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Purpose of review

To summarize the literature on three-dimensional (3D) technological advances in ophthalmology, the
quantitative methods associated with this, and their improved ability to help detect glaucoma disease
progression.

Recent findings

Improvements in measuring glaucomatous structural changes are the result of dual innovations in optical
coherence tomography (OCT) imaging technology and in associated quantitative software.

Summary

Compared with two-dimensional (2D) OCT parameters, newer 3D parameters provide more data and
fewer artifacts.
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INTRODUCTION

Glaucoma is a chronic optic neuropathy, for which
there is no cure. Early detection is the key to pre-
serving vision as appropriate treatment can delay
progression and prevent irreversible blindness. His-
torically, the diagnosis of perimetric glaucoma was
made when a person had already lost up to 40% of
their retinal ganglion cells (RGC). However, there is
now a shift towards detecting glaucomatous struc-
tural changes before visual field loss as results of the
Ocular Hypertension Treatment Study and advances
in imaging have shown that changes in structural
testing [i.e. disc photography and optical coherence
tomography (OCT)] can occur before visual field
changes. With OCT technology, these changes
include retinal nerve fiber layer (RNFL) thinning,
neuroretinal rim tissue thinning, and macular gan-
glion cell layer thinning. Imaging now has the
capability of providing doctors with more data
and fewer artifacts, or fewer clinically unusable
scans. Additionally, OCT provides data on the sur-
rounding peripapillary vasculature and can also
visualize the lamina cribrosa, giving insights into
the vascular and mechanical theories of glaucoma.
This review will summarize best clinical three-
dimensional (3D) imaging technologies and associ-
ated 3D volumetric analyses, which will enable us to
diagnose and detect 3D glaucomatous structural
uthor(s). Published by Wolters Kluwe
changes sooner, ultimately enabling earlier treat-
ment and vision preservation.
TECHNOLOGY OVERVIEW: SPECTRAL
DOMAIN AND SWEPT SOURCE OPTICAL
COHERENCE TOMOGRAPHY

OCT is the most commonly used, noninvasive, in-
vivo 3D imaging technology currently used in clin-
ics. It has become a foundational part of the evalua-
tion of glaucoma and retinal diseases, and it can
help to objectively quantify disease progression.
Images in OCT can be translated into one-dimen-
sional (1D) units of data or length or A-scans. Many
r Health, Inc. www.co-ophthalmology.com
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KEY POINTS

� The 2D RNFL thickness measurements are the result of a
single B-scan. The presence of artifacts in one B-scan
can lead to a wrong diagnosis and incorrect
treatment plans.

� Compared with SD-OCT, SS-OCT has faster scan
speeds and better depth penetration, enabling better
visualization of deeper structures, such as the lamina
cribrosa and choroid.

� High-density 3D volumetric analysis affords more data
and fewer unusable scans and would improve
glaucoma care in the future. Such newer parameters
may include RNFL volume, MDB neuroretinal rim
thickness, peripapillary retinal volume, and
GCC volume.

Glaucoma
A-scans combined together create B-scans, which
are two-dimensional (2D) cross-sectional images.
Volumetric or 3D images are created when B-scans
are combined. During the transition of 2D to 3D
imaging of the eye, OCT became an indispensable
part of clinical practice.

During the past decades, OCT technology has
been continuously evolving. First described in 1991,
time domain OCT laid the groundwork for in-vivo 2D
imaging of theeye [1]. In2003,3D volumetric imaging
of the eye with video-rate spectral domain OCT (SD-
OCT) became possible [2]. Faster-scan speeds allowed
forunprecedentedvideo imagingof theposteriorpole.
Fourier domain OCT and SD-OCT are different terms
for the sametechnology, whose advancement allowed
for better sensitivity and higher resolutions [3,4].
Video-rate SD-OCT propelled the use of OCT
machines in almost every ophthalmology office, uti-
lizing a spectrometer and light source wavelengths
ranging from 820 to 870nm for the RTVue and iVue
(Optovue Inc., Fremont, California, USA), the Cirrus
(Carl Zeiss Meditec, Inc., Dublin, California,USA), and
the Spectralis (Heidelberg Engineering, GmbH, Hei-
delberg, Germany) [5].

