
360 © 2024 Taiwan J Ophthalmol | Published by Wolters Kluwer - Medknow

Central visual field in glaucoma: An 
updated review
Kelvin H. Du, Alireza Kamalipour, Sasan Moghimi*

Abstract:
Evaluation of central vision in glaucoma is important due to its impact on patients’ quality of 
life and activities of daily living such as reading, driving, and walking. The 10-2 visual field (VF) 
assessment remains a mainstay in the functional analysis of central vision in glaucoma diagnosis 
and progression. However, it may be underutilized in clinical practice. Monitoring of disease 
progression especially in advanced cases, glaucoma evaluation in certain ocular disorders such 
as high myopia, disc hemorrhage, low corneal hysteresis, and certain optic disc phenotypes, 
as well as earlier detection of central VF damage, are certain conditions where additional 
monitoring with the 10-2 pattern may provide complementary clinical information to the commonly 
utilized 24-2 pattern. In addition, the development of artificial intelligence techniques may assist 
clinicians to most effectively allocate limited resources by identifying more risk factors to central 
VF damage. In this study, we aimed to determine specific patient characteristics that make central 
VF damage more likely and to assess the benefit of incorporating the 10-2 VF in various clinical 
settings.
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Overview

Glaucoma is  a  leading cause of 
irreversible blindness globally.[1‑3] 

The hallmark of glaucoma is the gradually 
progressive damage to the optic nerve 
head and retinal ganglion cells, leading 
to progressive visual field (VF) loss.[3,4] 
Timely diagnosis and assessment of disease 
progression is a pressing unmet need 
for the management of glaucoma that 
can lead to significant visual disability 
or blindness if inadequately treated.[3,5] 
Prompt diagnosis and evaluation of disease 
progression, followed by taking remedial 
action can halt further VF damage in 
glaucoma leading to a better quality of life 
for patients, avoiding the subsequent need 
for advanced medical interventions, and 
substantially reducing the costs to patients 
and health care systems.[6,7]

Many clinicians rely on a combination of a VF 
test with a 6° grid (e.g., the 24‑2 test) along 
with an optical coherence tomography (OCT) 
scan of the disc, as well as fundus photos 
and clinical examinations of the disc to 
diagnose and evaluate disease progression 
in glaucoma.[8] Approximately half of all 
retinal ganglion cells are located within the 
macular region and due to the magnification 
phenomenon, over 90% of the primary 
visual cortex is engaged in processing 
information obtained from the central 10° 
of VF.[9‑11] Contrary to the common notion 
that central VF remains unaffected until 
the more advanced stages of glaucoma, 
recent evidence suggests the possibility of 
central VF damage even at earlier disease 
stages.[8,12‑22] For the optimal detection of 
such damage, strategies that concentrate 
test points at 2° increments in the central 
10° (i.e., 10‑2 strategy that comprises 68 
individual points over the central 10° of VF) 
of the VF are preferred, as the 24‑2 strategy 
inadequately samples the central field and 
the corresponding macular function.[12,13,18,19,23]
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Importance

Timely detection and appropriate characterization of 
central VF damage is of utmost importance in the clinical 
management of glaucoma due to its impact on patients’ 
quality of life and activities of daily living such as reading, 
driving, and walking.[24] In addition, damage to the 
central VF increases the risk of psychiatric comorbidities 
among glaucoma patients including depression.[7,9,25,26] 
Prior studies have demonstrated that impairment in 
vision‑related quality of life depends both on the overall 
severity and the location of VF damage in glaucoma 
patients.[9,25,26] Blumberg and colleagues suggested 
that patients with disproportionately lower quality 
of life scores compared to the magnitude of 24‑2 VF 
damage may have undetected central VF damage by 
the 24‑2 strategy.[9] Furthermore, global indices of 
central VF damage have shown a stronger association 
with vision‑related quality of life metrics compared to 
more peripheral VF indices obtained by the 24‑2 test 
strategy.[9,25,26] Moreover, 10‑2 mean deviation (MD) has 
been shown to be significantly correlated with facial 
recognition in open‑angle glaucoma patients.[27]

Increased central VF test points being evaluated 
by the 10‑2 test strategy also enable a more precise 
characterization of the patterns of central VF damage. 
The applications of artificial intelligence (AI) techniques 
to extract these patterns from large datasets of glaucoma 
patients show promise to provide prognostic advantage 
in terms of functionality and quality of life outcomes 
in glaucoma patients.[28‑30] The main purpose of the 
current review was to identify the individual patient 
characteristics that increase the likelihood of central VF 
damage and to evaluate the utility of including 10‑2 test 
strategy in different clinical settings.

Advanced Glaucoma

The public health economic burden of patients with 
advanced glaucoma is more than 4 times compared to 
that of patients at earlier disease stages.[6] Little residual 
damage and small amount of progression at the advanced 
stage have remarkable consequences affecting a patient’s 
visual function and quality of life.[25,31,32] However, 
monitoring progression at the advanced stage remains 
a challenging task in both glaucoma clinical practice and 
research. Based on the existing literature, the preserved 
visual capacity in the advanced stage largely corresponds 
to the central VF areas,[17,33] where the majority of the 
peripheral 24‑2 VF test points are already severely 
depressed, and therefore much more variable, limiting 
the test ability to reliably detect further glaucomatous 
progression.[34] Gardiner et al. demonstrated that any 
change in measured test points below 15–19 dB cannot 
be reliably differentiated from chance.[35]

The concept of “measurement floor” is another limitation 
to effectively evaluate glaucoma progression at the 
advanced stage from a structural standpoint. In brief, 
OCT‑provided metrics at the ONH and the macular areas 
are shown to correlate with the severity of VF damage 
up to a certain threshold (i.e. measurement floor) beyond 
which they remain relatively stable. This structural floor 
is partly explained by the remaining thickness of the glial 
tissue and also by the limitations in the axial resolution 
of the currently available OCT technologies.[36‑39] Prior 
studies have reported that OCT metrics approximately 
reach a floor at 44.9–53.7 µm for retinal nerve fiber 
layer (RNFL) thickness and 55–70 µm for macular 
Ganglion cell complex thickness measurements.[40]

Considering the above limitations and to more precisely 
assess the remainder of the visual capacity in advanced 
glaucoma, the 10‑2 test strategy is one of the most 
commonly used modalities in clinical practice and 
research. As Weber et al. have previously described, the 
preserved central VF in advanced glaucoma is limited 
to a “centro‑coecal isle” with the largest extension to the 
lower temporal quadrant and a small upper nasal step 
representing the intact papillomacular bundle which is 
more precisely captured by the 10‑2 test strategy.[33] Rao 
et al. found that in eyes with severe baseline VF loss, the 
rate of decline in MD is greater when the 10‑2 test strategy 
is employed compared to that of the 24‑2 test strategy.[41] 
This observation is likely due to the fact that most of the 
peripheral points have already reached their “floor” 
in advanced glaucoma. An inability to detect further 
deterioration in peripheral test locations would mask the 
ongoing damage in the central locations when the MD 
is estimated by averaging the sensitivity loss across all 
points on a 24‑2 VF. With only a central island of field 
remaining in advanced glaucoma, they suggested that 
further VF progression would stand out better when the 
central VF is evaluated with greater resolution using the 
10‑2 strategy. This rationale has been the fundamental 
assumption of many studies to evaluate correlates and 
characteristics of VF progression in advanced glaucoma 
based on the 10‑2 test strategy.[42‑46]

