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Abstract

The use of ocular imaging tools to estimate structural and functional damage in glaucoma has 

become a common clinical practice and a substantial focus of vision research. The evolution of the 

imaging technologies through increased scanning speed, penetration depth, image registration and 

development of multimodal devices has the potential to detect the pathology more reliably and in 

earlier stages. This review is focused on new ocular imaging modalities used for glaucoma 

diagnosis.
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Introduction

Glaucoma is a multi-factorial neurodegenerative disease characterized by loss of retinal 

ganglion cells (RGC) and their axons, resulting in noticeable changes in the optic nerve head 

(ONH) and retinal layers, and accompanied by visual function deterioration. Glaucoma is 

the second leading cause of blindness worldwide, and by 2020 there will be 3.36 million 

individuals affected by open angle glaucoma in the United States.[1] The early detection of 

this slowly progressive pathology is crucial because glaucomatous vision loss is irreversible 

and an appropriate treatment can potentially slow disease progression and preserve vision.

Glaucoma is diagnosed by the detection of characteristic functional and structural changes. 

The subjective nature of glaucoma detection with legacy methods such as automated 

perimetry and stereoscopic disc photography led clinicians, researchers, and engineers to 

develop and study technologies that could provide objective and reliable estimation of 
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glaucomatous structural damage. The evolution of ophthalmic imaging tools during the past 

two decades has enabled the acquisition of in-vivo and real time objective, accurate, 

quantitative, and precise measurements of the ONH, the retinal nerve fiber layer (RNFL), 

and macular substructures.

Currently, glaucoma imaging research and development is mostly focused on imaging tools 

with higher scanning speeds, higher axial and transverse resolution, the ability to 

simultaneously estimate both structural and functional characteristics of scanned tissue, new 

automated algorithms for image registration, segmentation, and analysis, and tools that allow 

sensitive detection of glaucoma progression.

The purpose of this manuscript is to review the progress in ocular imaging development 

within the past five years and to discuss promising future trends.

Optical Coherence Tomography

Optical Coherence Tomography (OCT) uses the principle of low-coherence interferometry 

and is able to obtain in-vivo structural information from scanned tissue on a micrometer 

level. The technology was first described in 1991[2] and has since evolved significantly and 

gained leading positions in ocular imaging.

The first generation of OCT, known as time-domain OCT (TD-OCT), analyzes information 

from the echo-time delay of back reflected near-infrared light.[3] The structural 

measurements of the scanned tissue are generated by comparing the location of each 

reflection to the position of a moving reference mirror. The scanning speed of this 

technology is limited to 400 axial scan/sec, due to the maximal oscillating speed of the 

reference mirror.[4]

The next generation of OCT, the Fourier domain or spectral-domain (SD-) OCT, was 

introduced in 2001.[5] The fundamental difference of this method is the use of light 

frequency information instead of time delay data to determine the spatial location of 

reflected light. This technology is capable of simultaneously acquiring all of the information 

in a single axial scan through an area of interest by analyzing the frequency information of 

the interference between the reflected light and a stationary reference mirror. This 

improvement results in a substantial increase in scanning speed, up to 75,000 axial scans/sec 

in commercially available devices and up to 20,8 million scans/sec in research devices.[6]

The widespread use of OCT in glaucoma detection and monitoring is due to the high 

reproducibility of the automated measurements of the retinal layers and ONH as 

demonstrated in many studies[7],[8],[9],[10],[11], and because it has a high ability to 

discriminate between healthy and glaucomatous eyes.[12],[13],[14],[15],[16],[17],[18],[19]

Several studies demonstrated that there is no significant difference in glaucoma diagnostic 

capabilities between TD-OCT and SD-OCT[20],[21],[*22], although the ongoing 

improvements in SD-OCT technology are likely to shift that balance. The main parameters 

that OCT machines use to discriminate glaucomatous structural damage are peripapillar 

RNFL thickness, ONH parameters, and macular measurements.[7],[23]
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Despite using the same basic principles of SD-OCT technology, the built-in automatic 

glaucoma protocols of different commercially available devices use different algorithms to 

acquire and analyze structural scans. This makes the comparison of scans and measurements 

acquired with different devices a challenging task.

