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Quantitative Assessment of Atypical
Birefringence Images Using Scanning Laser

Polarimetry With Variable Corneal
Compensation
HARMOHINA BAGGA, MD, DAVID S. GREENFIELD, MD, AND WILLIAM J. FEUER, MS
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PURPOSE: To define the clinical characteristics of
typical birefringence images and to describe a quantita-
ive method for their identification.

DESIGN: Prospective, comparative, clinical observa-
ional study.

METHODS: Normal and glaucomatous eyes underwent
omplete examination, standard automated perimetry,
canning laser polarimetry with variable corneal compen-
ation (GDx-VCC), and optical coherence tomography
OCT) of the macula, peripapillary retinal nerve fiber
ayer (RNFL), and optic disk. Eyes were classified into
wo groups: normal birefringence pattern (NBP) and
typical birefringence pattern (ABP). Clinical, func-
ional, and structural characteristics were assessed sepa-
ately. A multiple logistic regression model was used to
redict eyes with ABP on the basis of a quantitative scan
core generated by a support vector machine (SVM) with
Dx-VCC.
RESULTS: Sixty-five eyes of 65 patients were enrolled.
BP images were observed in 5 of 20 (25%) normal eyes

nd 23 of 45 (51%) glaucomatous eyes. Compared with
yes with NBP, glaucomatous eyes with ABP demon-
trated significantly lower SVM scores (P < .0001,

0.0001, 0.008, 0.03, and 0.03, respectively) and
reater temporal, mean, inferior, and nasal RNFL thick-
ess using GDx-VCC; and a weaker correlation with
CT generated RNFL thickness (R2 � .75 vs .27). ABP

mages were significantly correlated with older age (R2 �
16, P � .001). The SVM score was the only significant
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P < .0001) predictor of ABP images and provided high
iscriminating power between eyes with NBP and ABP
area under the receiver operator characteristic curve �
.98).
CONCLUSIONS: ABP images exist in a subset of normal

nd glaucomatous eyes, are associated with older patient
ge, and produce an artifactual increase in RNFL thick-
ess using GDx-VCC. The SVM score is highly predic-
ive of ABP images. (Am J Ophthalmol 2005;139:
37–446. © 2005 by Elsevier Inc. All rights reserved.)

HE BASIC PATHOLOGIC CHANGE IN GLAUCOMA IS

loss of retinal ganglion cells and their axons result-
ing in retinal nerve fiber layer (RNFL) atrophy and

he optic nerve head changes pathgnomic of glaucoma.
canning laser polarimetry is one of the imaging modalities
vailable for quantitative assessment of RNFL. Linearly
olarized light traversing the RNFL is elliptically polarized,
nd the amount of linear retardation of light at each
orresponding retinal location is proportional to the RNFL
hickness.

To neutralize the confounding influence of corneal
irefringence on RNFL thickness, the latest commercial
olarimeter has an integrated variable corneal compensa-
or, which determines and neutralizes eye-specific corneal
olarization axis and magnitude using the concept of the
acula as an intraocular polarimeter.1–4 Several studies
ave shown that SLP with variable corneal compensation
GDx-VCC) significantly improves the structure-function
elationship,5–7 agreement with other imaging technolo-
ies,6,8 and discriminating power for glaucoma detec-
ion4,9,10 compared with scanning laser polarimetry with
xed corneal compensation.
Atypical patterns of peripapillary birefringence have

een observed in a subset of normal and glaucomatous
yes. Such images deviate from the normal pattern of
irefringence generally characterized by the presence of

igh peripapillary retardation superiorly and inferiorly that
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orresponds histologically to the distribution of the supe-
ior and inferior arcuate nerve fiber bundles. We hypoth-
sized that an atypical birefringence artifact can confound
he detection and quantification of glaucomatous damage.
he purpose of this investigation was to define the clinical
haracteristics of atypical birefringence images and to
escribe a quantitative method for their identification.

