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Abstract 50 

 51 

Purpose: To determine whether microperimetry or optical coherence tomography imaging 52 can detect early disease in the fellow eye of patients with unilateral focal ischemic glaucoma.  53  54 

Methods: Thirty-seven consecutive adult patients with unilateral focal ischemic glaucoma with 55 a unilateral split-fixation visual field defect on standard automated perimetry (SAP), with 56 normal SAP in the fellow eye were selected. All patients underwent microperimetry (MAIA, 57 CenterVue, Italy) of the central 10 degrees and optical coherence tomography (OCT) imaging 58 (Spectralis, Heidelberg Engineering, Germany) of the retinal nerve fibre layer of both eyes.  The 59 main outcome measures were reduced retinal sensitivity on microperimetry and/or retinal 60 nerve fibre layer thinning on OCT imaging of the fellow eye. 61  62 

Results: Thirty fellow eyes had abnormal global thresholds on microperimetry, and 20 had 63 abnormal OCT imaging studies. Kappa agreement between tests in fellow eyes was poor (p = 64 

0.2546).  Fixation was significantly poorer in fellow eyes on microperimetry when compared to 65 eyes with glaucoma (p<0.003). In the fellow eyes that were abnormal, microperimetry 66 identified reduced retinal sensitivity at fixation. 67  68 

Conclusion: Microperimetry detects reduced retinal sensitivity close to fixation and OCT 69 detects focal thinning of the retinal nerve fibre layer in the fellow eye of most patients with 70 presumed unilateral focal ischemic glaucoma. Further studies are required to correlate specific 71 optic disc features on OCT imaging with microperimetry in the fellow eye of this patient group. 72  73  74 
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Introduction 75  76 Glaucoma is the most common cause of irreversible blindness worldwide, characterised by 77 permanent loss of retinal ganglion cells.1 Early deficits in the peripheral or paracentral visual 78 field are common in many forms of glaucomatous optic neuropathy. Focal ischemic glaucoma is 79 a disease subtype characterised by focal notching of the neuroretinal rim with a congruous 80 visual field deficit which threatens fixation early in the clinical course (“split fixation” visual 81 field defect).2, 3 Female gender, earlier age of onset, recurrent optic disc hemorrhages, and 82 primary vascular dysregulation syndromes (nocturnal hypotension, vasospasm, migraine and 83 Raynaud’s phenomenon) are associated with the focal ischemic glaucoma subtype.2, 4-7 2, 3 84  85 Focal ischemic glaucoma results in loss of macular sensitivity at or near the point of fixation.8 86 Early identification of glaucoma in the fellow eyes of this patient group is critical to reduce the 87 risk of irreversible, bilateral central visual field defects which may threaten reading ability and 88 legal visual thresholds for driving. Early visual field deficits have a negative impact on quality 89 of life measures.9 Defects in the neuroretinal rim identified by clinical appearances or optic 90 nerve imaging may exist prior to visual field loss detected by standard automated perimetry.10, 91 

11 It follows that more sensitive functional perimetric tools must be identified. Microperimetry 92 (fundus driven perimetry) is a novel diagnostic tool that can evaluate macular sensitivity at 93 specific retinal locations. Microperimetry has been used as an outcome measure in some 94 clinical studies of glaucoma although is limited to the evaluation of macular rather than 95 peripheral retinal sensitivity.12, 13 The utility of microperimetry to detect early focal ischemic 96 glaucoma, where visual field loss often starts near fixation, has not been evaluated. 97  98 
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This study sought to evaluate the utility of microperimetry and optical coherence tomography 99 (OCT) imaging of the peripapillary retinal nerve fibre layer (RNFL) to detect early 100 abnormalities in the fellow eye of patients with presumed unilateral focal ischemic glaucoma 101 who achieved a full visual field on standard automated perimetry (SAP) in the fellow eye. 102 Additionally, we sought to determine whether there was agreement between microperimetry 103 assessment and OCT imaging if abnormalities were identified in both tests in fellow eyes. 104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123 
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Methods 124 

 125 

Patient selection 126 Patients were recruited prospectively from the glaucoma clinic in a single-centre tertiary 127 referral ophthalmology unit (Oxford Eye Hospital, John Radcliffe Hospital, Oxford, UK). Patients 128 who fulfilled the inclusion criteria and agreed to participate were selected consecutively 129 between February 2014 and June 2015: 37 patients were identified for inclusion in the study. 130 Each participant provided informed consent prior to participation in accordance with the 131 Declaration of Helsinki (Local approval number: 4281). 132  133 

Inclusion criteria 134 Adult patients (age over 18 years); unilateral primary focal ischemic glaucomatous optic 135 neuropathy – defined as focal neuroretinal rim loss on clinical examination confirmed 136 objectively by OCT imaging of the peripapillary retinal nerve fibre layer; congruous unilateral 137 visual field loss close to fixation in the affected eye detected on standard automated perimetry 138 (Humphrey 24-2, SITA standard). The scotoma was defined as: three contiguous points (p<0.5) 139 within 5 degrees of fixation with least one point identified as p<0.05% on pattern deviation 140 and outside normal limits using the glaucoma hemifield test. 141 Normal standard automated perimetry was found in all cases in the fellow eye (Humphrey 24-142 2, SITA standard), defined as: absence of three adjacent points <1% on pattern deviation, no 143 cluster of 3 points involving a point p<0.5% on pattern deviation and normal glaucoma 144 hemifield test result. OCT imaging was not used in fellow eyes to determine eligibility for the 145 study. 146  147  148 
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 149 

Exclusion criteria: 150 Best corrected visual acuity of LogMAR 0.6 or worse in either eye; myopia of greater than -151 8.00DS or hyperopia of greater than +6.00DS; inability to perform perimetry for any reason; 152 macular pathology in healthy, fellow eye detected clinically or on optical coherence 153 tomography imaging of the macula; non-glaucomatous optic nerve pathology; significant lens 154 or posterior capsular opacity in the fellow eye; ocular history of significant additional 155 pathology (diabetic retinopathy, trauma, intraocular inflammation); clinically significant ptosis 156 that interfered with SAP testing; previous intraocular surgery other than cataract surgery 157 (patients with previous trabeculectomy were excluded); secondary glaucoma 158 (pseudoexfoliation, pigmentary glaucoma, neovascular or inflammatory glaucoma). 159  160 

Study protocol 161 A detailed ophthalmic and medical history was taken from each patient. Ophthalmic 162 examination was performed including slit lamp biomicroscopy, Goldmann applanation 163 tonometry, gonioscopy, and fundoscopy assessment. Best corrected visual acuity was 164 measured using LogMAR acuity charts. At least two reliable, reproducible standard automated 165 perimetry examinations were performed on different days on both eyes (Humprey 24-2 SITA 166 standard; Humphrey Field Analyzer, model 750, Zeiss-Humphrey Systems, Dublin, CA, USA). 167 Humphrey visual field analysis was considered of sufficient quality if fixation losses were less 168 than 20%, and false positives and false negatives less than 10%. The most reliable SAP test was 169 included in, and determined eligibility for, the study. Digital optic disc photographs, optical 170 coherence tomography imaging (Spectralis, Heidelberg Engineering, Heidelberg, Germany) of 171 the peripapillary retinal nerve fibre layer and macula were undertaken on both eyes of each 172 patient. IOP at presentation and use of topical antihypertensive therapies were documented for 173 
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each patient, although neither parameter prevented participation in the study. All patients 174 were selected by a single, experienced glaucoma specialist (JFS) with specific reference to the 175 exclusion and inclusion criteria.  37 patients (74 eyes) were analysed. 176  177 

