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Abstract

Optical coherence tomography (OCT) is capable of providing quantitative and objective 

assessments of the optic disc, macula and retinal nerve fiber layer in glaucoma. The recent advent 

of spectral domain OCT (SD-OCT) has enhanced the resolution, decreased scan acquisition time, 

and improved the reproducibility of measurements compared to older versions of this technology. 

However, although OCT has been successfully used for detection of disease and evaluation of 

progression, the limited agreement between structural and functional tests indicates the strong 

need for a combined approach for detecting and monitoring the disease. A recently described 

approach for estimation of rates of retinal ganglion cell loss from a combination of SD-OCT and 

functional data is a promising method for diagnosing, staging, detecting progression, and 

estimating rates of glaucomatous deterioration.
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Introduction

Glaucoma is the leading cause of irreversible blindness and visual impairment in the world. 

The disease is characterized by progressive retinal ganglion cell (RGC) loss with associated 

structural changes at the level of the optic nerve and retinal nerve fiber layer (RNFL). In the 

past two decades, a large volume of evidence has accumulated with regard to the role of 

structural measurements of the topography of the optic nerve head (ONH) and RNFL 

thickness for diagnosing and detecting glaucoma progression. There is now substantial 

evidence that many patients develop structural changes before the appearance of detectable 

loss in standard functional tests [1•, 2–7]. Therefore, technologies that can objectively 

evaluate the optic nerve using a noninvasive approach are essential for the early diagnosis 

and follow-up of the disease.

Optical coherence tomography (OCT) is one of the most studied technologies among the 

methods that provide an objective and reliable structural evaluation of the ONH. The 

introduction of spectral domain OCT (SD-OCT) has greatly enhanced the resolution, 

decreased scan acquisition time [8, 9], and improved reproducibility compared to the 

previous time domain OCT (TD-OCT) [10, 11], potentially improving the ability to detect 

and monitor the disease. Moreover, recent advances in retinal segmentation algorithms with 

SD-OCT have made possible the automated detection of boundaries of individual retinal 

layers in the macular region, providing a new tool for glaucoma assessment [12–17].

This review discusses the recent advances in structural evaluation of the optic nerve and 

retina by SD-OCT for glaucoma. It also discusses recent developments, such as the new 

combined structure and function index (CSFI) for diagnosing and assessing progressive 

glaucomatous damage.

Working Principles of the SD-OCT Technology

Three of the current commercially available SD-OCT devices are the RTVue (Optovue, 

Fremont, California, USA), the Cirrus (Carl Zeiss Meditec, Dublin, CA, USA) and the 

Spectralis (Heidelberg Engineering, Dossenheim, Germany). The principles of imaging 

acquisition are similar for each of these devices and involve the use of a scanning laser 

diode to provide high-resolution images of neuroretinal tissue through the detection of the 

echo optical signal measured by the spectral/Fourier domain technique [18]. Previous 

studies have demonstrated that measurements taken from these images show good clinical–

histological correlations [19–21].

The RTVue uses a scanning laser diode of 840 nm wavelength to provide images with an 

acquisition rate of 26,000 A-scans per second and has a 5-µm depth resolution. The ONH 

scan protocol generates a polar RNFL thickness map that is measured along a circle of 3.45 

mm in diameter centered on the optic disc [22]. The ONH protocol also performs 12 radial 

scans (452 A-scans each) and 6 concentric ring scans ranging from 2.5 to 4.0 mm in 

diameter (587–775 A-scans each) centered on the optic disc to obtain topographic 

measurements. Areas between A-scans are interpolated [23]. The ganglion cell complex 

(GCC) scan protocol generates a thickness map of the three innermost retinal layers of the 

macula: the nerve fiber, ganglion cell, and inner plexiform layers. The GCC protocol 
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samples the macula over a 7-mm2 area with its scan center shifted 0.75 mm temporally to 

improve sampling of the temporal periphery [16].

The Cirrus OCT uses a superluminescent diode laser of 840 nm wavelength with an 

acquisition rate of 27,000 A-scans per second and has a 5-µm depth resolution. The optic 

disc cube protocol provides RNFL thickness measurements and is based on a tridimensional 

scan of a 6 × 6-mm2 area centered on the optic disc, where information from 1,024 (depth) × 

200 × 200-point parallelepiped is collected. Then, the information about the RNFL thickness 

is obtained from the 3.46-mm-diameter circumference around the optic disc [22]. For the 

detection of the inner macular layers, the macular cube 200 × 200 scan protocol is processed 

with the ganglion cell analysis (GCA) algorithm. This protocol performs 200 horizontal B-

scans comprising 200 A-scans per B-scan over 1,024 samplings within a cube measuring 6 × 

6 × 2 mm. The GCA algorithm identifies the outer boundary of the RNFL and the outer 

boundary of the inner plexiform layer [17].