PATIENTS AND METHODS

ORMAL AND GLAUCOMATOUS EYES MEETING ELIGIBILITY

riteria were enrolled in this prospective study. Normal
ubjects represented volunteers from the Bascom Palmer
ye Institute and private patients. Informed consent was
btained from all subjects by a consent form approved by
he Institutional Review Board for Human Research of the
niversity of Miami School of Medicine, and all proce-

ures adhered to the tenets of the Declaration of Helsinki.
ll patients underwent complete ophthalmic examination

ncluding slit-lamp biomicroscopy, gonioscopy, pachym-
try, Goldmann applanation tonometry, dilated stereo-
copic examination of the optic disk and fundus, and
tandard automated perimetry (SAP). Optical coherence
omography (OCT) and GDx-VCC imaging were per-
ormed by one experienced operator (H.B.) within 6

IGURE 1. Normal birefringence pattern compared with atyp
utomated visual field (middle row), and scanning laser polarime
ow) in two glaucomatous eyes with normal birefringence pa
haracterized by alternating rings of low and high peripapillary
mage compared with the NBP image that demonstrates a signi
TSNIT) average (P < .5%) and inferior average retinal nerv
onths of the clinical examination. One eye per subject a

AMERICAN JOURNAL OF38
as enrolled. If both eyes met the eligibility criteria, one
ye was randomly selected.

Normal subjects had no history of ocular disease. All had
ntraocular pressure (IOP) less than or equal to 21 mm Hg by
oldmann applanation tonometry, normal optic disk appear-

nce based on clinical stereoscopic examination and review
f stereodisk photography, and normal perimetry. Absence of
laucomatous optic neuropathy was defined as vertical cup-
isk asymmetry less than 0.2, cup-to-disk ratio less than 0.6,
nd intact neuroretinal rim without peripapillary hemor-
hages, notches, localized pallor, or RNFL defect. Normal
isual field indices were defined as a mean defect and
orrected standard deviation within 95% confidence limits
nd a glaucoma hemifield test result within normal limits.

Glaucomatous optic neuropathy was defined as either
up-disk asymmetry between fellow eyes of greater than
.2, rim thinning, notching, excavation, or RNFL defect.
AP was performed with the Humphrey Field Analyzer
Carl-Zeiss Meditec, Dublin, California) using a Swedish
nteractive Testing algorithm standard strategy, program
4-2. Patients with visual field abnormalities had at least
ne confirmatory visual field examination. Visual field
bnormality was defined as GHT outside normal limits and
attern standard deviation of probability � 5%. Eyes with
isual acuity less than 20/40, peripapillary atrophy extend-
ng to 1.7 mm from disk center, retinal disease, or unreli-

birefringence pattern. Optic nerve photo (top row), standard
ith variable corneal compensation (GDx-VCC) image (bottom
(left panel) and atypical birefringence pattern (right panel)

rdation. Note the normal retardation parameters in the ABP
t reduction in the temporal, superior, nasal, inferior, temporal
r layer thickness (P < 1%).
ical
try w
ttern

reta
fican
e fibe
ble SAP (greater than 25% fixation losses, false-positive,

OPHTHALMOLOGY MARCH 2005



a
g

t
m
c
g
a
t
i
O
s
d
u
f
f
t
c
3
6

T
u
o
c
u
s
r
n
g
d
i
i
p
d
s
r
s
i

V

nd false-negative rates) were excluded from this investi-
ation.

OCT imaging (Stratus OCT, Carl-Zeiss Meditech) of
he peripapillary RNFL, optic nerve head (ONH) and
acula were performed in all patients within 6 months of

linical examination using version 3.0 software. Topo-
raphic measurements of the ONH using OCT are gener-
ted by identifying the edge of the optic nerve head as the
ermination of the retinal pigment epithelium/choriocap-
llaris layer and defining a parallel line 150 �m anteriorly.

NH images were obtained using six radial scans in a
pokelike pattern, each 4 mm long, centered on the optic
isk. Macular thickness measurements were generated
sing six radial lines, each 6 mm long, centered on the
ovea, to generate a macular map of 6 mm diameter. Data
rom the central 0.5 mm of the map were excluded because
he foveola is devoid of ganglion cells. Images with poor
entration, focus, or with a signal-to-noise ratio below
3 dB were excluded (3.0 Stratus OCT User’s Manual, pp.

