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Impact of Natural Blind Spot 
Location on Perimetry
Mengyu Wang1, Lucy Q. Shen2, Michael V. Boland  3, Sarah R. Wellik4, Carlos Gustavo De 
Moraes5, Jonathan S. Myers6, Peter J. Bex7 & Tobias Elze1

We study the spatial distribution of natural blind spot location (NBSL) and its impact on perimetry. 
Pattern deviation (PD) values of 11,449 reliable visual fields (VFs) that are defined as clinically 
unaffected based on summary indices were extracted from 11,449 glaucoma patients. We modeled 
NBSL distribution using a two-dimensional non-linear regression approach and correlated NBSL with 
spherical equivalent (SE). Additionally, we compared PD values of groups with longer and shorter 
distances than median, and larger and smaller angles than median between NBSL and fixation. Mean 
and standard deviation of horizontal and vertical NBSL were 14.33° ± 1.37° and −2.06° ± 1.27°, 
respectively. SE decreased with increasing NBSL (correlation: r = −0.14, p < 0.001). For NBSL distances 
longer than median distance (14.32°), average PD values decreased in the upper central (average 
difference for significant points (ADSP): −0.18 dB) and increased in the lower nasal VF region (ADSP: 
0.14 dB). For angles in the direction of upper hemifield relative to the median angle (−8.13°), PD values 
decreased in lower nasal (ADSP: −0.11 dB) and increased in upper temporal VF areas (ADSP: 0.19 dB). 
In conclusion, we demonstrate that NBSL has a systematic effect on the spatial distribution of VF 
sensitivity.

The natural blind spot location (NBSL) represents an absolute scotoma in the visual field (VF) induced by the area 
of the optic disc on the retina which lacks of light-detecting photoreceptor cells1, 2. NBSL is routinely measured in 
standard VF testing in order to accurately interpret the VF test results, particularly for the diagnosis of glaucoma. 
Glaucoma, the second leading cause of irreversible blindness3, 4, is a group of ocular diseases of optic neuropathy 
characterized by optic disc excavation for which elevated intraocular pressure is a major risk factor. Functionally, 
patients with glaucoma develop loss of VF sensitivity over space, known as visual field loss5, 6. In typical clinical 
glaucoma testing, standard automated perimetry performed by perimeters like the Humphrey Field Analyzer 
(HFA) (Carl Zeiss Meditec, Dublin, CA) measures the VF by testing the patient response to white light stimuli 
with different luminance intensities presented at fixed locations in the field of vision on a white background. The 
pattern of functional VF loss caused by glaucoma is weakly associated with the structural damage of retinal nerve 
fiber layer (RNFL) bundles which are formed by the axons of retinal ganglion cells7–9. In glaucoma diagnostics, 
the evaluation of both functional VF loss and structural damage of RNFL is usually combined to assess glaucoma 
severity10, 11. More specifically, accurate normative databases of VF and RNFL from healthy individuals are critical 
to precisely diagnose glaucoma in a patient12, 13.

Current normative databases of VF and RNFL thickness rely on age and relative spatial location. Presently, 
RNFL thickness measurements are not quantitatively adjusted for the influence of ocular anatomical factors, 
although there is large inter-individual variability of RNFL bundles trajectories14, 15. Generally, tracing RNFL 
bundles is difficult due to poor visibility in retinal images16, 17. Moreover, there is no clear way to integrate the 
information of numerous RNFL bundle trajectories into the establishment of a normative RNFL bundle database 
to be used to assist glaucoma diagnosis. It has been shown that the optic disc location relative to fovea is related 
to RNFL geometry and should be considered for RNFL profile norms14, 15, 18. The diagnosis of glaucoma might be 
potentially improved by including the variability of the optic disc position relative to fovea. The functional equiv-
alent of the optic disc location, the NBSL is routinely measured in standard with automated perimetry devices as 
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part of the VF measurement. Here, we study how NBSL relative to fixation, the functional counterpart of the optic 
disc position relative to fovea, affects the spatial distribution of VF sensitivity.

