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INTRODUCTION

Much is known about the correlation of struc-
ture and function in early glaucoma.1-5 The structural 

changes that precede any noticeable functional chang-
es, as detected by standard automated perimetry, have 
resulted in the term “pre-perimetric glaucoma.”6-8 Nu-
merous studies have correlated early structural changes 
in disc topography9,10 and the retinal nerve fiber layer 
(RNFL),11,12 changes that clearly precede any detect-
able standard automated perimetry visual field chang-
es.13 More sophisticated visual field tests were devised 
in an attempt to identify functional changes earlier in 
the course of the disease.2

In contrast to early glaucoma, little is known about 
the correlation between structure and function in end-
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 BACKGROUND AND OBJECTIVE: To corre-
late structure and function in eyes with end-stage glau-
coma.

 PATIENTS AND METHODS: Fifty-six eyes of 
48 patients with glaucoma presenting with end-stage 
glaucoma underwent scanning laser polarimetry 
(SLP) imaging using a commercially available GDx-
variable corneal compensator unit (GDx-VCC; La-
ser Diagnostics Technologies, Inc., San Diego, CA). 
End-stage glaucoma was defined by both disc ap-
pearance and standard automated perimetry visual 
field criteria. Standard automated perimetry param-
eters included: mean deviation, pattern standard de-
viation, and total deviation plot. GDx parameters 
included: TSNIT average, superior average, inferior 
average, TSNIT standard deviation, and nerve fiber 
indicator. 

 RESULTS: The visual field mean deviation was 
-26.75 ± 3.50 dB. The remaining retinal nerve fiber 
layer measured in this group of eyes was: TSNIT aver-
age, 29.76 ± 5.81 µm; superior average, 30.76 ± 6.25 
µm; and inferior average, 31.14 ± 7.20 µm. A low 
structure–function correlation was found when analyz-
ing separately the superior and inferior hemifields (R2 
= 0.00001, R2 = 0.0016, respectively).

 CONCLUSIONS: In eyes with end-stage glauco-
ma, very thin but existing retinal nerve fiber layer is 
found on SLP. Such values rarely dropped below 10 to 
20 µm. A flattening of the GDx TSNIT pattern was 
seen, and the correlation between structure and func-
tion was not evident.

[Ophthalmic Surg Lasers Imaging 2006;37:218-
223.]
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stage disease. This correlation has direct bearing on the ap-
proach chosen for observing and treating patients known 
to have end-stage glaucomatous optic neuropathy.

Recent advances in imaging technology now allow 
more accurate quantification of the structural damage 
caused by glaucoma. The GDx-variable corneal com-
pensator (GDx-VCC; Laser Diagnostic Technologies, 
Inc., San Diego, CA), a scanning laser polarimeter, is 
one such imaging device. It enables measurement of 
the peripapillary RNFL thickness by combining a con-
focal scanning laser ophthalmoscope with an integrated 
polarimeter. Polarized light undergoes a phase shift as 
it passes through polarizing media, such as the cornea, 
the crystalline lens, and the RNFL. This phase shift was 
previously shown to correlate with the thickness of the 
RNFL14 and appears to be highly reproducible.15-18

In this study, patients diagnosed as having end-
stage disease, based on combined visual field and op-
tic disc criteria, were scanned using the GDx-VCC, a 
scanning laser polarimetry device with a variable cornea 
compensator, to compare the structure–function corre-
lation in end-stage glaucomatous optic neuropathy.

PATIENTS AND METHODS

Patients
Fifty-six end-stage glaucomatous eyes of 48 patients 

were included in this study. Inclusion criteria were: no his-
tory of ocular disease apart from glaucoma, mild cataract, 
or both (no more than 2+ nuclear sclerosis or 1+ corti-
cal or posterior subcapsular opacity), no history of ocular 
surgery in the past 3 months, and a standard automated 
perimetry visual field test performed within 3 months of 
the GDx-VCC scan. Exclusion criteria were: diabetic reti-
nopathy, any neurological causes for visual field loss, non-
glaucomatous optic atrophy, prior retinal surgery, or any 
other non-glaucomatous causes that might have affected 
the visual field or the status of the RNFL. 

