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The clinical evaluation of optic neuropathies relies on the analysis of the thickness of the retinal 22 
nerve fibre layer (RNFL) by optical coherence tomography (OCT). However, false positives and false 23 
negatives in the detection of RNFL abnormalities are common. Here, we show that optical texture 24 
analysis of the RNFL via measurements of RNFL thickness and reflectance from standard wide-field 25 
OCT scans can be used to uncover the trajectories of individual axonal fibre bundles in the retina 26 
and to discern distinctive patterns of loss of axonal fibre bundles in glaucoma, compressive optic 27 
neuropathy, optic neuritis and non-arteritic anterior ischaemic optic neuropathy. Optical texture 28 
analysis can detect focal RNFL defects in early optic neuropathy, as well as residual axonal fibre 29 
bundles in end-stage optic neuropathy that were indiscernible by conventional OCT analysis and by 30 
red-free RNFL photography. In a diagnostic-performance study, optical texture analysis 31 
outperformed conventional OCT analysis in the detection of glaucoma, as defined by visual-field 32 
testing or red-free photography. Our findings show that optical texture analysis for the detection of 33 
optic neuropathies is highly sensitive and specific. 34 
 35 
Optic neuropathies can cause the degeneration of the optic nerve and the irreversible impairment of vision. 36 
The clinical diagnosis of optic neuropathies entails the examination of the retinal nerve fibre layer (RNFL) – 37 
the axonal fibre bundles of the retinal ganglion cells. Red-free fundus photography is a long-standing 38 
imaging technique to evaluate the RNFL, yet its ability to detect RNFL defects declines in eyes with a 39 
hypopigmented fundus, media opacities, or diffuse RNFL thinning1. Today, optical coherence tomography 40 
(OCT) is the prevailing technology to detect RNFL thinning in the diagnostic evaluation of optic neuropathies 41 
(Supplementary Fig. 1)2-5. OCT has also been used for the risk assessment of neurodegenerative diseases6, 42 
and RNFL thinning has been evident in Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and 43 
multiple sclerosis6–10. Whereas OCT is able to provide reproducible measurements of the RNFL thickness 44 
over the parapapillary region (pRNFLT) and the ganglion-cell inner plexiform layer thickness over the macula 45 
(mGCIPLT),11,12 false-positive and false-negative findings are not uncommon (Supplementary Fig. 2). This is 46 
evident from a recent meta-analysis reporting that the sensitivities of best-performing pRNFLT/mGCIPLT 47 
parameters for the detection of RNFL/GCIPL abnormalities were only 65–75% at specificities of 90–95%13. 48 
The relatively low sensitivity is in part attributed to the fact that pRNFLT/mGCIPLT analysis does not account 49 
for physiological variations of the axonal-fibre-bundle distribution, as occurs with variations of the relative 50 
position of the optic-nerve head and the fovea. Discerning axonal-fibre-bundle abnormalities with high 51 
sensitivity and specificity is an unmet need in the diagnostic evaluation of optic neuropathies and 52 
neurodegenerative diseases. 53 
 54 
In this work, we applied RNFL optical texture analysis (ROTA)14 — an algorithm that integrates RNFL 55 
thickness and reflectance measurements obtained from standard OCT scans — to uncover the trajectorial 56 
and optical textural details of individual axonal fibre bundles over a wide field of the retina. Remarkably, 57 
ROTA unveils distinctive patterns of axonal-fibre-bundle loss and axonal-fibre-bundle swelling in different 58 
forms of optic neuropathies that are not discernible in conventional OCT analysis and red-free RNFL 59 
photography. As glaucoma is the most common form of optic neuropathy and the leading cause of 60 
irreversible blindness worldwide15, we investigated the diagnostic performance of ROTA following the 61 
Standards for Reporting Diagnostic Accuracy Studies (STARD)16 (Supplementary Information, Appendix), 62 



 

and show that ROTA attains higher diagnostic sensitivity and specificity than conventional OCT analysis in 63 
the detection of RNFL defects in glaucoma. 64 
 65 
Results 66 
 67 
Retinal-nerve-fibre-layer optical texture analysis (ROTA)  68 
ROTA integrates RNFL reflectance and RNFL thickness data obtained from OCT scans to uncover optical 69 
textural details of axonal fibre bundles via a series of non-linear transformations. The algorithm for ROTA is 70 
summarized in Fig. 1a. The notion that the RNFL reflectance decreases in optic neuropathy was originally 71 
described by using time-domain OCT and then by using spectral-domain OCT17,18. RNFL thickness and 72 
reflectance data were exported from the OCT via a proprietary research browser for the calculation of optical 73 
texture signatures. In each pixel location (x,y) of a ROTA display (512x256 pixels), the optical texture 74 
signature Sx,y was computed using the formula14  75 

Sx,y =  ∑ , ,, , ,  76 
The steps in the computation of Sx,y include (1) normalization of Pz,x,y – the RNFL reflectance value at a 77 
scan depth z of a pixel location in the retina (x,y) – by Pref, the median of the maximum reflectance values 78 
measured from the retinal pigment epithelium; (2) exponential transformation (γ1) of 	 ,  ; (3) summation of  79 

, within the RNFL along individual A-scans from b1 (the anterior RNFL border) to bi (the posterior RNFL 80 

border); (4) normalization of ∑ ,, ,  by α (a pre-defined constant); and (5) exponential 81 