Spectralis OCT uses a dual-beam SD-OCT and a confocal scanning laser ophthalmoscope 

(CSLO) that employs a scanning laser diode of 870 nm wavelength with an acquisition rate 

of 40,000 A-scans per second and has a 3.9-µm depth resolution. The RNFL circle scan 

consists of 1,024 A-scan points from a 3.45-mm circle centered on the optic disc [22]. The 

Spectralis OCT currently does not have OCT protocols to evaluate topographic parameters 

of the optic disc and to detect the macular GCC.

Although RNFL thickness measurements obtained by the different SD-OCT instruments are 

highly correlated, they are not interchangeable [10, 22, 24, 25]. For example, RTVue 

measurements are consistently thicker than Cirrus and Spectralis for average and quadrant-

wise RNFL thickness [22]. This may be attributed in part to differences in RNFL detection 

algorithms. Therefore, it is important to keep in mind these differences when patients had 

measurements obtained by different instruments during follow-up.

SD-OCT for Glaucoma Diagnosis

Even though SD-OCT instruments have different hardware and acquisition protocols, 

measurements of RNFL with Spectralis, Cirrus, and RTVue show similar accuracies for 

discrimination between perimetric glaucoma and healthy eyes [26]. In most studies, the 

RNFL parameters with best diagnostic performance are the inferior quadrant thickness, 

average thickness, and superior quadrant thickness [23, 27–31]. This is an expected finding, 

as the pattern of glaucomatous damage typically affects the superior and inferior regions of 

the optic disc. Among the ONH topographic parameters, those with the best diagnostic 

performance are rim area, vertical cup–disc ratio [29, 30], and vertical rim thickness [30]. 

As expected, GCC thickness parameters have been shown to perform better than total 

macular retinal thickness in differentiating between perimetric glaucoma and healthy eyes 

[16, 32].

RNFL, ONH topographic, and macular thickness protocols have been compared. Reported 

results diverge between different SD-OCT devices. Studies with the RTVue for 

differentiating perimetric glaucoma from normal eyes showed that RNFL and GCC 

parameters had similar diagnostic accuracy, whereas both performed better than ONH 
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parameters [23, 32]. This could reflect a superior performance of RNFL and macular 

assessment for detection of glaucomatous damage. In fact, the ONH structure is likely to 

have greater variability than the RNFL and macular areas due to the presence of tilting, 

sloping, crescents, and areas of parapapillary atrophy, and this can potentially influence the 

diagnostic ability of topographic measurements. Alternatively, the inferior performance of 

topographic parameters could reflect a relatively weaker algorithm for assessing ONH 

topography built in the RTVue system.

On the other hand, a study that compared diagnostic accuracies of ONH and RNFL 

parameters using Cirrus OCT for differentiating perimetric glaucoma from normal eyes did 

not find significant differences between these two scanning areas [30]. Comparison between 

RNFL and GCC assessment with Cirrus OCT indicated that RNFL measurements were 

generally superior when used to diagnose glaucoma; nevertheless, macular thickness 

parameters were of greater value in specific situations, such as in eyes with larger optic discs 

[33]. As described previously, Cirrus and RTVue OCTs use different methods to capture the 

image of the ONH, and this may explain the differences in the studies. Differences could 

also be explained by different inclusion/exclusion criteria for the studies and severity of 

disease in the glaucomatous population. Further studies are necessary evaluating the 

performance of these scanning areas in the same population.

The SD-OCT diagnostic ability has been compared to other imaging technologies. The 

RNFL assessment with Spectralis OCT showed better performance than topographic disc 

assessment with confocal scanning laser ophthalmoscopy [Heidelberg Retinal Tomograph 

(HRT); Heidelberg Engineering], to detect perimetric [28] and pre-perimetric [34] 

glaucoma. Although the RNFL measurements with RTVue and GDx VCC (Carl Zeiss 

Meditec) had a good correlation, the RNFL thickness obtained by RTVue OCT showed 

statistically significant better performance in distinguishing perimetric glaucoma from 

normal subjects in one investigation [35].