Patients were recruited at Hadassah Medical Cen-
ter, Jerusalem, Israel, and L. V. Prasad Eye Institute, 
Hyderabad, India. Prior to commencing the study, 
each subject underwent a full eye examination by a 
glaucoma specialist, including a slit-lamp evaluation, 
gonioscopy, intraocular pressure measurement, dilated 
stereoscopic disc examination, and fundus indirect 
ophthalmoscopy. Informed consent was obtained from 
all participants, and an Institutional Ethics Committee 
approval was obtained.

Definition of End-Stage Glaucoma
For the purpose of this study, end-stage glaucoma 

was defined as a combination of both an optic disc that 
appeared to have end-stage glaucoma (defined as a ver-
tical cup-to-disc ratio of 0.9 or greater and marked rim 
thinning and excavation) and an end-stage visual field, 
defined as a mean deviation worse than -20 dB, and 
only a central or temporal island remaining in the vi-
sual field grayscale (Figure). A previous publication has 
identified characteristics common to advanced visual 
field loss and analyzed why the mean deviation and the 
grayscale are the only Humphrey field analyzer param-
eters that accurately identify this subset of eyes.19 

A visual acuity exclusion criterion of best-corrected 
distance acuity of 20/100 or less was introduced into 
this study for the sole purpose of excluding eyes in 
which a reliable GDx examination could not be per-
formed due to the loss of central fixation. Although 
we were interested in keeping eyes with end-stage 
glaucoma and only a temporal (or other peripheral) re-
maining island of vision, a reliable GDx examination 
is unable to be performed in eyes lacking at least some 
central vision due to lack of fixation ability.

GDx-VCC Imaging
Each patient was scanned using a GDx-VCC, soft-

ware version 5.1.0. The patient was instructed to fixate 
on the internal flickering fixation target. The operator 
was instructed to achieve a high-quality scan, as judged 
by his subjective impression, as well as a machine-pro-
duced quality score of at least 8 of 10. Patients unable to 
fixate steadily enough to be scanned were excluded. 

From the 16 parameters appearing on the GDx 
printout, we chose the 5 parameters appearing on the 
first printout page, which are those chosen by the manu-
facturer to be the most informative and that are best able 
to discriminate between normal and glaucomatous eyes. 
Temporal, superior, nasal, inferior, temporal (TSNIT) 
average is the average RNFL thickness along a concentric 
machine-determined ring with an inner diameter of 2.4 
mm and an outer diameter of 3.2 mm, centered on the 
optic disc. Superior average is the average of the RNFL 
thickness values of the points within the ring along the 
superior 120° section. Inferior average is the average of 
the RNFL thickness values of the points within the ring 
along the inferior 120° section. TSNIT standard devia-
tion is the standard deviation of the data points within 
the measured ring. Nerve fiber indicator (NFI) is a sup-
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port vector machine-derived parameter indicating the 
likelihood that the eye is glaucomatous.

Visual Field Data
Standard automated perimetry visual fields were 

performed using the full-threshold, or SITA-standard, 
white-on-white 24-2 strategy. Mean deviation, pattern 
standard deviation, and total deviation plot were the 
statistical indices, and fixation losses, false-negative er-
rors, and false-positive errors were the reliability indices 
used for analysis. A previous publication highlighted 
the limitations of Humphrey field analyzer statistical 
indices in advanced glaucomatous visual field loss.19

Structure–Function Hemifield Correlation
A structure–function comparison between the su-

perior and inferior hemifields was performed as follows. 
From the GDx printout, we compared the superior av-

erage parameter value to the inferior average parameter 
value to determine the healthier (less damaged) hemi-
field. Next, we determined on the visual field printout 
which hemifield appeared healthier, based on averaging 
the raw threshold (dB) values in each of the hemifields. 

Statistical Analysis
Paired t test, Pearson correlation, and analysis of vari-

ance were used for statistical analysis. Alpha error was set 
at less than 0.05. Data were analyzed using JMP statisti-
cal software version 5.0 (SAS Institute, Cary, NC). 

