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Adaptive optics scanning laser ophthalmoscopy may support early diagnosis

of glaucoma

Nikhil S Choudhari, Sanjay Kumar', Ashutosh Richhariya®, Rashmi Krishnamurthy, Ruchi Priya’,

Chandra Sekhar Garudadri

Purpose: To compare image characteristics of retinal nerve fiber layer (RNFL) between glaucoma patients
and healthy controls using adaptive optics scanning laser ophthalmoscopy (AOSLO). Methods: This was
a cross-sectional pilot study with two groups: a glaucoma group with patients with moderate or severe
glaucoma as per the Hodapp-Parrish—-Anderson classification system and a control group with healthy
individuals. The optic nerve damage in moderate glaucoma was predominantly located in only one
hemisphere; the other hemisphere was un- or minimally affected on optical coherence tomography and
automated perimetry and is referred to as early glaucoma. The structure of RNFL bundles and gain (%)
in RNFL images with mean pixel values between 15 and 35 were analyzed. Imaging was performed
one degree away from the optic disc margin at two and four cardinal clock positions in the glaucoma
and control groups, respectively. The field of view was 1.3° at 2.3 p resolution. We studied one eye per
participant. Results: There were 11 glaucoma patients and 7 healthy controls. Imaging was successful at
88% of the locations in controls and early glaucoma; the reflectivity differed significantly (0.51 and 0.56,
respectively, P < 0.001) but not the structure of RNFL bundles (Cohen’s Kappa 0.11) between them. In
patients with moderate and severe glaucoma, imaging was successful only at 46% of the locations; RNFL
bundles were not discernible, and RNFL reflectivity did not differ from those with early glaucoma (P <0.11).
Conclusion: The recorded gain (%) of RNFL images obtained using AOSLO could be an objective indicator
of early glaucoma.
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Glaucoma is a neurodegenerative disease caused by
progressive retinal ganglion cell (RGC) loss associated with
characteristic structural and functional changes in the optic
nerve. Early detection of glaucoma is important to maximize
the benefits of treatment and minimize the economic burden
of the disease. While there are several methods to assess
the structure of the optic nerve, the function of the nerve is
largely measured using differential light sensitivity test with
standard automated perimetry (SAP). Both structural and
functional changes result from the loss of RGCs and their
axons. However, these structural and functional measures
exhibit wide variability in glaucoma patients.!"! In the early
stage of glaucoma, significant loss of RGCs would correspond
to relatively small changes in mean deviation (MD) on SAP.
The converse is true in severe glaucoma, wherein anatomical
measures have a residual nonneural component. One of the
reasons for this nonlinear structure—function relationship is
the logarithmic scaling of perimetric stimulus for threshold
measurement and reporting.>!

The structural assessment of the optic nerve is best done
by optical coherence tomography (OCT), as this method is
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expected to detect thinning of retinal nerve fiber layer (RNFL)
and macular ganglion cell complex (GCC) in glaucoma.
However, the diagnostic performance of OCT in detecting
early glaucoma is not as good as its performance in detecting
moderate or severe glaucoma.** Wide anatomic variations
of the optic nerve head limit the diagnostic ability of OCT./"!
In addition, several sources of error and the database having
a limited number of subjects of any single ethnicity limit the
diagnostic performance of OCT in detecting glaucoma.!

Reflectivity of RNFL has recently been proposed as a
marker for glaucoma.”'% Incident light rays are reflected from
the cytoskeleton of the ganglion cell axons.'] A change in
reflectivity of incident light rays preceded thinning of RNFL in
an experimental animal model.” In a longitudinal study, the
interaction between reflectance and thickness of RNFL improved
prediction of rate of change of MD on SAP.I'! Attempts have
been made to quantify the reflectance of RNFL using OCT, %
multispectral imaging,'” and second harmonic imaging!};
however, these have not been successful as OCT does not
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provide arobust enough quantification system, and the latter two
techniques can only be carried out ex-vivo at this point in time.

Adaptive optics scanning laser ophthalmoscopy (AOSLO)
could fill this gap in imaging of the retina.™ This technique
combines adaptive optics to remove optical aberrations from
images obtained from scanning laser ophthalmoscopy. This has
enabled the imaging of living retinal cells in reflective mode.!"!
Alterations in the reflectance of photoreceptors detected using
AOSLO have been used as biomarkers for inherited retinal
diseases.!*!

In this study, we use AOSLO to detect alterations in the
reflectance of the RNFL between glaucoma patients with
varying degrees of severity and healthy controls. Our AOSLO
system set up has been published elsewhere.'”l As far as we are
aware, this is the first report on using measures of reflectance
of the RNFL using AOSLO as an indicator for glaucoma.

Methods

Study design

This was a cross-sectional pilot study. Written informed consent
was obtained from all participants. The study followed the
tenets of the Declaration of Helsinki. Ethics committee approval
was obtained from the institutional review board.

Study center

The study was carried out at a large, tertiary care, referral eye
institute.