Around the same time, another technology
advancement called swept source OCT (SS-OCT)
was developed [6–8]. Optical frequency domain
imaging, or SS-OCT, was not Food and Drug Admin-
istration (FDA) approved for clinical use until 2016
and is not as commonly used in ophthalmology
clinics as SD-OCT. However, compared with SD-
OCT, SS-OCT has faster-scan speeds and greater
depth penetration, allowing for scanning of larger
areas and deeper layers. SS-OCT uses a laser light
with a center wavelength of approximately 1050 nm
[9–11,12

&&

,13,14].
Variations of SD-OCT technology include

enhanced-depth imaging (EDI), which simply
104 www.co-ophthalmology.com
focuses imaging to more posterior structures. Other
enhancements may include adaptative optics,
which reduces the aberrations caused by the lens
in the eye, providing better resolution with reduc-
tion of artifacts [15

&

,16,17].
Another added feature for SD-OCT and SS-OCT

technologies is OCT angiography (OCTA), which
visualizes blood vessels [18

&&

]. Although SD-OCT
has the ability to measure blood flow [19], most
commercially available OCTA software does not
quantify blood flow but simply visualizes the pres-
ence or absence of blood vessels. With current soft-
ware packages, the 3D vascular network in theeyecan
be visualizedwithout fluorescein angiographyor dye,
and metrics, such as vessel density can be quantified.
With the advent of OCT, the use of invasive fluores-
cein angiography has been vastly reduced. With cur-
rent OCTA software, serial images in time are
compared, and image differences are attributed to
the presence of moving blood cells, which indicate
the presence of blood vessels. Therefore, the struc-
tural presence of blood vessels can be mapped for
different regions, such as the retinal surface, the
radial peripapillary capillary network, and the inter-
mediate and deep capillary plexus [20–22,23

&

].
This review will focus on structural imaging and

not vascular imaging as normative databases are
only available for structural and not OCTA param-
eters. In addition, structural measurements are cur-
rently more reliable than OCTA data.
FUTURE CLINICAL APPLICATIONS:
BEYOND THE RETINAL NERVE FIBER
LAYER

Although OCT technology now allows for 3D volu-
metric imaging of the eye, its full potential is limited
by commercially available software, which does not
fully analyze the volumetric data obtained by the
machines. Therefore, software advances with 3D
data analysis are needed to maximize the potential
of SD-OCT and SS-OCT technology. Currently, the
most commonly used glaucoma parameter is peri-
papillary RNFL thickness [3]. However, we need to
move beyond the RNFL. Future regions of interest
that need to be targeted for better glaucoma diag-
nosis and monitoring of disease progression are not
only just the RNFL but also the optic nerve, the
peripapillary region, and the macula.
STARTING WITH RETINAL NERVE FIBER
LAYER THICKNESS: TWO-DIMENSIONAL
IMAGING

The peripapillary RNFL thickness parameter is the
most commonly used, commercially available
Volume 33 � Number 2 � March 2022
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glaucoma parameter in clinical practice [3], and
these 2D RNFL thickness measurements are the
result of a single B-scan. Thinning of the RNFL is
associated with glaucoma. However, the greatest
limitation of the RNFL thickness measurement is
that its OCT measurements may be inaccurate
because of artifacts in 19.9–46.3% of scans
[24,25,26

&&

,27
&

,28]. In an analysis of 2313 scans
from 1188 patients, Liu et al. defined 12 types of
artifacts, which can be caused by poor data acquisi-
tion, inaccurate software analysis, or patient ocular
disorder [28]. Moreover, the RNFL thickness param-
eter has high false-positive rates of 26.2–39% (i.e.
‘red disease’ when the OCT machine suggests incor-
rectly that the patient has glaucoma), in patients
with longer axial lengths and smaller disc areas [29].
Additionally, RNFL measurement errors and arti-
facts are more commonly seen in glaucoma patients
[25,29], as glaucoma causes not only RNFL thinning
but also RNFL reflectivity loss. As the less reflective
glaucomatous RNFL is harder to distinguish from
the underlying plexiform layer, segmentation of the
posterior RNFL border may be more difficult and
inaccurate. Because of the high-artifact rates seen
with peripapillary RNFL thickness measurements,
research to develop better ways to more accurately
quantify the RNFL in glaucoma is needed.
RETINAL NERVE FIBER LAYER VOLUME:
THREE-DIMENSIONAL IMAGING