Retinal Nerve Fiber Layer

RNFL thickness was the first parameter used for the estimation of glaucomatous structural 

damage in OCT technology.[24] The advantage of this parameter is the ability to sample 

axons from the entire retina on their approach to the ONH. RNFL thickness is primarily 

measured from a peripapillary circle centered on the optic disc head. The default setting of 

this circle, a 3.4 mm fixed diameter, is placed at a location with a relatively stable RNFL 

thickness, allowing for small variations in the exact circle placement without causing a 

substantial difference in the overall thickness.[25]

Fast scanning speed devices, such as SD-OCT and more recent OCT technologies, enable 

the use of dense scanning patterns such as the raster scan, allowing the construction of a 3-

dimensional (3D) cube using all of the measurements from the entire scanning region. This 

allows the provision of the RNFL thickness information in two ways: through 

circumpapillary RNFL mapping similar to the method described above, that can be 

generated from the 3D cube of data, or a RNFL thickness map of the entire peripapillary 

region. Acquiring 3D data have another advantage as it allows precise registration of scans 

acquired over time, reducing the variability caused by slight differences in the tissue 

sampling location.[26]

The circumpapillary RNFL thicknesses provided by the SD-OCT devices are average RNFL 

thickness, thickness in four quadrants (temporal, superior, nasal, and inferior), and sectoral 

thickness at each of 12 to 16 equal size sectors. The RNFL thickness profile mostly follows 

the ISNT rule, with thickest RNFL in the inferior quadrant followed by the superior, nasal 

and temporal quadrants.[27]

The SD-OCT technology demonstrates excellent intravisit and intervisit RNFL measurement 

reproducibility; with the average RNFL thickness being the best parameter with a test-retest 

variability of 4.5µm to 6.05µm in different studies. [10],[26],[28],[29],[30]

Several studies demonstrated RNFL thickness variability with age, race, ethnicity, optic disc 

size, and axial length of the eye.[27],[31], [32] This should be taken in consideration when 

defining RNFL thickness pathologic changes.

The Cirrus HD-OCT (Zeiss, Dublin, CA) ONH and RNFL protocols collect the information 

from a 200 (height) ×200 (width) ×1024 (depth) point parallelepiped that is obtained within 

a 6×6×2mm cube centered on the ONH. RNFL measurements are compared with an age-

matched normative database, and the areas below the lower 95% normal distribution range 

in each location are highlighted [Figure 1]. RNFL parameters are presented as a color-coded 

map with green, yellow, or red representing locations with RNFL thickness within normal 

range, < 5% and < 1%, respectively, in comparison with the normative database.
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The Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) protocol generates a 

circumpapillary RNFL thickness map from a circle centered on the ONH. The actual 

thickness values and color-coded comparison results are presented as global average 

thickness, thickness in four quadrants, and thickness in six sectors [Figure 2].

RTVue Premier (Optovue, Fremont, CA) obtains 13 concentric circumpapillary scans with 

diameters of 1.3 – 4.9 mm and 12 radial linear scans 3.7 mm in length centered on the ONH 

to create a peripapillary map. The comparison with the normative database is conducted in 

16 sectors and as a deviation map.