Table 1 describes the baseline clinical characteristics of study subjects. 178  179 

Microperimetry 180 Each subject underwent dark adaptation for at least 15 minutes prior to examination. 181 Microperimery examination was conducted with the MAIA Microperimeter (CentreVue, 182 Padova, Italy). The scanning laser ophthalmoscopy image of the macula was inspected prior to 183 the start of the study to exclude structural pathology. The MAIA utilises a Goldmann size III 184 stimulus (200ms) projected onto a white background with illumination of 1.27 cd/m2. A full 185 threshold strategy using 4-2-1 staircase method was used to test 37 points within the central 186 10 degrees of the visual field (Figure 1a-c). This test took around 5 minutes per eye. The eye 187 with documented glaucoma was examined first, followed by the fellow, study eye. The MAIA 188 software automatically tracks eye movement and records all fixation points throughout the 189 examination. The time between clinical evaluation and microperimetry examination was less 190 than 4 weeks for each patient. 191  192 

Outcome measures 193 The main outcome measures for the study were abnormalities detected in the fellow eyes: 194 thinning of the peripapillary retinal nerve fibre layer on optical coherence tomography 195 imaging, reduction in macular sensitivity on microperimetry assessment, and abnormal 196 fixation behaviour on microperimetry assessment.  197  198 
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 199 

Statistical analysis 200 Normality was determined using the Shapiro-Wilk method. Paired t-tests or Wilcoxon signed 201 rank tests were used to compare the findings of two eyes. Spearman rank correlation was used 202 to assess the association between microperimetry and OCT. This was explored further with 203 Kappa agreement.  204  205 In order to determine the utility of microperimetry in the early detection of glaucoma in fellow 206 eyes, 2 assessments were undertaken on each fellow eye. Firstly, the average of the lowest 5 207 threshold points on microperimetry was compared to eyes designated as red (outside of 208 normal limits in comparison to a normative database) on OCT imaging and those designated as 209 green (within normal limits in comparison to normative database). This designation is made by 210 Heidelberg Spectralis imaging software based on comparisons to a normative database. 211 Fixation area for 95% of the fixation plots was compared between the eyes using the Wilcoxon 212 signed rank test. 213  214 In order to determine the level of agreement between microperimetry and optical coherence 215 tomography imaging of the RNFL, the findings of each test in fellow eyes were tabulated 216 

(Table 2). In order to compare the results of superior and inferior hemifields on 217 microperimetry, we selected data as illustrated in Supplement 3: points lying along the 218 horizontal raphe were excluded, and three separate rings (inner, middle and outer) were 219 analysed separately. 15 points from the superior hemifield and 15 points from the inferior 220 hemifield were included in the analysis. 221  222 
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All statistics were conducted using StatsDirect (StatsDirect Ltd, Cheshire, UK). The retinal 223 sensitivity at each point as summated and created into a shapefile using FME® (Safe Software 224 Inc, Canada). This was converted to a colour-coded “heat map” of retinal sensitivity across the 225 different points using QGIS (version 2.6, open source Geographic Information Systems 226 software). 227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247 



11 
 

 248  249  250 

Results 251  252 

Microperimetry thresholds and fixation behaviour between glaucoma and fellow eyes 253 Average microperimetry threshold in the glaucoma eyes was 18.6 ± 4.4dB versus 26.4 ± 1.4dB 254 in the fellow eyes (p<0.05). Average microperimetry thresholds were compared between the 255 eyes with focal ischemic glaucoma and fellow eyes. Shapiro-Wilk testing demonstrated that the 256 data for the glaucoma eyes were not normally distributed, although fellow eye data were. 257 Wilcoxon signed rank test was used to compare the microperimetry average thresholds 258 between the two eyes which were different, as expected (p<0.0001) (Figure 2a). The mean 259 fixation area was 1.63 degrees squared for glaucoma eyes and 3.0 degrees squared for fellow 260 eyes (Supplement 1). Using the Wilcoxons signed rank test, this difference was found to be 261 significant (p<0.003). 262  263 

Optical coherence tomography imaging of RNFL between glaucoma and fellow eyes 264 The average RNFL thickness was 71.7 ± 11.6µm in glaucoma eyes versus 85.6 ± 11.3µm in 265 fellow eyes (p<0.05). The average RNFL thickness measurements on OCT imaging (global 266 value) were compared between eyes with focal ischemic glaucoma and fellow eyes. Shapiro-267 Wilk demonstrated normality of both datasets. Paired t-test demonstrated that the two eyes 268 significantly differed from each other (p<0.0001). 269  270 

Microperimetry & OCT imaging in glaucoma and fellow eyes: Global indices 271 
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There was no difference between eyes with glaucoma and the fellow eyes when global OCT 272 measurements and global microperimetry thresholds were analysed (Spearman’s rank 273 correlation). 274  275 

Microperimetry sensitivity according to OCT RNFL thickness designation  276 There was no significant difference between the microperimetry average of the lowest 5 values 277 in patient’s fellow eyes when those fellow eyes designated OCT imaging as “outside of normal 278 limits“ were compared with those designated as “within normal limits” (Figure 2b; Table 2).  279  280 

Microperimetry and OCT imaging of RNFL in fellow eyes 281 Out of 37 fellow eyes, 30 had abnormal global retinal sensitivity thresholds on microperimetry, 282 and 20 had abnormal OCT imaging studies (Table 2 & Figure 1). When these tests were 283 combined, only 4 fellow eyes had normal OCT imaging results and normal retinal sensitivity on 284 microperimetry. Kappa agreement for microperimetry and OCT for fellow eyes was 0.089231 285 (SE = 0.135165). The 95% confidence interval for kappa = -0.175688 to 0.35415 (p = 0.2546).  286  287 

Microperimetry: Pattern of loss of retinal sensitivity in glaucoma and fellow eyes 288 Two-way ANOVA testing with Bonferroni correction for multiple testing showed a significant 289 difference between the inner ring and the other rings on microperimetry assessment for both 290 glaucoma eyes and fellow eyes (P < 0.005). In fellow eyes, the difference fell within test-retest 291 limits, but not in eyes with glaucoma (Supplement 2).  292  293 An average of retinal sensitivity measurements in glaucoma eyes and fellow eyes as 294 determined by microperimetry at each retinal locus is presented in Figure 3. This 295 demonstrates reduced retinal sensitivity in the inferior macula in patients with focal ischemic 296 
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glaucoma. In fellow eyes, reduced retinal sensitivity is demonstrated at fixation, and inferiorly 297 within the inner ring (2 degrees of eccentricity), and outer ring with preservation of retinal 298 sensitivity in the middle ring. 299  300  301 