Study population

Consecutive patients visiting glaucoma clinic over 4 months
and fulfilling the inclusion criteria (described below) were
enrolled in the glaucoma group. Healthy controls were selected
from general clinic. Only one eye per participant was studied.

Study procedure and definitions

The participants underwent comprehensive ophthalmic
evaluation which included an account of their medical
history, refraction, slit-lamp examination, intraocular pressure
measurement with Goldmann applanation tonometry, dark
room gonioscopy with 4-mirror gonioprism, and dilated
fundus evaluation. In addition, the glaucoma patients
underwent OCT (Carl Zeiss Meditec AG, Jena, Germany) and
Humpbhrey visual field (HVF) testing.

Glaucoma was diagnosed based on characteristic structural
changes in the optic nerve head with corresponding visual
field loss. The severity of glaucoma was defined using the
Hodapp-Parrish-Anderson (H-P-A) criteria.¥! A visual field
defect on HVF 24-2 program is labeled “moderate” when: (a)
the MD is between -6 and -12 dB, (b) <50% points are depressed
below the 5% level and <20 points are depressed below the 1%
level on the pattern deviation plot, (c) no point in the central
5 degrees has a sensitivity of 0 dB, and (d) only one hemifield
has a point with sensitivity <15 dB within 5 degrees of fixation.
Similarly, by the H-P-A criteria, a defect is labeled “severe”
when: (a) the MD is worse than -12 dB, (b) >50% points are
depressed below the 5% level and >20 points are depressed
below the 1% level on the pattern deviation plot, (c) at least 1
point in the central 5 degrees has a sensitivity of 0 dB, and (d)
both hemifields have points with sensitivity <15 dB within 5
degrees of fixation.'!

The glaucoma group included patients with established
glaucoma in moderate or severe stage. Patients with moderate
glaucoma had asymmetric optic nerve damage across the
horizontal meridian; the less affected hemisphere had normal or
borderline RNFL thinning as assessed by OCT and unaffected
or minimally affected function (better than the definition of
“moderate” glaucoma as per the H-P-A criteria) on HVF. This
hemisphere was considered to represent, and will henceforth
be called early glaucoma. The patients in the control group had
no ocular abnormalities. Additional inclusion criteria for all the
participants were best-corrected visual acuity >20/25, spherical
equivalent <3 Diopters, and intraocular pressure <22 mm Hg
with or without antiglaucoma medication(s).

The participants were scheduled for AOSLO imaging
on a specific day. The imaging was performed using a
790 nm wavelength laser source (Superlum, Ireland) with
a light power of 180 uW and fixed system settings. We
established the relationship between the gain of the detector
[Photon Multiplier Tube (PMT), H7422-50 Hamamatsu, Japan]
and the mean pixel intensity of the image through system
calibration using a model eye.

The locations for imaging were 1 degree away from the
margin of optic disc at 3, 6, 9, and 12 o’clock hours. For the
control group, the imaging was done at all four locations.
Imaging was done at 6 and 12 o’clock, i.e. the affected
hemisphere and the un- or minimally affected hemisphere
(referred to as early glaucoma) in patients with moderate
glaucoma and both the affected hemispheres in patients
with severe glaucoma. The patients with severe glaucoma
were imaged at 3 and 9 o’clock, if no RNFL structure was
identified at 6 and 12 o’clock. The field of view was 1.3° at
2.3 u resolution.

Analysis of RNFL structure

We captured videos by focusing the AOSLO system on the
RNFL using the standard technique.! Images were obtained
by processing these videos. At the outset, we prepared a set of
test images for training. The set consisted of five AOSLO images
each, focused on the RNFL of healthy control eyes and those
with different severities of glaucoma. Two fellowship-trained
and experienced glaucoma specialists were trained on the areas
of missing, indistinguishable, or absent RNFL bundles due to
glaucoma [Fig. 1]. None of the images used for training were
used in the assessment.

The glaucoma specialists qualitatively assessed the
structures of RNFL bundles from AOSLO images to distinguish
between controls and early, moderate, or severe glaucoma on
the basis of the appearance of the RNFL.

Analysis of RNFL reflectivity

We measured the reflected light from the RNFL on AOSLO.
The gain could be adjusted between 0 and 1 (PMT control
voltage) and the pixel value could vary between 0 and 255 on
the intensity scale.™ The gain (%) was recorded after achieving
amean pixel value between 15 and 35. At each location, a stream
of 230 images was captured in 10 s and the mean pixel value
was obtained.