In this work, we quantify the effect of NBSL relative to fixation on the spatial distribution of pattern deviation 
(PD) values in clinically unaffected VFs. PD values represent VF sensitivity relative to the general height of vision 
(see Methods section) and are important diagnostic parameters for glaucoma.

Results
11,449 eyes of 11,449 patients met our selection criteria and were included in this study. The mean ± standard 
deviation of age and spherical equivalent of refractive error of all patients are 58.5 ± 14.5 years and −0.17 ± 2.47 
Diopters, respectively. Note that all VFs with a reported NBSL of (15°, −1°) were excluded for our data analysis 
due to that the HFA returns a “default” NBSL value of (15°, −1°) in absence of a test result19.

Figure 1(a) shows the NBSL distribution over all measured locations. Table 1 shows the detailed frequency 
distribution of NBSL including NBSLs with less than 5 eyes enclosed by brackets, which were excluded from fol-
lowing Gaussian process regression due to potential reliability issues.

Figure 1(b) shows the continuous distribution of NBSL computed by the Gaussian process with optimal 
σf = 1.2 and γ→ = . .(0 9, 0 8) selected based on Bayesian analysis. The NBSL frequency at (15°, −1°) estimated by 
Gaussian process was 920, which is smaller than the observed maximum of NBSL frequency 1021 at (14°, −1°). 
The global maximum of the estimated NBSL frequency was 1209 and the location of the global maximum was 
(14.3°, −1.2°).

Figure 2(a) and (b) show the horizontal and vertical marginal distribution of the NBSL frequency in compar-
isons to the documented mean and standard deviation of NBSL20 and optic disc location21 in the literature. Note 
that in the work by Rohrschneider, the optic disc locations relative to fovea were measured instead of NBSL. The 
average horizontal NBSL (14.35° ± 1.36°) from our study was significantly (p < 0.001) different from the meas-
ured horizontal location (15.50° ± 1.10°) of the optic disc (the physiological equivalent of NBSL) in the study 
by Rohrschneider and the measured horizontal NBSL (15.48° ± 0.95°) in the study by Safran et al. The average 
vertical NBSL (−2.06° ± 1.28°) from our study was significantly (p < 0.001) different from the measured vertical 
location (−1.50° ± 0.90°) of the optic disc (the physiological equivalent of NBSL) in the study by Rohrschneider, 
and not significantly different from the measured vertical NBSL (−2.03° ± 0.91°) in the study by Safran et al.

Figure 1. Blind spot distribution over location (a) discrete distribution of number of eyes measured at each 
NBSL and (b) continuous distribution of number of eyes at each NBSL calculated by Gaussian process.
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Figure 3 shows the average value of spherical equivalent (SE) over all eyes measured at each NBSL. Note that 
since the NBSL measurements were missing at the location (15°, −1°), average of SE was not calculated at (15°, 
−1°). We observed a negative correlation (r = −0.14, p < 0.001) between NBSL distance from fixation and spher-
ical equivalent of refractive error. As the patient became more myopic (negative refractive error), the distance 
between NBSL and fixation increased and vice versa.

Figure 4(a) and (b) show the PD value difference distribution with respect to NBSL relative to fixation and 
illustrates the effect of distance from fixation and angle relative to fixation. The median NBSL distance and angle 
were 14.32° and 8.13°, respectively. The maximum absolute differences of average PD values between the two 
groups divided by median distance and angle are 0.52 dB and 0.44 dB, respectively. The distance effect of NBSL 
was more noticeable around the default NBSL (15°, −1°) than other locations, while the angle effect of NBSL was 
relatively more spatially distributed over the VF. Figure 4(c) and (d) show the PD value difference effects com-
pared by t-test with significance annotation with respect to NBSL relative to fixation and illustrates the effect of 
distance from fixation and angle relative to fixation. Figure 4(c) shows the average PD values of the group with 
NBSL distances longer than median distance decreased (red) in the upper central (average difference for signif-
icant points (ADSP): −0.18 dB) and increased (blue) in the lower nasal VF region (ADSP: 0.14 dB). Figure 4(d) 
shows the average PD values of the group with NBSL angles larger than median angle (more positive) decreased 
in lower nasal (ADSP: −0.11 dB) and increased in upper temporal VF areas (ADSP: 0.19 dB).