Discussion 302  303 In this study we have identified that most patients with presumed unilateral focal ischemic 304 glaucoma with a normal standard automated perimetry examination in the fellow eye have 305 abnormalities on OCT imaging of the RNFL (54%) or reduced retinal sensitivity on 306 microperimetry (81%) in the fellow eye. 89% of patients had abnormalities on either 307 microperimetry or OCT imaging and only 4 patients out of 37 with presumed unilateral disease 308 had a normal examination with both OCT imaging and microperimetry examination in the 309 fellow eye.   310  311 Microperimetry is an ideal functional tool to detect subtle visual field deficits in the fellow eyes 312 in this patient group where it is assumed that scotomas are likely to develop close to fixation. 313 This subjective test is becoming established as a reproducible outcome measure in clinical 314 trials of macular disease in the evaluation of thresholds of retinal sensitivity and fixation 315 behaviour.14 In the context of clinical glaucoma studies, microperimetry is most often used as a 316 tool to evaluate the functional characteristics of the central 10 degrees around the fovea but 317 cannot currently evaluate visual field deficits in the peripheral retina. 13, 15-17  The real time eye 318 tracking and adjustments made during testing in theory increase the reliability of the measures 319 of threshold due to the consistency of the visual space being tested throughout the 320 examination, though this has not been independently verified. However, MAIA have developed 321 
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a new microperimeter (Compass) which may be used in further clinical studies to directly 322 compare 24-2 HVF testing with a microperimetry assessment over the same field. This would 323 allow a calculation of the sensitivities and specificities of each test in this patient group. 324  325 In patients in this study where fixation is threatened in the eye with glaucoma, it is surprising 326 to detect statistically significant poorer fixation in the fellow eye. The reasons for this finding 327 are unclear, although it may be possible that eyes with glaucoma have adapted to maintain 328 steady fixation with a small, central visual field defect. Additionally, the test-retest variability of 329 microperimetry has been defined in one study and found to be superior in control eyes when 330 compared with eyes with fixation-threatening glaucoma.19 Fixation instability on 331 microperimetry has been suggested as an early marker of glaucoma. 332  333 The finding that 81% of patients had an abnormality on microperimetry in the presumed 334 normal fellow eye was unexpected given that the standard automated perimetry results were 335 normal. An abnormality was defined as an abnormal global macular integrity index. This index 336 is determined by the MAIA software’s internal database which compares the responses of 337 patients with those obtained from normal age-matched controls. The software produces a 338 histogram defining the normal range of thresholds for the points tested within the central area. 339 Each point is compared to this database and colour coded as to the threshold and the 340 probability of it being outside of the normal range (Figure 1). Any points with colour coding 341 yellow or warmer were classified as abnormal as this puts it firmly outside the normal range 342 according to threshold. When a cluster of abnormal points were seen, the field plot can be 343 considered abnormal. In order to limit bias, we performed microperimetry assessment on the 344 fellow eye following examination of the eye with focal ischemic glaucoma to allow any learning 345 effect to advantage microperimetry performance in the fellow eye. It is known that threshold 346 
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values are often lower on microperimetry when compared to standard automated perimetry: 347 mean macular sensitivity was found to be significantly lower on microperimetry when 348 compared to SAP on the same test subjects with advanced primary open angle glaucoma.13 This 349 is likely to reflect differing test sensitivities. 350  351 For established visual field deficits, clinical studies have identified a significant correlation 352 between 10-2 standard automated perimetry and microperimetry in affected quadrants in 353 glaucoma. However, a previous study has shown that 21% of the normal quadrants on SAP had 354 an abnormal microperimetry result and of these, 75% had abnormal structural imaging on OCT 355 imaging, although the proportion of patients with normal or abnormal quadrants on OCT 356 imaging who had abnormal microperimetry was not reported.22 We have identified in this 357 study that abnormalities on microperimetry were more common than abnormalities on OCT 358 imaging in the fellow eye of patients with focal ischemic glaucoma using global indices. This 359 may reflect the limitations of a subjective test, or may represent reduced sensitivity in macular 360 regions corresponding to focal dysfunctional retinal ganglion cells prior to retinal ganglion cell 361 death and RNFL thinning. Our findings of microperimetry abnormalities in patients with 362 normal standard automated perimetry examination is consistent with findings in a previous 363 study of glaucoma patients with unselected glaucoma subtypes.22 In patients with very 364 advanced glaucoma, microperimetry has been explored as a tool to determine progression.23 365 Microperimetry, without automated fundus tracking, was able to detect areas of reduced 366 retinal sensitivity in the context of focal RNFL defects detected on Argon blue SLO imaging, 367 detected in only 14 of 25 eyes with standard perimetry.24  368 

 369 Microperimetry also permits an analysis of the location of reduced retinal sensitivity within the 370 macula in patients with focal ischemic glaucoma. In this study, microperimetry examination of 371 
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patients with focal ischemic glaucoma identified inferotemporal paracentral reduction in 372 macular sensitivity more prominent at 6 and 10 degrees eccentricity when responses from all 373 37 subjects were summated. Responses at 2 degrees were relatively spared. Other studies have 374 explored the correlation between ganglion cell inner plexiform (GCIPL) thickness and Cirrus 375 OCT finding correlation in all visual field/retinal sectors, most prominently inferiorly and 376 temporally.25 Glaucomatous structural and functional changes may be most prominent in this 377 retinal region, as demonstrated in other studies.17 In fellow eyes, there appeared to be reduced 378 sensitivity inferotemporally at 2 degrees, and at fixation with preservation of more eccentric 379 responses. The reasons for this pattern of loss of retinal sensitivity are unclear. 380  381 Retinal nerve fibre layer indices on OCT imaging correlated in one study with both 382 microperimetry and SAP.13 We did not find a structure-functional correlation when examining 383 the lowest microperimetry thresholds in patients with normal and abnormal OCT 384 classifications in fellow eyes. This may be in part because the depth of RNFL thinning covers a 385 wide range of RNFL thicknesses within a single classification (i.e. subtle and severe thinning 386 may both be classified as outside normal limits on OCT imaging). However, the absence of 387 correlation between microperimetry and OCT imaging in fellow eyes suggests a poor structure-388 function correlation in early disease. Therefore, as with standard automated perimetry, 389 abnormalities on microperimetry may be considered non-specific and not necessarily 390 congruous to identified structural defects on OCT imaging.   391  392 Optical coherence tomography imaging of the peripapillary RNFL in this study identified that 393 many fellow eyes (20 out of 37 eyes) demonstrate an abnormally thin RNFL in at least one 394 quadrant when compared to normative databases of healthy, age-matched controls which is 395 unsurprising given the results of microperimetry. A follow-up study to determine which of 396 
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these patients in time develop visual field loss detectable on either microperimetry or later 397 with SAP would be of interest. In particular, it would be useful to determine whether OCT 398 imaging or retinal sensitivity on microperimetry is more predictive, and whether those 399 patients with abnormal test results with both modalities are more likely to develop glaucoma 400 detectable on SAP. One of the limitations of this study was the inability to define the specificity 401 of both microperimetry and OCT imaging in the context of focal ischemic glaucoma; further 402 studies are required to determine this. New microperimeters which allow a direct comparison 403 with 24-2 HVF testing with similar test grids are likely to make such a study possible. 404  405 In conclusion, focal ischemic glaucoma is characterised by early visual field deficits threatening 406 fixation.2, 7, 26 In patients with unilateral disease, early detection of disease in the fellow eye and 407 the subsequent treatment is critical to prevent bilateral central scotomas which may threaten 408 reading or driving vision.9 Standard automated perimetry is often the primary diagnostic tool 409 used to detect early disease in the fellow eye. This study demonstrates that microperimetry 410 and OCT imaging of the RNFL may detect early disease in fellow eyes of patients with 411 presumed unilateral focal ischemic glaucoma who have a normal standard automated 412 perimetry examination in the fellow eye. These tests may serve an important clinical utility for 413 reducing the risk of bilateral visual loss in this patient group. 414  415  416  417  418  419  420  421 
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 422  423  424  425 