Early Glaucoma

Contrary to the conventional notion that central VF 
damage occurs mostly in the advanced stages of 
glaucoma, recent studies have shown that it can also 
occur early in the disease process.[8,12‑22,47] In a previous 
study, Park et al. demonstrated that among 91 eyes with 
evidence of glaucomatous optic neuropathy and 24‑2 VF 
MD ≥−6 dB, 68 eyes (74.7%) had a parafoveal scotoma 
detected on the 10‑2 test.[19] While studying the patterns 
of VF defects in different stages of glaucoma, Germano 
et al. found that 28% of eyes with early glaucoma had 
VF defects within the central 5°.[47] Traynis and associates 
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found that abnormal 10‑2 VFs (53%) were nearly as 
common as abnormal 24‑2 VFs (59%) in patients with 
early glaucoma defined as 24‑2 VF MD ≥−6 dB.[12] In a 
study evaluating the role of 10‑2 VF test in the different 
stages of glaucoma and glaucoma suspects, Tomairek 
et al. found that central VF defects were detected by 
the 10‑2 strategy in 60.7% of cases with early and 
moderate glaucoma.[21] Moreover, Leung have recently 
used a novel imaging technology that integrates the 
thickness and reflectance information on widefield 
OCT images to demonstrate that papillofoveal and 
papillomacular bundle defects commonly occur in early 
glaucoma (24‑2 VF MD ≥−6 dB) and are associated with 
central VF defects at their corresponding VF locations.[48]

Evident central VF damage in early glaucoma on the 
10‑2 test strategy may be missed by the 24‑2 test pattern. 
Traynis et al. found that approximately 16% of eyes 
with glaucomatous optic neuropathy and/or early 
glaucoma had central defects on the 10‑2 test that were 
undetected on the 24‑2 test.[12] Two previous studies of 
early glaucoma patients reported defects detected by the 
10‑2 test without evidence of central 10° involvement 
on the 24‑2 test pattern in around 30%–80% of the 
study population.[21,22] In addition, De Moraes et al. 
demonstrated that the 10‑2 test revealed VF damage in 
35% of ocular hypertensives, 30% of suspected glaucoma, 
and 61% of early glaucoma eyes with relatively intact 
24‑2 VF appearance.[13] Given the previous evidence 
on the association of baseline central VF damage with 
more rapid subsequent VF progression,[49,50] these 
findings have important clinical implications for the risk 
assessment and management of glaucoma patients since 
individualized implementation of 10‑2 strategy could aid 
in identifying patients who might benefit from treatment 
intensification.

Factors that Affect Central Visual Field 
Involvement

In this review, we have highlighted the importance of 
assessing certain patient populations at risk of central 
VF progression in glaucoma with the presence of an 
apparently intact central 24‑2 test points. While it 
may be beneficial to assess certain subgroups with 
additional 10‑2 testing, studies have shown that not all 
patients will benefit from this supplemental test. In an 
observational study, west and associates studied early 
glaucoma patients (median MD: −2.31 dB and − 1.75 dB 
in 24‑2 and 10‑2 tests, respectively) and healthy subjects 
who were administered both the 24‑2 and 10‑2 VF tests 
to study the clinical utility of the 10‑2 VF. In patients 
with abnormal VF results, West et al. demonstrated 
an overlap of 60%–86% in pattern deviation and total 
deviation between the 10‑2 and 24‑2 VF, while having 
only insignificant differences in area under the receiver 

operating characteristics curve.[51] In addition, prior 
studies have found the MD of the 10‑2 and 24‑2 VF to 
be significantly correlated.[18,21] In one of these studies, 
Sullivan‑Mee et al. also demonstrated that 82% of eyes 
with 10‑2 VF loss also demonstrated abnormalities in the 
central 10° of the 24‑2 VF test.[18] These studies highlight 
the need for individualized treatment not all patients will 
benefit from additional testing with the 10‑2.

There are practical limitations in the assessment of 
central VF damage for all patients with an established or 
suspected glaucoma diagnosis in busy clinical settings,[52] 
highlighting the importance of tailoring the management 
based on individual risk factors. With that respect, 
several prior studies have identified the characteristics 
that might increase the likelihood of central VF damage 
development or progression.

Optic disc phenotypes
Several previous studies have divided optic disc 
phenotypes into the following four categories: focal 
ischemic (FI), generalized cup enlargement, myopic 
glaucomatous (MY), and senile sclerotic (SS) with each 
phenotype being associated with several distinctive 
clinical features.[53,54] These phenotypes are among 
the characteristics shown to be associated with the 
presence of central VF damage in glaucoma patients.[53,54] 
To elaborate more on the clinical implications of this 
classification, Ekici et al. identified that the severity 
and prevalence of central glaucomatous VF damage 
vary between these phenotypes, with the FI and MY 
phenotypes more likely to be associated with concurrent 
central VF damage, particularly in early disease.[55] Risk 
stratification of patients based on optic disc phenotypes 
may assist clinicians inefficient reallocation of 10‑2 
assessments.

Disc hemorrhage
The presence and location of optic disc hemorrhage (DH) 
is another important clinical characteristic that affects 
the probability of the presence and progression 
of central VF damage in glaucoma patients.[56‑58] It 
has been previously reported that DH occurs more 
frequently in glaucoma patients (4%–13%) compared to 
healthy subjects (0%–1%).[59,60] The ocular hypertension 
treatment study has shown that patients with DH are 
3.7 (95% confidence interval [CI], 2.1–6.6) times more 
likely to develop primary open‑angle glaucoma when 
considering baseline predictive factors.[61] Specifically, 
DH in the superotemporal and inferotemporal regions 
had more subsequent structural and functional 
deterioration compared with the eyes with DHs in the 
temporal quadrant and nasal area.[56‑58]

Considering that DHs are associated with the presence 
of central VF damage, prior studies evaluated possible 
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associations between DH and progression of central VF 
defects. In a longitudinal study over an average span 
of 9 years, Shukla et al. demonstrated that glaucoma 
eyes with DH experienced more rapid 10‑2 MD decline 
compared to eyes without DH.[62] However, such a faster 
rate of progression was not detected when considering 
solely the central points of the 24‑2 test grid, highlighting 
the importance of 10‑2 in monitoring central VF 
progression. DHs that were in the inferotemporal area 
were more related to central VF loss. The inferotemporal 
optic nerve region receives axons from the macular 
vulnerability zone[17] as well as areas outside the 
macular region, typically, damage to these fibers leads 
to paracentral VF defects or nasal steps. In a cohort 
study investigating the rate of central VF loss after DH, 
David et al. demonstrated that the rate of 10‑2 MD loss 
is three times greater than eyes without a history of DH. 
Furthermore, they noted that glaucomatous eyes with 
DH are more likely to have central VF progression, as 
opposed to peripheral VF progression.[63] Similarly, Kono 
et al. found that normal tension glaucoma eyes with DH 
are more likely to have VF progression within the central 
10°, compared to normal tension glaucoma eyes without 
DH.[64] Considering the higher prevalence and likelihood 
of progression of central VF damage in glaucoma 
patients with DH, clinicians should carefully scrutinize 
the central VF in any patient with DH, preferably with 
testing including the 10‑2 VF. Figure 1 shows a case 

of a glaucoma patient with DH in the left eye. While 
24‑2 appeared normal, RNFL defects can be seen in the 
macula. 10‑2 VF revealed a typical glaucomatous defect 
in the inferonasal field.

