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Abstract. Retinal image analysis is emerging as a key source of biomarkers of chronic systemic conditions
affecting the cardiovascular system and brain. The rapid development and increasing diversity of commercial
retinal imaging systems present a challenge to image analysis software providers. In addition, clinicians are
looking to extract maximum value from the clinical imaging taking place. We describe how existing and well-
established retinal vasculature segmentation and measurement software for fundus camera images has been
modulated to analyze scanning laser ophthalmoscope retinal images generated by the dual-modality Heidelberg
SPECTRALIS® instrument, which also features optical coherence tomography. © 2016 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.3.2.020501]
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1 Introduction
Retinal image analysis is a key component in translational medi-
cal imaging research, providing new insights into chronic sys-
temic diseases, as well as emerging as a source of important
biomarkers of disease diagnosis, severity, monitoring, and
response to treatment.1,2 The morphometric properties of the
retinal vessels have assisted in the new understandings of stroke
pathology3 as well as in diseases of the central nervous system,
such as Alzheimer’s disease4 and cerebral malaria.5

Vascular Assessment and Measurement Platform for Images
of the REtina (VAMPIRE) is a semiautomatic bespoke software
platform, developed under an academic collaboration among the
University of Edinburgh, University of Dundee, Universita degli
Studi Di Palermo, and Universita degli Studi di Verona.6–8

Analysis of conventional digital color fundus photographs pro-
vides efficient quantification of standard retinal vascular param-
eters as well as the complexity of the visible vascular network
(through fractal analysis). Validation of image analysis algo-
rithms is essential if the results are to be clinically meaningful.9

VAMPIRE has undergone continuous evaluation with each
extension and study, such as with automatic optic disc and
fovea detection,10,11 artery and vein classification,12 and meas-
urement of vessel caliber.13,14 VAMPIRE was also the first
tool to be used in assessing fundus camera images held in
the UK Biobank—the largest retinal image repository in a pro-
spective population-based medical data resource—to deliver

computational quantification of retinal vascular parameters in
relation to cardiovascular disease.15

Modulation of the software to be able to analyze other types
of retinal images, such as those produced by a scanning laser
ophthalmoscope (SLO), to provide automated vascular mea-
sures as required, is also a goal of the VAMPIRE project. A
recent report described the process of adaptation to images cap-
tured by the ultrawidefield Optos P200C SLO device.13 This
method involved the development and validation of a new vessel
detection algorithm incorporating multiscale matched filters,
a neural network classifier, and hysteresis thresholding.

The Heidelberg SPECTRALIS® OCT is a popular imaging
device in clinical ophthalmology, leading the current generation
of spectral-domain optical coherence tomography (OCT) devices,
with 4 μm axial resolution and inbuilt automatic quantitative seg-
mentation of the retinal layers on the cross-sectional OCT image.
It is used increasingly in specialties with ophthalmology as evi-
dence emerges of its utility in informing on cardiovascular and
neurodegenerative disease, particularly multiple sclerosis.16

The instrument also acquires an SLO image simultaneously
with the OCT image. This is a sharp, high-contrast confocal
SLO, with a viewing angle of 35 deg, utilizing a laser light of
785 nm and generating an image of 1536 × 1536 pixels. It is
primarily used for guiding the location of the OCT imaging
and enabling image registration for follow-up scans, ensuring
the same precise location is reimaged. However, there is poten-
tial to evaluate the retinal vessels appearing in these SLO images

*Address all correspondence to: James R. Cameron, E-mail: james.cameron@
ed.ac.uk 2329-4302/2016/$25.00 © 2016 SPIE

Journal of Medical Imaging 020501-1 Apr–Jun 2016 • Vol. 3(2)

Journal of Medical Imaging 3(2), 020501 (Apr–Jun 2016)