Figures 426 

 427 

Figure 1  428 

 429 

(a) Study subject with abnormal OCT imaging and microperimetry plot in fellow eye. 430 

(A&B) Optic disc scanning laser ophthalmoscopy images demonstrate an inferior notch in the 431 right optic disc with focal ischaemic glaucoma and a healthy appearing optic disc on the left 432 

(C&D) OCT of peripapillary retinal nerve fibre layer demonstrating thinning of the right infero-433 temporal and left supero-temporal RNFL (E&F) Standard automated perimetry (24-2, SITA 434 standard) pattern standard deviation plots of right and left eyes demonstrating a split-fixation 435 visual field defect in the right eye (supero-nasal). The left PSD plot shows non-specific visual 436 field changes in the infero-nasal quadrant (G&H) Microperimetry plots demonstrate reduced 437 retinal sensitivity in the infero-temporal macula close to fixation in the right eye, and reduced 438 retinal sensitivity in the inner supero-temporal ring of the left eye. 439  440 

(b) –  Study subject with abnormal OCT imaging and microperimetry in fellow eye. 441 

(A&B) Optic disc SLO images demonstrate a left inferior notch with peripapillary atrophy. The 442 right optic disc demonstrates peripapillary atrophy with mild tilting of the optic disc but no 443 clear notch. (C&D) OCT scan of peripapillary RNFL demonstrating thinning of the right supero-444 nasal RNFL and left supero-temoral and inferotemporal RNFL. (E&F) Standard automated 445 perimetry pattern standard deviation plots demonstrate a superior visual field defect in the left 446 
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eye, splitting fixation. The right eye demonstrates non-specific changes with normal glaucoma 447 hemifield test. (G&H) Microperimetry plots demonstrate reduced retinal sensitivity in the 448 infero-temporal macula close to fixation in the left eye. The right eye demonstrates reduced 449 retinal sensitivity in the superior macula when compared to the inferior macula. 450  451 

(c)  - A study subject with normal OCT imaging and abnormal microperimetry in fellow 452 

eye. (A&B) SLO images demonstrate a right inferior notch and healthy appearing left optic 453 disc. (C&D) OCT demonstrates thinning of the right infero-temporal RNFL, the left RNFL is 454 normal (E&F) HVF PSD plots demonstrate a scotoma superiorly in the right eye close to 455 fixation, most prominent in the supero-nasal sector. The left visual field is full. (G&H) 456 Microperimetry plots demonstrate a reduction in retinal sensitivity in the right inferior macula.  457 The left microperimetry plot demonstrates reduced retinal sensitivity in the superior macula 458 within the inner ring (with abnormal global index reported by the MAIA software). 459  460  461  462  463  464  465  466  467  468  469  470  471 
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 472  473  474  475 

Figure 2 (a) Comparison of average microperimetry thresholds in focal ischemic glaucoma 476 eyes (1) and fellow study eyes (2). A clear reduction in threshold sensitivity in the eyes with 477 focal ischemic glaucoma is demonstrated (p<0.0001) (dB - decibels). (b) Microperimetry 478 thresholds (average) in fellow eyes when compared between OCT classifications. (1) Patients 479 with fellow eye classed as RED (significant thinning) on OCT global index of RNFL thickness 480 when compared to age-matched controls (2) Patients with fellow eye classed as GREEN (no 481 thinning) on OCT global index of RNFL thickness. This demonstrates no difference between the 482 two groups: microperimetry does not detect differences between patients with structurally 483 normal and structurally abnormal peripapillary RNFL thickness on OCT imaging. dB – decibels. 484 

 485 
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 497 

 498 

 499 

 500 

Figure 3 - Summation of retinal sensitivity as determined by microperimetry in (a) eyes 501 

with focal ischemic glaucoma and (b) fellow eyes. The plots represent retinal sensitivity 502 rather than visual field abnormalities. The inferior retina appears to have reduced sensitivity in 503 eyes with glaucoma. The fellow eyes have reduced retinal sensitivity in the centre of the fovea 504 and inferiorly close to fixation. The difference in retinal sensitivity between superior and 505 inferior retina increases with eccentricity, such that the outer ring is most abnormal in 506 comparison to the inner and middle rings (as demonstrated in Supplementary Figure 2). 507 
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 522 

 523 

 524 

 525 

Supplementary Figure 1. Comparison of fixation behaviour during microperimetry 526 

assessment between glaucoma eyes and fellow study eyes. Most patients in this study 527 (represented on the x-axis) demonstrate poorer fixation in the study eye when compared to 528 the eye with glaucoma. Mean fixation area in study eyes is 3.0 degrees squared, compared to 529 1.63 degrees squared in eyes with glaucoma (p <0.05). 530 
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 547 

 548 

 549 

 550 

Supplementary Figure 2– Segmentation of microperimetry plot for analysis. The 551 microperimetry sensitivity plots were separated into superior and inferior hemifields for 552 analysis, with points lying along the horizontal raphe excluded (Supplement 1). 15 points from 553 the superior hemifield and 15 points from the inferior hemifield were included in the analysis. 554 Each bar represents the difference between superior and inferior sensitivity for the inner, 555 middle and outer rings for glaucoma eyes (red) and fellow eyes (blue). In eyes with glaucoma, 556 rings of increasing eccentricity are more helpful in detecting disease.  In fellow eyes, there is no 557 difference between rings. 558 
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 572 

 573 

 574 

 575 

Supplementary Figure 3 – Microperimetry plot to illustrate method of analysis used to 576 illustrate Figure 3. The central points along the horizontal raphe were excluded. Three rings 577 inner (formed black line), middle (fine serrated line), and outer (coarse serrated line) were 578 compared superiorly and inferiorly. These data were used to determine the correlation 579 between microperimetry data existed with OCT imaging data using focal thinning of RNFL as 580 designated on OCT imaging software. 581 
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Abstract 50 

 51 

Purpose: To determine whether microperimetry or optical coherence tomography imaging 52 can detect early disease in the fellow eye of patients with unilateral focal ischemic glaucoma.  53  54 

Methods: Thirty-seven consecutive adult patients with unilateral focal ischemic glaucoma with 55 a unilateral split-fixation visual field defect on standard automated perimetry (SAP), with 56 normal SAP in the fellow eye were selected. All patients underwent microperimetry (MAIA, 57 CenterVue, Italy) of the central 10 degrees and optical coherence tomography (OCT) imaging 58 (Spectralis, Heidelberg Engineering, Germany) of the retinal nerve fibre layer of both eyes.  The 59 main outcome measures were reduced retinal sensitivity on microperimetry and/or retinal 60 nerve fibre layer thinning on OCT imaging of the fellow eye. 61  62 

Results: Thirty fellow eyes had abnormal global thresholds on microperimetry, and 20 had 63 abnormal OCT imaging studies. Kappa agreement between tests in fellow eyes was poor (p = 64 

