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Clinical acceptance of 3-D OCT retinal imaging brought rapid development of quantitative 3-D analysis
of retinal layers, vasculature, retinal lesions as well as facilitated new research in retinal diseases. One of
the cornerstones of many such analyses is segmentation and thickness quantification of retinal layers and
the choroid, with an inherently 3-D simultaneous multi-layer LOGISMOS (Layered Optimal Graph Image
Segmentation for Multiple Objects and Surfaces) segmentation approach being extremely well suited for
the task. Once retinal layers are segmented, regional thickness, brightness, or texture-based indices of
individual layers can be easily determined and thus contribute to our understanding of retinal or optic
nerve head (ONH) disease processes and can be employed for determination of disease status, treat-
ment responses, visual function, etc. Out of many applications, examples provided in this paper focus
on image-guided therapy and outcome prediction in age-related macular degeneration and on assessing
visual function from retinal layer structure in glaucoma.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Many eye diseases and a number of systemic diseases of the
brain, cardiovascular system, and others manifest themselves in
the retina. Examples include diabetes mellitus and its most feared
complication diabetic retinopathy, age-related macular degenera-
tion, glaucoma, and an entire barrage of cardiovascular diseases.
The retina has traditionally been imaged using 2-D fundus photog-
raphy, a technique tracing its origin to the discovery of the first
ophthalmoscope by Purkyne” in 1823 and its reinvention by Bab-
bage in 1845. With the introduction of 3-D retinal imaging based
on the principle of optical coherence tomography and its wide clin-
ical acceptance in the early years of the 21st century, quantita-
tive 3-D analysis of retinal layers, vasculature, as well as volumet-
ric analysis of retinal lesions became possible, at a resolution ap-
proaching that of individual cells, and at minimal patient risk or
inconvenience. This move to high resolution 3-D happened at least
2-3 decades after 3-D image datasets started to be available in
radiology from X-ray CT, MRI, and other medical imaging modal-
ities. The greatest advantage of this delay was the readiness of the
quantitative medical imaging community to immediately start de-
veloping truly three-dimensional image analysis approaches. Due
to many years of experience with 3-D CT, MR, and ultrasound im-
age datasets, the progress has been fast, a number of quantita-
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tive techniques were developed quickly, and became available for
routine quantitative measurements on relatively inexpensive reti-
nal OCT scanners, inexpensive at least in comparison with CT, MR,
PET and other radiologic imaging scanners (Abramoff et al., 2010).
The brief sections below outline a small subset of methods and
disease-specific results achieved in the lowa Institute for Biomed-
ical Imaging at the University of lowa over the past decade or so,
combining some of the most sophisticated 3-D/4-D image analysis
approaches with the ophthalmologists’ desire for improvements in
precision medicine and patient-specific treatments via screening,
quantification, outcome prediction, and image guided therapy.

2. Retinal OCT

The principle of Optical Coherence Tomography (OCT) is the
estimation of the depth at which a specific backscatter origi-
nated by measuring its time of flight. Backscatters are typically
caused by refractive index transitions from one tissue to an-other.
The backscatter from deeper tissues can be differentiated from
backscatter originating at more superficial tissues because it takes
longer for the light to arrive at the sensor. As the total retinal
thickness is 300-500 um, the differences in time of flight are
very small and can only be measured through interferometry. OCT
employs low-coherent light interferometry-while the wavelengths
used for OCT are typically slightly longer than visible light in order
to allow resolving deeper retinal layers and increase patient com-
fort. For 3-D imaging, the illuminating beam is typically moved
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Fig. 1. Segmentation results of 12 retinal surfaces (11 layers). (a) X-Z image of the
OCT volume. (b) Segmentation results, nerve fiber layer (NFL), ganglion cell layer
(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), outer nuclear layer (ONL), inner segment outer segment junction (ISOSJ),
outer segment layer (OSL), Outer segment photoreceptors (OPR), subretinal virtual
space (SRVS-zero thickness in normals), and retinal pigment epithelium (RPE). The
stated anatomical labeling is based on observed relationships with histology al-
though no general agreement exists among experts about precise correspondence
of some layers, especially the outermost layers.

across the retina in a row-by-column manner, resulting in a to-
mographic image with an A-scan for each x; y location. Currently,
hundreds of thousands of A-scans can be obtained in a second,
bringing increase in image resolution and decreases in scanning
time on a regular basis. The most frequently used OCT scanners
cover a 20° retinal field or the retinal area of 6 x 6mm? (Fig. 1a).
The most recent “wide-field” OCT scanners image a wider area
of the retina, with a 40° imaging angle and retinal coverage of
12 x 9mm?2. The used OCT wavelength typically ranges from 860 to
1000 pm, with longer wavelengths allowing deeper tissue penetra-
tion and shorter wavelengths offering higher resolution along each
A-scan. If a larger area of the retina needs to be imaged, coverage
can be achieved by stitching (registering) several partly overlap-
ping OCT fields acquired in a sequential manner. By repeat imag-
ing of the same location, and analyzing local changes of intensity,
so called OCT angiography allows moving blood to be imaged. OCT
scanners allow to combine the ability to identify vascular pattern
with the ability to repeatedly image the same retinal location, re-
sulting in visually pleasing lower noise images obtained from tem-
poral averaging of multiple co-located B-scans (Geitzenauer et al.,
2011).