We additionally performed multiple linear regression analyses to disentangle the effects of NBSL distance/
angle from possible effects of fixation losses. Figure 5 shows the direction of the coefficients (positive or negative), 
denoted by blue/red color, respectively, together with the significance of the respective coefficient for each loca-
tion for (a) NBSL distance, (c) NBSL angle, and the respective coefficients for fixation loss ((b) and (d)). The PD 
values of all significant locations were negatively associated with fixation rate loss as shown in Fig. 5(b) and (d). 
Those significant locations that were negatively associated with PD values spread over most regions of the VF.

Discussion
In this study, we provide an empirical distribution of blind spot centers measured by a standard perimeter for 
glaucomatous visual field testing. To our best knowledge, with over 10,000 patients, our results are based on the 
by far largest population of human subjects for which NBSL distributions have been reported, which allows us to 
study the location specific distribution with an unprecedented level of detail. Apart from that, our study demon-
strates a significant effect of NBSL on VF pattern deviation values.To minimize the potential effects of VF loss 
induced by glaucoma, we only selected visual fields with a normal or close to normal global VF sensitivity (mean 
deviation ≥−1 dB) and for which HFA parameters did not denote signs of glaucomatous vision loss.

In general, the distribution of blind spots we reported is asymmetric as shown in Fig. 2. In particular, it is 
skewed with a heavy tail in horizontal direction and bimodal in vertical direction. To our knowledge, we are the 
first to report on a bimodal distribution of NBSL in vertical direction. However, in previous studies a possible 
bimodality would not have been detectable due to their small samples sizes (30 and 104 eyes in the works by 
Safran et al. and Rohrschneider, respectively) compared to the 11,449 eyes used in our work.

The discrepancy of the average NBSL between our results and the results from previous studies20, 21 may sug-
gest the blind spots distribution varies between populations, and variation of the peak location of blind spots can 
be larger in horizontal direction. Note that the two data sample of the two previous studies were normal healthy 
individuals, while we used a convenience sample from patients visiting glaucoma services which we suspect do 
not have functional loss bye virtue of the inclusion criteria we set. Thus the participants of our dataset are not typ-
ical healthy patients, which may also explain the discrepancy of the NBSL between our study and the previous two 
studies. In addition, the NBSL or optic disc location measured in the two previous studies are not based on HFA 
test. The HFA is a key device for clinical visual field testing which routinely provides NBSL results to aid clinicians 
with the interpretation of VF measurements, which also measures the blind spot location. We provide some 
basic descriptions of the HFA blind spot test in the Methods section which were obtained by close observation of 
the procedure. However, the precise details of this adaptive test are proprietary and not available to researchers. 

Horizontal

7 10 11 12 13 14 15 16 17 18 19 20 21Vertical

3 0 0 0 0 0 0 [1] 0 0 0 0 0 0

2 0 0 0 0 7 [3] 6 [2] [2] 0 0 0 0

1 0 0 [1] 7 47 61 78 34 13 [2] [1] 0 0

0 0 0 13 74 183 259 243 124 58 8 [3] 0 [1]

−1 0 [1] 21 196 625 1021 NA 447 178 31 [4] [1] 0

−2 [1] [2] 45 241 703 909 797 376 186 24 5 0 0

−3 0 0 5 103 667 938 843 415 154 25 [3] 0 0

−4 0 [1] 5 25 150 321 274 125 60 [3] [2] 0 0

−5 0 0 [1] [2] 31 75 82 51 15 [2] [1] 0 0

−6 0 0 0 0 0 [4] 10 8 [3] 0 0 0 0

Table 1. The detailed spatial distribution of NBSL including NBSLs with less than 5 eyes enclosed by brackets, 
which were excluded from Gaussian process regression due to possible reliability issues. The NBSL at (15°, −1°) 
is denoted as missing value since all NBSL of (15°, −1°) is excluded due to the reason we described in Method 
section.
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Therefore, comparisons with existing NBSL studies that did not apply the HFA need to be considered with care, 
as differences in the results could be in part due to different NBSL testing algorithms. Our results are close to an 
existing study which did not apply the HFA but used a well-described blind spot detection procedure instead20. 
Furthermore, there are close similarities even to the results of a study which determined the location of the optic 
nerve head relative to the fovea, i.e. a physiological correlate to NBSL21.