The different scanning protocols of the variety of commercially available OCT devices lead 

to variability in RNFL thickness measurements. A study that included glaucoma, glaucoma 

suspect, and healthy eyes examined the agreement of RNFL thickness measurements 

obtained with three commercially available SD-OCT devices (Cirrus HD-OCT, Spectralis 

OCT, and RTVue OCT).[33] The results showed significant RNFL thickness measurement 

difference between the devices. The RNFL measurements acquired with RTVue were thicker 

than Cirrus HD-OCT and Spectralis OCT. Significant differences in RNFL thickness 

measurements between Cirrus HD-OCT and Spectralis OCT were reported, with Spectralis 

values being higher in all quadrants except nasal.[34]

The best RNFL parameters to distinguishes between glaucomatous and healthy eyes are the 

RNFL thickness at the inferior temporal clock-hour 7, superior-temporal region, inferior 

quadrant, and average RNFL thickness.[13],[35] Glaucoma diagnostic capability of RNFL 

clock hour and quadrant thickness maps, and the deviation map was assessed in eyes with 

localized RNFL defect.[36] The results demonstrated that the RNFL deviation map is more 

sensitive in detecting RNFL defects than the clock hours and quadrant maps obtained by 

TD-OCT and Cirrus HD-OCTs. This result emphasizes the importance of assessing the 

deviation map for the most sensitive detection of glaucomatous damage.

Novel algorithms to improve the alignment of subsequent scans and to minimize the 

movement artifacts were recently incorporated into commercial OCT system. This method 

connects two fixed landmarks (the center of the fovea and the center of the Bruch’s 

membrane opening (BMO)) to ensure consistent alignment of the optic nerve region, 

reducing measurements variability due to torsional movement.[37]

Optic Nerve Head

OCT technology can provide quantitative ONH assessments with parameters such as disc 

area, rim area, rim volume, vertical cup-to-disc ratio, horizontal cup-to-disc ratio, cup area, 

cup volume, and others. The acquisition of 3D images of the ONH region with SD-OCT 

results in accurate and reproducible measurements.[38],[39] Similar to RNFL thickness, the 

scanning protocols for the ONH also differ between the commercially available SD-OCT 

devices. The ONH parameters provided by Cirrus HD-OCT are generated from the 3D ONH 

scan described in the RNFL section above. Spectralis OCT provides ONH parameters by 

performing radial scans centered on the optic disc. The ONH protocol of RTVue Premier 

consists of a combination of radial and concentric circular scans as described above. Gaps 

Kostanyan et al. Page 4

Expert Rev Ophthalmol. Author manuscript; available in PMC 2016 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the scans are interpolated. The ONH parameters are compared with normative data 

in several of the commercially available devices.

TD-OCT’s ONH parameters has been shown to vary with disc area, age, intraocular 

pressure, axial length, lens nuclear color, and signal strength when measured in healthy eyes.

[40] Similarly, SD-OCT measurements of ONH, RNFL, and macula in healthy eyes were 

shown to vary with age and ethnicity.[41]

The glaucoma diagnostic capabilities of ONH parameters acquired with early generation, 

TD-OCT and RTVue OCT were compared. The results demonstrated excellent agreement 

between both OCT devices with stereophotography with intraclass correlation coefficient 

(ICC) of 0.80 to 0.86, and excellent agreement of all ONH parameters between the two OCT 

devices. The ONH parameters obtained with both OCTs performed similarly in 

distinguishing glaucomatous damage.[42]

The ONH parameters that best discriminate between healthy and glaucomatous eyes are rim 

area, vertical rim thickness, vertical cup-to-disc ratio, and cup-to-disc area ratio.[13],[43] No 

statistically significant difference was noted between AUCs for the best ONH parameters 

and RNFL thickness measurements. Comparing the ability to discriminate between healthy 

and perimetric glaucomatous eyes with RNFL thickness measurement and ONH parameters 

showed superior performance of RNFL.[44] However, RNFL thickness and rim area showed 

similar diagnostic capability in advanced glaucoma.[13],[44]

Glaucoma diagnostic ability of new structural markers has been recently studied and 

incorporated in commercial OCT systems. Neuroretinal rim measurements using Bruch’s 

membrane opening (BMO) base minimum rim width has the potential to improve glaucoma 

discrimination abilities of OCT systems.[45] This method measures the shortest distance 

between the BMO and the surface instead of the method that connects the optic nerve head 

boundary with the surface vertically anterior to it.