0.2546).  Fixation was significantly poorer in fellow eyes on microperimetry when compared to 65 eyes with glaucoma (p<0.003). In the fellow eyes that were abnormal, microperimetry 66 identified reduced retinal sensitivity at fixation. 67  68 

Conclusion: Microperimetry detects reduced retinal sensitivity close to fixation and OCT 69 detects focal thinning of the retinal nerve fibre layer in the fellow eye of most patients with 70 presumed unilateral focal ischemic glaucoma. Further studies are required to correlate specific 71 optic disc features on OCT imaging with microperimetry in the fellow eye of this patient group. 72  73  74 
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Introduction 75  76 Glaucoma is the most common cause of irreversible blindness worldwide, characterised by 77 permanent loss of retinal ganglion cells.1 Early deficits in the peripheral or paracentral visual 78 field are common in many forms of glaucomatous optic neuropathy. Focal ischemic glaucoma is 79 a disease subtype characterised by focal notching of the neuroretinal rim with a congruous 80 visual field deficit which threatens fixation early in the clinical course (“split fixation” visual 81 field defect).2, 3 Female gender, earlier age of onset, recurrent optic disc hemorrhages, and 82 primary vascular dysregulation syndromes (nocturnal hypotension, vasospasm, migraine and 83 Raynaud’s phenomenon) are associated with the focal ischemic glaucoma subtype.2, 4-7 2, 3 84  85 Focal ischemic glaucoma results in loss of macular sensitivity at or near the point of fixation.8 86 Early identification of glaucoma in the fellow eyes of this patient group is critical to reduce the 87 risk of irreversible, bilateral central visual field defects which may threaten reading ability and 88 legal visual thresholds for driving. Early visual field deficits have a negative impact on quality 89 of life measures.9 Defects in the neuroretinal rim identified by clinical appearances or optic 90 nerve imaging may exist prior to visual field loss detected by standard automated perimetry.10, 91 

11 It follows that more sensitive functional perimetric tools must be identified. Microperimetry 92 (fundus driven perimetry) is a novel diagnostic tool that can evaluate macular sensitivity at 93 specific retinal locations. Microperimetry has been used as an outcome measure in some 94 clinical studies of glaucoma although is limited to the evaluation of macular rather than 95 peripheral retinal sensitivity.12, 13 The utility of microperimetry to detect early focal ischemic 96 glaucoma, where visual field loss often starts near fixation, has not been evaluated. 97  98 
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This study sought to evaluate the utility of microperimetry and optical coherence tomography 99 (OCT) imaging of the peripapillary retinal nerve fibre layer (RNFL) to detect early 100 abnormalities in the fellow eye of patients with presumed unilateral focal ischemic glaucoma 101 who achieved a full visual field on standard automated perimetry (SAP) in the fellow eye. 102 Additionally, we sought to determine whether there was agreement between microperimetry 103 assessment and OCT imaging if abnormalities were identified in both tests in fellow eyes. 104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123 
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Methods 124 

 125 

Patient selection 126 Patients were recruited prospectively from the glaucoma clinic in a single-centre tertiary 127 referral ophthalmology unit (Oxford Eye Hospital, John Radcliffe Hospital, Oxford, UK). Patients 128 who fulfilled the inclusion criteria and agreed to participate were selected consecutively 129 between February 2014 and June 2015: 37 patients were identified for inclusion in the study. 130 Each participant provided informed consent prior to participation in accordance with the 131 Declaration of Helsinki (Local approval number: 4281). 132  133 

Inclusion criteria 134 Adult patients (age over 18 years); unilateral primary focal ischemic glaucomatous optic 135 neuropathy – defined as focal neuroretinal rim loss on clinical examination confirmed 136 objectively by OCT imaging of the peripapillary retinal nerve fibre layer; congruous unilateral 137 visual field loss close to fixation in the affected eye detected on standard automated perimetry 138 (Humphrey 24-2, SITA standard). The scotoma was defined as: three contiguous points (p<0.5) 139 within 5 degrees of fixation with least one point identified as p<0.05% on pattern deviation 140 and outside normal limits using the glaucoma hemifield test. 141 Normal standard automated perimetry was found in all cases in the fellow eye (Humphrey 24-142 2, SITA standard), defined as: absence of three adjacent points <1% on pattern deviation, no 143 cluster of 3 points involving a point p<0.5% on pattern deviation and normal glaucoma 144 hemifield test result. OCT imaging was not used in fellow eyes to determine eligibility for the 145 study. 146  147  148 
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 149 

Exclusion criteria: 150 Best corrected visual acuity of LogMAR 0.6 or worse in either eye; myopia of greater than -151 8.00DS or hyperopia of greater than +6.00DS; inability to perform perimetry for any reason; 152 macular pathology in healthy, fellow eye detected clinically or on optical coherence 153 tomography imaging of the macula; non-glaucomatous optic nerve pathology; significant lens 154 or posterior capsular opacity in the fellow eye; ocular history of significant additional 155 pathology (diabetic retinopathy, trauma, intraocular inflammation); clinically significant ptosis 156 that interfered with SAP testing; previous intraocular surgery other than cataract surgery 157 (patients with previous trabeculectomy were excluded); secondary glaucoma 158 (pseudoexfoliation, pigmentary glaucoma, neovascular or inflammatory glaucoma). 159  160 

Study protocol 161 A detailed ophthalmic and medical history was taken from each patient. Ophthalmic 162 examination was performed including slit lamp biomicroscopy, Goldmann applanation 163 tonometry, gonioscopy, and fundoscopy assessment. Best corrected visual acuity was 164 measured using LogMAR acuity charts. At least two reliable, reproducible standard automated 165 perimetry examinations were performed on different days on both eyes (Humprey 24-2 SITA 166 standard; Humphrey Field Analyzer, model 750, Zeiss-Humphrey Systems, Dublin, CA, USA). 167 Humphrey visual field analysis was considered of sufficient quality if fixation losses were less 168 than 20%, and false positives and false negatives less than 10%. The most reliable SAP test was 169 included in, and determined eligibility for, the study. Digital optic disc photographs, optical 170 coherence tomography imaging (Spectralis, Heidelberg Engineering, Heidelberg, Germany) of 171 the peripapillary retinal nerve fibre layer and macula were undertaken on both eyes of each 172 patient. IOP at presentation and use of topical antihypertensive therapies were documented for 173 
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each patient, although neither parameter prevented participation in the study. All patients 174 were selected by a single, experienced glaucoma specialist (JFS) with specific reference to the 175 exclusion and inclusion criteria.  37 patients (74 eyes) were analysed. 176  177 

Table 1 describes the baseline clinical characteristics of study subjects. 178  179 

Microperimetry 180 Each subject underwent dark adaptation for at least 15 minutes prior to examination. 181 Microperimery examination was conducted with the MAIA Microperimeter (CentreVue, 182 Padova, Italy). The scanning laser ophthalmoscopy image of the macula was inspected prior to 183 the start of the study to exclude structural pathology. The MAIA utilises a Goldmann size III 184 stimulus (200ms) projected onto a white background with illumination of 1.27 cd/m2. A full 185 threshold strategy using 4-2-1 staircase method was used to test 37 points within the central 186 10 degrees of the visual field (Figure 1a-c). This test took around 5 minutes per eye. The eye 187 with documented glaucoma was examined first, followed by the fellow, study eye. The MAIA 188 software automatically tracks eye movement and records all fixation points throughout the 189 examination. The time between clinical evaluation and microperimetry examination was less 190 than 4 weeks for each patient. 191  192 