RESULTS

Of the 48 patients included in this study, 40 were 
men and 8 were women. The mean age was 57.9 ± 
14.08 years (range: 20 to 81 years). Twenty-nine right 
eyes and 27 left eyes were studied. The table lists func-

Figure. Four examples (A through D), from representative eyes with end-stage glaucoma included in this study, showing the GDx-vari-
able corneal compensator (GDx-VCC; Laser Diagnostic Technologies, Inc., San Diego, CA) probability plots (upper row), temporal, supe-
rior, nasal, inferior, temporal average (TSNIT) retinal nerve fiber layer graphs (middle row), and visual field grayscale plots (lower row).
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tional (visual field) and structural (GDx) parameter 
distribution.

As a group, eyes with end-stage glaucomatous op-
tic neuropathy, as determined by combined structural 
(disc appearance) and functional (standard automated 
perimetry) criteria, showed a very thin, yet measurable, 
RNFL. The average overall RNFL thickness along a 
standardized 2.4 to 3.2 mm diameter ring (the TSNIT 
average parameter) in these eyes was 29.76 ± 5.81 µm 
(range: 19.42 to 43.75 µm). The pattern of RNFL loss 
in these eyes showed a flattening of the superior and 
inferior humps, such that the TSNIT graph showed 
a near even distribution (Figure), and hence the low 
TSNIT standard deviation values. As opposed to the 
massive loss superiorly and inferiorly, little RNFL loss 
was found in the nasal and temporal sectors.

Next, we identified the lowest measured RNFL 
thickness in any of these eyes. The lowest value ob-
tained by the superior average parameter was 19.55 µm, 
whereas inferior average reached a minimum of 19.74 
µm. In contrast to these averaged values (averaging a 
sector), judging from the actual TSNIT graph data, the 
lowest values seen in any of the eyes in any of the sectors 
reached a minimum of 10 µm, and never below that.

A comparison between the healthier hemifield as 
determined by structure and the healthier hemifield as 
determined by function revealed that for only 47.3% of 
the eyes did structure and function agree on which was 
the healthier hemifield, a value roughly what would be 
expected by chance alone. When we analyzed the actual 
numeric values (superior and inferior average [µm] for 
the GDx and superior vs inferior hemifield threshold val-

ues [dB] averaged for the visual field), a poor correlation 
between the upper and lower visual field hemifields was 
found (R2 = 0.00001 and R2 = 0.0016, respectively).

The highest RNFL peak for each of the eyes, as 
determined from the data along the TSNIT graph, was 
an averaged value of 43.1 ± 10.7 µm (range: 22 to 70 
µm). We next set out to determine whether the highest 
TSNIT graph peak, indicative of the thickest RNFL 
bundle in each eye, was in agreement with the remain-
ing visual field island, in terms of a superior versus infe-
rior hemifield comparison. For only 50.9% of the eyes 
was an agreement found.

A low–moderate correlation was found between 
mean deviation and the following GDx parameters in 
these eyes with end-stage glaucoma: TSNIT average, 
superior average, inferior average, TSNIT standard de-
viation, and NFI (R2 = 0.1, 0.1, 0.05, 0.05, and 0.02, 
respectively; pairwise correlations). No significant cor-
relation was found between any of the GDx parameters 
and the following Humphrey field analyzer parameters: 
pattern standard deviation and the reliability indices.

After categorizing the eyes into two groups based 
on a mean deviation value of between -20 and -30 dB 
(n = 43) versus -30 dB and worse (n = 13), there was 
a statistically significant difference between the groups 
for the TSNIT average value, as measured by the GDx 
(P = .008, t test).