We observed a negative correlation between NBSL distance from fixation and spherical equivalent of refrac-
tive error. As the patient became more myopic, the distance between NBSL and fixation increased and vice versa. 
This is consistent with findings in literature that increased axial length of the eye was associated with myopia22, 23 
and the optic disc-fovea distance was reported to be positively correlated to ocular axial length24. In addition, we 
compared the average PD difference of two groups which were divided based on NBSL distances. For the group 
with longer NBSL distance, average PD values decreased in the upper central and increased in the lower nasal VF 
region. Similarly, we also compared the average PD difference of two groups which were divided based on NBSL 

Figure 2. Blind spot marginal distribution in (a) horizontal direction and (b) vertical direction from the 
current study and previous studies in literature. Black diamond and line denote the mean and standard 
deviation of NBSL calculated in our work, blue dot and line denote the mean and standard deviation of NBSL 
in the work by Safran et al.20, and red square and line denote the mean and standard deviation of the optic disc 
location relative to fovea in the work by Rohrschneider21.
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angles. For the group with more positive NBSL angles, average PD values decreased in lower nasal and increased 
in upper temporal VF areas.

The NBSL effects on PD reported in Fig. 4 might be confounded by possible fixation losses. To disentangle the 
impacts of fixation losses and of NBSL, we performed multivariate linear regressions from NBSL distance/angle 
and fixation loss rate to PD fields. Figure 5(a) and (c) show the respective NBSL distance/angle effects for those 
parts of variance which are not explained by fixation loss rate. The basic PD difference patterns closely resemble 
the respective patterns of Fig. 4, with even more significant locations.

Prior work has demonstrated that the position of the optic disc relative to the fovea has an impact on the 
RNFL trajectories, here we demonstrate that the NBSL relative to fixation (the functional equivalent of the posi-
tion of the optic disc relative to the fovea) has a systematic effect on the spatial distribution of VF sensitivity. 
Accounting for the distance between optic disc and fovea is important for inferring VF sensitivity based on optic 
nerve structural characteristics in health and disease, individual NBSL information which implicitly represents 
the distance between optic disc and fovea should be taken into consideration for assessing VF loss.

Methods
The visual field measurements used for this study were obtained by the Glaucoma Research Network, a con-
sortium including five large clinical glaucoma centers in the US from: Massachusetts Eye and Ear, Wilmer Eye 
Institute, New York Eye and Ear Infirmary, Bascom Palmer Eye Institute and Wills Eye Hospital. This retrospec-
tive study was approved by the institutional review boards of those five aforementioned institutions.

Subjects and Data. From an initial dataset of Swedish interactive thresholding algorithm (SITA) Standard 
24–2 VFs measured with the HFA, the most recent reliable VFs were selected from each eye. The reliability crite-
ria for VF selection were fixation loss ≤33%, false negative rates ≤20% and false positive rates ≤20%, which are 
used in clinical practice at Massachusetts Eye and Ear. It has been reported that the HFA underestimates the false 
positive rates of the patients, particularly among normal patients25. We used a more conservative threshold (20%) 
for false positive rates than the HFA default (33%), which was also used in a number of previous studies26–30. For 
data analysis, left eyes were transposed to right eye format. To minimize possible effects of potentially manifest 
glaucomatous VF loss, only VFs that are clinically unaffected with mean deviations ≥−1 dB, pattern standard 
deviations (not pattern deviation) that are not flagged as abnormal and glaucoma hemifield tests within normal 
limits were included. If both eyes of a patient met our selection criteria, one eye was randomly chosen.

We extracted the pattern deviation (PD) plot values from each of the 54 locations tested as part of the 24–2 
pattern. PD values represent the deviations in decibels from the age corrected normal values of a healthy popu-
lation at each tested point in the visual field adjusted for the individual overall sensitivity by subtracting the 85th 
percentile31. The HFA expects a default blind spot location at (15°, −1°) of visual angle and omits the two loca-
tions closest to this point for calculating PD values, therefore, 52 locations were considered in this study.