transformation (1/ 2) of ∑ , ,, , , . The parameters γ1, α, and γ2 were optimized with the algorithm-82 
development dataset, which included 50 glaucomatous eyes and 53 healthy eyes (Supplementary Table 1). 83 
The same optimized values of α, γ1, and γ2 were then used for ROTA in this study. The details of the ROTA 84 
algorithm derivation are described in Supplementary Information, Methods, Development of the ROTA 85 
algorithm. 86 
 87 
ROTA for the visualization of axonal fibre bundles 88 
To demonstrate the performance of ROTA to visualize axonal fibre bundles in an extended wide-field of a 89 
healthy eye, a ROTA montage was composed from nine OCT raster scans, each with 320x320 pixels, 90 
covering a retinal field of approximately 70–80 degrees (Fig. 1b). Different from all the currently available 91 
clinical techniques for RNFL imaging, ROTA reveals the trajectories and optical texture of the arcuate 92 
bundles, the papillomacular bundles, as well as the nasal radial bundles. Arcuate bundles emanate from the 93 
temporal retina and the macular raphe (Fig. 1b, v) where the superotemporal and inferotemporal bundles 94 
(Fig. 1b ii,iii) almost merge without connection, collecting more axon fibres as they arc above and below the 95 
papillomacular bundles before reaching the optic nerve head at about 1 and 5 o’clock positions (left eye 96 
orientation). The papillomacular bundles (Fig. 1b, iv) run largely parallel along the fovea-to-optic disc axis. 97 
The nasal radial bundles converge at multiple clock hour positions at the nasal optic-nerve head, exhibiting 98 
alternate regions of high and low axonal-fibre-bundle density (Fig. 1b, i). These anatomic details are not 99 
visible with colour fundus photography, red-free RNFL photography, conventional OCT analysis 100 
(Supplementary Fig. 3), or summed voxel projection of RNFL reflectance (Supplementary Fig. 4). Unlike 101 
OCT analysis of topographic RNFLT, in which the inner retinal vessels are indistinguishable from the RNFL 102 
because the inner retinal vessels are encased in the RNFL, retinal arterioles and venules and their major 103 
tributaries can be identified from ROTA because blood vessels and axonal fibre bundles carry different 104 
optical-texture signatures. 105 
 106 
ROTA for the detection of glaucomatous optic neuropathy 107 
RNFL defects can be distinctively identified from ROTA because the loss in optical texture of RNFL defects 108 
is confined by the trajectories of axonal fibre bundles. Unlike red-free RNFL photography, which is not 109 
effective for the visualization of RNFL defects in locations where the RNFL is thin (as in the temporal retina) 110 
or in eyes with extensive RNFL loss, ROTA provides additional trajectorial and textural details of the axonal 111 
fibre bundles that permits wide-field evaluation of RNFL defects across different stages of optic neuropathy, 112 
from early (Fig. 2a,b) to advanced glaucoma (Fig. 2c,d). In eyes with early-to-moderate glaucoma, ROTA 113 
detects focal RNFL defects missed by topographic pRNFLT/mGCIPLT analysis (Fig. 3). In eyes with 114 
advanced glaucoma, ROTA discerns the extent of papillomacular bundles loss (axons nasal to the fovea) 115 
and macular arcuate bundles loss (axons temporal to the fovea) when such discrimination is impossible with 116 
conventional OCT analysis (Fig. 4). The observation that residual macular arcuate bundles remain in eyes 117 
with end-stage glaucoma (Fig. 4c,d) explains why high contrast visual acuity can be well-preserved despite 118 
extensive VF loss. 119 



 

 120 
ROTA for the detection of non-glaucomatous optic neuropathies  121 
Neuroretinal rim pallor and optic-disc swelling are the hallmarks of non-glaucomatous optic neuropathy,19,20 122 
and ROTA complements optic-disc examination to discern the patterns of axonal-fibre-bundle abnormalities, 123 
providing insights into the possible aetiology. We examined and imaged 45 eyes from 34 patients with 124 
sectoral or diffuse rim pallor and 8 eyes from 6 patients with disc swelling who were diagnosed with 125 
compressive optic neuropathy, non-arteritic anterior ischemic optic neuropathy (NAION), optic neuritis, optic-126 
nerve head drusen, or idiopathic intracranial hypertension (Supplementary Table 2). All eyes with rim pallor 127 
showed RNFL defects in ROTA; the extent of RNFL defects at the disc margin was connected to the location 128 
of rim pallor. Chiasmal compressive optic neuropathy, for example, exhibits band or bow-tie optic-disc 129 
atrophy because of retrograde degeneration of of decussating optic-nerve fibres from the nasal retina, which 130 
comprises the nasal radial bundles and the papillomacular bundles. Although delineating the location and the 131 
extent of rim pallor can be difficult in band atrophy, ROTA shows papillomacular-bundle loss (which accounts 132 
for the temporal rim pallor) and nasal radial-bundle loss (which accounts for the nasal rim pallor; Fig. 5a). 133 
Such pattern of RNFL defects cannot be identified from OCT pRNFLT analysis. The ability of ROTA to 134 
connect axonal-fibre-bundle loss with rim pallor was also observed in optic neuritis (papillomacular and 135 
macular arcuate-bundle loss associated with temporal rim pallor; Fig. 5b) and NAION (superotemporal and 136 
macular arcuate-bundle loss associated with superotemporal and temporal rim pallor; Fig. 5c), where such 137 
corroboration is ambiguous or imprecise in conventional OCT analysis. 138 
 139 
Optic-disc swelling is due to an interruption of the normal bidirectional axoplasmic transport at the lamina 140 
cribrosa, leading to axonal distension20 . ROTA is effective for the visualization of axonal-fibre-bundle 141 
oedema, demonstrating increases in intensity and granularity of axonal-fibre-bundle reflectivity along the 142 
arcuate bundles, papillomacular bundles, and nasal radial bundles, as well as over the neuroretinal rim (Fig. 143 
5d). An important feature that differentiates oedematous from thick RNFL is the obscuration of the former in 144 
the parapapillary retinal arterioles and venules, since they are embedded in the RNFL (Fig. 5d, red circle). All 145 
eyes with optic-disc swelling showed axonal-fibres-bundle oedema in ROTA. In conditions in which disc 146 
swelling is protracted and subtle (for instance, in idiopathic intracranial hypertension), ROTA is more 147 
effective than clinical examination to discern axonal-fibre-bundle oedema at the RNFL and the rim (Fig. 148 
6a,b). Notably, optic-disc or RNFL oedema does not compromise ROTA to detect RNFL defects (Fig. 5d). 149 
Another condition that can complicate neuroretinal rim examination is optic-disc drusen. Unlike topographic 150 
pRNFLT/mGCIPLT analysis, ROTA is effective for uncovering RNFL defects in eyes with optic-disc drusen 151 
(Fig. 6c,d). 152 