DISCUSSION

End-stage glaucoma in this study was defined 
using a combination of both structural and func-

TABLE

Functional (VF) and Structural (GDx-VCC) Parameter Distribution
Parameter Mean ± SD Range

Mean deviation (dB) -26.75 ± 3.50 -20.02 to -32.45

Pattern standard deviation (dB) 8.46 ± 2.79 1.89 to 17.06

NFI 94.05 ± 7.54 67.00 to 98.00

TSNIT (µm) 29.76 ± 5.81 19.42 to 43.75

TSNIT SD (µm) 6.77 ± 2.46 1.64 to 15.15

Superior average (µm) 30.76 ± 6.25 19.55 to 47.08

Inferior average (µm) 31.14 ± 7.20 19.74 to 46.46

VF = visual field; SD = standard deviation; NFI = nerve fiber indicator; TSNIT = temporal, superior, nasal, inferior, temporal. 
The GDx-VCC is manufactured by Laser Diagnostic Technologies, Inc., San Diego, CA.
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tional parameters. In early glaucoma, Kwon et al.11 
described a bilinear relationship between visual field 
parameters and RNFL thickness, such that visual field 
defects appear only when the RNFL thickness falls 
below a certain value, consistent with the assumption 
that structural damage precedes measurable func-
tional deterioration. Furthermore, in their study, of 
all of the GDx parameters, the number had the high-
est correlation with the visual field mean deviation. 
Lan et al.12 found that several GDx parameters (the 
number, maximum modulation, and ellipse modula-
tion) showed high correlation with visual field indi-
ces, whereas no correlation was found between GDx 
parameters and the visual field pattern standard de-
viation parameter.

We are not aware of any published study that has 
examined structure–function correlation in end-stage 
glaucoma. It is not rare in glaucoma practice to en-
counter patients who retain good central acuity in 
the face of near-total RNFL loss, patients who are de-
fined as legally blind.20 At this time, as far as imaging 
state-of-the-art and clinical evaluation of the disc and 
RNFL, it appears that structure is less informative for 
such end-stage eyes and further follow-up might better 
rely on functional measures.

This is highlighted in the figure. Although the 
extent of visual field damage, as seen in the grayscale 
plots, seems to differ between these four eyes, the 
TSNIT graphs appear relatively uniform and are not 
able to differentiate between the severity of visual field 
defect found among these four eyes. Reus and Lemij 
studied the correlation between standard automated 
perimetry and the GDx-VCC and concluded that “pa-
tients with mild to moderate visual field loss in glauco-
ma may be better monitored with the GDx-VCC and 
patients who have severe loss, with standard automated 
perimetry” (p. 840), a conclusion that appears in line 
with our findings.21

The fact that RNFL thickness as determined 
with the GDx-VCC did not dip below 10 µm, even 
in eyes known to have little remaining vision (eyes in 
which the entire visual field grayscale appears black 
short of a small seeing island), suggests one of two 
possibilities. A measurement offset might exist in the 
data (also referred to as a floor effect); alternatively, 
the remaining RNFL supportive tissue present after 
most axons have been lost22 might still possess bire-
fringence properties.

REFERENCES

 1. Garway-Heath DF, Poinoosawmy D, Fitzke FW, 
Hitchings RA. Mapping the visual field to the optic 
disc in normal tension glaucoma eyes. Ophthalmology. 
2000;107:1809-1815.

 2. Sample PA, Bosworth CF, Blumenthal EZ, Girkin C, 
Weinreb RN. Visual function-specific perimetry for in-
direct comparison of different ganglion cell populations 
in glaucoma. Invest Ophthalmol Vis Sci. 2000;41:1783-
1790.

 3. Johnson CA, Sample PA, Cioffi GA, Liebmann JR, 
Weinreb RN. Structure and function evaluation 
(SAFE): I. Criteria for glaucomatous visual field loss 
using standard automated perimetry (SAP) and short 
wavelength automated perimetry (SWAP). Am J Oph-
thalmol. 2002;134:177-185.

 4. Johnson CA, Sample PA, Zangwill LM, et al. Structure 
and function evaluation (SAFE): II. Comparison of op-
tic disk and visual field characteristics. Am J Ophthal-
mol. 2003;135:148-154.

 5. Girkin CA. Relationship between structure of optic 
nerve/nerve fiber layer and functional measurements in 
glaucoma. Curr Opin Ophthalmol. 2004;15:96-101.

 6. Mardin CY, Horn FK, Jonas JB, Budde WM. Pre-
perimetric glaucoma diagnosis by confocal scanning 
laser tomography of the optic disc. Br J Ophthalmol. 
1999;83:299-304.

