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Abstract
Aim—To evaluate, within ocular imaging scans of acceptable quality as determined by
manufacturers' guidelines, the effects of image quality on glaucoma discrimination capabilities.

Methods—One hundred and four healthy and 75 glaucomatous eyes from the Advanced Imaging
in Glaucoma Study (AIGS) were imaged with GDx-VCC, HRT II and StratusOCT. Quality score
(QS≥8), pixel standard deviation (SD≤50) and signal strength (SS≥5) were used as quality
parameter cut-offs, respectively. GDx nerve fibre indicator (NFI) and HRT Moorfields regression
analysis (MRA) classifications and OCT mean retinal nerve fibre layer (RNFL) thickness were
used as the discriminatory parameters. Logistic regression models were used to model the
dichotomous clinical classification (healthy vs glaucoma) as a function of image-quality
parameters and discriminatory parameters.

Results—Quality parameter covariates were statistically non-significant for GDx and HRT but
had an inverse effect on OCT in predicting disease (a higher SS had a lower probability of
glaucoma). Age was a significant covariate for GDx and HRT, but not OCT, while ethnicity and
interaction between the image quality and the institute where scans were acquired were significant
covariates in the OCT models.

Conclusion—Scan quality within the range recommended as acceptable by the manufacturer of
each imaging device does not affect the glaucoma discriminating ability of GDx or HRT but does
affect Stratus OCT glaucoma discrimination.

The role of imaging devices in glaucoma diagnosis has been increasing in recent years by
providing an automated, objective, reliable and accurate way of quantifying glaucomatous
damage.1–5 Diagnostic performance of imaging devices depends on various factors, such as
operator skill, quality of image, quality of analysis, individual anatomical variability and
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pathologies of ocular structures.6–12 Previous studies have shown that these factors affect
the measurements obtained by imaging devices and consequently might affect the diagnostic
performance.6 7 10 The manufacturer of the imaging devices defined a range for acceptable
scan quality that depends on the appearance of the scan, but the effect of this range on the
diagnostic ability has not been tested. The purpose of this study was to test the hypothesis
that prediction of healthy and glaucomatous eyes is not affected by image quality for images
within the manufacturer recommended and commonly used range that defines good-quality
images. Validating this hypothesis can ensure the user that all images considered acceptable
quality have a similar diagnostic performance. We examined the effect of image quality on
diagnostic performance in three commonly used ocular imaging technologies: scanning laser
polarimetry (SLP), confocal scanning laser ophthalmoscopy (CSLO) and optical coherence
tomography (OCT).

Methods
All healthy and glaucomatous subjects from the Advanced Imaging in Glaucoma Study
(AIGS) were enrolled in this study. AIGS is a multicentre National Institutes of Health
funded clinical trial designed to investigate advanced imaging technologies that can improve
the detection and management of glaucoma. The study was approved by the Institutional
Review Board/Ethics Committee, and adhered to the Declaration of Helsinki and Health
Insurance Portability and Accountability Act regulations, with informed consent obtained
from all patients.

The study participants underwent a full ocular examination, including intraocular pressure
(IOP) measurements and gonioscopy, central corneal pachymetry, anterior and posterior
segment biomicroscopy before and after pupil dilation, visual-field (VF) testing, and ocular
imaging with SLP, CSLO and OCT, all within a 6-month time period. Pharmacological
dilation was provided if the pupil diameter was less than 3 mm. Exclusion criteria for the
study were age less than 40 or greater than 80 years, history of ocular trauma or surgery
other than uncomplicated cataract surgery, best-corrected visual acuity worse than 20/40,
refractive error greater than +3.0 D or less than −7.0 D, central corneal thickness <500 μm,
inability to view the optic nerve head or obtain acceptable imaging scans due to media
opacity or poorly dilating pupil, ocular disease other than glaucoma or other diseases that
might cause VF abnormalities.

Central corneal thickness was measured using ultrasound pachymetry (Pachette 2, DGH
Technology, Exton, Pennsylvania).

All subjects had reliable Swedish interactive thresholding algorithm (SITA) 24–2 standard
perimetry (Carl Zeiss Meditec, Dublin, California). A reliable VF test was defined as one
with <30% fixation losses, false-positive or false-negative responses.

Healthy subjects were friends of patients with normal ocular examination, open anterior
chamber angle and IOP ≤21 mm Hg. All healthy subjects had normal VF with mean
deviation (MD) and pattern standard deviation (PSD) within 95% of the normal population
and glaucoma hemifield test (GHT) within normal limits.