TABLE 1. Clinical and Structural Character
Birefringence (NBP) and Atyp

Mean age (years) � SD

Sex

Male

Female

Race

White

Hispanic

Black

Mean IOP (mm Hg) � SD

Mean refractive error (D) � SD

Mean central corneal thickness (�m) � SD

Mean corneal polarization axis (degrees) � SD

Mean corneal polarization magnitude (nm) � SD

Mean visual field mean deviation (dB) � SD

Mean OCT RNFL thickness (�m) � SD

GDx-VCC parameters

Mean SVM score

Mean temporal average (�m) � SD

Mean RNFL thickness (�m) � SD

Mean inferior average (�m) � SD

Mean TSNIT SD (�m) � SD

Mean nasal average (�m) � SD

Mean superior average (�m) � SD

Mean NFI

Mean residual corneal birefringence � SD

GDx-VCC � scanning laser polarimetry with

pressure; NBP � normal birefringence pattern; N

tomography; RNFL � retinal nerve fiber layer;

machine; TSNIT � temporal, superior, nasal, in

*Chi-square test.
†Student t test.
-3). a

ATYPICAL BIREFOL. 139, NO. 3
GDx-VCC imaging (GDx-VCC, Laser Diagnostic
echnology, San Diego, California, USA) was performed
sing a circular scan (3.2 mm diameter) centered on the
ptic disk as described previously.6,11,12 Images were ex-
luded that were obtained during eye movement, as well as
nfocused, poorly centered images or images with a quality
core grade less than 8. Based on the pattern of the
etardation map, images were classified into two groups:
ormal birefringence pattern (NBP) and atypical birefrin-
ence pattern (ABP). NBP images were defined as retar-
ation maps with highest retardation superiorly and
nferiorly and low retardation nasally and temporally. ABP
mages were defined as retardation maps with alternating
eripapillary circumferential bands of low and high retar-
ation, variable areas of high retardation arranged in a
pokelike peripapillary pattern, or splotchy areas of high
etardation nasally and temporally. A quantitative scan
core (0–100 with lower scores associated with greater
mage atypia) based on a support vector machine (SVM)

of Normal Subjects (n � 20) With Normal
irefringence Patterns (ABP)

NBP (n � 15) ABP (n � 5) P Value

54 � 17 69 � 14 .11†

7 1 .30*

8 4

13 4 .15*

2 0

0 1

13.0 � 2.0 16.0 � 4.0 .20†

0.4 � 2.5 �1.0 � 3.7 .38†

559.3 � 9.6 562.4 � 16.6 .87†

19.8 � 17.0 20.3 � 11.0 .95†

35.0 � 13.8 47.6 � 9.1 .07†

�0.3 � 1.3 0.2 � 0.6 .40†

91.8 � 7.2 92.7 � 9.8 .84†

94.5 � 6.8 48.4 � 31.7 �.0001†

25.3 � 6.8 39.3 � 6.7 .0008†

53.8 � 2.8 59.1 � 3.0 .002†

61.2 � 3.8 67.0 � 3.4 .007†

21.8 � 5.2 18.0 � 3.5 .14†

42.2 � 9.1 45.4 � 6.7 .50†

65.2 � 7.1 67.1 � 6.6 .61†

18.5 � 6.6 19.4 � 4.6 .77†

5.4 � 2.5 6.0 � 1.6 .62†

ble corneal compensation; IOP � intraocular

nerve fiber indicator; OCT � optical coherence

� standard deviation; SVM � support vector

temporal.
istics
ical B

varia

FI �

SD

ferior,
nalysis was generated automatically for each image with
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Dx-VCC. The SVM score is based on the slope, standard
eviation, and average magnitude of the RNFL thickness
easurements from the edge of the optic nerve head

TABLE 2. Clinical and Structural Character
Normal Birefringence (NBP) and

Mean age (years) � SD

Sex

Male

Female

Race

White

Hispanic

Black

Mean refractive error (D) � SD

Mean IOP (mm Hg) � SD

Mean central corneal thickness (�m) � SD

Mean corneal polarization axis (degrees) � SD

Mean corneal polarization magnitude (nm) � SD

Mean visual field mean deviation (dB) � SD

Mean OCT RNFL thickness (�m) � SD

GDx-VCC parameters

Mean SVM score

Mean temporal average (�m) � SD

Mean RNFL thickness (�m) � SD

Mean inferior average (�m) � SD

Mean nasal average (�m) � SD

Mean superior average (�m) � SD

Mean TSNIT SD (�m) � SD

Mean NFI

Mean residual corneal birefringence � SD

D � diopters; GDx-VCC � scanning laser po

intraocular pressure; NBP � normal birefringenc

coherence tomography; RNFL � retinal nerve fiber

machine; TSNIT � temporal, superior, nasal, infer

*Chi-square test.
†Student t test.