 153 
ROTA vs. conventional OCT pRNFLT/mGCIPLT 154 
We investigated the diagnostic performance of ROTA to detect RNFL defects in glaucoma because 155 
glaucoma is the most common optic neuropathy15 and glaucoma exhibits varieties of patterns and severity of 156 
RNFL defects. 531 glaucomatous eyes of 363 patients with VF defects and 315 eyes of 177 healthy 157 
participants without VF defects were analysed (Supplementary Table 3) after excluding eyes with unreliable 158 
VF, suboptimal OCT scans, or macular pathology (Supplementary Fig. 5). 183 eyes (34.5%) had early VF 159 
defects (MD≥-6dB), 151 eyes (28.4%) had moderate VF defects (-6dB>MD>-12dB), and 197 eyes (37.1%) 160 
had advanced VF defects (MD≤-12dB). 161 
 162 
Using VF testing as the reference standard, the specificity of ROTA (94.3%, 95% CI: 91.3–97.2%) was 163 
higher than the topographic pRNFLT analysis (87.9%: 95% CI: 83.6–92.3%) and topographic mGCIPLT 164 
analysis (78.1%, 95% CI: 72.4–83.8%; Supplementary Table 4). For the detection of early glaucoma (mean 165 
VF MD: -3.40±1.60 dB), the sensitivity of ROTA (97.3%, 95% CI: 94.9–99.6%) was higher than topographic 166 
pRNFLT analysis (91.8%, 95% CI: 87.8–95.8%) and topographic mGCIPLT analysis (92.3%, 95% CI: 88.5–167 
96.2%). For the detection of glaucoma (mean VF MD: –11.21±8.31 dB), ROTA (98.7%, 95% CI: 97.7–168 
99.7%) had a higher sensitivity than topographic mGCIPLT analysis (96.8%, 95% CI: 95.3–98.3%; 169 
Supplementary Table 5). Although integrating topographic pRNFLT/mGCIPLT analysis increased the 170 
sensitivities comparable to ROTA for the detection of early glaucoma and glaucoma, the specificity 171 
decreased to 71.4% (95% CI: 66.4–76.4%). In the ROC regression analysis, ROTA attained a higher 172 
sensitivity than topographic pRNFLT/mGCIPL analysis to detect early glaucoma (Fig. 7a) and glaucoma (Fig. 173 
7b) at the same specificity (90% and 95%). Using red-free photography as the reference standard 174 
(Supplementary Table 6 and Supplementary Information, Results), ROTA also outperformed conventional 175 
OCT analysis in the detection of early glaucoma and glaucoma, analysed by cross tabulation 176 
(Supplementary Tables 7,8) and ROC curve regression (Fig. 7c,d). 177 
 178 
ROTA vs. texture analysis of RNFL reflectance/thickness maps 179 
Unlike ROTA, GLCM/wavelet texture analysis of the RNFL reflectance map (Supplementary Figs. 9,10) and 180 
the RNFL thickness map (Supplementary Figs. 11,12) did not reveal the trajectories of individual axonal-fibre 181 
bundles. Comparisons of diagnostic performance between ROTA and GLCM/wavelet texture analysis 182 



 

showed that the former attained a higher sensitivity and/or specificity than the latter to detect glaucoma and 183 
early glaucoma, with VF testing (Supplementary Tables 9–12) or red-free photography (Supplementary 184 
Tables 13–16) as the reference standard. 185 
 186 
Discussion 187 
The trajectorial and textural details of the retinal axonal fibre bundles uncovered by ROTA enable the 188 
visualization of RNFL defects that would otherwise be insubstantial with red-free photography (Fig. 2), 189 
indiscernible from conventional OCT analysis (Fig. 3), or irretrievable from common texture-based image-190 
processing algorithms including GLCM and wavelet texture analysis (Supplementary Figs. 6–9). We show 191 
ROTA to be intuitive for discerning the patterns and severity of RNFL defects in different forms of optic 192 
neuropathies (Fig. 2–6). ROTA can be readily applied in clinical practice because it is generated from 193 
standard raster scans in commercially available OCT instruments. In the diagnostic-performance studies, we 194 
further establish that ROTA outperforms conventional OCT analysis to detect RNFL defects by two reference 195 
standards, VF testing and red-free photography, analysed with cross tabulation with Obuchowski statistics 196 
and ROC regression analysis with adjustment of covariates. We also tested other prespecified criteria of 197 
topographic pRNFLT and mGCIPLT analysis (≥10 pixels of pRNFLT below the 1st percentile; ≥20 pixels of 198 
mGCIPLT below the 1st percentile; Supplementary Tables 17–24) and performed texture analysis of the 199 
RNFL reflectance map and the RNFL thickness map (Supplementary Tables 9–16); the finding of superior 200 
diagnostic performance of ROTA remains. This study provides multiple lines of evidence suggesting that 201 
ROTA not only discerns the patterns of RNFL defects across different forms and different stages of optic 202 
neuropathies, but also augments the diagnostic power for detection of RNFL defects when compared with 203 
conventional OCT analysis. 204 
 205 
Patterns of RNFL defects in glaucomatous and non-glaucomatous optic neuropathies 206 
Although it is feasible to partially visualize the superotemporal/inferotemporal RNFL over the parapapillary 207 
region with red-free photography, ROTA singularly enriches the trajectorial and textural details in a wide 208 
field, as well as reveals the nasal radial bundles, the papillomacular bundles, and the macular arcuate 209 
bundles. This provides ROTA with a distinct advantage over red-free photography and conventional OCT 210 
analysis in discerning specific forms of optic neuropathies, in the discrimination of glaucomatous from non-211 
glaucomatous optic neuropathies, and in the detection of RNFL defects missed by pRNFLT/mGCIPLT 212 
analysis. In chiasmal compressive optic neuropathy, for example, ROTA shows a distinctive loss of the nasal 213 
radial bundles and of the papillomacular bundles but a preservation of the macular arcuate bundles; 214 
conventional OCT analysis, however, is not precise enough to inform whether the reduction in mGCIPLT 215 
stems from the papillomacular bundles or from the macular arcuate bundles (Supplementary Fig. 10). ROTA 216 
also plays an important role in discriminating glaucomatous from non-glaucomatous optic neuropathies. 217 
Although advanced glaucomatous and non-glaucomatous optic neuropathies are indistinguishable from 218 
conventional pRNFLT/mGCIPLT analysis, ROTA helps differentiate glaucoma – where papillomacular 219 
bundles and macular arcuate bundles are often well-preserved even at the late stages – from many forms of 220 
non-glaucomatous optic neuropathies such as optic neuritis (Supplementary Fig. 11) and ischaemic optic 221 
neuropathy (Fig. 5c), where the axonal fibres from the macula can often be compromised in the early stages. 222 
Furthermore, ROTA enables the detection of early RNFL defects that are not apparent in conventional OCT 223 
analysis, not only in eyes with glaucoma (Fig. 3), but also in eyes with non-glaucomatous optic neuropathies 224 
(Fig. 5d, Supplementary Fig. 12). 225 
 226 
ROTA vs. conventional OCT analysis 227 
Conventional OCT analysis falls short in the identification of a significant proportion of eyes with 228 
RNFL/GCIPL defects because (1) many superior and inferior RNFL defects do not reach the central macular 229 
area included in the GCIPL topographic analysis (Fig. 3b); (2) small, focal RNFL defects can be missed in 230 
the pRNFLT analysis (Fig. 3a); and (3) normative data in OCT do not include correction for axial length, 231 
which often leads to the false-positive detection of RNFL/GCIPL abnormalities (Supplementary Fig. 2). 232 
RNFL/GCIPL defects, even when they are detected in the topographic pRNFLT/mGCIPLT analysis, typically 233 
do not conform to the trajectories of the axonal fibre bundles (Supplementary Figs. 10–12). Consequently, 234 
conventional OCT analysis may lead to false-negative detection, most notably in eyes with focal RNFL 235 
defects (Fig. 3), as well as in false-positive detection, most notably in eyes with myopia, in which the 236 
superotemporal and inferotemporal RNFL bundles converge towards the macula21 (Fig.S2), compared with 237 
eyes, mostly non-myopic, included in the instrument’s normative database.22  238 
 239 
ROTA vs. en-face OCT   240 
En-face OCT provides a transverse reflectance image at a specified depth of the retina and has been used 241 
to corroborate OCT RNFL thickness analysis to assist the detection of RNFL defects in glaucoma23. Although 242 
the visualization of axonal fibre bundles has been shown to be feasible over the fovea using a high-density 243 
volume scan (391 horizontal B-scans, each B-scan averaged from 9 B-scans, over a region of 30˚x15˚) with 244 
a scan time of more than one minute24, ROTA can unveil axonal fibre bundles over the macula and 245 