Structural Evaluation for Detection of Progression of Glaucomatous 

Damage

High resolution and low variability are essential requirements for the detection of 

glaucomatous progression with imaging devices. SD-OCT devices show excellent 

reproducibility for RNFL measurements in healthy and glaucomatous eyes [24, 36]. Studies 

comparing the reproducibility of SD-OCT and TD-OCT indicated that the measurement 

variability of RNFL thickness was significantly lower with SD-OCT [10, 11, 37]. Studies of 

macular segmentation reproducibility with Cirrus OCT [15] and RTVue OCT [16] have also 

reported low variability.

Although most glaucoma patients will show some evidence of progression if followed for 

long enough, the rate of deterioration can be highly variable among them. Some patients 

may progress slowly over the course of many years or decades with minimal impact on the 

quality of vision, whereas others may have aggressive disease with rapid rates of change that 

can eventually result in blindness or substantial impairment unless appropriate interventions 

take place. Therefore, the evaluation of rates of change in glaucoma is essential to allow 
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proper allocation of resources towards patients who are most likely to develop impairment 

[38]. Even though optic disc stereophotographs have been considered the gold standard for 

evaluation of structural damage in glaucoma, evaluation of rates of structural change using 

stereophotographs is difficult because of the qualitative and subjective nature of this 

assessment [39]. Therefore, imaging technologies capable of quantitatively and objectively 

measure structural losses have the potential to play an important role for monitoring 

glaucomatous progression over time and assessing rates of change.

Two different methods have been proposed to identify OCT structural deterioration over 

time using different approaches to separate true change from test–retest variability: event-

based versus trend-based methods. In event-based methods, the differences in RNFL 

thicknesses of the current tests are compared with those of previously established baseline 

examinations, and if they exceed a certain threshold in a specific number of test locations, 

significant structural progression is declared to have occurred. These thresholds usually are 

based on test–retest variability levels obtained from patients followed over relatively short 

periods in which there is reasonable assurance that the disease has not progressed. This 

approach has recently been introduced into the commercially available guided progression 

analysis (GPA) software of the Cirrus OCT. In trend-based analyses, RNFL thicknesses of 

all tests available during the follow-up period of interest are analyzed for the presence of 

statistically significant change over time, usually with a linear regression approach. Unlike 

the event-based method, trend analysis relates the magnitude of change over time to the 

long-term variability observed within the individual data series and does not rely on 

previously established thresholds. A potential advantage of trend-based methods is that they 

can provide estimates of rates of structural deterioration over time. These estimates are 

essential to identify those patients with fast disease progression that could be at higher risk 

for developing functional impairment as a result of the disease.

A recent cohort study compared the ability of SD-OCT and TD-OCT to detect progressive 

RNFL thinning by trend analysis and found that SD-OCT was able to detect progression 

sooner and with greater frequency than TD-OCT [2]. In addition, the agreement with visual 

field progression was better and the range of variation of rates of change was narrower with 

SD-OCT. Another recent report demonstrated progressive age-related loss of average RNFL 

thickness with longitudinal SD-OCT imaging, at a rate of −0.52 µm/year [40]. This finding 

suggests that detecting a significant negative trend alone may not be sufficient to define 

glaucomatous progression and that its interpretation should always be made with reference 

to the normal ranges of age-related decline of RNFL thickness.

The potential use of OCT in detecting glaucomatous progression with an event-based 

approach has also been evaluated [7]. The study showed that TD-OCT was more sensitive 

than standard automated perimetry (SAP) for by visual fields or false positives due to 

variability of the measurements or age-related thinning of the RNFL. Recently, a study 

evaluated the ability of Cirrus OCT to detect RNFL progression using the RNFL thickness 

change map, a component of the GPA that provides an event-based analysis of RNFL 

progression based on serial thickness maps [41]. The software automatically aligns the 

registered baseline and follow-up OCT images so that the same pixel locations can be 

measured for change. The difference in RNFL thickness of an individual pixel between the 

Meira-Freitas et al. Page 5

Curr Ophthalmol Rep. Author manuscript; available in PMC 2015 February 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



baseline and the follow-up maps is then compared to a normative database of test–retest 

variability of that particular pixel to evaluate the chance of progression. The study found that 

the most common pattern of RNFL progression was widening of RNFL defects, followed by 

development of new RNFL defects and then deepening of RNFL defects. The authors 

suggested that Cirrus’ RNFL thickness map analysis could be used as an alternative to red-

free RNFL photography for the detection of new defects and to discern the pattern of RNFL 

progression in glaucoma.