TABLE 3. Correlation Between GDx-VCC Average RNFL
Assessment Using OCT in Eyes (n � 65) With Normal B

NBP (n � 39)

R2 P

Visual field MD (dB) � SD .71 �

OCT RNFL thickness (�m) � SD .75 �

Rim area (mm2) � SD .76 �

Rim volume (mm3) � SD .48

Vertical cup-to-disc ratio .41

Mean macular thickness (�m) � SD .33

ABP � atypical birefringence pattern; GDx-VCC � scanning l

birefringence pattern; OCT � optical coherence tomography; RNFL
xtending outward to 20 degrees. The slope, standard a

AMERICAN JOURNAL OF40
eviation, and average magnitude are calculated separately
or each quadrant (superior, inferior, temporal, and nasal)
nd along a wedge in each quadrant. SVM scores were

of Glaucomatous Subjects (n � 45) With
cal Birefringence Patterns (ABP)

NBP (n � 22) ABP (n � 23) P Value

65 � 13 74 � 7 .007†

7 7 .92*

15 16

17 23 .02*

3 0

2 0

0.03 � 2.5 �1.0 � 2.3 .20†

15.0 � 4.0 13.0 � 4.0 .10†

542.7 � 30.0 539.3 � 35.4 .73†

12.0 � 10.4 17.0 � 11.4 .14†

39.6 � 16.8 36.0 � 14.4 .45†

�9.3 � 11.4 �8.0 � 8.1 .66†

67.0 � 22.8 65.9 � 18.6 .86†

93.7 � 6.2 35.7 � 32.0 �.0001†

30.0 � 8.5 45.0 � 13.4 �.0001†

43.2 � 10.8 52.2 � 10.9 .008†

48.0 � 14.3 58.1 � 15.5 .03†

35.0 � 9.5 41.3 � 10.0 .03†

49.6 � 16.2 55.8 � 11.8 .15†

15.1 � 7.6 13.5 � 4.8 .40†

56.3 � 32.4 42.3 � 24.9 .11†

5.2 � 2.9 5.0 � 2.5 .78†

etry with variable corneal compensation; IOP �

ern; NFI � nerve fiber indicator; OCT � optical

; SD � standard deviation; SVM � support vector

mporal; VCC � variable corneal compensation.

kness, Visual Field Mean Deviation (MD), and Structural
gence (NBP) and Atypical Birefringence Patterns (ABP)

ABP (n � 26) NBP vs ABP (n � 65)

R2 P Value P Value

.42 .0002 .09

.29 .005 .01

.27 .02 .004

.28 .01 .30

.19 .05 .26

.21 .02 .57

polarimetry with variable corneal compensation; NBP � normal

tinal nerve fiber layer.
istics
Atypi

larim

e patt

layer

ior, te
Thic
irefrin

Value

.0001

.0001

.0001

.0007

.003

.0002

aser
nalyzed separately in normal and glaucomatous eyes using
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ultiple logistic regression analysis to provide an objective
eans of predicting the probability of ABP images.
Statistical analysis was performed using JMP (SAS

nstitute) and SPSS software (Chicago, IL). Bivariate
earson correlations were calculated and multiple linear
egression models were constructed to determine the in-
uence of SVM score on RNFL assessments using GDx-
CC. A logistic regression model was constructed to
etermine whether SVM score was a significant predictor
f ABP images as well as to determine the probability of
BP images separately in normal and glaucomatous eyes at
given SVM score. Receiver operator characteristic

ROC) curves and the area under the receiver operating
haracteristic (AUROC) curves were quantified for SVM
sing the method described by Hanley and associates.13 A
value less than or equal to .05 was considered statistically

ignificant.

RESULTS

IXTY-FIVE EYES OF SIXTY-FIVE PATIENTS (45 GLAUCOMA, 20

ormal) were enrolled (mean age 66 � 14 years, range
8–85). Average visual field mean deviation (MD) in
laucomatous eyes was –8.6 � 9.8 dB (range 1.9–32.8).
BP images were observed in 5 of 20 (25%) normal eyes,

nd 23 of 45 (51%) glaucomatous eyes. Figure 1 illustrates

IGURE 2. Scanning laser polarimetry with variable cornea
Dx-VCC retinal nerve fiber layer thickness retardation ima

llustrated in nine subjects. Note that the overall posterior segm
ecreased SVM score.
he characteristic retardance map in two glaucomatous (