Downloaded From: http://medicalimaging.spiedigitallibrary.org/ on 05/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

http://dx.doi.org/10.1117/1.JMI.3.2.020501
http://dx.doi.org/10.1117/1.JMI.3.2.020501
http://dx.doi.org/10.1117/1.JMI.3.2.020501
http://dx.doi.org/10.1117/1.JMI.3.2.020501
http://dx.doi.org/10.1117/1.JMI.3.2.020501
http://dx.doi.org/10.1117/1.JMI.3.2.020501
mailto:james.cameron@ed.ac.uk
mailto:james.cameron@ed.ac.uk
mailto:james.cameron@ed.ac.uk
mailto:james.cameron@ed.ac.uk
mailto:james.cameron@ed.ac.uk


in much the same way as previous work featuring fundus camera
photographs. This would add value to the already acquired
patient imaging and provide a unique opportunity for the devel-
opment of dual-mode image analysis derived from a single
instrument and a single patient imaging event. Apart from
efficiency and patient convenience, this development brings
additional advantages: it allows direct point-to-point correlation
between the OCT and SLO image, and also the SLO-generated
fundus image is of high contrast, potentially facilitating more
accurate measures of the retinal vessels. This will ultimately
provide additional retinal vascular data to inform on studies uti-
lizing this device to investigate brain and systemic diseases.

The SLO images from SPECTRALIS® are very different from
those produced by the Optos SLO device—a different field of
view, image resolution, and illumination source (SPECTRALIS®

utilizes near-infrared light and requires no visible light flash).
Therefore, the previous modulation of VAMPIRE for Optos ultra-
widefield imaging described above could not be used.

We, therefore, sought to modulate the original color fundus
VAMPIRE software to accept and process SPECTRALIS® SLO
images, and provide accurate and repeatable measurements of
the retinal vasculature.

2 Methods
The VAMPIRE software was modulated by retraining certain
software processing algorithms, in conjunction with the partner
“manual annotation tool” and a set of training images.

This research involved images from volunteers and was
approved by the South-East Scotland Research Ethics Commit-
tee, and observed the principles of the Declaration of Helsinki.
Informed consent was obtained from all the participants.

2.1 Software Modulation

Starting with the current VAMPIRE software (version 3.0) used
for color fundus images, the algorithms were adapted to the
SPECTRALIS® OCT images. All algorithms were implemented
in MATLAB® (The Mathworks Inc., Natick, Massachusetts).

For automatic detection of vessels, a two-dimensional Gabor
wavelet approach for fundus camera images was adapted to
emphasize the appearance of vessels captured with SLO, followed
by supervised pixel classification with a Bayesian classifier.17

This vascular detection algorithm was retrained to work on the
SLO images by manually delineating vessels in 16 images (ran-
domly selected from a study using SPECTRALIS® OCT), taking
1,000,000 samples of pixels with six features (i.e., original gray-
scale intensity and response to Gabor filters of size 2 to 6 pixels)
to create a supervised classifier, which is applied to new images to
automatically create pixel-by-pixel maps of the vessels.

Further postprocessing based on mathematical morphology
was also adapted to vessels in SLO images, where the central
reflex is more evident than in images acquired by a fundus cam-
era. This caused misclassified gaps in vessels with the super-
vised classification technique, and this effect was lessened by
removing such regions or holes with sizes <200 pixels to create
an improved map of the vessel. This size was chosen following
experimental investigation.

Using this vessel map, VAMPIRE creates a tree-like repre-
sentation of the vasculature as a preprocessing step for perform-
ing vascular measurements.7,8 From the vessel tree, the software
automatically selects the six widest arterioles and venules
crossing zone B (Fig. 1) and measures vessel calibers using

a supervised algorithm14 that was retrained on SLO images
by manually annotating widths at 200 locations in five images.

These measurements were used to calculate the well-recog-
nized summary parameters—central retinal arteriole equivalent
(CRAE) and central retinal venule equivalent (CRVE)—yield-
ing the arteriole to venule width ratio (AVR).18 Similarly, for
tortuosity, VAMPIRE selects the six widest arterioles and ven-
ules crossing zone C, evaluates the tortuosity for each using
an established technique,19,20 and calculates the median values
(plus standard deviation and range).

Multiple images can be processed in parallel with the esti-
mated automatic processing time for a single image being
∼7 min. Once an image was processed, an operator manually
inspects the selections made by the software and uses his own
judgment to determine whether a vessel was an arteriole or ven-
ule. The user can change the classification of vessels (arteriole or
venule) with a single click. If the operator was unsure of a ves-
sel’s classification or believed the vessel to have been detected
incorrectly, it could be deselected. In such cases, the software
provides a replacement vessel that was the next widest in caliber.
This manual review process takes 1 to 2 min per image.