Myopia
Myopia is among the clinical characteristics associated 
with glaucoma and its prevalence has been estimated to 
increase to nearly 5 billion people globally by 2050.[65] In 
a large meta‑analysis of 48,161 individuals, it has been 
shown that myopes are nearly twice as likely to develop 
open‑angle glaucoma (odds ratio [OR]: 1.92, 95% CI: 
1.54–2.38).[66] Furthermore, Shen et al. demonstrated that 
each one diopter decrease in the spherical equivalent 
of refraction is associated with a 10% increase (95% CI: 
1.08–1.12) in the risk of developing primary open‑angle 
glaucoma.[67]

In addition, prior studies investigated myopia as 
a possible risk factor for glaucomatous central VF 
damage. Araie et al. evaluated the influence of myopia 
on the central VF in normal tension glaucoma and 
primary open‑angle glaucoma eyes, finding that myopic 
power had a significant positive correlation with the 
depression in the lower cecocentral area in both of 
these glaucoma classifications.[42] Similarly, Mayama 
et al. and associates found that in advanced‑stage, 
open‑angle glaucoma patients with high IOP, higher 

Figure 1: An 82‑year‑old, female  patient with glaucoma. (a) Stereo fundus photography showed optic disc excavation in the right eye (OD) and optic disc excavation and disc 
hemorrhage (pointed by the white arrow) in the left eye (OS), (b) Optical coherence tomography result was normal for OD. Retinal nerve fiber layer thinning in the superior and 
inferior temporal sectors was observed for OS, with corresponding temporal thinning in the macula, (c) 24‑2 visual field (VF) was within normal limits for OD, while scattered defects 
outside of the central 4 points was observed for OS, (d) 10‑2 VF was within normal limits for OD but showed inferior nasal defects corresponding to the disc hemorrhage in OS
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degrees of myopia are associated with damage to 
the lower cecocentral VF.[43] It has also been revealed 
that myopic glaucoma is associated with central 
and paracentral scotomas more often, as a result of 
increased RNFL defects involving the papillomacular 
bundle.[44‑46] Kimura et al. demonstrated that in early 
glaucoma, high myopia was significantly associated 
with the nearest RNFL defect occurring within the 
papillomacular bundle area (OR: 3.72, 95% CI: 1.64–8.45) 
and the presence of paracentral scotomas (OR: 3.08, 95% 
CI: 1.14–8.33).[45] Due to the higher prevalence of central 
VF loss in glaucoma patients with myopia, further testing 
with the 10‑2 strategy could be clinically advantageous. 
Figure 2 depicts a myopic glaucoma suspect with normal 
24‑2 VF, but abnormal 10‑2 VF confirmed by the presence 
of macular retinal fiber defects in macula.

Low corneal hysteresis
Corneal biomechanical properties have been evaluated 
as a risk factor for glaucoma. Multiple studies have 
shown significant associations between lower corneal 
hysteresis (CH) and increased likelihood of glaucoma 
and glaucoma progression.[68‑75] In one of them, 
Kaushik et al. and associates found CH measurements 

to be significantly less in primary open‑angle 
glaucoma (7.9 mmHg, 95% CI: 6.9–8.8) and normal 
tension glaucoma (NTG) (8.0 mmHg, 95% CI: 7.2–8.8) 
patients, compared to healthy subjects (9.5 mmHg, 95% 
CI: 9.2–9.8).[69] With respect to central VF progression 
in glaucoma, Kamalipour et al. followed glaucoma 
and glaucoma‑suspect patients over an average span 
of 5 years and showed that lower baseline CH was 
significantly associated with an increased risk of central 
VF progression (OR: 1.35 per 1 mmHg decrease in CH, 
P < 0.001).[68] In the same study, a subanalysis of early 
glaucoma patients (baseline 24‑2 MD ≥−6 dB) was 
conducted, demonstrating lower CH and its association 
with central VF progression even in early glaucoma 
patients. As a result of the higher rate of central VF 
progression in glaucomatous eyes with lower CH, 
additional testing with 10‑2 strategy may be beneficial 
for further risk assessment.

Presence of macula optical coherence tomography 
defects
Macular OCT has been used for the detection and 
monitoring of glaucoma, particularly in early and 
advanced glaucoma. Ganglion cell–inner plexiform 

Figure 2: A 54‑year‑old, female patient with glaucoma suspect and myopia (−6.5 D). (a) Stereo fundus photography showed optic disc rim thinning in the left eye (OS), (b) Optical 
coherence tomography result was normal for OS, without any “outside normal limit” sectors, (c) 24‑2 visual field (VF) was within normal limits, (d) 10‑2 VF showed typical 
supranasal defects, (e) Retinal nerve fiber layer optical texture analysis confirmed narrow superior and inferior papillomacular retinal fiber layer defects as well as papillofoveal 
defects (yellow arrows)
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layer (GCIPL) changes in macula OCT can be detected 
even before any detectable change in 24‑2 VF or RNFL 
OCT. Park et al. showed that any central 12 points 
depressed <5% on 24‑2 VF that spatially corresponds to 
macular GCIPL thinning is highly associated with the 
presence of parafoveal scotoma on 10‑2 VF.[19]

The current clinical paradigm to clinically assess for 
structural abnormalities is based on RNFL and macula 
thickness by OCT. However, in a previously mentioned 
study, Leung and associates have developed a new 
algorithm, RNFL optical texture analysis (ROTA). 
Through evaluation of the tissue reflectance in 
conjunction with thickness, ROTA is capable of reporting 
the trajectories of papillomacular and papillofoveal 
bundles – which cannot be detected by traditional OCT. 
ROTA has shown promising results in pinpointing the 
precise location of damage and could be a powerful tool 
for predicting functional VF damage based on structural 
data.[48,76] After the application of ROTA on eyes with 
early glaucoma, Leung and associates found that 
papillofoveal and papillomacular bundle defects were 
common even in early glaucoma and were associated 
with central VF loss on the 24‑2 VF.