Peripapillary RNFL volume is perhaps a better future
metric for quantifying RNFL tissue in glaucoma than
the aforementioned RNFL thickness parameter. In a
study by Khoueir et al. [30], high-density optic nerve
volumetric research scans were used to evaluate the
diagnostic capability of SD-OCT peripapillary RNFL
volume measurements in a multiethnic group of 113
open-angle glaucoma (OAG) patients and 67 normal
participants. Employing a custom-designed MATLAB
code, RNFL volume for different-sized annuli were
calculated from high-density volume scans centered
on the optic nerve head (ONH). This study concluded
that overall RNFL volume measurements were lower
in OAG patients compared with normal patients.
Using different annuli sizes of 1 mm width, the best
diagnostic capability was found for the circumpapil-
lary annulus (i.e. RNFL-volume 2.5–3.5), which had
an inner diameter of 2.5 mm and an outer diameter of
3.5 mm [area under the receiver operating character-
istic curve (AUROC) ¼ 0.955]. Of the eight possible
RNFL volume sectors (i.e. for4quadrantsand 4 octant
values), the inferior quadrant had the best diagnostic
ability (AUROC¼0.977). These results were then
compared with the best diagnostic values for 2D
RNFL thickness, which were global (AUROC¼0.959)
1040-8738 Copyright � 2021 The Author(s). Published by Wolters Kluwe
0.959) and inferior (AUROC 0.966). Although RNFL
volume parameters had similar ability as RNFL thick-
ness to help diagnose glaucoma [30], a complemen-
tary RNFL volume paper shows that this same high-
density 3D RNFL volume parameter can reduce the
percentage of clinically unusable scans in glaucoma
patients to 7.5%, lower than the 58.5% of unusable
scans for the 2D RNFL thickness scan [31

&&

]. There-
fore, this 3D high-density volumetric scan protocol,
which takes only a few extra seconds of scan time
[30], can achieve improved data accuracy [31

&&

] by
reducing the number of unusable scans, which would
otherwise require repeat scanning. In summary,
RNFL volume measurements have the same diagnos-
tic ability as RNFL thickness measurements but pro-
vide more data and fewer unusable scans, which
would improve future glaucoma care.
THE OPTIC NERVE: BRUCH’S MEMBRANE
OPENING-MINIMUM RIM WIDTH AND
THREE-DIMENSIONAL IMAGING

The key feature of old neuroretinal rim measure-
ments is that rim tissue is only quantified if it lies
along a 2D flat reference plane, which varies from
120 to 200 mm above and parallel to the retinal
pigment epithelium (RPE). According to a review
[3], best commercially available rim parameters are
global and inferior rim area along this 2D flat refer-
ence plane. In contrast, the key feature of new
neuroretinal rim measurements is that rim thickness
is calculated in 3D space and does not use a 2D
mathematically flat reference plane [2]. The earliest
commercially available reference plane-indepen-
dent parameter is the low-density Bruch’s mem-
brane opening-minimum rim width (BMO-MRW)
parameter, which quantifies 3608 of rim tissue in 3D
space using the cup surface as the inner rim border
and the BMO disc border as the outer rim border.
Articles suggest that the BMO-MRW is the same as or
better than both RNFL thickness and reference
plane-dependent rim area for diagnosing glaucoma
and monitoring disease progression [32,33,34

&&

].
THE OPTIC NERVE: MINIMUM DISTANCE
BAND AND THREE-DIMENSIONAL
IMAGING

Similar to the low-density commercially available
BMO-MRW, good diagnostic ability can be achieved
with a high-density research scan rim measurement,
the minimum distance band (MDB). Both the high-
density MDB and the low-density BMO-MRW
parameters quantify neuroretinal rim tissue without
a mathematically flat reference plane, and Fig. 1 [35]
compares how these two parameters are calculated.
r Health, Inc. www.co-ophthalmology.com 105