Glaucoma subjects had at least one of the following structural abnormalities detected during
clinical examination: diffuse or localised thinning of the neuroretinal rim, vertical cup-to-
disc ratio difference between eyes >0.2, disc haemorrhage or retinal nerve fibre layer
(RNFL) defect. All glaucoma subjects had reproducible VF abnormalities, defined as MD
and/or PSD outside 95% of the normal population or GHT outside normal limits.
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Imaging
All participants were imaged with SLP (GDx-VCC; Carl Zeiss Meditec; Software version
5.5.1.5), CSLO (Heidelberg Retina Tomography, HRT II; Heidelberg Engineering,
Heidelberg, Germany; Software version 1.4.1.0) and OCT (StratusOCT; Carl Zeiss Meditec;
Software version 4.0) devices. Each device provides unique parameters for quality
assessment. We selected quality score (QS) for GDx-VCC, pixel standard deviation (SD) for
HRT II and signal strength (SS) for StratusOCT as quality parameters to be used for the
analysis. These parameters appear in the standard output of each device and are easily
accessible in a clinical setting. Eligible eyes had good-quality images as defined by the
manufacturer of each device: QS ≥8 (GDx-VCC),13 SD <50 (HRT II)14 and SS ≥5
(StratusOCT).15 If both eyes were eligible for the study, the eye with the lower-quality score
was chosen, to give the widest spread of quality scores within good-quality image
boundaries. In addition, data were also collected from all qualified eyes regardless of their
scan quality to evaluate the effect throughout the quality range. However, due to the uneven
and limited number of scans beyond the manufacturer's recommended limits among the
technologies (31 scans for GDx, 22 scans for HRT and two scans for OCT), this information
was used only as a secondary analysis.

The nerve fibre indicator (NFI) from GDx-VCC analysis, Moorfields regression analysis
(MRA) classification from HRT II and average RNFL thickness as obtained by the fast
RNFL circumpapillary scan protocol of StratusOCT were used as the discriminatory
parameters. These parameters are those most commonly used in clinical practice for
glaucoma detection and have been demonstrated to provide good discriminatory ability
between healthy and glaucomatous eyes.1 3 16 The NFI cut-off for outside normal limits was
>40, borderline was 28 to 40, and within normal limits was <28, according to the
manufacturer criteria. MRA is reported by the HRT as within normal limits, borderline or
outside normal limits. The categorical classification of these discriminatory parameters and
OCT average RNFL thickness were considered in our analysis.

Statistical analysis
The primary analysis was conducted with all qualified eyes that had image quality within the
manufacturer recommended limits. A secondary analysis was conducted with all eyes
regardless of their image quality. The Student t test, Wilcoxon test (for skewed data) and χ2

test were used to compare the demographic, clinical characteristics and imaging devices'
measurements of the healthy and glaucoma groups. The area under the receiver operating
characteristic curve (AUC) was calculated for each discriminatory parameter alone, as well
as for the model with age, ethnicity, site and quality score information. Separately for GDx,
HRT and OCT, logistic regression models were used to assess the relation between the scan
quality, demographic variables (age, ethnicity and site), and discriminatory parameter and
interactions among the various components. The Akaike Information Criterion (AIC),17 was
used to determine whether a significant decrement in goodness of fit occurred after
removing effects from the model. The AIC is considered to be the preferable way for
choosing the best model of a set of plausible models for a given data set.18 p Values of
<0.05 were considered statistically significant. Specificity and sensitivity were calculated for
different image-quality cut-offs. For this calculation, images that were classified as
borderline were grouped with outside normal limit results.

Results
One hundred and four healthy eyes (104 subjects) and 75 glaucomatous eyes (75 subjects)
were analysed for this study. Detailed demographics and clinical characteristics of the
participants are described in table 1. In all three subgroups, the healthy subjects were
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significantly younger than the glaucoma subjects. The glaucomatous VF damage was mild
to moderate as indicated by the MD (∼−4.00 dB). Structural measurements obtained by the
imaging devices are summarised in table 2. The distribution of the quality parameters among
the technologies is presented in fig 1.