3. Segmentation and quantification of retinal layers

Once the volumetric OCT image of the retina is formed, retinal
layers coinciding with specific cellular layers are clearly visible—
see Fig. 1a. Since thinning or thickening of individual layers may
be indicators of retinal diseases or precursors of future visual loss,
segmentation of individual layers and location-specific quantifica-
tion of their thicknesses is of major clinical relevance. Considering
the multi-layer appearance and volumetric character of retinal OCT
scans, our multi-surface multi-object LOGISMOS (Layered Optimal
Graph Image Segmentation for Multiple Objects and Surfaces (Li
et al., 2006; Sonka et al., 2015) is exceptionally well suited for the
task. LOGISMOS identifies multiple interacting surfaces simultane-
ously, allows designing surface-and layer-specific cost functions re-
flecting both the surface-specific and regional (layer-specific) in-
formation, resulting surface shapes can be influenced by region-
ally varying surface smoothness and shape-preference constraints,
and both the cost functions and constraints can be automati-
cally learned from segmentation examples. Our LOGISMOS ap-
proach is now routinely used to simultaneously and computation-
ally efficiently segment 11 intraretinal layers (12 surfaces) iden-
tified in Fig. 1 when applied to macular OCT scans, peripapil-

lary OCT scans, or stitched multi-field OCT scans using a multi-
scale 3-D graph search strategy (Fig. 1, https://www.iibi.uiowa.edu/
content/shared-software-download). Another strength of the LO-
GISMOS approach is that it allows direct extension to 4-D and
generally n-D images. An example of such a 4-D dataset may be
a longitudinal sequence of 3-D OCT datasets, all of which can
be segmented simultaneously by finding an optimal solution of
a single graph-search problem. Additionally, the LOGISMOS ap-
proach allows highly efficient interactive modification of the re-
sulting segmentations via our Just-Enough Interaction (JEI) strat-
egy (Sun et al.,, 2013), in which an expert observer interacts with
the underlying multi-surface segmentation algorithm by providing
segmentation-correcting hints, in response to which graph costs
are regionally modified and new optimal solutions found in real
time (in milliseconds) by re-optimization of the underlying resid-
ual graph. This JEI approach, via interacting with the underlying
graph-search algorithm inherently in 3D rather than correcting the
surface tracings slice-by-slice allows to modify all segmentation
surfaces simultaneously and with full consideration of spatial and
multi-surface context, thus achieving very high efficiency of inter-
active surface segmentation result review and-if needed - their
corrections. Once retinal layers are segmented (Haeker et al., 2006;
Quellec et al., 2010; Bogunovic et al., 2014b), regional thickness,
brightness, or texture-based indices of individual layers can be eas-
ily determined and thus contribute to our understanding of reti-
nal or optic nerve head (ONH) disease processes and can be em-
ployed for determination of disease status, treatment responses, Vvi-
sual function, etc.

4. Quantitative analysis of the choroid

The choroid is a vascular bed located outside the retina and
within the sclera with the highest blood flow of any tissue in the
human body. The choroid is responsible for oxygenation and nour-
ishment of the outer retina. The choroid consists of the choriocap-
illaris comprised of capillaries adjacent to Bruch’s membrane and
the choroidal proper with multiple layers that consists of larger
vessels feeding or draining the choriocapillaris. The choroid is af-
fected by many retinal diseases, its health reflected in choroidal
or choriocapillary thickness may change in response to intravit-
real drugs, and it also atrophies with age. Therefore, quantitative
assessment of choroidal and choriocapillary thickness is of impor-
tance. We have developed a method for volumetric segmentation
of choroidal vessels from standard OCT, allowing to derive local
and regional thickness of the choroidal and choriocapillaris layers.
The segmentation method starts with a segmented Bruch’s mem-
brane surface (Section 3) and uses a joint combination of the LO-
GISMOS (for surfaces) and graph-cut (for region) segmentation that
uses spatially-contextual relationships to the previously segmented
Bruch’s membrane surface and simultaneously segments two sur-
faces (1-interface between the choroidal and choriocapillary lay-
ers, 2-the outer surface of the choroid) and the choroidal vas-
cular bed (volumetric region), see Fig. 2. Note that the choroidal
vasculature is segmented as a topologically-unconstrained region
bounded by (mutually interacting with) the two surrounding sur-
faces. The choroidal vasculature and the two surrounding sur-
faces are segmented simultaneously in a single graph-based opti-
mization process during which the vascular-region cost function is
mainly based on locally-computed tubularity properties. Here, high
cost values reflect presence of choroidal vessels. We have previ-
ously demonstrated that our approach is able to determine thin-
ning of both the choroid and the choriocapillaris as a function
of age (Zhang et al., 2012), as well as their thinning in response
to frequent anti-VEGF injections that are used to treat the wet
form of age-related macular degeneration (Almeida et al.,, 2014;
Philip et al., 2016)].
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Fig. 2. Choroidal segmentation. (a) Bruch’s membrane, surface between the chori-
ocapillaris and the choroidal plexus, and outlines of choroidal vessels shown on a
B-mode slice. (b) Choroidal vasculature segmented in 3D.