 

parapapillary region using a relatively low-resolution scan (512 by 256 pixel) captured in ~1.3 s. With the 246 
additional trajectorial and textural details of the axonal fibre bundles over a wide field, ROTA reveals RNFL 247 
defects missed by en-face OCT (Supplementary Fig. 13). 248 
 249 
ROTA vs. red-free RNFL photography   250 
Compared with red-free photography, ROTA provides additional textural details of the axonal fibre bundles 251 
that are apparent throughout the retina but particularly noticeable at the temporal macula and temporal 252 
retina, where the axonal fibre bundles are sparse, and in eyes with diffuse RNFL thinning, where red-free 253 
RNFL scattering is weak. ROTA therefore uncovers RNFL defects that are inconspicuous in red-free 254 
photographs (Fig. 2c,d). The fact that RNFL scattering is susceptible to media opacities and fundus 255 
hypopigmentation and is weak in eyes with diffuse RNFL thinning has compromised the ability of red-free 256 
photography to detect RNFL defects in many eyes. In this study, 48.5% (160/330; 145 eyes in the glaucoma 257 
group; 15 eyes in the healthy group) of eyes had suboptimal RNFL visibility in red-free photographs 258 
(Supplementary Fig. 14). By contrast, only 2.4% (8/330; 7 eyes in the glaucoma group; 1 eye in the healthy 259 
group) of eyes had suboptimal OCT scans for ROTA. 260 
 261 
High-resolution ROTA 262 
The textural and trajectorial details of the axonal fibre bundles can be further enriched using customized 263 
scan protocols. High-resolution ROTA (Fig. 8a) is informative when uncovering residual axonal fibres that 264 
may not be obvious in the standard scans (Fig. 8b). In regions where axonal-fibre-bundle loss is extensive, 265 
high-resolution ROTA exposes the underlying inner retinal vessels (Fig. 8c). Although it is also possible to 266 
visualize axonal fibre bundles in high resolution by adding adaptive optics (AO) to OCT or scanning laser 267 
ophthalmoscopy25,26, the small field of view of AO-based imaging systems (typically <2°) has substantively 268 
limited the ability to examine the location and distribution of RNFL defects in a wider field, rendering their 269 
routine application impractical in clinical care. By contrast, wide-field, high-resolution ROTA can be easily 270 
configured in commercially available OCT systems. It is conceivable that ROTA will offer additional 271 
diagnostic information and mechanistic insights into the development and progression of different forms of 272 
optic neuropathies. 273 
 274 
This study recruited glaucoma patients with clinically evident RNFL and rim loss in at least one eye, and this 275 
may lead to an overestimation of the sensitivity of ROTA and of conventional OCT analysis. As with red-free 276 
RNFL photography, the interpretation of RNFL defects with ROTA is largely qualitative. And yet, we were 277 
able to detect RNFL defects with relatively simple and specific criteria (that is, via the detection of hypo-278 
reflective regions with borders confined to the trajectories of the axonal fibre bundles) and measure the 279 
angular degree and area of RNFL defects (Supplementary Fig. 15). That in only 1.8–2.3% of eyes there was 280 
disagreement between observers (kappa: 0.949–0.962) suggests that ROTA is robust and reliable 281 
(Supplementary Information, Results). This is in sharp contrast to the reported inter-observer agreement of 282 
RNFL assessment using red-free photography (kappa:0.44, 95% CI:0.41–0.48)27. Lastly, whereas wide-field 283 
imaging is important when following the trajectories of the axonal fibre bundles over the retina to identify 284 
RNFL defects, not all OCT instruments at present offer the option of wide-field scans. 285 
 286 
In summary, ROTA is intuitive for informing the trajectorial and textural details of the axonal fibre bundles 287 
over a wide-field. With a higher sensitivity and specificity in the detection of RNFL defects (compared with 288 
conventional OCT analysis), ROTA represents a new paradigm in the diagnostic evaluation of glaucoma and 289 
non-glaucomatous optic neuropathies. 290 
 291 
Methods 292 
 293 
Participants 294 
A consecutive series of 697 participants including 229 healthy individuals and 468 glaucoma patients, who 295 
met the inclusion criteria (age ≥18 years, visual acuity ≥20/40, without evidence of pathological myopia,28 296 
and without history of macular disease, refractive or retinal surgery) were enrolled between 8/2015 and 297 
10/2018 from three study sites (CUHK eye clinic, Hong Kong Eye Hospital, and Prince of Wales Hospital); 298 
glaucoma patients were prospectively recruited from the screening visits of 3 ongoing clinical studies;29-31 299 
healthy individuals were prospectively recruited from the general clinic. In addition, a convenience series of 300 
40 patients with non-glaucomatous optic neuropathy were enrolled between 1/2017 and 3/2018 from the 301 
neuro-ophthalmology clinic at Hong Kong Eye Hospital. All participants had measurements of visual acuity, 302 
refraction, slit lamp biomicroscopy of the anterior and posterior segments, Goldmann applanation tonometry, 303 
and visual field (VF) testing. Imaging was performed with Cirrus HD-OCT (Carl Zeiss Meditec) for 304 
measurement of pRNFLT/mGCIPLT and Triton OCT (Topcon) for ROTA. Axial length (partial coherence 305 
laser interferometry) and central corneal thickness (CCT) (ultrasound pachymetry) were measured in healthy 306 
subjects and glaucoma patients. In a subset of glaucoma patients, red-free RNFL photographs were also 307 
obtained (Supplementary Information, Methods, III. Reference Standard). Healthy individuals had no history 308 