Newer Patterns

In an effort to reconcile the under‑sampling of the central 
VF in the 24‑2 VF pattern, the 24‑2C was developed. 
This pattern contains additional test points in the central 
10° distributed based on the most frequently damaged 
locations.[77] Recent studies have shown that while the 
24‑2C pattern was approximately four times more likely 
to detect central VF damage than the 24‑2 pattern, the 
10‑2 pattern outperforms the novel 24‑2C by returning 
more clusters of defects and yielding a higher rate of 
structure‑function concordance [Figure 3].[52,77] Future 
studies are needed to explore the importance of the 
10 additional points for disease progression and the 
interpretation of the results for clinicians. The additional 
test points in the 10‑2 pattern provide the highest 
resolution and should be utilized extensively to further 
characterize defects as compared to the 24‑2C.

Artificial Intelligence and Central Visual 
Field

In recent years, the applications of AI in general (and 
deep learning models in particular) in medicine has led 
to the introduction of numerous automated diagnostic 
modalities. AI techniques have many implications in 
machine vision tasks including image classification with 
the performance sometimes higher than that of humans[78] 
and unsupervised identification of different patterns that 
exist in large datasets of images. A widespread use of 
different imaging modalities in ophthalmology research 

and clinical practice makes this medical subspecialty 
a major area for the implementation of these novel 
algorithms to assist in diagnosis and improve the 
currently used image analysis techniques.[79]

To date, the majority of AI applications related to the 
central VF in glaucoma can be classified into two main 
domains supervised and unsupervised learning tasks. 
For the supervised learning tasks, many studies have 
evaluated the prediction of the severity and pattern of 
central VF damage using highly reproducible structural 
OCT images. Driven by the conceptual relevance of the 
macular information to the central VF, several previous 
studies have developed and validated deep learning 
algorithms to predict the global and pointwise 10‑2 
test indices using macular OCT data as the input.[28,80,81] 
In general, the proposed models have dramatically 
improved the estimates of functional loss based on 
structural data. Christopher et al. developed several deep 
learning models using macular OCT information from 
different layers and proposed a final model utilizing 
combined information of all layers with the highest 
accuracy for estimating 10‑2 MD (R2 = 0.82, mean absolute 
error [MAE] = 1.9 dB).[81] However, the mentioned study 
did not provide pointwise estimates of accuracy. Several 
other studies have tried to fill in this gap by developing 
AI models capable of predicting individual 10‑2 VF test 
points. Xu et al. and Hashimoto et al. proposed deep 
learning models that were capable of estimating the 
entire 10‑2 VF map with the absolute mean prediction 
error of 2.7–2.8 dBs over the entire field which is quite 
promising.[28,80] More recently, a study by Kamalipour 
et al. proposed a deep learning model using the ONH 
circular scans to estimate the entire 10‑2 VF map.[82] The 
authors used a large dataset of more than 5000 RNFL 
OCT scans to inform their models and achieved an 
MAE of 2.88 dB for estimating 10‑2 MD. The clinical 
relevance of this finding cannot be overemphasized 
since circular ONH OCT scan is the most commonly 
used structural imaging modality in glaucoma practice 
and research. Another impressive finding was that 
both the ONH‑based and the macular‑based deep 
learning simulations of the central VF yielded shared 
characteristics for the prediction accuracy of different 
10‑2 regions. The reported prediction accuracy has been 
higher in the temporal inferior area of the central VF 
which has been previously described by Weber et al.[33] 
as the relatively preserved central isle of VF especially 
at the advanced stage of glaucoma. Not being bound 
by the inherent linear structure‑function relationship 
assumption, having a wide flexibility to learn complex 
patterns from the labeled data itself, and making use of 
a much larger proportion of the structural data account 
for the observed remarkable improvement of the AI 
models compared to the traditional statistical modes 
of analysis.[28,29,80,83] If visual function can be estimated 
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accurately from standard deviation OCT imaging, 
clinicians can identify disease earlier and can determine 
progression more quickly. This leads to more effective 
individualized targeting that not only can help to reduce 
testing in patients unlikely to be experiencing functional 
loss, it also can be used to increase testing for those 
glaucoma patients at the greatest risk of functional loss 
based on OCT estimates with substantial savings in 
patients’ and staff’s time and the costs associated with 
VF testing. However, even with the recent advancements 
in AI, this is yet to be accomplished partly due to the 
inherent limitations of estimating function from the 
structural data including the concept of “floor effect” 
and the variability of the VF data itself that would act 

as prediction label for these models especially at the 
severe stage.[84]

Unsupervised learning strategies are the second 
major category of AI applications to improve the 
characterization of central VF damage in glaucoma. 
As opposed to supervised learning, unsupervised 
learning strategies do not require any labeled data for 
model training where the task is to identify different 
coexisting patterns within the data structure itself.[85‑87] 
This becomes especially important in phenotyping 
the spatial patterns of central VF damage at different 
severity stages of glaucoma. In a cohort study of 1103 
eyes with end‑stage glaucoma (24‑2 MD ≤‑22 dB), 

Figure 3:  24‑2, 10‑2 and 24‑2C visual field (VF) of the same patient in Figure 1 after 7 years, which showed glaucoma progression and bilateral paracentral defects. Images 
of the right eye (OD) and the left eye (OS) were shown on the right and left side of each panel, respectively. (a) 24‑2 VF showed central scotoma and superior defects in OD 
and inferior nasal step and inferior paracentral scotoma in OS, (b) 10‑2 VF showed progressive paracentral defects in OD, and the inferior nasal defects observed 7 years ago 
in OS also progressed, (c) 24‑2 C VF showed changes consistent with the 10‑2 VF and provided more details of the paracentral scotoma.
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Wang et al.[88] included a total of 2912 10‑2 VF tests and 
used archetypal analysis to identify spatial subtypes 
of defects on the 10‑2 test grid in advanced glaucoma. 
They were able to characterize 14 distinct patterns of 
end‑stage central VF damage in glaucoma and found 
that the initial central VF loss in glaucoma is more likely 
to be nasal loss. They suggested these identified patterns 
might be related to different subtypes of the disease. 
Moreover, they were able to identify one of the initial 
nasal loss patterns that is more likely to progress to 
total loss. In a separate study, Wang et al.[30] evaluated 
the patterns of central VF damage among the disease 
severity spectrum using archetypal analysis. For this 
purpose, they found 17 distinct patterns of central VF 
damage extracted from a total of 14,000 10‑2 VF tests. 
They divided the identified patterns into isolated 
superior loss, isolated inferior loss, diffuse loss, and 
other loss patterns. It was notable that the majority of 
their described patterns were consistent with the more 
vulnerable zones of damage previously described by 
Hood et al.[16,17] and only one of them affected the less 
vulnerable inferotemporal zone. They demonstrated 
that considering the spatial patterns of central VF 
loss improves the prognostic models for the risk 
assessment of glaucomatous central VF progression in 
glaucoma. These AI methods provide the framework to 
quantitatively assess where each patient falls in terms 
of their individualized spatial patterns of damage. This 
approach shows promise in identifying the effects of 
demographic, ethnicity, and genetic subtypes of disease 
and thereby moving towards a personalized medicine 
approach for glaucoma management.

When to Order 10‑2 Visual Field?