Macula

Taking into consideration that more than half of all RGCs are located in the macula and 

arranged in 7 to 8 cell layers,[46] this area is a valuable location for assessing glaucomatous 

damage.[47],[48],[49],[50] SD-OCT allows the acquisition of high quality images of this 

region, enabling advanced automated segmentation of retinal layers that has demonstrated 

high reproducibility.[50],[51] The layers of particular interest for glaucoma damage 

detection are macular RNFL (mRNFL), the ganglion cell layer with inner plexiform layer 

(GCIPL), and the ganglion cell complex (GCC = mRNFL + GCIPL), as these are the layers 

that are directly prone to glaucomatous damage.[52]

The Cirrus HD-OCT quantifies the GCIPL thickness by automatically segmenting these 

layers in an ellipse (vertical radius of 2 mm, horizontal radius of 2.4 mm) centered on the 

fovea, and displays the values on a color-coded thickness map [Figure 3]. Other specific 

parameters, such as average and minimum GCIPL thicknesses, sectoral maps, and deviation 

maps are compared with a normative age-matched database and presented as numerical and 

color-coded data.
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The Spectralis OCT system provides values of total macular thickness within a 30° × 25° 

scan area centered on the fovea. The results are displayed using a color-coded gray scale. 

The current algorithm does not provide a comparison of macular thickness measurements to 

an age-matched normative database.

The macula protocol of RTVue Premier analyses the GCC that unlike other devices, includes 

the mRNFL thickness in addition to the GC-IPL thickness. The data is captured from a 7 

mm2 area centered 1 mm temporal to the fovea. The macular values are displayed on a 

color-coded thickness map and the algorithm provides RNFL deviation and significance 

maps for better visualization of glaucomatous damage [Figure 4]. The specific pattern of 

GCC loss is used to calculate the global and focal volume loss parameters.

A study that used Cirrus HD-OCT examined 138 healthy, ocular hypertensive, or 

glaucomatous eyes and reported highly reproducible GCIPL thickness measurements.[53]

Recent studies demonstrated that the glaucoma diagnostic capabilities of GCIPL were 

comparable with RNFL and ONH parameters.[18],[54],[55] Moreover, of the several 

examined GCIPL parameters (average, minimum, sectoral) the highest sensitivity was 

observed with the minimal GCIPL thickness.[51],[55] A study with Cirrus HD-OCT 

reported a similar AUC for GCA protocol, RNFL, and ONH analyses.[54] Similar 

performance was reported with Spectralis SD-OCT macular analysis and RNFL parameters 

to estimate glaucomatous damage.[56]

The visualization of posterior segment deeper structures such as choroid [59] and lamina 

cribrosa [60],[61] with commercial SD-OCT devices were reported using the enhanced 

depth imaging (EDI) scanning approach. However, the penetration depth of the technology 

is limited by the wavelength of the light source used with this technology.

Swept source OCT

Swept source OCT (SS-OCT) is a recent development in OCT technology where frequency 

information is acquired by sweeping a narrow bandwidth source through a broad range of 

frequencies.[57],[58] Most SS-OCT devices have a longer center wavelength of ~1310nm, 

compared with a wavelength of ~840nm in SD-OCT. This slightly reduces the image 

resolution but improves the tissue penetration, allowing better visualization of structures 

such as the choroid, sclera, lamina cribrosa, and the anterior chamber angle.[62],[63],[*64],

[**65],[66],[67] The SS technology is able to acquire up to 400,000 axial scans/sec, and 

avoids the signal drop-off with scanning depth observed with earlier generation OCTs.[7] 

This allows acquisition of good quality images spanning over a wider depth such as an 

image that contains the inner retina and the full choroid thickness in the same image [Figure 

5].