Blind Spot Testing. At the beginning of each perimetric test of the HFA 24–2 protocol, blind spot localiza-
tion is routinely performed and the result of which is denoted on the VF printout by a triangle19. The center of the 
tested blind spot, which defines NBSL in our work, can be exported as a numerical value from the machine. The 
spatial resolution of the reported blind spot centers is one degree of visual angle (see Fig. 1).

The HFA blind spot test is a proprietary adaptive method the details of which were not available from the 
manufacturer upon request (personal communication with Carl Zeiss Meditec). The following details about the 
test are therefore derived from our own observations of the testing procedure. The HFA NBSL test implements 
the same response procedure as the subsequent VF test, i.e. the subject fixates at a central fixation mark and is 
instructed to press a response button whenever a visual stimulus is visible. Visual stimuli are white Goldmann-size 

Figure 3. Average values of spherical equivalent over eyes at each NBSL. Blue dashed arc denotes the NBSL 
distances from fixation.



www.nature.com/scientificreports/

6ScIEntIfIc REPORTS | 7:  6143  | DOI:10.1038/s41598-017-06580-7

III dots presented at the HFA maximal luminous intensity (0 dB). The adaptive test always starts at location (15°, 
−1°) for right eyes and (−15°, −1°)for left eyes. The dots are presented with fixed inter-stimulus intervals on a 
regular grid with one degree distance between the grid locations. The precise order of the presentation is undoc-
umented but depends on the subject’s response behavior.

When the test fails, for instance because the subject presses the response button for every single stimulus 
presented, which is a realistic scenario if the second eye is not sufficiently occluded, the HFA raises a warning to 
the operator. However, this warning is not reported on the VF test printout. Instead, for failed NBSL tests, the 
HFA returns the “default” location of (15°, −1°) for right and (−15°, −1°) for left eyes. Blind spot testing can be 
switched off by the HFA operator, for instance to save time. In this case, the HFA reports the “default” location as 
well. If a location of (15°, −1°) for right eyes or (−15°, −1°) for left eyes is reported by the HFA, it is indistinguish-
able whether this location is the true testing result or rather indicates a failed or omitted test. Therefore, we chose 
to exclude all cases with this test result.

For subsequent data analyses, in particular for the Gaussian Process Regression used to model the NBSL dis-
tribution, we additionally excluded blind spot locations with frequency counts less than 5, which tended to occur 
at locations with large eccentricity and which are likely to be outliers due to artifacts.

Statistical Modelling and Analysis. All statistical modelling was performed by R platform and Octave 
software32, 33.

Figure 4. PD value difference effects with respect to NBSL relative to fixation. PD difference compared by 
t-test (a) and spatial distribution (b) between the group with NBSL distances longer or equal than the median 
of all NBSL distances and the group with NBSL distances shorter than the median of all NBSL distances. PD 
difference compared by t-test (c) and spatial distribution (d) between the group with NBSL angles larger or 
equal than the median of all NBSL angles and the group with NBSL angles smaller than the median of all NBSL 
angles. P-values less than 0.05 after multiple comparison correction with false discovery rate were considered as 
significant.



www.nature.com/scientificreports/

7ScIEntIfIc REPORTS | 7: 6143  | DOI:10.1038/s41598-017-06580-7

Gaussian Process Regression. To estimate a continuous distribution of NBSL from discrete NBSL measurements 
at grid locations, Gaussian process regression was used to compute the continuous distribution of the frequency 
of eyes at each discrete NBSL34. Typically Gaussian process regression can give the best linear unbiased prediction 
for unknown spatial locations. Herein we briefly describe the concept of Gaussian process regression. Details can 
be found in the literature35.