5. Image guided therapy in age-related macular degeneration

One of the greatest accomplishments of modern medicine is
the transformation of choroidal neovascularization or CNV, the ‘ex-
udative’ form of age related macular degeneration (AMD), from
a disease with a poor visual outcome with essentially no effec-
tive treatment, to one where anti-VEGF agents allow most pa-
tients to retain useful vision. This has allowed millions of AMD pa-
tients around the world an improved quality of life. However, anti-
VEGF treatments as currently administered have important dis-
advantages: They require frequent and expensive ($1,200-$24,000
per year) injections, often for life, these elderly patients have to be
followed up frequently, each injection has a risk of devastating en-
dophthalmitis, and long-term use of anti-VEGF agents may result
in acceleration of another severe form of macular degeneration,
geographic atrophy (Waldstein et al., 2016; Schmidt-Erfurth and
Waldstein, 2016; Schlanitz et al., 2015). Various approaches have
been attempted to minimize the number of injections by maxi-
mizing the interval between them. However, the recent results of
the NIH-NEI funded CATT (Comparison of AMD Treatments Trials)
and other studies show that visual outcomes at 2 years are infe-
rior with fewer than monthly injections using current clinical de-
cision approaches. The studies were always performed by retinal
specialists and it is unknown whether general ophthalmologists
would attain the same outcomes. For all these reasons, an objec-
tive patient-specific dosing strategy that allows the minimal nec-
essary number of anti-VEGF injections while not decreasing visual
outcomes is required and development of quantitative treatment-
assistive strategies for these objective criteria is of utmost
importance.

We have developed a combined strategy for quantitative anal-
ysis of 3D OCT retinal images, consisting of retinal layer segmen-
tation, detection and quantification of retinal SEADs (symptomatic
exudate-associated derangements), fluid, drusen, and pigment-
epithelial detachments (PED’s), the choroid, and choroidal vascu-
lature in the presence of CNV pathology (Fig. 3) (Chen et al., 2012;
Oguz et al, 2016). We have demonstrated that a patient-specific
anti-VEGF treatment response can be predicted using a longitudi-
nal OCT series of the treatment induction stage (initial 12 weeks
of injections and OCT imaging) with promising accuracy (Fig. 4a)
(Bogunovic et al., 2014a). When focusing on prediction of patient’s
total retinal thickness (TRT) and visual acuity (VA) from a longitu-
dinal OCT series of OCT data, a predicted TRT 4 weeks and VA 12
weeks after the end of the induction phase correlated well with
the measured values (R=0.77 in 65 patients and R=0.57 in 47
patients, Fig. 4b and c).
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Fig. 3. Screenshot of OCT-Explorer environment-11 layer surfaces segmented
(SEADs are shown in green). The upper right panels show an x-y (horizontal) slice
cutting through the fluid region and the ability to perform regional analyses. The
lower-right image shows a 3D visualization of the SEADs bounded by the ILM and
RPE layer surfaces. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

6. Determination of visual function from retinal morphology

Glaucoma is a progressive disease of the optic nerve and, if left
untreated, can lead to irreversible loss of vision. Glaucoma results
in apoptosis of the retinal ganglion cells (RGCs) with corresponding
nerve fiber loss (Hood et al., 2007, 2008; Wheat et al., 2012). The
disease effect on multiple neighboring ganglion cells and corre-
sponding axons leads to regional visual field loss, optic nerve head
cupping, and the disease manifestation is distributed along the en-
tire length of the Retinal-Ganglion-Cell Axonal complex (RGC-AC).
Glaucoma needs to be detected early, and once detected, changes
in glaucomatous damage must be consistently monitored. Auto-
mated perime-try (e.g., Humphrey 24-2 SITA visual field), and clin-
ical assessment of the optic nerve cup and rim are the main clin-
ical standard for detection of glaucoma and its progression. Un-
fortunately, even for moderate visual field (VF) loss (exceeding 12-
15dB mean deviation loss), VF measurement variability increases
and a reliable determination of VF change is not possible. This lack
of reliability and reproducibility of VF measurement, in addition to
its patient unfriendliness is problematic in glaucoma damage as-
sessment.