Using a prototype SS-OCT device with an acquisition rate of 100,000 axial scans/sec and a 

central wavelength of 1030nm, good retinal and choroidal measurement repeatability was 

reported with high ICCs.[68]
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The involvement of the lamina cribrosa in the glaucomatous process has been previously 

documented with histology. The improved specifications of SS-OCT enable in-vivo 

acquisition of high quality images of this structure. In a cross-sectional study of 182 

glaucoma eyes the authors reported focal and full-thickness lamina cribrosa defects that 

corresponded with RNFL and neuroretinal rim thinning and visual field defects.[*64] 

Further investigating the lamina cribrosa involvement in glaucoma, an in-vivo SS-OCT 

study evaluated the microarchitectural differences between healthy and glaucomatous eyes 

using automated segmentation of the lamina cribrosa.[69],[**65] The authors documented 

lamina cribrosa changes that reflect beam remodeling with reduction in pore size and 

increased pore size variability. Using SS-OCT to assess ONH changes that appeared after 

glaucoma surgery, it has been reported that the percent change in the maximal LC depth is 

correlated with the percent change in IOP, baseline LC depth, and visual field mean 

deviation.[70]

The deep penetration of SS-OCT devices with a long wavelength has also been shown to be 

advantageous for the clinical assessment of the anterior segment of the eye. SS-OCT can 

accurately detect and quantify peripheral anterior synechia[71],[72], the width of the 

trabecular meshwork[73], and automatically quantifies the circumferential extent of the 

angle-closure-iris-trabecular contact index.[74],[72] This parameter had an AUC = 0.83 for 

differentiating between healthy and angle closure eyes as defined by gonioscopy.[75] 

Another method to identify angle closure used a machine learning technique with various 

descriptive anterior segment parameters generated from SS-OCT scans.[76] A study of 148 

subjects identified fractal dimension (a complex shape descriptor quantifying irido-corneal 

angle characteristic) and a biometric parameter as the best combination to identify closed 

angle eyes with an accuracy rate of 99.1% and an AUC = 0.98.

Software enhancements in SS-OCT technology enable the performance of non-invasive 

angiography without the need of a contrast agent. SS-OCT with a split-spectrum amplitude-

decorrelation angiography algorithm was used to estimate ONH perfusion in-vivo.[**77] A 

set cut-off of the optic disc flow index achieved a full separation between healthy and 

glaucomatous eyes (including a wide range of disease severity) with 100% sensitivity and 

specificity. Using multivariant analysis, the authors reported high correlation (R2 = 0.75) 

between this parameter and visual field pattern standard deviation, which might open a new 

venue for disease detection and monitoring.

Adaptive optics

Adaptive optics (AO) is a well-established method to reduce the effect of wavefront 

distortions and is used to improve the performance of optical systems. The technique is 

based on the correction of the deformations of an incoming wavefront using a deformable 

mirror for compensation of the distortions. This method originates from astronomy imaging 

protocols used to correct for atmospheric and other optical aberrations and to enhance and 

resolve faint features. AO was successfully implemented into ocular imaging, boosting 

resolution and improving image quality.
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A fundus camera coupled with AO are capable of obtaining in-vivo retinal images at the 

cellular level,[78] and are mostly used for retinal disease. A few studies have demonstrated 

the utility of the AO technique when coupled with scanning laser ophthalmoscopy (SLO) 

and OCT allowing to resolve in-vivo structures such as the retinal microvasculature, 

photoreceptors, ganglion cell, and the lamina cribrosa [Figure 6]. [79],[80]

Using AO coupled with a fundus camera and with SD-OCT, researchers examined cone 

photoreceptor density and the length of inner and outer segments of cone photoreceptors in 

subjects with glaucomatous and non-glaucomatous optic neuropathies.[81] They observed 

significant correlation between visual field sensitivity and the integrity of outer retinal 

layers, as well as the density of cone photoreceptors at corresponding locations. The 

photoreceptor outer segments were shorter, and exhibited greater variability in retinal areas 

associated with visual field losses compared with normal or less affected areas of the same 

patient’s visual field. The results of another study supported the findings of outer retinal 

layer involvement in glaucomatous eyes.[*22] These studies were first to report the 

involvement of the outer retina in glaucoma.