Considering the advantages offered by the higher 
resolution 10‑2 test strategy, a critical question for 
clinicians is when and how frequently this test should 
be administered to glaucoma patients given that both 
central and peripheral VF tests may provide useful data 
depending on different individual scenarios. It has been 
suggested that simultaneous performance of both 24‑2 
and 10‑2 tests might be valuable in a more comprehensive 
characterization of the extent and locations of VF 
damage.[7,52,89,90] On the other hand, it remains crucial to 
more effectively allocate the limited clinical time and 
resources and also to limit patient and staff exposure to 
communicable diseases.[52,91] Moreover, since VF testing 
is a time‑consuming process, concurrent administration 
of both of these test strategies in a single session can 
fatigue patients and lead to variable or unreliable 
results.[81,92] Therefore, it becomes essentially important 
to risk‑stratify patients based on the probability of central 
VF damage and attempt a more detailed assessment of 
the central vision only when the likelihood of detecting 
this damage justifies the required resources. For example, 

glaucomatous eyes with any abnormal 24‑2 VF points on 
the central 10‑degree region that are depressed <0.5% 
or <5% that correlates to macular GCIPL thinning have 
shown to be associated with parafoveal scotoma on 
10‑2 VF.[19] The ocular characteristics discussed above 
such as certain optic disc phenotypes, low CH, myopia, 
and eyes with DH may also aid clinicians in stratifying 
patients who may benefit most from additional 10‑2 VF 
testing. The authors of this paper suggest evaluating all 
glaucoma patients with 24‑2 VF, peripapillary OCT as 
well as macular OCT and further evaluated with a 10‑2 
VF test if the patient has the above risk factors.

Limitations
Similar to any testing modality in clinical settings, there 
are certain limitations with the 10‑2 VF assessment that 
must be considered. First, although static automated 
perimetry VF testing is the standard of care for 
monitoring VF in glaucoma, there are limitations inherent 
to this approach. Testing variability may limit the utility 
of standard automated perimetry (SAP) to effectively 
assess the progression of VF.[93] Studies have shown this 
variability increases in more severely damaged areas, 
possibly confounding VF results, making it more difficult 
to discern between VF test–retest variability or true VF 
damage.[94‑96]

Second, as a limited recourse and time, it might not be 
feasible to order 10‑2 testing routinely for all glaucoma 
patients. This testing should be allocated to those with 
the highest risk, indicating the need for an individualized 
approach. The recent implementation of AI techniques 
has shown much promise in accurately estimating 
and predicting VF results from ONH or macular OCT 
images.[28,29,80] AI methods have also been utilized to 
quantitatively evaluate central VF damage patterns, 
which may help to identify relationships between patient 
characteristics and certain patterns of VF damage in the 
near future.[30,88] A recent study has shown that 10‑2 VF 
can be estimated from the 24‑2 VF with high accuracy 
using AI algorithms.[85] The progress of AI applications 
regarding 10‑2 VF merits further research to continue 
exploring potential methods to more effectively allocate 
the 10‑2 VF to patients with the highest likelihood of 
central VF damage.

Conclusion

The 10‑2 VF assessment remains a powerful tool 
for the assessment of the central VF and aids in 
providing a more extensive picture of visual function 
in glaucoma. However, the current implementation of 
the 10‑2 in the common clinical practice requires further 
enhancement– contrary to the conventional notion that 
central VF remains undamaged until advanced glaucoma, 
central VF has been shown to be affected through 
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various spectrums of glaucoma damage, especially in 
early stages.[8,12‑22,47] For the most accurate assessment 
of the central VF, the 10‑2 strategy is recommended, 
however, common clinical practice typically only 
incorporates a 6° test grid (e.g., 24‑2) which have 
been shown to under‑sample the central 10°.[12,13,18,19,23] 
Undetected early central VF damage has significant 
implications in glaucoma patients (e.g., quality of 
life, potential treatment intensification, more frequent 
assessments).[7,9,13,24‑26,49,50,68] While it is not feasible in busy 
clinical settings to administer a 10‑2 VF test for every 
patient,[52] clinicians must reallocate this limited resource 
to those with the highest likelihood of central VF damage 
due to a combination of different clinical risk factors. 
In the near future, clinicians may soon begin to utilize 
promising AI methods that may serve as additional tools 
for risk assessment. Although the current applications 
of AI with regards to 10‑2 VF show promise, further 
research is necessary to more effectively and efficiently 
utilize the 10‑2 VF assessment. 

Declaration of patient consent
The authors certify that they have obtained all appropriate 
patient consent forms. In the form, the patient guardian 
has given her consent for her images and other clinical 
information to be reported in the journal. The patient 
guardian understands that her name and initials will 
not be published and due efforts will be made to conceal 
identity, but anonymity cannot be guaranteed.

Data availability statement
Data sharing not applicable to this article as no datasets 
were generated or analyzed during the current study.

Financial support and sponsorship
This work is supported by National Institutes of 
Health/National Eye Institute Grants (R01EY034148); 
University of California Tobacco‑Related Disease 
Research Program (T31IP1511), and an unrestricted grant 
from Research to Prevent Blindness (New York, NY). 
The sponsor or funding organization had no role in the 
design or conduct of this research.

Conflicts of interest
Sasan Moghimi reported grants from the National Eye 
Institute. No other disclosures were reported.

References

1. Quigley HA, Broman AT. The number of people with glaucoma 
worldwide in 2010 and 2020. Br J Ophthalmol 2006;90:262‑7.

2. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. 
Global prevalence of glaucoma and projections of glaucoma 
burden through 2040: A systematic review and meta‑analysis. 
Ophthalmology 2014;121:2081‑90.

3. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and 
treatment of glaucoma: A review. JAMA 2014;311:1901‑11.

4. Weinreb RN, Leung CK, Crowston JG, Medeiros FA, Friedman DS, 
Wiggs JL, et al. Primary open‑angle glaucoma. Nat Rev Dis 
Primers 2016;2:16067.

5. Tatham AJ, Weinreb RN, Medeiros FA. Strategies for improving 
early detection of glaucoma: The combined structure‑function 
index. Clin Ophthalmol 2014;8:611‑21.

6. Lee PP, Walt JG, Doyle JJ, Kotak SV, Evans SJ, Budenz DL, et al. 
A multicenter, retrospective pilot study of resource use and costs 
associated with severity of disease in glaucoma. Arch Ophthalmol 
2006;124:12‑9.

7. Wu Z, Medeiros FA, Weinreb RN, Zangwill LM. Performance of 
the 10‑2 and 24‑2 visual field tests for detecting central visual field 
abnormalities in glaucoma. Am J Ophthalmol 2018;196:10‑7.

8. Hood DC, De Moraes CG. Challenges to the common clinical 
paradigm for diagnosis of glaucomatous damage with OCT and 
visual fields. Invest Ophthalmol Vis Sci 2018;59:788‑91.

9. Blumberg DM, De Moraes CG, Prager AJ, Yu Q, Al‑Aswad L, 
Cioffi GA, et al. Association between undetected 10‑2 visual 
field damage and vision‑related quality of life in patients with 
glaucoma. JAMA Ophthalmol 2017;135:742‑7.