For a Gaussian process, each entry of the n observations y = {y1, …, yn} in spatial domain Ω →x( ) is associated 
with a normally distributed random variable, and a finite collection of those random variables has a multivariate 
normal distribution. Thus, the expected value of the unobserved variable y* at spatial location can be interpolated 
by maximizing the probability of y* conditioning on known n observations y assuming [y, y*] to be a multivariate 
normal distribution. Gaussian process regression relies on a covariance function that represents the spatial rela-
tionship between the samples. Here, we apply a frequently chosen covariance function → →( )k x x,i j  defined as 
follows:

σ
γ

→ → =









− → − →

→










( )k x x exp
x x

,
(1)

i j f
i j2

2

2

where σf defines the maximum allowable covariance, γ→ is the length scale of the kernel and ||.|| is the l2 norm35–37. 
sigmaf and γ→ are chosen by optimizing the posterior probability of σf and γ→ based on the observational data.

Figure 5. Multivariate linear regression from NBSL distance/angle and fixation loss rate to PD values: (a) 
the NBSL distance coefficient sign and (b) the fixation loss coefficient sign for each VF testing locations from 
the linear regression with NBSL distance and fixation loss rate; (c) the NBSL angle coefficient sign and (d) 
the fixation loss coefficient sign for each VF testing locations from the linear regression with NBSL angle and 
fixation loss rate. P-values less than 0.05 after multiple comparison correction with false discovery rate were 
considered as significant.
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Group Comparison of PD Fields. To illustrate the variation of PD distribution with respect to the NBSL distance 
relative to fixation, we divided the patients into two groups which had NBSL distances longer or equal than the 
median of all NBSL distances and NBSL distances shorter than the median of all NBSL distances. The mean 
PD values at each VF measurement location of the two groups were compared by the differences. Similarly, the 
patients were divided into two groups which had NBSL to fixation angles larger or equal than the median of the 
all NBSL angles and NBSL to fixation angles smaller than the median of the all NBSL angles. The difference of the 
PD values of the two groups was compared. Multiple comparisons correction for p-values were adjusted by false 
discovery rate38.

Multivariate Linear Regression of PD Fields. To elucidate whether the spatial pattern of the association between 
NBSL distance/angle and PD fields are independent of the potential confounding factor “fixation loss”, multivar-
iate linear regression is applied to associate PD fields with NBSL distance/angle and fixation loss rate. The regres-
sion coefficient signs for NBSL distance/angle and fixation loss rate are shown for all 52 VF testing locations. 
Multiple comparisons correction for p-values were adjusted for the regression coefficients by false discovery rate 
as well38.

Data availability statement. The datasets generated during and/or analysed during the current study are 
available from the corresponding author (Dr. Elze) on reasonable request.

References
 1. Armaly, M. The size and location of the normal blind spot. Archives of Ophthalmology 81, 192–201 (1969).
 2. Jonas, J. B., Gusek, G. C. & Fernández, M. C. Correlation of the blind spot size to the area of the optic disk and parapapillary atrophy. 

American journal of ophthalmology 111, 559–565 (1991).
 3. Rossetti, L. et al. Blindness and glaucoma: A multicenter data review from 7 academic eye clinics. PloS one 10, e0136632 (2015).
 4. Mermoud, A. Glaucoma is second leading cause of blindness globally. Bulletin of the World Health Organization 82 (2004).
 5. Casson, R. J., Chidlow, G., Wood, J. P., Crowston, J. G. & Goldberg, I. Definition of glaucoma: clinical and experimental concepts. 

Clinical & Experimental Ophthalmology 40, 341–349 (2012).
 6. Quigley, H. A. Glaucoma. The Lancet 377, 1367–1377 (2011).
 7. Tuulonen, A. & Airaksinen, P. J. Initial glaucomatous optic disk and retinal nerve fiber layer abnormalities and their progression. 

American journal of ophthalmology 111, 485–490 (1991).
 8. Quigley, H. A., Katz, J., Derick, R. J., Gilbert, D. & Sommer, A. An evaluation of optic disc and nerve fiber layer examinations in 

monitoring progression of early glaucoma damage. Ophthalmology 99, 19–28 (1992).
 9. Medeiros, F. A. et al. Evaluation of retinal nerve fiber layer, optic nerve head, and macular thickness measurements for glaucoma 

detection using optical coherence tomography. American journal of ophthalmology 139, 44–55 (2005).
 10. Bowd, C. et al. Detecting early glaucoma by assessment of retinal nerve fiber layer thickness and visual function. Investigative 

ophthalmology & visual science 42, 1993–2003 (2001).
 11. Budenz, D. L., Michael, A., Chang, R. T., McSoley, J. & Katz, J. Sensitivity and specificity of the stratusoct for perimetric glaucoma. 