Outcome measures 193 The main outcome measures for the study were abnormalities detected in the fellow eyes: 194 thinning of the peripapillary retinal nerve fibre layer on optical coherence tomography 195 imaging, reduction in macular sensitivity on microperimetry assessment, and abnormal 196 fixation behaviour on microperimetry assessment.  197  198 
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 199 

Statistical analysis 200 Normality was determined using the Shapiro-Wilk method. Paired t-tests or Wilcoxon signed 201 rank tests were used to compare the findings of two eyes. Spearman rank correlation was used 202 to assess the association between microperimetry and OCT. This was explored further with 203 Kappa agreement.  204  205 In order to determine the utility of microperimetry in the early detection of glaucoma in fellow 206 eyes, 2 assessments were undertaken on each fellow eye. Firstly, the average of the lowest 5 207 threshold points on microperimetry was compared to eyes designated as red (outside of 208 normal limits in comparison to a normative database) on OCT imaging and those designated as 209 green (within normal limits in comparison to normative database). This designation is made by 210 Heidelberg Spectralis imaging software based on comparisons to a normative database. 211 Fixation area for 95% of the fixation plots was compared between the eyes using the Wilcoxon 212 signed rank test. 213  214 In order to determine the level of agreement between microperimetry and optical coherence 215 tomography imaging of the RNFL, the findings of each test in fellow eyes were tabulated 216 

(Table 2). In order to compare the results of superior and inferior hemifields on 217 microperimetry, we selected data as illustrated in Supplement 3: points lying along the 218 horizontal raphe were excluded, and three separate rings (inner, middle and outer) were 219 analysed separately. 15 points from the superior hemifield and 15 points from the inferior 220 hemifield were included in the analysis. 221  222 
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All statistics were conducted using StatsDirect (StatsDirect Ltd, Cheshire, UK). The retinal 223 sensitivity at each point as summated and created into a shapefile using FME® (Safe Software 224 Inc, Canada). This was converted to a colour-coded “heat map” of retinal sensitivity across the 225 different points using QGIS (version 2.6, open source Geographic Information Systems 226 software). 227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247 
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 248  249  250 

Results 251  252 

Microperimetry thresholds and fixation behaviour between glaucoma and fellow eyes 253 Average microperimetry threshold in the glaucoma eyes was 18.6 ± 4.4dB versus 26.4 ± 1.4dB 254 in the fellow eyes (p<0.05). Average microperimetry thresholds were compared between the 255 eyes with focal ischemic glaucoma and fellow eyes. Shapiro-Wilk testing demonstrated that the 256 data for the glaucoma eyes were not normally distributed, although fellow eye data were. 257 Wilcoxon signed rank test was used to compare the microperimetry average thresholds 258 between the two eyes which were different, as expected (p<0.0001) (Figure 2a). The mean 259 fixation area was 1.63 degrees squared for glaucoma eyes and 3.0 degrees squared for fellow 260 eyes (Supplement 1). Using the Wilcoxons signed rank test, this difference was found to be 261 significant (p<0.003). 262  263 

Optical coherence tomography imaging of RNFL between glaucoma and fellow eyes 264 The average RNFL thickness was 71.7 ± 11.6µm in glaucoma eyes versus 85.6 ± 11.3µm in 265 fellow eyes (p<0.05). The average RNFL thickness measurements on OCT imaging (global 266 value) were compared between eyes with focal ischemic glaucoma and fellow eyes. Shapiro-267 Wilk demonstrated normality of both datasets. Paired t-test demonstrated that the two eyes 268 significantly differed from each other (p<0.0001). 269  270 

Microperimetry & OCT imaging in glaucoma and fellow eyes: Global indices 271 
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There was no difference between eyes with glaucoma and the fellow eyes when global OCT 272 measurements and global microperimetry thresholds were analysed (Spearman’s rank 273 correlation). 274  275 

Microperimetry sensitivity according to OCT RNFL thickness designation  276 There was no significant difference between the microperimetry average of the lowest 5 values 277 in patient’s fellow eyes when those fellow eyes designated OCT imaging as “outside of normal 278 limits“ were compared with those designated as “within normal limits” (Figure 2b; Table 2).  279  280 

Microperimetry and OCT imaging of RNFL in fellow eyes 281 Out of 37 fellow eyes, 30 had abnormal global retinal sensitivity thresholds on microperimetry, 282 and 20 had abnormal OCT imaging studies (Table 2 & Figure 1). When these tests were 283 combined, only 4 fellow eyes had normal OCT imaging results and normal retinal sensitivity on 284 microperimetry. Kappa agreement for microperimetry and OCT for fellow eyes was 0.089231 285 (SE = 0.135165). The 95% confidence interval for kappa = -0.175688 to 0.35415 (p = 0.2546).  286  287 

Microperimetry: Pattern of loss of retinal sensitivity in glaucoma and fellow eyes 288 Two-way ANOVA testing with Bonferroni correction for multiple testing showed a significant 289 difference between the inner ring and the other rings on microperimetry assessment for both 290 glaucoma eyes and fellow eyes (P < 0.005). In fellow eyes, the difference fell within test-retest 291 limits, but not in eyes with glaucoma (Supplement 2).  292  293 An average of retinal sensitivity measurements in glaucoma eyes and fellow eyes as 294 determined by microperimetry at each retinal locus is presented in Figure 3. This 295 demonstrates reduced retinal sensitivity in the inferior macula in patients with focal ischemic 296 
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glaucoma. In fellow eyes, reduced retinal sensitivity is demonstrated at fixation, and inferiorly 297 within the inner ring (2 degrees of eccentricity), and outer ring with preservation of retinal 298 sensitivity in the middle ring. 299  300  301 