GDx-VCC
One hundred and forty-eight eyes out of the 179 study eyes had eligible GDx, with 88
healthy and 60 glaucomatous eyes. None of the qualified images showed atypical
birefringence. Using NFI as the classification criterion, 107 eyes were defined as within
normal limits, 15 were borderline, and 26 were outside normal limits. The AUC for NFI
alone was 0.894, and when accounting for age, ethnicity, site and quality, the score was
0.916. Among the various models that were tested, the lowest AIC (and therefore the best
model to be used) included age (p=0.003) and NFI (p<0.001) only. This model was superior
to other tested models that included other variables (including QS) and interactions among
the variables. Therefore, scan quality did not add any valuable information or affect the
ability to predict glaucoma in scans that were defined by the manufacturer as good-quality
scans. Using all images with QS≥8 (88 healthy eyes and 60 glaucomatous eyes) the
specificity and sensitivity of GDx NFI were 93.2% and 68.3%, respectively. Including only
images with QS≥9 (64 healthy eyes and 37 glaucomatous eyes) the specificity and
sensitivity were slightly higher: 95.3% and 73.0%, respectively.

HRTII
One hundred and fifty-seven eyes out of the 179 study eyes had eligible HRT with 95
healthy and 62 glaucomatous eyes. MRA classified 97 eyes as within normal limits, 23 as
borderline and 37 as outside normal limits. AUC for MRA alone was 0.782, and when age,
ethnicity, site where scanning occurred and quality score were accounted for, AUC was
0.885. The best logistic regression model for glaucoma prediction included age, ethnicity,
site, MRA and interactions between sites and MRA. The only statistically significant
variables in this model were age (p=0.0004) and an interaction between MRA borderline
classification and one of the sites (p=0.04). Since none of the models that included SD was
selected by the AIC analysis, it can be concluded that this variable did not add any valuable
information in predicting glaucoma. Using all images with pixel SD <50, the specificity of
HRT MRA was 83.2% with a sensitivity of 71.0%. When using only images with SD <30,
the specificity and sensitivity remained similar (87.7% and 67.4%, respectively).

StratusOCT
One hundred and seventy-seven eyes out of the 179 study eyes had eligible OCT with 104
healthy and 73 glaucomatous eyes. Based on the comparison of mean RNFL thickness with
the normative database, 128 were defined as within normal limits, 17 as borderline and 32 as
outside normal limits. AUC for average RNFL thickness was 0.918. When signal strength,
age, ethnicity and site were accounted for, AUC was 0.942. The best random intercept
logistic regression model included age, ethnicity, site, average RNFL thickness, SS and
interactions between sites and age. Statistically significantly variables in this model included
ethnicity (p=0.03), one of the sites (p=0.01), average RNFL thickness (p<0.001) and
interactions between age and two of the sites (p=0.04 and 0.009). SS had a negative effect
on discrimination, shown by a negative coefficient in the logistic regression model, meaning
that higher SS tended to have a lower probability of glaucoma and vice versa but had a
weaker effect than any other covariate that was included in the model (p=0.07). The
specificity and sensitivity of OCT mean RNFL thickness when using all images with SS ≥5
were 96.2% and 61.6%, respectively. Using images with SS ≥8, the specificity remained
similar (97.1%), but the sensitivity declined to 53.6%.
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All three imaging devices showed a linear relationship between the quality parameters and
glaucoma prediction on the logit scale. Similar findings were also observed in the secondary
analysis where all eyes that were scanned were enrolled regardless of their quality
parameters. It is therefore impossible to define quality cut-offs for all three devices where
scan quality will affect the ability to detect glaucoma.

Discussion
In this study, we evaluated the effect of scan quality on the glaucoma discriminating ability
of commonly used imaging modalities' acceptable quality scans. We found that among
“acceptable” scans, image quality did not statistically significantly affect the prediction of
disease for GDx-VCC and HRT II, and had an inverse effect on StratusOCT (a higher SS
had a lower probability of glaucoma). Age was a consistent statistically significant variable
for GDx and HRT, while ethnicity and the institute where the scan was obtained affected
only OCT.

When evaluating the relationship with scan quality for the various devices, one should
consider the different properties of each of the quality parameters. The QS of GDx-VCC is
defined by proprietary software that takes into account alignment, fixation, refraction and
others.13 The HRTII scan comprises three consecutive images, which are averaged into a
single mean topographic image. The SD in HRTII standard output is the SD for the height
measurement of each pixel for three images. Although this parameter is considered the
quality parameter for HRTII, it is more specifically defining a measure of reproducibility or
repeatability of three images. The SS of OCT is also a product of proprietary software that
takes into account the intensity level of the signal along with the uniformity of the signal
within a scan.15

GDx QS did not affect the prediction of disease, and so it can be considered a robust
indicator for useful scans. However, the narrow range of acceptable QS (8–10) caused a
relatively high proportion of inadequate-quality scans (16 healthy and 15 glaucomatous
eyes) even in the hands of highly trained and certified operators in this multicentre study.
This substantially higher failure rate than with other devices is decreasing the utility of the
device in the clinical setting.