ATYPICAL BIREFOL. 139, NO. 3
yes with an NBP image (left panel) and ABP image (right
anel) characterized by alternating rings of low and high
eripapillary retardation. Note the normal retardation
arameters in the ABP image compared with the NBP
mage that demonstrates a significant reduction in the
emporal, superior, nasal, inferior, temporal (TSNIT) av-
rage (P � .5%) and inferior average RNFL thickness (P �
%).
Tables 1 and 2 illustrate the clinical and structural

haracteristics of the study population in normal and
laucomatous eyes, respectively. Compared with eyes with
BP, glaucomatous eyes with ABP demonstrated a signif-

cantly (P � .0001, �0.0001, 0.008, 0.03, and 0.03,
espectively) lower SVM score and greater temporal,
ean, inferior, and nasal RNFL thickness using GDx-
CC. As demonstrated in Table 2, although the severity
f visual field and OCT-generated RNFL atrophy were
imilar in eyes with NBP and ABP, eyes with ABP had
ignificantly greater measured RNFL thickness using GDx-
CC.
Table 3 demonstrates the correlation between GDx-

CC mean RNFL thickness visual field mean deviation,
nd structural assessments using OCT in eyes with NBP
nd ABP. Compared with eyes with NBP, eyes with ABP
emonstrated a weaker correlation with visual field MD
R2 � .71 vs .42, P � .09), and OCT generated RNFL
hickness (R2 � .75 vs .29, P � .01), macular thickness

pensation (GDx-VCC) and support vector machine score.
nd the respective support vector machine (SVM) scores are
retardation and magnitude of ABP image atypia increases with
l com
ges a
ent
R2 � .33 vs .21, P � .57), vertical CDR (R2 � .41 vs .19,
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� .26), rim area (R2 � .76 vs .27, P � .004), and rim
olume (R2 � .48 vs .28, P � .3). These respective
orrelations were weakened by assessing the entire group
n � 65) without separately extracting the eyes with ABP
or visual field MD (R2 � .51 vs .71), OCT generated
NFL thickness (R2 � .41 vs .75), macular thickness

R2 � .15 vs .33), vertical CDR (R2 � .18 vs .41), rim area
R2 � .36 vs .76), and rim volume (R2 � .28 vs .48). The
iscriminating power of mean RNFL thickness using GDx-
CC was greater (P � .38) in eyes with NBP (AUROC �

86) compared with eyes with ABP (AUROC � .77) but
as not statistically significant.
The mean SVM score of the study population was 69.9 �

5.1 (range 0–100). Mean SVM score was significantly (P
.0001) higher in normal and glaucomatous eyes with

BP images (94.5 � 6.8, 93.7 � 6.4) compared with ABP
mages (48.4 � 31.7, 35.7 � 32.0). Figure 2 illustrates the

Dx-VCC RNFL retardation images and the respective
VM scores in nine subjects. Note that the overall
osterior segment retardation and magnitude of ABP
mage atypia increases with decreased SVM score.

Table 4 demonstrates the correlation between the SVM
core, clinical characteristics, and structural assessments in
ormal and glaucomatous eyes (n � 65). Among the study
opulation (n � 65), the SVM score negatively correlated

TABLE 4. Correlation Between the SVM Score, Clinical
Characteristics, and Structural Assessments (n � 65)

SVM Score

R2 P Value

Mean age (years) � SD .16 .001

Mean refractive error (D) � SD .03 .20

Mean IOP (mm Hg) � SD �.0001 .98

Mean central corneal thickness (�m) � SD .01 .50

Mean visual field MD (dB) � SD .001 .78

Mean OCT RNFL thickness (�m) � SD .06 .06

GDx-VCC parameters

Mean temporal average (�m) � SD .65 �.0001

Mean inferior average (�m) � SD .13 .003

Mean RNFL thickness (�m) � SD .16 .001

Mean TSNIT SD (�m) � SD .05 .06

Mean nasal average (�m) � SD .05 .07

Mean superior average (�m) � SD .01 .33

Mean NFI � SD .01 .55

Mean residual birefringence (�m) � SD .0003 .90

Mean corneal birefringence axis .005 .58

Mean corneal retardance (�m) � SD .01 .37

ABP � atypical birefringence pattern; CCT � central corneal

thickness; GDx-VCC � scanning laser polarimetry with variable

corneal compensation; IOP � intraocular pressure; MD � mean

deviation; NFI � nerve fiber indicator; OCT � optical coherence

tomography; SVM � support vector machine; TSNIT � tempo-

ral, superior, nasal, inferior, temporal.
ith older age (R2 � .16, P � .001) but did not correlate a