10. Curcio CA, Allen KA. Topography of ganglion cells in human 
retina. J Comp Neurol 1990;300:5‑25.

11. Qiu A, Rosenau BJ, Greenberg AS, Hurdal MK, Barta P, 
Yantis S, et al. Estimating linear cortical magnification in human 
primary visual cortex via dynamic programming. Neuroimage 
2006;31:125‑38.

12. Traynis I, De Moraes CG, Raza AS, Liebmann JM, Ritch R, 
Hood DC. Prevalence and nature of early glaucomatous 
defects in the central 10 of the visual field. JAMA Ophthalmol 
2014;132:291‑7.

13. De Moraes CG, Hood DC, Thenappan A, Girkin CA, Medeiros FA, 
Weinreb RN, et al. 24‑2 visual fields miss central defects shown on 
10‑2 tests in glaucoma suspects, ocular hypertensives, and early 
glaucoma. Ophthalmology 2017;124:1449‑56.

14. Chakravarti T, Moghimi S, De Moraes CG, Weinreb RN. 
Central‑most visual field defects in early glaucoma. J Glaucoma 
2021;30:e68‑75.

15. Hood DC, Slobodnick A, Raza AS, de Moraes CG, Teng CC, 
Ritch R. Early glaucoma involves both deep local, and shallow 
widespread, retinal nerve fiber damage of the macular region. 
Invest Ophthalmol Vis Sci 2014;55:632‑49.

16. Hood DC, Raza AS, de Moraes CG, Odel JG, Greenstein VC, 
Liebmann JM, et al. Initial arcuate defects within the central 10 
degrees in glaucoma. Invest Ophthalmol Vis Sci 2011;52:940‑6.

17. Hood DC, Raza AS, de Moraes CG, Liebmann JM, Ritch R. 
Glaucomatous damage of the macula. Prog Retin Eye Res 
2013;32:1‑21.

18. Sullivan‑Mee M, Karin Tran MT, Pensyl D, Tsan G, Katiyar S. 
Prevalence, features, and severity of glaucomatous visual field 
loss measured with the 10‑2 achromatic threshold visual field 
test. Am J Ophthalmol 2016;168:40‑51.

19. Park HY, Hwang BE, Shin HY, Park CK. Clinical clues to predict 
the presence of parafoveal scotoma on Humphrey 10‑2 visual 
field using a Humphrey 24‑2 visual field. Am J Ophthalmol 
2016;161:150‑9.

20. Heijl A, Lundqvist L. The frequency distribution of earliest 
glaucomatous visual field defects documented by automatic 
perimetry. Acta Ophthalmol (Copenh) 1984;62:658‑64.

21. Tomairek RH, Aboud SA, Hassan M, Mohamed AH. Studying 
the role of 10‑2 visual field test in different stages of glaucoma. 
Eur J Ophthalmol 2020;30:706‑13.

22. Roberti G, Manni G, Riva I, Holló G, Quaranta L, Agnifili L, et al. 
Detection of central visual field defects in early glaucomatous 
eyes: Comparison of Humphrey and octopus perimetry. PLoS 
One 2017;12:e0186793.

23. Grillo LM, Wang DL, Ramachandran R, Ehrlich AC, 
De Moraes CG, Ritch R, et al. The 24‑2 visual field test misses 



Taiwan J Ophthalmol - Volume 14, Issue 3, July-September 2024 369

central macular damage confirmed by the 10‑2 visual field test and 
optical coherence tomography. Transl Vis Sci Technol 2016;5:15.

24. Nelson P, Aspinall P, Papasouliotis O, Worton B, O’Brien C. 
Quality of life in glaucoma and its relationship with visual 
function. J Glaucoma 2003;12:139‑50.

25. Abe RY, Diniz‑Filho A, Costa VP, Gracitelli CP, Baig S, 
Medeiros FA. The impact of location of progressive visual field 
loss on longitudinal changes in quality of life of patients with 
glaucoma. Ophthalmology 2016;123:552‑7.

26. Sun Y, Lin C, Waisbourd M, Ekici F, Erdem E, Wizov SS, et al. The 
impact of visual field clusters on performance‑based measures 
and vision‑related quality of life in patients with glaucoma. Am 
J Ophthalmol 2016;163:45‑52.

27. Hirji SH, Liebmann JM, Hood DC, Cioffi GA, Blumberg DM. 
Macular damage in glaucoma is associated with deficits in facial 
recognition. Am J Ophthalmol 2020;217:1‑9.

28. Hashimoto Y, Kiwaki T, Sugiura H, Asano S, Murata H, 
Fujino Y, et al. Predicting 10‑2 visual field from optical coherence 
tomography in glaucoma using deep learning corrected with 
24‑2/30‑2 visual field. Transl Vis Sci Technol 2021;10:28.

29. Kamalipour A, Moghimi S, Khosravi P, Jazayeri MS, Nishida T, 
Mahmoudinezhad G, et al. Predicting central 10 degrees visual 
field from peripapillary optical coherence tomography using deep 
learning approach. Invest Ophthalmol Vis Sci 2021;62:1011.

30. Wang M, Shen LQ, Pasquale LR, Boland MV, Wellik SR, 
De Moraes CG, et al. Artificial intelligence classification of 
central visual field patterns in glaucoma. Ophthalmology 
2020;127:731‑8.

31. Murata H, Hirasawa H, Aoyama Y, Sugisaki K, Araie M, 
Mayama C, et al. Identifying areas of the visual field important for 
quality of life in patients with glaucoma. PLoS One 2013;8:e58695.

32. McKean‑Cowdin R, Wang Y, Wu J, Azen SP, Varma R, Los 
Angeles Latino Eye Study Group. Impact of visual field loss on 
health‑related quality of life in glaucoma: The Los Angeles Latino 
Eye Study. Ophthalmology 2008;115:941‑8.e1.

33. Weber J, Schultze T, Ulrich H. The visual field in advanced 
glaucoma. Int Ophthalmol 1989;13:47‑50.

34. Heijl A, Lindgren A, Lindgren G. Test‑retest variability in 
glaucomatous visual fields. Am J Ophthalmol 1989;108:130‑5.

35. Gardiner SK, Swanson WH, Goren D, Mansberger SL, 
Demirel S. Assessment of the reliability of standard automated 
perimetry in regions of glaucomatous damage. Ophthalmology 
2014;121:1359‑69.

36. Hood DC, Anderson SC, Wall M, Kardon RH. Structure versus 
function in glaucoma: An application of a linear model. Invest 
Ophthalmol Vis Sci 2007;48:3662‑8.

37. Hood DC, Kardon RH. A framework for comparing structural 
and functional measures of glaucomatous damage. Prog Retin 
Eye Res 2007;26:688‑710.

38. Mwanza JC, Budenz DL, Warren JL, Webel AD, Reynolds CE, 
Barbosa DT, et al. Retinal nerve fibre layer thickness floor and 
corresponding functional loss in glaucoma. Br J Ophthalmol 
2015;99:732‑7.