Although HRT SD did not show a statistically significant effect on disease detection, this
may be due to the limited reflection of this parameter on the true quality properties of the
scan; for example, consistently poor quality throughout the three scans may yield an overall
low SD interpreted as an indication of a good-quality scan. We expect that our results are
valid also for the newer iteration of this technology (HRT 3) as the fundamental properties
used for the calculation of SD remain identical, even though some adjustments have been
made in the reported stereometric parameters.19 However, in HRT 3, some additional
quality parameters are reported, such as scan centration, illumination, etc, though they are
not reflected in a quantitative value. The utility of this additional information should be
evaluated further.

The results of the current study using OCT are consistent with those of a previous study that
demonstrated that scan-quality deterioration affected RNFL thickness measurements and
therefore influenced the discrimination ability as observed in the current study.6 The
previous study evaluated the effect of corneal dryness on scan quality and RNFL thickness
measurements with repetitive scanning through the process of corneal drying. Even though
the previous study included a large number of scans with poor quality as per the
manufacturer definitions, the findings were in line with the current study where only good-
quality scans were included.
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Given the near linear relationship between scan quality and glaucoma prediction on the logit
scale that was observed with all three imaging devices, the bias imposed by the scan quality
affects the discriminating ability throughout the quality range. It was expected that a linearly
changing relationship would exist for poorer-quality scans but that this would level off at the
higher values, where high-quality scans had all similar discrimination capabilities. However,
the linear effects of the quality extended through all quality scores, even when poor-quality
images were included in the analysis (secondary analysis). Therefore, we cannot recommend
any adjustment to the quality cut-off. When arbitrary image-quality cut-offs were selected,
we observed a slight improvement in specificity with slight reduction in sensitivity in the
subgroup that included only better-quality images for HRT and OCT. For GDx, the
subgroup with better image quality showed a slight improvement in both specificity and
sensitivity. While image quality had an effect on discrimination ability, it should be noted
that the images with higher quality encompassed a different subgroup of the study group for
each device, and so caution should be used in a direct comparison of these results.

Age has been shown in numerous studies to be strongly related to the prediction of
glaucoma, corresponding to the higher prevalence of the disease in aged populations.20–25

Therefore, the significant age effect in the model for two of the devices is as expected.
However, the reason for the significant contribution of ethnicity and the institute where the
OCT scan was acquired is unclear and may be related to the variety of operator skill at
different sites on scan quality for OCT compared with HRT and GDx.

Caution should be used when comparing the AUCs among the devices, since the study
population varied slightly between the devices due to differences in qualified scans. Another
possible limitation of the study stems from the clinical definition that was made by
numerous clinicians across the different study sites. However, the clinicians followed a
rigorous study protocol, and so this limitation should have only a small effect on our results.

In conclusion, image-quality parameters may play a role in the measurements obtained by
ocular imaging devices, but when the images are within the range that the manufacturers
defined as good quality, they do not significantly affect the ability of the machine to detect
glaucoma for GDx and HRT but influence the ability for OCT. It is therefore recommended
that OCT scan quality be accounted for when comparing scans of different quality.
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Figure 1.
Histograms of the number of eyes with each of the quality parameters of GDx-VCC (quality
score), HRT II (standard deviation) and StratusOCT (signal strength).
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Table 2

Representative results of healthy and glaucoma groups obtained with the imaging devices

Device Parameter Healthy Glaucoma p Value

GDx-VCC
n=148

Temporal superior nasal inferior temporal (μm) 58.3 (5.9) 49.0 (7.4) <0.001*

Nerve fibre indicator 15.3 (8.3) 37.0 (16.8) <0.001†

Quality score 8.8 (0.6) 8.7 (0.6) 0.14*

HRTII
n=157

Disc area (mm2) 1.97 (0.46) 2.13 (0.74) 0.33†

Rim area (mm2) 1.54 (0.43) 1.20 (0.48) <0.001*

Cup-shape measure −0.17 (0.14) −0.10 (0.09) <0.001*

Pixel SD 21.6 (8.8) 24.9 (9.4) 0.03*

StratusOCT
n=177

Average retinal nerve fibre layer (μm) 99.5 (11.9) 74.2 (13.9) <0.001*

Signal strength 8.1 (1.3) 7.2 (1.2) <0.001*

*
Student t test.

†
Wilcoxon test.
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