AMERICAN JOURNAL OF42
P � .05) with refractive error, sex, corneal birefringence
xis or magnitude, central corneal thickness, visual field
D, or OCT RNFL thickness. The SVM score strongly

orrelated (R2 � .65, P � .0001) with temporal RNFL
hickness using GDx-VCC. Furthermore, the SVM score
emonstrated a significant correlation with mean RNFL
hickness (R2 � .16, P � .001) and inferior average (R2 �
13, P � .003) RNFL thickness using GDx-VCC. Multiple
inear regression models were constructed to predict the
nfluence of the SVM score on GDx-VCC-generated
NFL thickness measurements. The SVM score was found

o significantly (P � .0001) influence the temporal RNFL
hickness so that a decrease in the SVM score by 1 U
roduced an increased temporal RNFL thickness by 2.2
m. Figure 3 illustrates a scatterplot of temporal RNFL

hickness values against the SVM score (R2 � .65, P �
0001). Eyes with NBP tended to have higher SVM scores
nd lower temporal RNFL thickness values; eyes with ABP
emonstrated relatively lower SVM scores and increased
emporal RNFL thickness values.

Figure 4 illustrates the distributions of SVM scores for
BP and ABP images in normal and glaucomatous eyes as

ox and whisker plots. Horizontal lines indicate medians;
oxes indicate the 25th and 75th percentiles; whiskers
rovide an estimate of the range. Note that there is little
verlap between the subjective grading of birefringence
atterns and the SVM scores, suggesting that the SVM
cores provided excellent discrimination between atypical
nd normal birefringence patterns based on the subjective
rading.

Using a multiple logistic regression model, the SVM
core was the only significant (P � .0001) predictor of
typical birefringence. No relationship between the SVM
core and presence or absence of glaucomatous damage was
bserved (P � .77), suggesting that at a given SVM score,
he probability of an image with ABP is similar in normal
nd glaucomatous eyes. Figure 5 illustrates the predicted
robability of an ABP image in normal and glaucomatous
yes given the SVM score. Eyes with an SVM score of

60 had a 100% probability of an ABP image in this
ohort. Figure 6 illustrates the ROC curve for the SVM
core and demonstrates a high discriminating power for
eparating eyes with NBP and ABP (AUROC � 0.98,
ensitivity 93%, specificity 92% at SVM score cutoff of
2.5).

DISCUSSION

LAUCOMA IS A MULTIFACTORIAL OPTIC NEUROPATHY

nown to cause progressive loss of retinal ganglion cells
nd their axons leading to a reduction in the thickness of
he RFNL. Imaging technologies such as scanning laser
olarimetry and OCT represent useful methods for objec-
ive detection and quantification of glaucomatous RNFL

trophy. Both technologies have been demonstrated to

OPHTHALMOLOGY MARCH 2005
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ave high levels of reproducibility,14–19 incorporate age-
atched normative data, and allow noninvasive assess-
ent of the peripapillary RNFL20–24 through an undilated

IGURE 3. Temporal retinal nerve fiber layer thickness (RNF
f temporal RNFL thickness is illustrated against the SVM sco
NBP) tended to have higher SVM scores and lower tempora
ABP) demonstrated relatively lower SVM scores and increase

IGURE 4. Distribution of support vector machine score. D
irefringence pattern (NBP) and atypical birefringence pattern (
nd whisker plots. Horizontal lines indicate medians; boxes ind
f the range. Note that there is little overlap between the subject
hat the SVM scores provided excellent discrimination between
rading.
upil. a
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GDx-VCC represents the latest commercial polarimeter
nd provides neutralization of eye-specific corneal birefrin-
ence axis and magnitude resulting in enhanced diagnostic

mpared with support vector machine (SVM) score. Scatterplot
2 � .65, P < .0001). Eyes with normal birefringence pattern
FL thickness values; eyes with atypical birefringence pattern
poral RNFL thickness values.