FIGURE 1. The minimum distance band volumetric high-density raster scan protocol compared with the Bruch’s membrane
opening-minimum rim width radial scan protocol. In (a), the horizontal green lines represent the 193 raster lines, which are
used to reconstruct the OCT disc margin (100 red points), defined as the RPE/BM border. The lower left image in (a) is an
OCT B-scan at the position of the yellow line. It depicts the automated segmentation of the ILM and the RPE/BM complex. In
(b), the 24 radial scan pattern of the BMO-MRW protocol is shown. The OCT disc margin is reconstructed at 48 positions (48
red points) and is defined as the BMO border. Reproduced with permission from [35]. BMO-MRW, Bruch’s membrane
opening-minimum rim width; OCT, optical coherence tomography; RPE/BM, retinal pigment epithelium/Bruchs membrane.
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FIGURE 2. Example of the three-dimensional neuroretinal rim thickness (minimum distance band) of a progressing left eye
imaged with Spectralis spectral-domain OCT: (a) baseline global minimum distance band thickness of the left eye and (b)
global minimum distance band thickness 7 years later. The black arrows indicate the progressive focal MDB neuroretinal rim
thinning (b) compared with baseline measurement (a). Reproduced with permission from [37&&]. MDB, minimum distance
band.
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The scan protocols are different as the MDB uses a
high-density 193-line raster scan and the BMO-
MRW uses a low-density 24-line radial scan.
Although both define the inner rim border as the
cup surface, the outer rim border is different. For the
MDB, the disc border is the retinal pigment epithe-
lium/Bruchs membrane (RPE/BM) complex. For the
BMO-MRW, the disc border is the BMO. Studies
have shown that the MDB rim thickness in 3D space
has the same or better diagnostic ability compared
with both RNFL thickness and 2D neuroretinal rim
parameters [2,29,33,35]. Shieh et al. [29] demon-
strated that glaucoma patients had significantly
thinner MDB values in all quadrants and sectors,
compared with control participants (P<0.0001).
The best AUROC values for glaucoma and early
glaucoma patients were the overall global (AUROC
0.969; 0.952), the inferior quadrant (AUROC 0.966;
0.949), and the inferotemporal sector (AUROC
0.966; 0.944) [29].

An advantage of high-density MDB rim meas-
urements in 3D space is that more data is obtained,
resulting in fewer unusable scans. Park et al. [36

&&

]
showed that the 3D MDB thickness parameter has
only 15.8% unusable scans, compared with 2D RNFL
thickness with 61.7% unusable scans.

Moreover, a longitudinal study demonstrated
that MDB rim thickness can detect glaucomatous
structural damage 1–2 years earlier than current
1040-8738 Copyright � 2021 The Author(s). Published by Wolters Kluwe
clinical tests (i.e. RNFL thickness and disc photos)
[37

&&

]. This was demonstrated in a cohort of 124
OAG patients followed for an average of 5 years
[37

&&

]. An example from this article [37
&&

] shows
an OAG patient who had progressive MDB thinning
over a 7-year period (Fig. 2). For an irreversible
blinding disease like glaucoma, treatment initiated
1–2 years earlier has invaluable impact and public
health significance.
AROUND THE OPTIC NERVE:
PERIPAPILLARY RETINAL VOLUME THREE-
DIMENSIONAL IMAGING

One of the main problems with RNFL measurements
is that segmentation of the posterior RNFL border is
more inaccurate in glaucoma patients, whose RNFL
is less reflective. A possible solution is peripapillary
retinal thickness maps, whose posterior border (i.e.
the RPE) is easier to accurately segment. This con-
cept was published by Yi et al. [38], who showed
examples where peripapillary retinal thickness maps
revealed arcuate defects not seen on RNFL thickness
maps (Fig. 3) [38]. Peripapillary retinal thickness
measurements are different than macular retinal
thickness maps, which are available in commercially
available software. With this concept of peripapil-
lary retinal thickness measurements, Simavli et al.
[25] used the commercially available ETDRS (Early
r Health, Inc. www.co-ophthalmology.com 107



FIGURE 3. Spectral domain optical coherence tomography retinal thickness and retinal nerve fiber layer thickness
peripapillary maps in normal (no. 1–2) and glaucoma (no. 3–7) patients. First column: disc photos, second column: visual
fields, third column: RT maps, and fourth column: RNFL thickness maps. The thickness scales are seen as the bottom two color
bars. The RT map scale ranges from 0 to 500 mm, and the RNFL thickness scale ranges from 0 to 180 mm. Visualization of
classic glaucomatous arcuate defects is better seen in RT maps (arrows) than RNFL maps for eyes numbered 4 and 7.
Reproduced with permission from [38]. RFNL, retinal nerve fiber layer; RT, retinal thickness.
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Treatment Diabetic Retinopathy Study) scan circles
and centered it over the optic nerve instead of the
fovea. For all tested circumpapillary annuli sizes, the
peripapillary retina was thinner in OAG patients for
all quadrants, compared with normal participants,
and best diagnostic regions were located inferiorly
[25].