2.2 Evaluation

The modulated software was evaluated by assessing interoper-
ator reliability.

We obtained optic disc centered images from 78 partici-
pants—48 males, 30 females, all white Caucasian, and an age
range of 39 to 69 years (mean 52)—using the SPECTRALIS®

OCT device.
Each image was uploaded into the modulated VAMPIRE

software. The boundary of the optic disc was selected manually
by the operator who clicks two points (on the boundary and
directly opposite each other). The user further manually

Fig. 1 Typical SLO image with optic disc boundary that was deter-
mined manually. The standard set of circular measurement zones
commonly used in the analysis of fundus camera images is also
shown—zone B, which is the ring 0.5 to 1 optic disc diameters
away from the center, and zone C, which is the ring extending
from optic disc boundary to 2 optic disc diameters away.
VAMPIRE automatically detects and selects the six widest arterioles
(red) and venules (blue) crossing zone B to calculate AVR, CRAE,
and CRVE. The vessels in zone C (not marked in this example)
were used to calculate arteriolar and venular tortuosity.
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identifies the location of the center of the fovea (a single click).
This creates a circular approximation to the optic disc outline
and also places the standard set of measurement zones used
in conventional analysis of fundus camera pictures18—zone B
is a ring 0.5 to 1 optic disc diameters away from the center,
and zone C is the ring extending from the optic disc boundary
to 2 optic disc diameters away (Fig. 1).

The two operators were blinded to each other’s use of the
software and a comparison between their results was assessed
as an outcome measure of the successful modulation of
VAMPIRE to these SLO retinal images. Interoperator reliability
was assessed using intraclass correlation coefficients (ICCs) and
a Bland–Altman approach, to display the extent of agreements.
Statistical analyses were performed using MedCalc for
Windows, version 15.11 (MedCalc Software, Ostend, Belgium).

3 Results
Of the 78 images available, two were not analyzed due to insuf-
ficient image quality. A further two participants’ images were
not included due to insufficient vessel selection (a selection
of <3 of either arterioles or venules was deemed insufficient
for accurate analysis).

Each operator analyzed the images independently, recording
values for AVR, CRAE, CRVE, arteriolar tortuosity, and venular
tortuosity. The total manual operator time for these 78 images
was ∼3 h.

The ICCs were >0.9 for all metrics (Table 1), demonstrating
very high reliability and repeatability of these measurements
with the modulated software. The Bland–Altman analysis (only
AVR and arteriolar tortuosity are reproduced here) demonstrated
a high level of consistency between the operators (Fig. 2).

4 Discussion
We have successfully modulated the VAMPIRE software to
accept and analyze the SLO retinal images acquired by the
SPECTRALIS® machine. In addition, our initial evaluation
has demonstrated a high reliability of the vascular measurements
that can be made on these images. The low level of image rejec-
tion is reassuring, given the challenge of adapting the software
to a new fundal image representation that, while recognizably
similar to the human viewer, represents a greater challenge to
the software interpretation of vessel and background.

At this stage, the software still requires manual supervision, as
the operator is asked to make decisions about which vessels are
arteries and veins, and to manually select the optic disc, or correct
incorrect vessel detection. VAMPIRE for analysis of fundus cam-
era pictures features automatic detection of these features. In part,
this is facilitated by the color information inherently contained
in a fundus photograph, particularly for vessel classification
where there are distinct and measurable differences in color
features.21 Additional modulation of VAMPIRE to work with
SPECTRALIS® SLO would, therefore, benefit from implemen-
tation of these automatic processes as this would further enhance
the efficiency and usability of the software.

A further limitation of this study is the low number of images
assessed thus far. However, as in previous developments of the
VAMPIRE software, evaluation remains essential and will con-
tinue with each new study and dataset of images analyzed.

This development of retinal image analysis holds tremendous
potential for use as part of a multimodal retinal analysis,
from one single patient acquisition, using the patient-friendly
SPECTRALIS® device. The possibility to now truly integrate
neuroretinal metrics with vasculature analysis, from the imaging
acquired in a single device, invites potential in multiple medical
research domains, where OCT imaging, with SLO image
acquisition, is already well established.
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