Structure and Function Relationship

Frequent disagreements are seen when structural and functional tests are used to monitor 

glaucomatous patients. While SAP has relatively low sensitivity to identify progression at 

initial stages of the disease, structural assessment often performs poorly to identify change at 

advanced stages of damage [42]. Differences in performance of structural and functional 

tests have been recently investigated in a study comparing structural and functional 

measurements to estimates of RGC counts in glaucoma [42]. In that study, analysis of the 

relationship between visual field data and RGC counts indicated that, at early stages of the 

disease, significant losses of RGCs correspond to relatively small changes in visual field 

parameters. This finding agrees with the large amount of evidence indicating that 

progressive optic disc or RNFL changes can frequently be seen before the appearance of 

statistically significant defects on SAP [1•, 3, 6, 7, 43–47].

The relatively poor performance of visual fields in detecting early glaucomatous damage 

seems to be explained, at least in part, by the measurement scale used for perimetric testing. 

Scaling of perimetric stimulus intensities has been incorporated into standard perimetric 

testing, where the stimulus intensities are scaled by a logarithmic transformation to decibel 

units of attenuation for both the intensity staircase procedure for threshold measurements as 

well as for the report of the final threshold intensity. Several investigators have suggested 

that such scaling may introduce an artifactual relationship between structural and functional 

measurements in glaucoma [44, 46, 48, 49••, 50, 51]. The logarithmic scale accentuates 

sensitivity changes in the visual field at low decibel values and minimizes changes at high 

decibel levels, so that perimetry may be more suitable for detection of moderate to severe 

damage. In contrast, analysis of the relationship between RNFL thickness and estimated 

RGC counts has indicated that imaging instruments could be used to gauge information on 

rates of neural loss in early disease, when SAP evaluation can be misleading. At moderate to 

severe stages of the disease, evaluation of progressive damage with SD-OCT becomes less 

helpful as the instrument reaches a floor level where it cannot detect further changes.

A recent review by Harwerth et al. [52••] supports these concepts. In fact, they demonstrated 

that structural and functional tests are in agreement as long as one uses appropriate 

measurement scales for neural and sensitivity losses and considers factors such as the effect 

of aging and eccentricity on estimates of neural losses. In a series of investigations, they 

demonstrated that estimates of RGC losses obtained from SAP agreed closely with estimates 

of RGC losses obtained from RNFL assessment by OCT [52••]. The results of their model 

provided a common domain for expressing results of structural and functional tests in the 

same unit, that is, ganglion cell counts.
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The Combined Structure and Function Index

A CSFI was described by Medeiros et al. [49••] with the purpose of merging the results of 

structural and functional tests into a single index that could be used for diagnosis, staging, 

and detection of progression in glaucoma. The index uses estimates of RGC counts obtained 

by previously derived empirical formulas. The estimates of RGC counts are obtained from 

two sources: one structural (RNFL thickness assessment by OCT), and one functional 

(visual field testing by SAP). These estimates are then combined using a weighted average 

to provide a single estimate of RGC count for a particular eye. For each eye, the CSFI 

represents the percent estimate of RGC loss compared with the age-expected number of 

RGCs. By combining structural and functional tests into a single estimate of RGC loss, the 

index provides a very intuitive parameter to be used in clinical practice. The CSFI has been 

shown to perform better than isolated structural and functional parameters for diagnosing 

and staging glaucomatous damage. Medeiros et al. [49••] evaluated the CSFI performance in 

a cross-sectional study involving 333 glaucomatous eyes and 165 healthy subjects. From the 

333 glaucomatous eyes, 295 (89 %) had perimetric glaucoma and 38 (11 %) had pre-

perimetric glaucoma. The mean CSFIs, representing the mean estimated percent loss of 

RGCs, were 41 and 17 % in the perimetric and pre-perimetric groups, respectively. The 

index had excellent diagnostic performance to detect glaucomatous eyes, with an area under 

the ROC curve (AUC) of 0.94. Moreover, the index was also able to successfully detect eyes 

with pre-perimetric glaucoma, with AUC of 0.85. This compared favorably to the usual 

parameters provided by SAP and SD-OCT. The CSFI was also able to successfully stage 

different degrees of glaucomatous damage, which is an essential requirement for any method 

proposed to detect disease progression over time. To separate eyes with early from moderate 

visual field loss, the CSFI had AUC of 0.94 compared to only 0.77 for SD-OCT average 

thickness (P < 0.001). Similarly, for separating moderate from advanced glaucomatous field 

loss, the AUC of the CSFI was 0.96, which was again significantly better than that for 

average RNFL thickness (AUC = 0.70; P < 0.001).