AO-OCT technology was used to obtain cross-sectional images of individual nerve fiber 

bundles in four healthy eyes and one eye with a known arcuate RNFL defect.[*82] The study 

evaluated the reproducibility of acquired measurements, and compared the performance of 

the AO-OCT device with a commercially available SD-OCT device (Spectralis SD-OCT). 

The results showed the technology’s ability to acquire reproducible measurements and the 

ability to provide superior microscopic retina visibility compared to the Spectralis SD-OCT. 

Moderate correlation (r = 0.374) between nerve fiber bundle width and RNFL thickness was 

observed in healthy and glaucomatous eyes.[80] The authors also reported that areas of the 

retina with a significantly lower nerve fiber bandwidth had corresponding defects in visual 

field even though RNFL thickness was preserved. These findings might suggest that 

evaluation of retinal structural damage on the microscopic level might be superior to retinal 

thickness in terms of glaucoma detection.

AO-OCT system was used to scan the lamina cribrosa in healthy, glaucoma suspect, and 

glaucomatous eyes. An automated segmentation analysis was used to quantify 3D lamina 

cribrosa microarchitecture that showed good measurement reproducibility.[83] This method 

creates the possibility of automated and comprehensive assessment of the lamina cribrosa 

that can be an important tool in understanding the glaucomatous process.

Polarization sensitive OCT

Polarization sensitive OCT (PS-OCT) technology generates images based on the 

polarization state altering properties of the examined structures. This technology provides 

both intensity information and the polarization sensitivity of the tissue. PS-OCT is capable 

of distinguishing individual retinal layers by their polarization properties, such as the 

birefringent of the RNFL and the depolarization of the RPE. This method has been recently 

incorporated into SD-OCT[84], SS-OCT[85], and AO-OCT[86].
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A PS-OCT device that operates at a rate of 70,000 axial scans/sec with a scan angle of up to 

40°×40° was recently introduced, providing large-field images. Tested on 10 eyes from 5 

healthy subjects, the system has been shown to provide reproducible images.[87]

Another group designed a swept source PS-OCT (SS-PS-OCT) device with a 1059 nm 

wavelength light source and an axial scan rate of 34,000 axial scans/sec.[88] The authors 

reported that RNFL phase retardation measurements acquired with their system compared 

well with those acquired using a commercial scanning laser polarimetry instrument.

A new method to correct system polarization distortions and further improve PS-OCT 

images was recently introduced.[89] The correction of system polarization distortions 

yielded reduced phase retardation noise, and better estimates of the diattenuation and the 

relative optic axis orientation in weakly birefringent tissues.

The SS-PS-OCT device was also used to scan the anterior segment in 31 healthy subjects in 

order to assess the visibility of the trabecular meshwork.[90] Three independent graders 

compared a total of 496 standard scattering OCT and phase-retardation tomography images 

that were obtained simultaneously. The results demonstrated statistically significant 

improvement of visibility in the PS-OCT images compared with conventional OCT images 

that can improve the assessment of the anterior chamber angle in clinical practice.

While this technology offers several unique perspectives for assessing retinal integrity and 

functionality, the role of this technology in clinical management of glaucoma patients is still 

under investigation.

OCT Blood Flow

A different approach to using the information provided by OCT technology to assess the 

functional tissue status is to examine the blood flow characteristics. [Figure 7] Previous 

studies have demonstrated that ONH blood flow is compromised in glaucoma patients, thus 

the estimation of tissue perfusion alterations might help in glaucoma diagnosis.