 

of intraocular pressure >24mmHg, and no ocular abnormalities except for visually insignificant cataract. 309 
Glaucoma patients had narrowed neuroretinal rim and a thinned RNFL in at least one eye determined during 310 
clinical examination by glaucoma specialists with or without VF defects.32 Glaucoma patients had no history 311 
of neurological disease to account for the rim, RNFL, and/or VF changes. The diagnosis of patients with non-312 
glaucomatous optic neuropathies was confirmed by two neuro-ophthalmologists (CC, NC), based on clinical 313 
history, clinical examination of the optic disc, VF testing, and neuroimaging of brain and orbit. OCT, VF, and 314 
red-free photography were performed in the same visit; there were no adverse events. The study was 315 
conducted in accordance with the ethical standards stated in the 2013 Declaration of Helsinki and in 316 
compliance with the approved protocols reviewed by the Kowloon Central and Kowloon East Cluster and 317 
New Territories East Cluster research ethics committees. Written informed consent was obtained from all 318 
participants. 319 
 320 
Detection of RNFL defects with ROTA 321 
An RNFL defect in ROTA was identified by the detection of a hypo-reflective region of at least 0.288mm2 – 322 
the equivalent of 20 pixels in the Cirrus HD-OCT (Carl Zeiss Meditec) 6x6mm2 pRNFLT map33 – measured 323 
by a custom program (MATLAB R2018a, MathWorks Inc.) with borders confined to the trajectories of arcuate 324 
bundles, papillomacular bundles, or nasal radial bundles (Supplementary Fig. 15). To determine the inter-325 
observer and test-retest agreement of ROTA assessment, ROTA maps of healthy eyes and eyes with optic 326 
neuropathies were presented in a random order to a clinician scientist (CL), a glaucoma specialist (MW), and 327 
a resident (KW) masked to all clinical information to determine the presence or absence of RNFL defects (i.e. 328 
dichotomous classification). The inter-observer agreement among the three observers (CL, MW, KW) to 329 
detect RNFL defects, and the test-retest assessment agreement of one observer (KW) were examined with 330 
kappa statistics (Supplementary Information, Results). In the diagnostic performance study, the final 331 
judgement rested on the clinician scientist (CL) when there was disagreement among the observers.  332 
 333 
ROTA vs. OCT pRNFLT/mGCIPLT 334 
The diagnostic performance of ROTA versus OCT pRNFLT/mGCIPLT analysis for detection of glaucoma 335 
and early glaucoma was compared in the test dataset using two approaches: (1) comparison of sensitivities 336 
and specificities based on the presence or absence of RNFL defects by ROTA assessment (Supplementary 337 
Fig. 15) and the presence or absence of pRNFLT/mGCIPL abnormalities by Cirrus HD-OCT topographic 338 
pRNFLT/mGCIPLT analysis (Supplementary Fig. 16) (i.e. dichotomous classification); and (2) comparison of 339 
sensitivities at 90% or 95% specificity with reference to the receiver operating characteristics (ROC) curves 340 
generated from the area of RNFL defects measured from ROTA, and the area of abnormal 341 
pRNFLT/mGCIPLT measured from the Triton OCT pRNFLT/mGCIPLT probability maps (Supplementary Fig. 342 
17). The diagnostic criteria of topographic pRNFLT/mGCIPLT analysis and the measurement of area of 343 
abnormal pRNFLT/mGCIPLT are described in Supplementary Information, Methods, Topographic 344 
pRNFL/mGCIPL Analysis. Two reference standards were applied: VF testing and red-free RNFL 345 
photography (Supplementary Information, Methods, Reference Standard). VF testing was selected as a 346 
reference standard because it provides functional assessment of the integrity of the optic nerve. We also 347 
included red-free RNFL photography as an alternative reference standard because eyes with RNFL defects 348 
may not show detectable VF defects. The sensitivities and specificities of the index tests were measured 349 
against each reference standard.  350 
 351 
ROTA vs. texture analysis of RNFL reflectance/thickness maps 352 
The diagnostic performance of ROTA was also compared with two conventional texture-based image 353 
analysis algorithms: (1) grey level co-occurrence matrix (GLCM)34 and (2) wavelet texture analysis.35 Texture 354 
analysis was performed on the RNFL reflectance map and the RNFL thickness map generated from the 355 
Triton OCT (12x9mm2 scan). The RNFL reflectance map was composed of summed voxel projection of 356 
RNFL reflectance over 512x256 retinal locations; the RNFL thickness map contained RNFL thickness 357 
measurements over the same retinal locations. GLCM and wavelet texture analysis were selected among 358 
various texture-based image analysis algorithms because the former represents a widely-adopted statistical 359 
approach for texture analysis whereas the latter has been shown to attain similar or better performance for 360 
classification than other algorithms in some studies.36-39 Principle component analysis was performed after 361 
extraction of texture features to minimize redundancy and feature space dimensionality. Support vector 362 
machines models were trained and hyperparameters were optimized with 10-fold cross-validation by grid-363 
search using the algorithm development data as the training data (Supplementary Table 1). ROC curves 364 
were generated from the test dataset (Supplementary Table 3) using the trained models with best-optimized 365 
hyperparameters; the optimal specificities and sensitivities of the texture analysis models were identified with 366 
the Youden index40 and compared with ROTA assessment (i.e. dichotomous classification) against the two 367 
reference standards as described above. Details of the GLCM and wavelet texture analysis are elaborated in 368 
Supplementary Information, Methods, Texture Analysis. 369 
 370 
Statistics  371 