39. Mwanza JC, Kim HY, Budenz DL, Warren JL, Margolis M, 
Lawrence SD, et al. Residual and dynamic range of retinal nerve 
fiber layer thickness in glaucoma: Comparison of three OCT 
platforms. Invest Ophthalmol Vis Sci 2015;56:6344‑51.

40. Moghimi S, Bowd C, Zangwill LM, Penteado RC, Hasenstab K, 
Hou H, et al. Measurement floors and dynamic ranges of OCT and 
OCT angiography in glaucoma. Ophthalmology 2019;126:980‑8.

41. Rao HL, Begum VU, Khadka D, Mandal AK, Senthil S, 
Garudadri CS. Comparing glaucoma progression on 24‑2 and 
10‑2 visual field examinations. PLoS One 2015;10:e0127233.

42. Araie M, Arai M, Koseki N, Suzuki Y. Influence of myopic 
refraction on visual field defects in normal tension and primary 
open angle glaucoma. Jpn J Ophthalmol 1995;39:60‑4.

43. Mayama C, Suzuki Y, Araie M, Ishida K, Akira T, Yamamoto T, 

et al. Myopia and advanced‑stage open‑angle glaucoma. 
Ophthalmology 2002;109:2072‑7.

44. Tan NY, Sng CC, Jonas JB, Wong TY, Jansonius NM, Ang M. 
Glaucoma in myopia: Diagnostic dilemmas. Br J Ophthalmol 
2019;103:1347‑55.

45. Kimura Y, Hangai M, Morooka S, Takayama K, Nakano N, 
Nukada M, et al. Retinal nerve fiber layer defects in highly 
myopic eyes with early glaucoma. Invest Ophthalmol Vis Sci 
2012;53:6472‑8.

46. Chihara E, Tanihara H. Parameters associated with papillomacular 
bundle defects in glaucoma. Graefes Arch Clin Exp Ophthalmol 
1992;230:511‑7.

47. Germano RA, Germano CS, Susanna FN, Susanna R. Patterns 
of visual field loss in early, moderate, and severe stages of open 
angle glaucoma. J Glaucoma 2022;31:609‑13.

48. Leung CK. Retinal nerve fiber layer (RNFL) optical texture 
analysis (ROTA) for evaluation of RNFL abnormalities in 
glaucoma. Invest Ophthalmol Vis Sci 2018;59:3497.

49. Garg A, De Moraes CG, Cioffi GA, Girkin CA, Medeiros FA, 
Weinreb RN, et al. Baseline 24‑2 central visual field damage is 
predictive of global progressive field loss. Am J Ophthalmol 
2018;187:92‑8.

50. Nassiri N, Moghimi S, Coleman AL, Law SK, Caprioli J, 
Nouri‑Mahdavi K. Global and pointwise rates of decay in 
glaucoma eyes deteriorating according to pointwise event 
analysis. Invest Ophthalmol Vis Sci 2013;54:1208‑13.

51. West ME, Sharpe GP, Hutchison DM, Rafuse PE, Shuba LM, 
Nicolela MT, et al. Value of 10‑2 visual field testing in glaucoma 
patients with early 24‑2 visual field loss. Ophthalmology 
2021;128:545‑53.

52. Phu J, Kalloniatis M. Comparison of 10‑2 and 24‑2C test grids for 
identifying central visual field defects in glaucoma and suspect 
patients. Ophthalmology 2021;128:1405‑16.

53. Nicolela MT, Drance SM. Various glaucomatous optic nerve 
appearances: Clinical correlations. Ophthalmology 1996;103:640‑9.

54. Broadway DC, Nicolela MT, Drance SM. Optic disk appearances 
in primary open‑angle glaucoma. Surv Ophthalmol 
1999;43 Suppl 1:S223‑43.

55. Ekici E, Moghimi S, Hou H, Proudfoot J, Zangwill LM, Do JL, et al. 
Central visual field defects in patients with distinct glaucomatous 
optic disc phenotypes. Am J Ophthalmol 2021;223:229‑40.

56. Hsia Y, Su CC, Wang TH, Huang JY. Clinical characteristics of 
glaucoma patients with disc hemorrhage in different locations. 
Graefes Arch Clin Exp Ophthalmol 2019;257:1955‑62.

57. Siegner SW, Netland PA. Optic disc hemorrhages and progression 
of glaucoma. Ophthalmology 1996;103:1014‑24.

58. Ozturker ZK, Munro K, Gupta N. Optic disc hemorrhages in 
glaucoma and common clinical features. Can J Ophthalmol 
2017;52:583‑91.

59. Healey PR, Mitchell P, Smith W, Wang JJ. Optic disc hemorrhages in 
a population with and without signs of glaucoma. Ophthalmology 
1998;105:216‑23.

60. Jonas JB, Xu L. Optic disk hemorrhages in glaucoma. Am J 
Ophthalmol 1994;118:1‑8.

61. Budenz DL, Anderson DR, Feuer WJ, Beiser JA, Schiffman J, 
Parrish RK 2nd, et al. Detection and prognostic significance of optic 
disc hemorrhages during the Ocular Hypertension Treatment 
Study. Ophthalmology 2006;113:2137‑43.

62. Shukla AG, Sirinek PE, De Moraes CG, Blumberg DM, Cioffi GA, 
Skaat A, et al. Disc hemorrhages are associated with the presence 
and progression of glaucomatous central visual field defects. 
J Glaucoma 2020;29:429‑34.

63. David RC, Moghimi S, Do JL, Hou H, Proudfoot J, Zangwill LM, 
et al. Characteristics of central visual field progression in eyes 
with optic disc hemorrhage. Am J Ophthalmol 2021;231:109‑19.

64. Kono Y, Sugiyama K, Ishida K, Yamamoto T, Kitazawa Y. 
Characteristics of visual field progression in patients with 



370 Taiwan J Ophthalmol - Volume 14, Issue 3, July-September 2024

normal‑tension glaucoma with optic disk hemorrhages. Am J 
Ophthalmol 2003;135:499‑503.

65. Holden BA, Fricke TR, Wilson DA, Jong M, Naidoo KS, Sankaridurg P, 
et al. Global prevalence of myopia and high myopia and temporal 
trends from 2000 through 2050. Ophthalmology 2016;123:1036‑42.

66. Marcus MW, de Vries MM, Junoy Montolio FG, Jansonius NM. 
Myopia as a risk factor for open‑angle glaucoma: A systematic 
review and meta‑analysis. Ophthalmology 2011;118:1989‑94.e2.

67. Shen L, Melles RB, Metlapally R, Barcellos L, Schaefer C, Risch N, 
et al. The association of refractive error with glaucoma in a 
multiethnic population. Ophthalmology 2016;123:92‑101.

68. Kamal ipour  A,  Moghimi  S ,  Es lani  M,  Nishida  T , 
Mohammadzadeh V, Micheletti E, et al. A prospective longitudinal 
study to investigate corneal hysteresis as a risk factor of 
central visual field progression in glaucoma. Am J Ophthalmol 
2022;240:159‑69.