Ophthalmology 112, 3–9 (2005).
 12. Jeoung, J. W., Park, K. H., Kim, T. W., Khwarg, S. I. & Kim, D. M. Diagnostic ability of optical coherence tomography with a 

normative database to detect localized retinal nerve fiber layer defects. Ophthalmology 112, 2157–2163 (2005).
 13. Anderson, A. J. et al. Characteristics of the normative database for the humphrey matrix perimeter. Investigative ophthalmology & 

visual science 46, 1540 (2005).
 14. Amini, N. et al. Influence of the disc–fovea angle on limits of rnfl variability and glaucoma discrimination. Investigative 

ophthalmology & visual science 55, 7332 (2014).
 15. Mwanza, J.-C., Lee, G. & Budenz, D. L. Effect of adjusting retinal nerve fiber layer profile to fovea-disc angle axis on the thickness 

and glaucoma diagnostic performance. American journal of ophthalmology 161, 12–21 (2016).
 16. Denniss, J., Turpin, A., Tanabe, F., Matsumoto, C. & McKendrick, A. M. Structure–function mapping: Variability and conviction in 

tracing retinal nerve fiber bundles and comparison to a computational modelmapping the visual field to the optic nerve head. 
Investigative ophthalmology & visual science 55, 728–736 (2014).

 17. Kocaoglu, O. P. et al. Imaging retinal nerve fiber bundles using optical coherence tomography with adaptive optics. Vision research 
51, 1835–1844 (2011).

 18. Choi, J. A., Kim, J.-S., Park, H., Park, H. & Park, C. K. The foveal position relative to the optic disc and the retinal nerve fiber layer 
thickness profile in myopia. Investigative ophthalmology & visual science 55, 1419–1426 (2014).

 19. Carl Zeiss Meditec, Inc. Humphrey Field Analyzer II-i series User Manual (Carl Zeiss Meditec, Inc., 2010).
 20. Safran, A. B., Mermillod, B., Mermoud, C., Weisse, C. D. & Desangles, D. Characteristic features of blind spot size and location, 

when evaluated with automated perimetry: Values obtained in normal subjects. Neuro-ophthalmology 13, 309–315 (1993).
 21. Rohrschneider, K. Determination of the location of the fovea on the fundus. Investigative ophthalmology & visual science 45, 

3257–3258 (2004).
 22. Mutti, D. O. et al. Refractive error, axial length, and relative peripheral refractive error before and after the onset of myopia. 

Investigative ophthalmology & visual science 48, 2510 (2007).
 23. Llorente, L., Barbero, S., Cano, D., Dorronsoro, C. & Marcos, S. Myopic versus hyperopic eyes: axial length, corneal shape and optical 

aberrations. Journal of Vision 4, 5 (2004).
 24. Jonas, R. A. et al. Optic disc-fovea distance, axial length and parapapillary zones. the beijing eye study 2011. PloS one 10, e0138701 

(2015).
 25. Newkirk, M. R., Gardiner, S. K., Demirel, S. & Johnson, C. A. Assessment of false positives with the humphrey field analyzer ii 

perimeter with the sita algorithm. Investigative ophthalmology & visual science 47, 4632–4637 (2006).
 26. Leung, C. K. S. et al. Evaluation of retinal nerve fiber layer progression in glaucoma: a prospective analysis with neuroretinal rim and 

visual field progression. Ophthalmology 118, 1551–1557 (2011).
 27. Leung, C. K.-S. et al. Retinal nerve fiber layer imaging with spectral-domain optical coherence tomography: patterns of retinal nerve 

fiber layer progression. Ophthalmology 119, 1858–1866 (2012).
 28. Holló, G. Relationship between optical coherence tomography sector peripapillary angioflow-density and octopus visual field cluster 

mean defect values. PloS one 12, e0171541 (2017).
 29. Loomis, S. J. et al. Association of cav1/cav2 genomic variants with primary open-angle glaucoma overall and by gender and pattern 

of visual field loss. Ophthalmology 121, 508–516 (2014).
 30. Wu, H., de Boer, J. F. & Chen, T. C. Reproducibility of retinal nerve fiber layer thickness measurements using spectral domain optical 

coherence tomography. Journal of glaucoma 20, 470 (2011).
 31. Heijl, A., Patella, V. & Bengtsson, B. The Field Analyzer Primer:Effective Perimetry (Carl Zeiss Meditec, Inc., 2012).
 32. R Core Team. R: A language and environment for statistical computing. vienna, austria; 2014. http://www.R-project.org (2015).