Approaches combining structure and function can take advantage of the different 

performance of these tests according to the stage of damage in order to provide a reliable 

method for detecting change throughout the spectrum of the disease. It is important to 

emphasize that an optimal method for detecting glaucomatous progression should not only 

give an indication of whether or not the eye is changing over time but should also estimate 

the rate of deterioration. Estimates of RGC counts from a combination of structural and 

functional tests have been shown to be able to detect glaucomatous progression and estimate 

rates of disease deterioration [53••]. In a longitudinal study of 213 eyes followed for an 

average of 4.5 years, 47 (22.1 %) showed statistically significant rates of estimated RGC 

loss that were faster than the age-expected decline. The mean rate of estimated RGC loss in 

these eyes was −33,369 cells/year (range: −8,332 cells/year to −80,636 cells/year). In 

addition, estimates of RGC losses detected a significantly larger number of progressing eyes 

compared to isolated measures of function and structure at the same specificity level [53••]. 

Figure 1 illustrates the results of structural and functional evaluation in two eyes with 

different stages of glaucomatous damage. Case A had a RNFL defect detected by the OCT 

in the presence of a normal visual field. The CSFI for this patient was able to successfully 

Meira-Freitas et al. Page 7

Curr Ophthalmol Rep. Author manuscript; available in PMC 2015 February 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



detect the presence of damage and showed an estimated amount of RGC loss of 17 %. Case 

B presented severe and progressive glaucomatous damage as shown by the visual fields; 

however, the RNFL average thickness measured by OCT was not able to detect the disease 

progression. Estimates of RGC counts showed clear progression in this case. These findings 

illustrate the importance of the single index combining both structural and functional 

evaluations for detecting and monitoring glaucomatous damage throughout the spectrum of 

the disease.

Other approaches have been suggested to combine structural and functional tests to detect 

glaucomatous progression, including the use of Bayesian methodologies to allow 

combination of different tests [54, 55]. These approaches are effective in combining results 

of different tests to improve the estimates of rate of change and have the advantage of being 

capable of incorporating other covariates, such as demographic and clinical risk factors, to 

increase the accuracy and precision of the estimates [55]. However, Bayesian analyses have 

the disadvantage of not being intuitive for the majority of clinicians.

Conclusion

Recent advances in OCT have resulted in major improvements in the ability of this 

technology to assess structural damage in glaucoma. The differences in performance of 

structural and functional tests according to the stage of disease indicate the strong need for 

combined approaches for the evaluation of progressive damage in glaucoma. A recently 

described approach that estimates rates of RGC loss from a combination of structural and 

functional tests offers a promising method for disease diagnosis and staging, detecting 

progression and estimating rates of glaucomatous deterioration.
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Fig. 1. 
Examples of detection of glaucomatous damage and estimation of rates of disease 

progression using a combined structure and function approach. a Example of an eye with 

pre-perimetric glaucomatous damage. The eye had evidence of progressive neuroretinal rim 

thinning over time (arrow) with corresponding RNFL loss on SD-OCT. The visual field 

exam still had all parameters within statistically normal limits. The CSFI was 17 %, 

indicating a loss of 17 % of RGC compared to the age-expected normal number. b Example 

of an eye showing severe glaucomatous damage and progressive visual field loss over time. 
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The parameter visual field index showed a deterioration of −7.7 %/year (P < 0.05). Despite 

the clear visual field progression, longitudinal evaluation with SD-OCT did not show change 

in RNFL parameters. The use of a combined approach to evaluate the rate of RGC loss, 

however, estimated a decline of −22,900 cells/year, which was statistically significant (P < 

0.05). RNFL retinal nerve fiber layer, CSFI combined structure and function index, VFI 

visual field index, MD mean deviation, PSD pattern standard deviation, GHT glaucoma 

hemifield test

Meira-Freitas et al. Page 13

Curr Ophthalmol Rep. Author manuscript; available in PMC 2015 February 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