69. Kaushik S, Pandav SS, Banger A, Aggarwal K, Gupta A. 
Relationship between corneal biomechanical properties, central 
corneal thickness, and intraocular pressure across the spectrum 
of glaucoma. Am J Ophthalmol 2012;153:840‑9.e2.

70. Abitbol O, Bouden J, Doan S, Hoang‑Xuan T, Gatinel D. Corneal 
hysteresis measured with the ocular response analyzer in normal 
and glaucomatous eyes. Acta Ophthalmol 2010;88:116‑9.

71. Grise‑Dulac A, Saad A, Abitbol O, Febbraro JL, Azan E, 
Moulin‑Tyrode C, et al. Assessment of corneal biomechanical 
properties in normal tension glaucoma and comparison with 
open‑angle glaucoma, ocular hypertension, and normal eyes. 
J Glaucoma 2012;21:486‑9.

72. Medeiros FA, Meira‑Freitas D, Lisboa R, Kuang TM, Zangwill LM, 
Weinreb RN. Corneal hysteresis as a risk factor for glaucoma 
progression: A prospective longitudinal study. Ophthalmology 
2013;120:1533‑40.

73. Susanna BN, Ogata NG, Jammal AA, Susanna CN, Berchuck SI, 
Medeiros FA. Corneal biomechanics and visual field progression 
in eyes with seemingly well‑controlled intraocular pressure. 
Ophthalmology 2019;126:1640‑6.

74. Susanna CN, Diniz‑Filho A, Daga FB, Susanna BN, Zhu F, 
Ogata NG, et al. A prospective longitudinal study to investigate 
corneal hysteresis as a risk factor for predicting development of 
glaucoma. Am J Ophthalmol 2018;187:148‑52.

75. De Moraes CV, Hill V, Tello C, Liebmann JM, Ritch R. Lower 
corneal hysteresis is associated with more rapid glaucomatous 
visual field progression. J Glaucoma 2012;21:209‑13.

76. Leung CK, Guo PY, Lam AK. Retinal nerve fiber layer optical 
texture analysis: Involvement of the papillomacular bundle 
and papillofoveal bundle in early glaucoma. Ophthalmology 
2022;129:1043‑55.

77. Phu J, Kalloniatis M. Ability of 24‑2C and 24‑2 grids to identify 
central visual field defects and structure‑function concordance in 
glaucoma and suspects. Am J Ophthalmol 2020;219:317‑31.

78. He K, Zhang X, Ren S, Sun J. Delving deep into rectifiers: Surpassing 
human‑level performance on ImageNet classification. In: 2015 
IEEE International Conference on Computer Vision (ICCV).   New 
York, NY: IEEE; 2015. p. 1026‑34.

79. Medeiros FA. Deep learning in glaucoma: Progress, but still lots 
to do. Lancet Digit Health 2019;1:e151‑2.

80. Xu L, Asaoka R, Kiwaki T, Murata H, Fujino Y, Matsuura M, et al. 
Predicting the glaucomatous central 10‑degree visual field from 
optical coherence tomography using deep learning and tensor 

regression. Am J Ophthalmol 2020;218:304‑13.
81. Christopher M, Bowd C, Belghith A, Goldbaum MH, Weinreb RN, 

Fazio MA, et al. Deep learning approaches predict glaucomatous 
visual field damage from OCT optic nerve head en face images 
and retinal nerve fiber layer thickness maps. Ophthalmology 
2020;127:346‑56.

82. Kamalipour A, Moghimi S, Khosravi P, Jazayeri MS, Nishida T, 
Mahmoudinezhad G, et al. Deep learning estimation of 10‑2 visual 
field map based on circumpapillary retinal nerve fiber layer 
thickness measurements. Am J Ophthalmol 2023;246:163‑73.

83. Christopher M, Bowd C, Proudfoot JA, Belghith A, Goldbaum MH, 
Rezapour J, et al. Deep learning estimation of 10‑2 and 24‑2 
visual field metrics based on thickness maps from macula OCT. 
Ophthalmology 2021;128:1534‑48.

84. Huang X, Sun J, Majoor J, Vermeer KA, Lemij H, Elze T, et al. 
Estimating the severity of visual field damage from retinal nerve 
fiber layer thickness measurements with artificial intelligence. 
Transl Vis Sci Technol 2021;10:16.

85. Goldbaum MH. Unsupervised learning with independent 
component analysis can identify patterns of glaucomatous visual 
field defects. Trans Am Ophthalmol Soc 2005;103:270‑80.

86. Goldbaum MH, Sample PA, Zhang Z, Chan K, Hao J, Lee TW, 
et al. Using unsupervised learning with independent component 
analysis to identify patterns of glaucomatous visual field defects. 
Invest Ophthalmol Vis Sci 2005;46:3676‑83.

87. Grewal PS, Oloumi F, Rubin U, Tennant MT. Deep learning in 
ophthalmology: A review. Can J Ophthalmol 2018;53:309‑13.

88. Wang M, Tichelaar J, Pasquale LR, Shen LQ, Boland MV, 
Wellik SR, et al. Characterization of central visual field loss in 
end‑stage glaucoma by unsupervised artificial intelligence. JAMA 
Ophthalmol 2020;138:190‑8.

89. Jung KI, Ryu HK, Hong KH, Kim YC, Park CK. Simultaneously 
performed combined 24‑2 and 10‑2 visual field tests in glaucoma. 
Sci Rep 2021;11:1227.

90. Shin HY, Park HL, Park CK. Comparison of visual field tests 
in glaucoma patients with a central visual field defect. Can J 
Ophthalmol 2019;54:489‑94.

91. Fung SS, Lemer C, Russell RA, Malik R, Crabb DP. Are 
practical recommendations practiced? A national multi‑centre 
cross‑sectional study on frequency of visual field testing in 
glaucoma. Br J Ophthalmol 2013;97:843‑7.

92. Phu J, Khuu SK, Yapp M, Assaad N, Hennessy MP, Kalloniatis M. 
The value of visual field testing in the era of advanced imaging: 
Clinical and psychophysical perspectives. Clin Exp Optom 
2017;100:313‑32.

93. Russell RA, Crabb DP, Malik R, Garway‑Heath DF. The relationship 
between variability and sensitivity in large‑scale longitudinal 
visual field data. Invest Ophthalmol Vis Sci 2012;53:5985‑90.

94. Wyatt HJ, Dul MW, Swanson WH. Variability of visual field 
measurements is correlated with the gradient of visual sensitivity. 
Vision Res 2007;47:925‑36.

95. Chauhan BC, Johnson CA. Test‑retest variability of 
frequency‑doubling perimetry and conventional perimetry in 
glaucoma patients and normal subjects. Invest Ophthalmol Vis 
Sci 1999;40:648‑56.

96. Henson DB, Chaudry S, Artes PH, Faragher EB, Ansons A. 
Response variability in the visual field: Comparison of optic 
neuritis, glaucoma, ocular hypertension, and normal eyes. Invest 
Ophthalmol Vis Sci 2000;41:417‑21.