Discussion 302  303 In this study we have identified that most patients with presumed unilateral focal ischemic 304 glaucoma with a normal standard automated perimetry examination in the fellow eye have 305 abnormalities on OCT imaging of the RNFL (54%) or reduced retinal sensitivity on 306 microperimetry (81%) in the fellow eye. 89% of patients had abnormalities on either 307 microperimetry or OCT imaging and only 4 patients out of 37 with presumed unilateral disease 308 had a normal examination with both OCT imaging and microperimetry examination in the 309 fellow eye.   310  311 Microperimetry is an ideal functional tool to detect subtle visual field deficits in the fellow eyes 312 in this patient group where it is assumed that scotomas are likely to develop close to fixation. 313 This subjective test is becoming established as a reproducible outcome measure in clinical 314 trials of macular disease in the evaluation of thresholds of retinal sensitivity and fixation 315 behaviour.14 In the context of clinical glaucoma studies, microperimetry is most often used as a 316 tool to evaluate the functional characteristics of the central 10 degrees around the fovea but 317 cannot currently evaluate visual field deficits in the peripheral retina. 13, 15-17  The real time eye 318 tracking and adjustments made during testing in theory increase the reliability of the measures 319 of threshold due to the consistency of the visual space being tested throughout the 320 examination, though this has not been independently verified. However, MAIA have developed 321 
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a new microperimeter (Compass) which may be used in further clinical studies to directly 322 compare 24-2 HVF testing with a microperimetry assessment over the same field. This would 323 allow a calculation of the sensitivities and specificities of each test in this patient group. 324  325 In patients in this study where fixation is threatened in the eye with glaucoma, it is surprising 326 to detect statistically significant poorer fixation in the fellow eye. The reasons for this finding 327 are unclear, although it may be possible that eyes with glaucoma have adapted to maintain 328 steady fixation with a small, central visual field defect. Additionally, the test-retest variability of 329 microperimetry has been defined in one study and found to be superior in control eyes when 330 compared with eyes with fixation-threatening glaucoma.19 Fixation instability on 331 microperimetry has been suggested as an early marker of glaucoma. 332  333 The finding that 81% of patients had an abnormality on microperimetry in the presumed 334 normal fellow eye was unexpected given that the standard automated perimetry results were 335 normal. An abnormality was defined as an abnormal global macular integrity index. This index 336 is determined by the MAIA software’s internal database which compares the responses of 337 patients with those obtained from normal age-matched controls. The software produces a 338 histogram defining the normal range of thresholds for the points tested within the central area. 339 Each point is compared to this database and colour coded as to the threshold and the 340 probability of it being outside of the normal range (Figure 1). Any points with colour coding 341 yellow or warmer were classified as abnormal as this puts it firmly outside the normal range 342 according to threshold. When a cluster of abnormal points were seen, the field plot can be 343 considered abnormal. In order to limit bias, we performed microperimetry assessment on the 344 fellow eye following examination of the eye with focal ischemic glaucoma to allow any learning 345 effect to advantage microperimetry performance in the fellow eye. It is known that threshold 346 
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values are often lower on microperimetry when compared to standard automated perimetry: 347 mean macular sensitivity was found to be significantly lower on microperimetry when 348 compared to SAP on the same test subjects with advanced primary open angle glaucoma.13 This 349 is likely to reflect differing test sensitivities. 350  351 For established visual field deficits, clinical studies have identified a significant correlation 352 between 10-2 standard automated perimetry and microperimetry in affected quadrants in 353 glaucoma. However, a previous study has shown that 21% of the normal quadrants on SAP had 354 an abnormal microperimetry result and of these, 75% had abnormal structural imaging on OCT 355 imaging, although the proportion of patients with normal or abnormal quadrants on OCT 356 imaging who had abnormal microperimetry was not reported.22 We have identified in this 357 study that abnormalities on microperimetry were more common than abnormalities on OCT 358 imaging in the fellow eye of patients with focal ischemic glaucoma using global indices. This 359 may reflect the limitations of a subjective test, or may represent reduced sensitivity in macular 360 regions corresponding to focal dysfunctional retinal ganglion cells prior to retinal ganglion cell 361 death and RNFL thinning. Our findings of microperimetry abnormalities in patients with 362 normal standard automated perimetry examination is consistent with findings in a previous 363 study of glaucoma patients with unselected glaucoma subtypes.22 In patients with very 364 advanced glaucoma, microperimetry has been explored as a tool to determine progression.23 365 Microperimetry, without automated fundus tracking, was able to detect areas of reduced 366 retinal sensitivity in the context of focal RNFL defects detected on Argon blue SLO imaging, 367 detected in only 14 of 25 eyes with standard perimetry.24  368 

 369 Microperimetry also permits an analysis of the location of reduced retinal sensitivity within the 370 macula in patients with focal ischemic glaucoma. In this study, microperimetry examination of 371 
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patients with focal ischemic glaucoma identified inferotemporal paracentral reduction in 372 macular sensitivity more prominent at 6 and 10 degrees eccentricity when responses from all 373 37 subjects were summated. Responses at 2 degrees were relatively spared. Other studies have 374 explored the correlation between ganglion cell inner plexiform (GCIPL) thickness and Cirrus 375 OCT finding correlation in all visual field/retinal sectors, most prominently inferiorly and 376 temporally.25 Glaucomatous structural and functional changes may be most prominent in this 377 retinal region, as demonstrated in other studies.17 In fellow eyes, there appeared to be reduced 378 sensitivity inferotemporally at 2 degrees, and at fixation with preservation of more eccentric 379 responses. The reasons for this pattern of loss of retinal sensitivity are unclear. 380  381 Retinal nerve fibre layer indices on OCT imaging correlated in one study with both 382 microperimetry and SAP.13 We did not find a structure-functional correlation when examining 383 the lowest microperimetry thresholds in patients with normal and abnormal OCT 384 classifications in fellow eyes. This may be in part because the depth of RNFL thinning covers a 385 wide range of RNFL thicknesses within a single classification (i.e. subtle and severe thinning 386 may both be classified as outside normal limits on OCT imaging). However, the absence of 387 correlation between microperimetry and OCT imaging in fellow eyes suggests a poor structure-388 function correlation in early disease. Therefore, as with standard automated perimetry, 389 abnormalities on microperimetry may be considered non-specific and not necessarily 390 congruous to identified structural defects on OCT imaging.   391  392 Optical coherence tomography imaging of the peripapillary RNFL in this study identified that 393 many fellow eyes (20 out of 37 eyes) demonstrate an abnormally thin RNFL in at least one 394 quadrant when compared to normative databases of healthy, age-matched controls which is 395 unsurprising given the results of microperimetry. A follow-up study to determine which of 396 
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these patients in time develop visual field loss detectable on either microperimetry or later 397 with SAP would be of interest. In particular, it would be useful to determine whether OCT 398 imaging or retinal sensitivity on microperimetry is more predictive, and whether those 399 patients with abnormal test results with both modalities are more likely to develop glaucoma 400 detectable on SAP. One of the limitations of this study was the inability to define the specificity 401 of both microperimetry and OCT imaging in the context of focal ischemic glaucoma; further 402 studies are required to determine this. New microperimeters which allow a direct comparison 403 with 24-2 HVF testing with similar test grids are likely to such a study possible. 404  405 In conclusion, focal ischemic glaucoma is characterised by early visual field deficits threatening 406 fixation.2, 7, 26 In patients with unilateral disease, early detection of disease in the fellow eye and 407 the subsequent treatment is critical to prevent bilateral central scotomas which may threaten 408 reading or driving vision.9 Standard automated perimetry is often the primary diagnostic tool 409 used to detect early disease in the fellow eye. This study demonstrates that microperimetry 410 and OCT imaging of the RNFL may detect early disease in fellow eyes of patients with 411 presumed unilateral focal ischemic glaucoma who have a normal standard automated 412 perimetry examination in the fellow eye. These tests may serve an important clinical utility for 413 reducing the risk of bilateral visual loss in this patient group. 414  415  416  417  418  419  420  421 
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 422  423  424  425  426  427 

Figures 428 

 429 

Figure 1  430 

 431 

(a) Study subject with abnormal OCT imaging and microperimetry plot in fellow eye. 432 

(A&B) Optic disc scanning laser ophthalmoscopy images demonstrate an inferior notch in the 433 right optic disc with focal ischaemic glaucoma and a healthy appearing optic disc on the left 434 

(C&D) OCT of peripapillary retinal nerve fibre layer demonstrating thinning of the right infero-435 temporal and left supero-temporal RNFL (E&F) Standard automated perimetry (24-2, SITA 436 standard) pattern standard deviation plots of right and left eyes demonstrating a split-fixation 437 visual field defect in the right eye (supero-nasal). The left PSD plot shows non-specific visual 438 field changes in the infero-nasal quadrant (G&H) Microperimetry plots demonstrate reduced 439 retinal sensitivity in the infero-temporal macula close to fixation in the right eye, and reduced 440 retinal sensitivity in the inner supero-temporal ring of the left eye. 441  442 