 

Statistical analyses were performed with R (ver.3.4.4) and STATA (StataCorp, College Station TX, ver.15.0). 372 
Sample size calculation is described in Supplementary Information, Methods, Statistics. The sensitivities and 373 
specificities were evaluated by the modified Obuchowski’s test, which adjusted for clustering of fellow eyes in 374 
a subject.41,42 ROC curve regression analysis was performed after controlling for covariates (age, axial 375 
length, and CCT) and clustering of fellow eyes; the sensitivities and their 95% CIs at 90.0% and 95.0% 376 
specificities on the ROC curves were estimated using bootstrap resampling with 1000 replications 377 
(Supplementary Information, Methods, Statistics).43 Two eyes in the healthy group had missed axial length 378 
measurement. These eyes were excluded from the ROC regression. Statistical significance was set at two-379 
sided P<0.05. 380 
 381 
Reporting summary 382 
Further information on research design is available in the Nature Research Reporting Summary linked to this 383 
article. 384 
 385 
Data availability 386 
All patient data are available from the corresponding author on reasonable request, subject to approval from 387 
the Institutional Review Board of Kowloon Central and Kowloon East and New Territories East Research 388 
Ethnics Committee. The Cirrus OCT normative data have been described22. 389 
 390 
Code availability 391 
Conventional texture-based image analyses were performed using MATLAB R2018a. The texture features 392 
required for GLCM texture analysis were extracted using functions from Statistics and Machine Learning 393 
Toolbox (MATLAB R2018a), Image Processing Toolbox (MATLAB R2018a) and code (GLCMFeatures, 394 
Version 2.1.1.0 by Patrik Brynolfsso 2016, publicly available from 395 
https://www.mathworks.com/matlabcentral/fileexchange/55034-glcmfeatures-glcm). The texture feature 396 
required for wavelet texture analysis was extracted using functions from Image Processing Toolbox 397 
(MATLAB R2018a). ROTA images were generated using custom code developed in MATLAB R2018a. 398 
Statistical analysis was performed with STATA (ver.15) and R (ver.3.4.4). The code is available from the 399 
corresponding author on reasonable request. 400 
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Fig. 1 | Algorithm for Retinal nerve fiber layer Optical Texture Analysis (ROTA). a, The steps for ROTA 591 
include collecting raster scans of the retina covering the parapapillary region and the macula with optical 592 
coherence tomography (OCT), segmenting the boundaries of the retinal nerve fibre layer (RNFL), and 593 
extracting Pz,xy  – the reflectance value of a retinal location (x,y) at a depth z – of individual pixels within the 594 