Using our previously validated SD-OCT segmentation and regis-
tration of methods (Section 3), registration of 9-field OCT covering
all of the Humphrey 24-2 visual field test locations allows precise
quantification of local GCL and NFL thickness at each of the 54 VF-
test locations. Combined with the RGC-AC concept and its axonal
trajectory according to Garway-Heath, these analysis techniques
allow aggregate glaucoma damage as-sessment for each RGC-AC
complex. On a grid coinciding with the 54 cell locations of the
Humphrey 24-2 visual testing, independent predictive models are
built for each cell. Each cell-specific predictive model is based on
the structural properties of the associated RGC-AC that originates
at the cell of interest. Thus, the properties are composed of the av-
erage cell thickness of the GCL+IPL layer, the average NFL thickness
over the cell, as well as the NFL thicknesses of all the cells along
the estimated RGC-AC. The cell-specific predictive models were im-
plemented as a support vector regression machine and trained us-
ing these features to predict the continuous out-put represented
by the VF threshold for each of the 54 cells. Example predictions
obtained from a set of 54 independently trained predictive mod-
els are given in Fig. 5. When quantitatively comparing the actual
VF thresholds from Humphrey VF to the thresholds derived from
the RGC-AC based cell-specific predictive models, the correlation
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Fig. 4. Prediction of patient-specific outcomes. (a) Prediction correctness as a function of adding more and more data from the induction phase-note that 83% correctness
is achieved after only 4 weeks of the induction period. (b) Prediction of total retinal thickness (TRT) with correlation coefficient R=0.77 (p < 0.001). (c) Prediction of visual
acuity (VA) with correlation coefficient R=0.57 (p <0.001). Corresponding regression lines (in panels b,c) are in blue. The identity line is shown in red. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Visual fields presented as simulated Humphrey 24-2 VF test printouts. The
actual perimetry measured thresholds are shown on the left of each pair, the pre-
dicted VF threshold is shown on the right. The left column of paired VF printouts
corresponds to moderate glaucoma and the right pair to advanced glaucoma. Note
that the predictions correspond quite well with the measured VF data in this ran-
domly selected small subset of 122 analyzed eyes with early, moderate, and ad-
vanced glaucoma.

across the VF grid cells ranged from 0.48 to 0.81, with a mean of
0.68 (Bogunovic et al., 2015).

The presented ability to predict visual function from retinal
layer structure derived from volumetric OCT may potentially be
game-changing for patients with glaucoma and possibly with other
vision-loss causing retinal diseases. Visual field assessment is a
demanding test that requires focused and active attention of the
tested patient for 20-30 min. In comparison, a volumetric OCT
scan only takes about a minute of passive participation. Therefore,
the increased reproducibility of the VF determination, as well as
the potential of replacing the unpopular visual field test with a
single volumetric OCT imaging session will allow to test glaucoma
patients more frequently, more reproducibly, and thus detect glau-
coma earlier. It also promises to achieve a better understanding of
the patient-specific disease process that will allow to administer
patient-specific treatment.

7. Discussion and conclusion

The previous sections show how quantification applied to stan-
dard OCT protocols is starting to affect clinical practice for patients
with ocular diseases. From here, there are three future directions
for quantitative OCT. First, to achieve earlier detection of treatable
diseases, also called screening, OCT and OCT analysis will need to

be adapted to use in frontline care. This implies a shift to diagnos-
tic rather than quantification performance, as well as lower cost
hardware, such as snapshot OCT. Second, as we have shown in the
glaucoma studies and other studies not discussed here, OCT anal-
ysis has the potential to replace the mainstay of disease manage-
ment in ophthalmology, namely functional tests. For example, re-
placing visual field thresholds with OCT analysis, replacing contrast
sensitivity or dark adaptation with OCT analysis, etc. All of these
traditional tests are patient unfriendly and are plagued by low re-
producibility, while smart OCT analysis has the potential to make
these into quick, easy tests for patients and doctors alike. Third, in-
creasing resolution of OCT hardware to that beyond cellular reso-
lution, e.g., via adaptive optics OCT (resolution is increased by cor-
recting for waveform aberrations resulting from the imperfections
in the ocular media) or using contrast-enhanced OCT (both these
approaches now feasible only in a research setting) will necessitate
even faster and more precise quantification algorithms.
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