bution of support vector machine (SVM) scores for normal
) images in normal and glaucomatous eyes are illustrated as box
the 25th and 75th percentiles; whiskers provide an estimate

rading of birefringence patterns and the SVM scores, suggesting
ical and normal birefringence patterns based on the subjective
L) co
re (R
l RN
d tem
istri
ABP
icate

ive g
atyp
ccuracy.1,4–7,9,10,25 This study reveals that atypical images
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xist in a subset of normal and glaucomatous eyes. Because
ur study concerns nonconsecutive pilot data, the exact
revalence remains to be established in larger, consecutive,
rospective series. It has been estimated that the overall
revalence of such images is approximately 10% (personal
ommunication, Michael J. Sinai, Laser Diagnostic Tech-
ology, San Diego, California).
The pathophysiology of ABP images is unknown. It has

een hypothesized that such images occur in the presence
f low signal-to-noise ratio resulting from loss or diminu-
ion of reflectivity from the retinal pigment epithelium.
he low signal-to-noise ratio produces an increased gain to
ugment the polarization signal, which paradoxically in-
reases noise from deeper retinal structures such as the
clera. Although there has been speculation that such
mages are associated with high myopia, we found no
ignificant relationship with refractive error, although eyes
ith ABP tended to be slightly more myopic. There was a

ignificant association between ABP and increased age,
hich may reflect diminution of the retinal pigment
pithelium with age. We also found a significantly higher
revalence of ABP images in Caucasian eyes with glau-
oma, although the precise relationship between race and
BP is limited by our sample size.
Our data demonstrate that eyes with ABP have an

IGURE 5. Probability of atypical birefringence pattern (ABP
iven the support vector machine (SVM) score is illustrated i
nalysis.
ncrease in the apparent RNFL thickness using GDx-VCC. s

AMERICAN JOURNAL OF44
lthough glaucomatous eyes with ABP images had signif-
cantly greater mean, nasal, and inferior average RNFL
hickness, the alteration in SNR was manifest most prom-
nently in the temporal region of the peripapillary RNFL.
sing multiple linear regression models, a decrease in
VM score by 1 U predicted overestimation of the tem-
oral RNFL thickness by 2.2 �m, but prospective valida-
ion is warranted using an independent study population.
he mechanism underlying this observation remains un-
lear but may in part be related to differences in the
olarization characteristics or reflectivity of the temporal
undus. Further study is necessary to determine a causal
elationship with axial length, ultrasound characteristics
f posterior segment curvature, or differential fundus
igmentation.
Eyes with ABP had significantly weaker correlation with

isual field MD and structural assessments generated with
CT (Table 3). Inclusion of such eyes will adversely affect

he discriminating power of this technology. As expected,
he discriminating power of GDx-VCC mean RNFL thick-
ess was lower in eyes with ABP compared with eyes with
BP. Clinicians and investigators should be aware of this

henomenon and exhibit caution when interpreting the
etardance parameters generated in such eyes. Software

age. Predicted probability of an atypical birefringence pattern
rmal and glaucomatous eyes using multiple logistic regression
) im
n no
trategies to reduce and or correct ABP images would be
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xpected to further improve the diagnostic accuracy of this
echnology and are currently under investigation.

Our data demonstrate that the SVM score generated
utomatically by GDx-VCC software is a reliable predictor
f ABP image artifact. As demonstrated in Figure 4, SVM
cores �60 have a high probability of ABP. It should be
oted, however, that the discriminating performance of
he SVM score is fundamentally based on the subjective
ssessment of image quality and criteria for ABP images as
efined in this investigation. The probability of atypical
irefringence was similar in normal and glaucomatous eyes
t any given SVM score. Furthermore, as illustrated in
igure 5, the SVM score had high diagnostic precision for
iscriminating eyes with NBP and ABP. These data
uggest that the SVM score should be obtained in all
ubjects, and further studies involving GDx-VCC should
onsider exclusion of eyes with a score �60.

In conclusion, ABP images exist in a subset of normal
nd glaucomatous eyes, are associated with older patient
ge, and produce an artifactual increase in RNFL thickness
sing GDx-VCC and a weak correlation with structural
ssessments obtained using OCT. The SVM score is highly
redictive of ABP images and has high discriminating

IGURE 6. Discriminating power of support vector machine (S
core in separating normal birefringence patterns from atypical b
AUROC]� 0.98, sensitivity 93%, specificity 92% with an S
ower between ABP and NBP images.
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