RNFL for computation of optical texture signature  = ∑ ,, , 	 , where b1 and b2 correspond 595 
to the z dimension of the anterior and posterior boundaries of the RNFL; Pref corresponds to the median of 596 
the maximum reflectance values measured from the retinal pigment epithelium; γ1, α, and γ2 are constants 597 
calculated to maximize the dynamic range of Sxy. A superotemporal RNFL defect is revealed from ROTA 598 
(arrows). b, ROTA unveils the trajectorial and textural details of the axonal fibre bundles. A healthy eye 599 
imaged by a swept-source optical coherence tomography in an extended wide-field demonstrates ROTA is 600 
able to discern the nasal radial bundles (i), the superior arcuate bundles (ii), the inferior arcuate bundles (iii), 601 
and the papillomacular bundles (iv). Individual axonal fibre bundles are visible over the macular raphe where 602 
their density is low (v). (i) – (v) show the magnified views. 603 
 604 
Fig. 2 | ROTA discerns the patterns and the extent of RNFL defects in eyes with different severity of 605 
optic nerve damage. Red-free RNFL photography is effective to detect early, localized RNFL defects where 606 
the contrast of RNFL scattering between the normal and abnormal RNFL is distinct (a, 1st row). Visualization 607 
of RNFL defects with red-free RNFL photography becomes less effective over the temporal macula (b, 1st 608 
row), and ineffective in eyes with extensive RNFL thinning (c and d, 1st row). ROTA, by contrast, uncovers 609 
the trajectorial and textural details of the retinal axonal fibre bundles, enabling reliable detection of RNFL 610 
defects across different stages of optic neuropathy (a-d, 2nd row). The borders of the RNFL defects are 611 
shown by arrows. The corresponding visual fields (left: grey scale plot; right: pattern deviation plot) of each 612 
eye are shown in the 3rd row. For each eye, one OCT image was captured with Triton OCT (for ROTA) and 613 
one high quality red-free RNFL photograph was captured with a fundus camera. All eyes had glaucomatous 614 
optic neuropathy. RNFL: retinal nerve fibre layer; MD: mean deviation  615 
 616 
Fig. 3 | ROTA detects focal RNFL defects missed by conventional OCT analysis. a, An eye with an 617 
early inferotemporal RNFL defect discernible in ROTA (1st row) but missed by topographic pRNFL thickness 618 
analysis (left panel: pRNFL thickness map (2nd row), pRNFL thickness deviation map (3rd row), and clock 619 
hour circumpapillary RNFL thickness (4th row)) and topographic mGCIPL thickness analysis (right panel: 620 
mGCIPL thickness map (2nd row), mGCIPL thickness deviation map (3rd row), and sectoral mGCIPL 621 
thickness (4th row)). b, An eye with a superotemporal RNFL defect discernible in ROTA but missed by 622 
pRNFL thickness analysis and topographic mGCIPL thickness analysis. c, An eye with a superotemporal 623 
RNFL defect and an inferotemporal RNFL defect in ROTA. Whereas the inferotemporal RNFL defect was 624 
detected in the mGCIPL thickness analysis, the superotemporal RNFL defect was missed by the pRNFL 625 
thickness and mGCIPL thickness analyses. The pRNFL thickness analysis failed to detect any abnormality. 626 
d, An eye with a superotemporal RNFL defect and an inferotemporal RNFL defect in ROTA. Only the 627 
inferotemporal, but not the superotemporal RNFL defect was detected in the pRNFL thickness and mGCIPL 628 
thickness analyses. The corresponding visual fields (left: grey scale plot; right: pattern deviation plot) of each 629 
eye are shown in the 5th row. The borders of the RNFL defects are shown by arrows. All eyes had 630 
glaucomatous optic neuropathy. Yellow and red pixels in the pRNFL/mGCIPL thickness deviation map (3rd 631 
row) denote pRNFL/mGCIPL thickness below the 5th percentile and the 1st percentile, respectively. Green, 632 
yellow, and red sectors in the clock hour circumpapillary RNFL thickness profile and the macular GCIPL 633 
thickness profile (4th row) denote RNFL/GCIPL thickness within the normal limits, below the 5th percentile, 634 
and below the 1st percentile, respectively. One set of OCT images were captured with Triton OCT (for ROTA) 635 
and Cirrus HD-OCT (for RNFL/GCIPL thickness analysis) for each eye. pRNFL: parapapillary retinal nerve 636 
fibre layer; mGCIPL: macular ganglion cell inner plexiform layer; MD: mean deviation  637 
 638 
Fig. 4 | ROTA discerns the patterns and severity of axonal fibre bundles loss at the macula. 639 
Glaucomatous eyes with advanced visual field defects (MD≤-12dB) with relatively intact a, mild b, moderate 640 
to advanced c, and advanced d loss of the papillomacular bundles and macular arcuate bundles are 641 
visualized in ROTA (1st row). Topographic pRNFL/mGCIPL thickness maps (2nd row) and topographic 642 
pRNFL/mGCIPL thickness deviation maps (3rd row) fail to discern the patterns of axonal fiber bundles loss at 643 
the macula. The corresponding regional pRNFL/mGCIPL thickness measurements (4th row) and visual fields 644 
(left: grey scale plot; right: total deviation plot) (5th row) of each eye are shown. The residual papillomacular 645 
bundles and macular arcuate bundles explains why high contrast visual acuity is typically retained despite 646 
extensive visual field loss in eyes with end-stage glaucoma. Yellow and red pixels in the pRNFL/mGCIPL 647 
thickness deviation map (3rd row) denote RNFL/GCIPL thickness below the 5th percentile and the 1st 648 
percentile, respectively. Green, yellow, and red sectors in the clock hour circumpapillary RNFL thickness 649 
profile and the mGCIPL thickness profile (4th row) denote RNFL/GCIPL thickness within the normal limits, 650 



 