Furthermore, two other studies showed that
peripapillary retinal volume measurements
[26

&&

,39] have excellent performance as a diagnostic
tool to detect glaucoma as retinal volume is lower in
OAG patients compared with normal patients. The
first study used ETDRS scan circles in commercially
available software packages and showed that best
retinal volume parameters had similar diagnostic
ability compared with best RNFL thickness param-
eters [39]. The second study used research software,
specifically designed for glaucoma diagnosis [26

&&

],
to calculate 3D peripapillary retinal volume. In this
article [26

&&

], customizable scan-circle sizes were
used to create different-annuli sizes to evaluate eight
possible peripapillary total retinal parameters. The
best parameter found was the retinal volume – 2.5–
3.5, which is the volumetric annular region centered
on the optic nerve, whose inner border is 2.5 mm
and outer border is 3.5 mm. A recurring theme when
comparing 3D measurements with 2D RNFL thick-
ness scans is that 3D retinal volume measurements
had lower artifact rates than 2D RNFL thickness
scans (6 vs. 32.2%, P<0.0001) [26

&&

].
FIGURE 4. The six different-sized annuli, which were used
superimposed on an en face spectral domain optical coherence to
the terminology used for the six macular volume (M-volume) annu
of diameters 1.00 and 2.00 mm (green area in the left image); th
and 3.00 mm (red area in the left image); the third annulus (M-vo
the fourth annulus (M-volume-45) by 4.00 and 5.00 mm (violet ar
and 4.00 mm (orange area in the center image), and the largest
the right image). Reproduced with permission from [40].
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THE MACULA: GANGLION CELL COMPLEX
VOLUME AND THREE-DIMENSIONAL
IMAGING

The ganglion cell complex (GCC) constitutes the
three innermost retinal layers: the RNFL, the gan-
glion cell layer (GCL), and the inner plexiform layer
(IPL). Although commercial software calculates GCC
thickness, future parameters may include GCC vol-
ume [40]. Verticchio et al. implemented six different-
sized annuli (Fig. 4) and evaluated 12 possible macu-
lar parameters. This study demonstrated that the best
3D macular parameter (GCC-volume-34, which is the
volumetric annular region centered on the macula,
whose inner border is 3 mm and outer border is
4 mm) had the same or better diagnostic capability
as the 2D RNFL thickness parameter [40].
OPTICAL COHERENCE TOMOGRAPHY:
UNDERSTANDING THE MECHANICAL AND
VASCULAR THEORIES OF GLAUCOMA

There are two main theories of glaucoma pathophysi-
ology: the mechanical theory and the vascular theory
[41]. The mechanical theory focuses on changes in the
lamina cribrosa, which can be visualized with SD-OCT
and SS-OCT. In an SS-OCT review, Takusagawa et al.
concluded that imaging of the anterior laminar struc-
tures is more reliable than imaging of the posterior
lamina, whose border is not consistently seen. With
progressive glaucoma, there is posterior migration of
to calculate the macular parameters, are depicted and
mography macular image. This figure specifically explains

li: the smallest annulus (M-volume-12) is delimited by circles
e second annulus (M-volume-23) by circles of diameters 2.00
lume-34) by 3.00 and 4.00 mm (blue area in the left image);
ea in the left image); the fifth annulus (M-volume-14) by 1.00
annulus (M-volume-15) by 1.00 and 5.00 mm (yellow area in
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the anterior laminar insertions, with increased thin-
ning and posterior curvature of the lamina. With
glaucoma, focal laminar defects are more common,
laminamicroarchitecturere-models, and laminarpore
size is more variable [12

&&

].
The vascular theory focuses on blood flow abnor-

malities and vasospasm as a cause of optic nerve
damage. A review of OCTA for glaucoma reported
capillary-vessel density decreases within the peripa-
pillary nerve fiber layer and the macula in patients
with glaucoma [18

&&

]. They also concluded there is a
moderate-to-strong association between peripapil-
lary OCTA vessel density and visual field defects
and described similar discriminatory ability between
peripapillary OCTA and OCT RNFL thickness. Studies
reported areas without any visible vascular network
in the choroidal or deep layer microvasculature in at
least half of glaucoma patients. Lower peripapillary
and macular vessel-density and choroidal microvas-
culature dropout are associated with faster rates of
disease progression [18

&&

].
CONCLUSION

Newer 3D glaucoma parameters, which quantify
volumetric data from high-density OCT volume
scans may have equal or better diagnostic capability
for detecting glaucomatous structural damage com-
pared with the most commonly used, commercially
available RNFL thickness parameter. The future of
glaucoma OCT imaging should fully utilize SD-
OCT’s and SS-OCT’s imaging abilities by presenting
the physician with more data (i.e. 3D data instead of
2D data) and fewer imaging artifacts (i.e. fewer
unusable scans). More data with fewer artifacts
would not only improve clinical glaucoma care
but also help us to better understand the mechanical
and vascular theories of glaucoma.
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