http://www.R-project.org


www.nature.com/scientificreports/

9ScIEntIfIc REPORTS | 7: 6143  | DOI:10.1038/s41598-017-06580-7

 33. Eaton, J. W., Bateman, D. & Hauberg, S. GNU Octave version 3.0. 1 manual: a high-level interactive language for numerical 
computations (SoHo Books, 2007).

 34. Vanhatalo, J. et al. Gpstuff: Bayesian modeling with gaussian processes. The Journal of Machine Learning Research 14, 1175–1179 
(2013).

 35. Rasmussen, C. E. Gaussian processes for machine learning (MIT Press, 2006).
 36. Bernardo, J., Berger, J., Dawid, A. & Smith, A. Regression and classification using gaussian process priors. Bayesian statistics 6, 475 

(1998).
 37. Rasmussen, C. E. Gaussian processes in machine learning. In Advanced lectures on machine learning, 63–71 (Springer, 2004).
 38. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. Journal of 

the Royal Statistical Society. Series B (Methodological) 289–300 (1995).

Acknowledgements
The authors acknowledge the following grants and research sponsors: Lions Foundation Grant, Grimshaw-
Gudewicz Foundation, Research to Prevent Blindness Grant, Eleanor and Miles Shore Fellowship and Harvard 
Glaucoma Center of Excellence.

Author Contributions
M.W. and T.E. designed the study. All authors contributed to data collection. M.W. and T.E. analysed the data. 
M.W. wrote the manuscript. L.Q.S., M.V.B., S.R.W., C.G.D.M., J.S.M. and P.J.B. contributed the revision of the 
manuscript.

Additional Information
Competing Interests: P.J.B. and T.E. have a patent (WO2015027225 A1). M.V.B. and J.S.M. received research 
support from Alcon and Haag Streit, respectively. But this work is not related to the patent and the research 
support from Alcon and Haag Streit. All other authors declare no competing financial interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Thomas Jefferson University
	Jefferson Digital Commons
	12-1-2017

	Impact of Natural Blind Spot Location on Perimetry.
	Mengyu Wang
	Lucy Q. Shen
	Michael V. Boland
	Sarah R. Wellik
	Carlos Gustavo De Moraes
	See next page for additional authors

	Let us know how access to this document benefits you
	Recommended Citation
	Authors


	Impact of Natural Blind Spot Location on Perimetry
	Results
	Discussion
	Methods
	Subjects and Data. 
	Blind Spot Testing. 
	Statistical Modelling and Analysis. 
	Gaussian Process Regression. 
	Group Comparison of PD Fields. 
	Multivariate Linear Regression of PD Fields. 

	Data availability statement. 

	Acknowledgements
	Figure 1 Blind spot distribution over location (a) discrete distribution of number of eyes measured at each NBSL and (b) continuous distribution of number of eyes at each NBSL calculated by Gaussian process.
	Figure 2 Blind spot marginal distribution in (a) horizontal direction and (b) vertical direction from the current study and previous studies in literature.
	Figure 3 Average values of spherical equivalent over eyes at each NBSL.
	Figure 4 PD value difference effects with respect to NBSL relative to fixation.
	Figure 5 Multivariate linear regression from NBSL distance/angle and fixation loss rate to PD values: (a) the NBSL distance coefficient sign and (b) the fixation loss coefficient sign for each VF testing locations from the linear regression with NBSL dist
	Table 1 The detailed spatial distribution of NBSL including NBSLs with less than 5 eyes enclosed by brackets, which were excluded from Gaussian process regression due to possible reliability issues.