below the 5th percentile, and below the 1st percentile, respectively. One set of OCT images were captured 651 
with Triton OCT (for ROTA) and Cirrus HD-OCT (for RNFL/GCIPL thickness analysis) for each eye. 652 
 653 
Fig. 5 | ROTA reveals distinctive patterns of RNFL defects in non-glaucomatous optic neuropathies. 654 
a, A patient with pituitary macroadenoma and chiasmal compressive optic neuropathy, had right optic 655 
atrophy with diffuse neuroretinal rim pallor and RNFL loss (Fig.S25) and left optic disc band atrophy with rim 656 
pallor over the nasal and temporal quadrants (5th row). Whereas conventional OCT analysis shows vertical 657 
loss of macular GCIPL thickness (2nd to 3rd rows, right panel), RNFL band atrophy cannot be not convincingly 658 
shown from the parapapillary RNFL thickness analysis (2nd to 4th rows, left panel). ROTA (1st row), by 659 
contrast, shows distinctive loss of the nasal radial bundles (yellow arrows) and papillomacular bundles (white 660 
arrows). Visual field test shows left temporal visual field loss, corresponding to the damage of the 661 
decussating optic nerve fibres from the nasal retina. b, A patient had right optic neuritis with visual acuity 662 
decreased to no light perception and subsequently returned to 20/100. ROTA, captured at 10 years after 663 
disease onset, shows loss of the macular axonal fibre bundles which corresponds to the temporal 664 
neuroretinal rim pallor (5th row). Diffuse reduction of RNFL (2nd to 4th rows, left panel) and GCIPL (2nd to 4th 665 
row, right panel) thicknesses are observed in the conventional OCT analysis. c, A patient with right non-666 
arteritic anterior ischemic optic neuropathy initially presented with superior optic disc swelling subsequently 667 
developed superotemporal and temporal rim pallor (5th row) which aligns with extent of the superotemporal 668 
and temporal axonal fibre bundles loss in ROTA. Superotemporal and inferior RNFL thickness abnormalities 669 
(2nd to 4th rows, left panel) and superior GCIPL thickness abnormalities (2nd to 4th row, right panel) are 670 
observed in the conventional OCT analysis. d, A patient with right non-arteritic anterior ischemic optic 671 
neuropathy presented with right optic disc swelling (5th row). ROTA reveals RNFL swelling with increases in 672 
intensity and granularity of axonal fibre bundles reflectivity over the neuroretinal rim and the arcuate bundles 673 
which obscure the retinal arterioles and venules encased in the RNFL (red circle). Of note, a superotemporal 674 
RNFL defect is observed in ROTA, but not in conventional RNFL thickness (2nd to 4th rows, left panel) and 675 
GCIPL thickness (2nd to 4th row, right panel) analysis. The borders of the RNFL defects are shown by arrows. 676 
Yellow and red pixels in the pRNFL/mGCIPL thickness deviation map (3rd row) denote pRNFL/mGCIPL 677 
thickness below the 5th percentile and the 1st percentile, respectively. Green, yellow, and red sectors in the 678 
clock hour circumpapillary RNFL thickness profile and the macular GCIPL thickness profile (4th row) denote 679 
RNFL/GCIPL thickness within the normal limits, below the 5th percentile, and below the 1st percentile, 680 
respectively. One set of OCT images were captured with Triton OCT (for ROTA) and Cirrus HD-OCT (for 681 
RNFL/GCIPL thickness analysis) for each eye. 682 
 683 
Fig. 6 | ROTA uncovers axonal fibre bundles oedema in idiopathic intracranial hypertension and 684 
RNFL defects in eyes with optic disc drusen. A patient with polycystic kidney disease and bilateral optic 685 
disc swelling was diagnosed with idiopathic intracranial hypertension. While the optic disc swelling is subtle 686 
in the optic disc photographs (5th row), ROTA shows axonal fibre bundles swelling for the right eye (a), and 687 
the left eye (b). RNFL thickness measurements are largely within the normal limits (2nd to 4th rows, left panel) 688 
whereas the abnormal mGCIPL thickness measurements likely represent false positives (2nd to 4th rows, right 689 
panel). This is supported by the fact that the macula arcuate bundles and papillomacular bundles are intact 690 
in ROTA and that the visual fields are essentially normal. A patient with bilateral optic disc drusen with ROTA 691 
revealing RNFL defects (arrows) over the right eye (c) and the left eye (d), which are difficult to recognize in 692 
the pRNFL thickness (2nd to 4th rows, left panel) and mGCIPL thickness (2nd to 4th row, right panel) analysis. 693 
The corresponding optic disc photographs and visual fields (grey scale plot) are shown in the 5th row (left and 694 
right panels, respectively). Yellow and red pixels in the pRNFL/mGCIPL thickness deviation map (3rd row) 695 
denote pRNFL/mGCIPL thickness below the 5th percentile and the 1st percentile, respectively. Green, yellow, 696 
and red sectors in the clock hour circumpapillary RNFL thickness profile and the macular GCIPL thickness 697 
profile (2nd row) denote RNFL/GCIPL thickness within the normal limits, below the 5th percentile, and below 698 
the 1st percentile, respectively. One set of OCT images were captured with Triton OCT (for ROTA) and Cirrus 699 
HD-OCT (for RNFL/GCIPL thickness analysis) for each eye. 700 
 701 
Fig. 7 | Comparison of diagnostic performance between ROTA and OCT pRNFLT/mGCIPLT analysis 702 
for detection of early glaucoma and glaucoma. Receiver operating characteristic (ROC) curve regression 703 
analysis comparing the sensitivities of ROTA and topographic pRNFL/mGCIPL thickness analysis to detect 704 
early glaucoma (i.e. visual field mean deviation ≥-6 dB) (a and c) and glaucoma (b and d) at a specificity of 705 
95% and 90%, with glaucoma defined by visual field testing (a and b) or red-free RNFL photography (c and 706 
d). The ROC curves were generated from the area of RNFL defects measured from ROTA, and the area of 707 
abnormal pRNFLT/mGCIPLT measured from the Triton OCT pRNFLT/mGCIPLT probability maps (Fig.S5). 708 
The sensitivities of ROTA were greater than the pRNFL/mGCIPL thickness analysis at 90% or 95% 709 
specificity in all comparisons (two-sided ROC regression analysis after adjustment of clustering between 710 
fellow eyes, P≤0.016). For visual field testing, glaucoma was defined by the presence of a visual field defect 711 
(i.e., detection ≥3 non-edge contiguous locations with p<0.05 (≥1 location with p<0.01) on the same side of 712 
the horizontal meridian in the pattern deviation plot confirmed with ≥3 separate visits). For red-free RNFL 713 



 

photography, glaucoma was defined by the presence of an RNFL defect (i.e., detection of a wedge-shaped, 714 
hypo-reflective region). pRNFL: parapapillary retinal nerve fibre layer; mGCIPL: macular ganglion cell inner 715 
plexiform layer. The dataset includes 315 eyes from 177 healthy individuals and 531 eyes from 363 716 
glaucoma patients, among which 183 eyes from 156 patients had early glaucoma. One set of OCT 717 
measurements were collected from each eye in the analysis.  718 
 719 
Fig. 8 | High resolution ROTA. High-resolution ROTA of the right and left eyes of a glaucoma patient 720 
obtained using a custom scan protocol – a composite of two 28°×25°scans each with 1536x729 pixels 721 
obtained from the Spectralis OCT (Heidelberg Engineering) – allows detection of residual axonal fibre 722 
bundles located over an RNFL defect (arrows) (magnified view with brightness increased by 20% to enhance 723 
visualization of the axonal fibre bundles) (a) that are missed by ROTA obtained using a standard scan 724 
protocol – 12x9mm2 with 512x256 pixels obtained from the Triton OCT (Topcon) (b). A glaucomatous eye 725 
with an extensive inferotemporal RNFL defect imaged using high-resolution ROTA shows residual axonal 726 
fibre bundles (c) (a magnified view on the right) over the RNFL defect where the tributaries of the retinal 727 
vessels are exposed. 728 
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