 7. Hollo G, Szabo A, Vargha P. Scanning laser polarimetry 
versus frequency-doubling perimetry and conventional 
threshold perimetry: changes during a 12-month fol-
low-up in preperimetric glaucoma: a pilot study. Acta 
Ophthalmol Scand. 2001;79:403-407.

 8. Medeiros FA, Sample PA, Zangwill LM, Bowd C, Ai-
hara M, Weinreb RN. Corneal thickness as a risk fac-
tor for visual field loss in patients with preperimetric 
glaucomatous optic neuropathy. Am J Ophthalmol. 
2003;136:805-813.

 9. Weinreb RN. Assessment of optic disc topography for 
diagnosing and monitoring glaucoma. Arch Ophthal-
mol. 1998;116:1229-1231.

 10. Kiriyama N, Ando A, Fukui C, et al. A comparison of 
optic disc topographic parameters in patients with pri-
mary open angle glaucoma, normal tension glaucoma, 
and ocular hypertension. Graefes Arch Clin Exp Oph-
thalmol. 2003;241:541-545.

 11. Kwon YH, Hong S, Honkanen RA, Alward WL. Corre-
lation of automated visual field parameters and peripap-



I M A G I N G

STRUCTURE–FUNCTION CORRELATION IN GLAUCOMA · Blumenthal et al. 223

I M A G I N G

illary nerve fiber layer thickness as measured by scan-
ning laser polarimetry. J Glaucoma. 2000;9:281-288.

 12. Lan YW, Henson DB, Kwartz AJ. The correlation be-
tween optic nerve head topographic measurements, 
peripapillary nerve fibre layer thickness, and visual field 
indices in glaucoma. Br J Ophthalmol. 2003;87:1135-
1141.

 13. Kerrigan-Baumrind LA, Quigley HA, Pease ME, Ker-
rigan DF, Mitchell RS. Number of ganglion cells in 
glaucoma eyes compared with threshold visual field 
tests in the same persons. Invest Ophthalmol Vis Sci. 
2000;41:741-748.

 14. Weinreb RN, Bowd C, Greenfield DS, Zangwill LM. 
Measurement of the magnitude and axis of corneal po-
larization with scanning laser polarimetry. Arch Oph-
thalmol. 2002;120:901-906.

 15. Colen TP, Tjon-Fo-sang MJ, Mulder PG, Lemij HG. 
Reproducibility of measurements with the nerve fiber 
analyzer (NfA/GDx). J Glaucoma. 2000;9:363-370.

 16. Kook MS, Sung K, Park RH, Kim KR, Kim ST, Kang 
W. Reproducibility of scanning laser polarimetry (GDx) 
of peripapillary retinal nerve fiber layer thickness in 

normal subjects. Graefes Arch Clin Exp Ophthalmol. 
2001;239:118-121.

 17. Rhee DJ, Greenfield DS, Chen PP, Schiffman J. Repro-
ducibility of retinal nerve fiber layer thickness measure-
ments using scanning laser polarimetry in pseudophakic 
eyes. Ophthalmic Surg Lasers. 2002;33:117-122.

 18. Blumenthal EZ, Frenkel S. Inter-device reproducibility 
of the scanning laser polarimeter with variable cornea 
compensation. Eye. 2005;19:308-311.

 19. Blumenthal EZ, Sapir-Pichhadze R. Misleading statis-
tical calculations in far-advanced glaucomatous visual 
field loss. Ophthalmology. 2003;110:196-200.

 20. Gillies WE, Brooks AM, Strang NT. Management and 
prognosis of end-stage glaucoma. Clin Experiment Oph-
thalmol. 2000;28:405-408.

 21. Reus NJ, Lemij HG. The relationship between standard 
automated perimetry and GDx VCC measurements. 
Invest Ophthalmol Vis Sci. 2004;45:840-845.

 22. Quigley HA, Addicks EM. Quantitative studies of 
retinal nerve fiber layer defects. Arch Ophthalmol. 
1982;100:807-814.


