Changes in retinal
vasculature can further help us understanding the health of
the cerebral vasculature.
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