Nineteen eyes of subjects with perimetric glaucoma were examined with Doppler SD-OCT.

[91] The average retinal blood flow and arterial and venous velocities were significantly 

lower in the preperimetric eyes than in healthy eyes. The decrease in blood flow was 

correlated with VF mean deviation. A study of 27 healthy eyes and 30 eyes with hemifield 

VF defects used Doppler SD-OCT to evaluate total and hemispheric retinal blood flow.[92] 

Glaucomatous eyes showed reduced total retinal blood flow and venous cross-sectional area 

when compared with healthy eyes. The reduction in retinal blood flow was correlated with 

VF, circumpapillary RNFL, and macular ganglion cell complex thinning. Moreover, the 

retinal blood flow reduction and the thinning of the RNFL and the ganglion cell complex 

were also observed in the apparently normal visual hemifield, which might indicate it to be a 

sensitive tool for detecting early disease.

ONH blood flow was assessed in glaucomatous and healthy eyes using a new method for 

data processing.[**77] The optic disc microcirculation was examined in 24 healthy and 11 

glaucoma subjects using a high-speed 1050 nm wavelength SS-OCT and split-spectrum 
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amplitude-decorrelation angiography (SSADA) algorithm to compute 3D optic disc 

angiography. The blood flow is assessed by calculating the laser beam signal amplitude 

decorrelation from consecutive cross-section scans. The contrast image that distinguishes the 

static and moving tissue is able to visualize the blood flow. The decorrelation is proportional 

to the red blood cells flow speed across the laser beam. This information is used to calculate 

blood flow velocity. The results demonstrated good intra-visit repeatability (coefficient of 

variance = 1.2%) and inter-visit reproducibility (coefficient of variance = 4.2%). The disc 

flow index was 25% lower in the glaucoma group (P = 0.003) compared with the healthy 

group, and it was strongly correlated (R2 = 0.752) with VF pattern standard deviation.

OCT Aqueous Humor Outflow

OCT technique is capable of noninvasively imaging the primary aqueous humor outflow 

system in living human eyes.[93],[94] The authors characterized the pattern of Schlemm’s 

canal, demonstrating the marked size variability along the canal and the 3D path of the 

outflow system.[95],[*96] The temporal limbus area of healthy subjects was scanned with 

SD-OCT while elevating IOP by the application of an ophthalmodynamometer. The results 

demonstrated a significant reduction in Schlemm’s canal cross-sectional area with acute IOP 

elevation.[97] This acute response to pressure elevation might be useful in determining eyes 

at risk for impaired outflow drainage. The ability to gather in-vivo information on the 

outflow pathway might improve understanding of glaucoma pathogenesis, assist in 

glaucoma surgical planning, and aid in clinical management.

Phase-sensitive OCT

Phase-sensitive OCT is a new development in OCT capable of imaging cellular scale tissue 

vibrations. The OCT signal typically encodes both the intensity and the phase of the 

reflection from the scanned region. Minute tissue movements alter the phase of light 

reflected back to the OCT system, which is normally ignored in conventional OCT. These 

phase changes can be detected by phase-sensitive OCT and used to characterize physiologic 

movements as small as 0.26nm.[98] Because this system is so sensitive to minute motion, 

most studies using this system were performed ex-vivo. However, phase-sensitive OCT 

offers the advantage of not only assessing the structure of tissue, but also its function.

Cardiac pulse-induced motion of trabecular meshwork (TM) has been quantitatively 

assessed in healthy living eyes using phase-sensitive OCT.[99] This method has the ability to 

better characterize TM biomechanical properties responsible for ocular outflow regulation. 