(b) –  Study subject with abnormal OCT imaging and microperimetry in fellow eye. 443 

(A&B) Optic disc SLO images demonstrate a left inferior notch with peripapillary atrophy. The 444 right optic disc demonstrates peripapillary atrophy with mild tilting of the optic disc but no 445 clear notch. (C&D) OCT scan of peripapillary RNFL demonstrating thinning of the right supero-446 
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nasal RNFL and left supero-temoral and inferotemporal RNFL. (E&F) Standard automated 447 perimetry pattern standard deviation plots demonstrate a superior visual field defect in the left 448 eye, splitting fixation. The right eye demonstrates non-specific changes with normal glaucoma 449 hemifield test. (G&H) Microperimetry plots demonstrate reduced retinal sensitivity in the 450 infero-temporal macula close to fixation in the left eye. The right eye demonstrates reduced 451 retinal sensitivity in the superior macula when compared to the inferior macula. 452  453 

(c)  - A study subject with normal OCT imaging and abnormal microperimetry in fellow 454 

eye. (A&B) SLO images demonstrate a right inferior notch and healthy appearing left optic 455 disc. (C&D) OCT demonstrates thinning of the right infero-temporal RNFL, the left RNFL is 456 normal (E&F) HVF PSD plots demonstrate a scotoma superiorly in the right eye close to 457 fixation, most prominent in the supero-nasal sector. The left visual field is full. (G&H) 458 Microperimetry plots demonstrate a reduction in retinal sensitivity in the right inferior macula.  459 The left microperimetry plot demonstrates reduced retinal sensitivity in the superior macula 460 within the inner ring (with abnormal global index reported by the MAIA software). 461  462  463  464  465  466  467  468  469  470  471 



20 
 

 472  473  474  475  476  477 

Figure 2 (a) . Comparison of average microperimetry thresholds in focal ischemic glaucoma 478 eyes (1) and fellow study eyes (2). A clear reduction in threshold sensitivity in the eyes with 479 focal ischemic glaucoma is demonstrated (p<0.0001) (dB - decibels). (b) Microperimetry 480 thresholds (average) in fellow eyes when compared between OCT classifications. (1) Patients 481 with fellow eye classed as RED (significant thinning) on OCT global index of RNFL thickness 482 when compared to age-matched controls (2) Patients with fellow eye classed as GREEN (no 483 thinning) on OCT global index of RNFL thickness. This demonstrates no difference between the 484 two groups: microperimetry does not detect differences between patients with structurally 485 normal and structurally abnormal peripapillary RNFL thickness on OCT imaging. dB – decibels. 486 

 487 
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 497 

 498 

 499 

 500 

 501 

 502 

Figure 3 - Summation of retinal sensitivity as determined by microperimetry in (a) eyes 503 

with focal ischemic glaucoma and (b) fellow eyes. The plots represent retinal sensitivity 504 rather than visual field abnormalities. The inferior retina appears to have reduced sensitivity in 505 eyes with glaucoma. The fellow eyes have reduced retinal sensitivity in the centre of the fovea 506 and inferiorly close to fixation. The difference in retinal sensitivity between superior and 507 inferior retina increases with eccentricity, such that the outer ring is most abnormal in 508 comparison to the inner and middle rings (as demonstrated in Supplementary Figure 2). 509 
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 525 

 526 

 527 

Supplementary Figure 1. Comparison of fixation behaviour during microperimetry 528 

assessment between glaucoma eyes and fellow study eyes. Most patients in this study 529 (represented on the x-axis) demonstrate poorer fixation in the study eye when compared to 530 the eye with glaucoma. Mean fixation area in study eyes is 3.0 degrees squared, compared to 531 1.63 degrees squared in eyes with glaucoma (p <0.05). 532 
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 547 

 548 

 549 

 550 

 551 

 552 

Supplementary Figure 2– Segmentation of microperimetry plot for analysis. The 553 microperimetry sensitivity plots were separated into superior and inferior hemifields for 554 analysis, with points lying along the horizontal raphe excluded (Supplement 1). 15 points from 555 the superior hemifield and 15 points from the inferior hemifield were included in the analysis. 556 Each bar represents the difference between superior and inferior sensitivity for the inner, 557 middle and outer rings for glaucoma eyes (red) and fellow eyes (blue). In eyes with glaucoma, 558 rings of increasing eccentricity are more helpful in detecting disease.  In fellow eyes, there is no 559 difference between rings. 560 
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 572 

 573 

 574 

 575 

 576 

 577 

Supplementary Figure 3 – Microperimetry plot to illustrate method of analysis used to 578 illustrate Figure 3. The central points along the horizontal raphe were excluded. Three rings 579 inner (formed black line), middle (fine serrated line), and outer (coarse serrated line) were 580 compared superiorly and inferiorly. These data were used to determine the correlation 581 between microperimetry data existed with OCT imaging data using focal thinning of RNFL as 582 designated on OCT imaging software. 583 
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Table 1 – Clinical characteristics of study subjects.  Mean values are presented with range of values in parentheses.  Glaucoma eye Study eye 
Age (years) 70 (48 to 82)
Sex  Male Female  14 (mean age – 70.9) 23 (mean age – 69.1) 
Visual acuity (LogMAR)  -0.07 (-0.20 to +0.30)  -0.08 (-0.20 to +0.10) 
Central corneal thickness 
(microns)  538 (450 to 616)  539 (451 to 632) 
IOP at presentation (mmHg) 
 (n= 30) 

19.1 (13 to 28)  18.4 (13 to 28) 
Number of topical glaucoma 
agents  1.64 (0 to 3)  1.43 (0 to 3) 
Humphrey visual field (24-2) Mean Deviation Pattern Standard Deviation  

 -4.65 (-14.02 to -0.31) 7.86 (3.42 to 13.54)  -0.59 (-2.16 to 1.99) 1.84 (1.16 to 3.08)  
Microperimetry average 
threshold (dB) (mean 
sensitivity) 
 

18.61 (7.5 to 25.9) 26.41 (23.4 to 29.8) 
Fixation area covering 95% 
of fixation points (degrees) 
 

1.6 (0.3 to 4.7) 3.0 (0.0 to 14.9) 
OCT imaging of RNFL Global index Superior Inferior Nasal  Temporal  

 71.5 (49 to 99) 93.9 (57 to 147) 75.0 (39 to 134) 66.1 (37 to 99) 51.2 (29 to 64)  
84.1 (66 to 110) 99.8 (65 to 127) 102.5 (53 to 145) 70.0 (51 to 97) 64.0 (41 to 88) Migraine (%) 16.2% (6 patients)Raynaud’s phenomenon (%) 24.3% (9 patients)   



Table 2 – Agreement between Microperimetry and OCT imaging in study eyes.    
 

 

 

 

 

 Values indicate the number of patients who demonstrate a normal or abnormal OCT imaging or microperimetry test results in the study eye. Normal or abnormal tests results were defined by age-adjusted automated analyses within the Heidelberg Spectralis and MAIA Microperimeter, respectively.  

 Microperimetry normal Microperimetry abnormal OCT normal 4 13OCT abnormal 3 17
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