The understanding of aqueous outflow regulation and the alteration of regulatory mechanism 

in glaucoma may lead to development of new diagnostic and treatment procedures. Phase-

sensitive OCT has also been shown to allow precise quantification of the length changes in 

the outer segment of the photoreceptors over the span of a few hours.[100]

Summary

The ocular imaging field is in the midst of a very active stage of technological enhancements 

through the evolvement of innovative technology and image processing methods that further 

enhance disease detection and monitoring. These advancements will improve our 
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understanding of the glaucomatous process, improve the ability to detect the disease at the 

earliest stages, and allow precise monitoring of disease behavior over time so that clinicians 

can optimize treatment of glaucoma patients and preserve functional vision.
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Expert commentary

OCT technology transforms the way glaucoma is diagnosed and monitored by providing 

reliable structural and functional information on ocular tissues vulnerable to 

glaucomatous damage. The continuous evolution of the technology results in substantial 

increase in scanning speed, better visualization of tissue microstructure and ability to 

assess functional aspects of ocular structures. Implementation of these improvements in 

eye imaging enables the assessment of subtle glaucomatous structural and functional 

changes thus enhancing diagnosis and disease progression detection.
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Five-year view

Considering the rapid and continuous developments it is difficult to predict the status of 

OCT technology even in near future. The ongoing research is mostly focused on further 

increase in OCT scanning speed, scanning resolutions, penetration depth and 

improvements in image registration and processing software. The incorporation of 

functional analysis will allow an automated and objective assessment of the 

glaucomatous damage offering a new clinical diagnostic tool. The rapid evolvement of 

the OCT technology ensures that excellent diagnostic tool will be available clinically to 

further improve glaucoma management.
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Key Issues

• The improved specifications of ocular imaging allow better disease diagnosis 

and monitoring capabilities and further insight into the pathophysiology of 

glaucoma.

• Spectral-domain OCT technology uses the light frequency information to 

determine the spatial location of reflected light and to provide in vivo high-

resolution images.

• Swept-source OCT (SS-OCT) acquires frequency information by sweeping a 

narrow bandwidth light source through a broad range of frequencies.

• Adaptive optics (AO) method corrects optical aberrations and when coupled 

with ocular imaging devices can provide in-vivo images of the retinal 

microvasculature, photoreceptors, ganglion cells, and the lamina cribrosa at the 

cellular level.

• Polarization sensitive OCT provides cross-sectional intensity information with 

the polarization status of the tissue.

• Phase-sensitive OCT enables detection of minute, sub-cellular level movements.
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Figure 1. Cirrus HD-OCT ONH and RNFL Analysis
Significant RNFL thinning (red) is seen in the inferior quadrants of both eyes and in the 

superior quadrants of the left eye (b). Visual field defects are noted in the correspondent 

areas (a and c).
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Figure 2. Spectralis OCT RNFL Analysis
Significant RNFL thinning (red) is detected in the inferotemporal and superotemporal 

sectors (b). Visual field defects are noted in the correspondent sectors (a).
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Figure 3. Cirrus HD-OCT Ganglion Cell Analysis
Significant ganglion cell and inner plexiform layers thinning (red) is seen on the thickness, 

sectoral and deviation maps in both eyes (b). Visual field defects are noted in the 

correspondent areas (a and c).
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Figure 4. RTVue Premier Gangion Cell Complex Analysis
Significant ganglion cell complex thinning (red) is seen in the inferior macular area (b and c) 

with the correspondent superior central visual field defect (a).
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Figure 5. 
Swept-source OCT cross section. The retinal layers (blue arrows), nerve fiber fascicles 

passing through lamina cribrosa (red arrow) and choroidal vessels (white arrow) are all 

visualized in the same scan because this technology is less affected by signal drop-off in 

comparison with other OCT iterations.
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Figure 6. 
Adaptive optics OCT en-face image of lamina cribrosa where the complex structure of pores 

(dark) and beams (white) is clearly visible.
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Figure 7. 
Doppler OCT cross-section of the retina. The lumen of retinal vessels is filled with color that 

corresponds with the direction and velocity of blood flow. Blockage of the light beam results 

in vertically elongated shadows underneath the vessels.
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