The gain adjustment depended on the reflectivity of the
object. A highly reflective object reflects a large number of
photons and requires a small gain to achieve the desired



August 2022

Choudhari, et al.: Early diagnosis of glaucoma on adaptive optics scanning laser ophthalmoscopy 2879

Figure 1: Images of the retinal nerve fiber layer (RNFL) obtained with AOSLO (adaptive optics scanning laser ophthalmoscopy). (a) Healthy
RNFL; (b) RNFL in moderate glaucoma; note areas of missing (marked by arrows) and indistinguishable RNFL bundles; (c) RNFL in severe

glaucoma; note complete loss of RNFL bundles
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Figure 2: Investigation reports of a typical patient with moderate glaucoma included in the study. This patient’s left eye was studied. Note that

the glaucoma predominantly affected the inferior hemisphere in this eye

mean pixel intensity. On the other hand, an object with low
reflectance requires a higher gain to achieve the desired mean
pixel intensity. While the structures in both high and low
reflective images may appear similar, further investigation
into the gain that was required to capture a picture of desired
pixel intensity can give us the measure of reflectivity.

Statistical analysis

The data is presented as median along with Q, (first quartile)
and Q, (third quartile). Cohen’s Kappa was calculated to assess
interobserver agreement in differentiating between controls
and patients with early glaucoma. Intergroup comparison
of gain value was done by a nonparametric test. Statistical
analyses were performed using statistical software Stata
12.1 (StataCorp, College Station, TX).

Results

We included 18 participants in this study with 11 glaucoma
patients (seven with moderate glaucoma and four with severe
glaucoma) and 7 healthy controls.

Glaucoma group: The median age of the patients included
in this group (of eight men and three women) was 56 (Q, =41,
Q, = 62) years. Eight patients had primary open-angle
glaucoma, while three had primary angle closure disease. The
median IOP on the day of examination prior to AOSLO imaging
was 15 mm Hg (Q, =13, Q,=18) on two (Q, =1, Q, =2) topical
anti-glaucoma medications. The MD on the 24-2 program
of HVF in patients with moderate and severe glaucoma
was-9.43 (Q,=-6.94, Q,=-10.81) and -25.44 (Q,=-19.79, Q,=-28.8)
dB, respectively. The thickness of the RNFL corresponding to
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the un- or minimally affected segment of the optic nerve in
patients with moderate glaucoma was 59 (Q, =49, Q, = 103)
um; these segments were classified as “within normal limits”
or “borderline thinning” by the OCT machine classifier. The
corresponding hemifield on the 24-2 program of HVF was
classified as “better than moderate stage glaucoma” as per the
H-P-A criteria [Fig. 2]. In two patients with severe glaucoma,
the RNFL images could be obtained only at the nasal clock
hour with AOSLO.

Control group: Of the seven control participants (six men
and one woman), four were age-decade matched and three

Figure 3: Images of retinal nerve fiber layer (RNFL) obtained with
AOSLO (adaptive optics scanning laser ophthalmoscopy). Images
(aand b) belong to the control group and (c and d) belong to patients with
early glaucoma. Note that there are no clear differences in the structures
of the RNFL between controls and patients with early glaucoma

were in their 20s. The median age of this group was 34 (Q, =21,
Q, =50) years.

RNFL structure

Fig. 3 shows AOSLO images focused on the RNFL at two
locations each in the controls and patients with early
glaucoma. One glaucoma specialist (RK) could correctly
identify three out of five randomly picked images from the
control group and five out of seven images from the patients
with early glaucoma. The interobserver agreement between
the two glaucoma specialists in differentiating between RNFL
images of controls from the patients with early glaucoma was
poor (Cohen’s Kappa Statistic = 0.11). The evaluators easily
identified AOSLO images of RNFL damage in later stages of
glaucoma.

RNFL reflectivity

At the outset, we imaged a model eye to establish the intrinsic
relationship between the detector’s gain (%) and pixel
value [blue dots in Fig. 4]. The slope of the curve is dependent
on the detector and the amplifier, but not on the object being
imaged. If the same system is used with analogous settings to
image multiple objects with varying reflectivity, the curve will
shift on either side but its slope will remain constant.

The gain (%) in the control group images was 0.51 (Q, =0.50,
Q,=0.53). Similarly, the gain in images of the patients with early
glaucoma was 0.56 (Q, =0.55, Q,=0.57) and that of all locations
in the glaucoma group was 0.57 (Q, =0.56, Q, =0.59) (see Fig. 4).

The values of gain at a comparable range of mean pixel
values significantly differed between the control group and
patients with early glaucoma (P <0.001, Mann-Whitney U-test).
Similarly, the values of gain differed significantly between
the control and glaucoma groups (P < 0.001, Mann-Whitney
U-test). However, the gain did not differ significantly between

Scatterplot of Gain and Pixel Value

90.00

85.00 ®
80.00
75.00
70.00
65.00
60.00
55.00
50.00
45.00 °
40.00 ®
35.00 o
30.00 °
25.00
20.00 4
15.00 g PY

10.00
5.00
0.00

0.20 0.25 0.30 0.35 0.40 0.45 0.50

Pixel Value

Gain

Figure 4: Scatterplot of detector’s gain (%) and mean pixel value

Model eye
Controls
Early Glaucoma

Moderate Glaucoma

© @0 @0

Severe Glaucoma

0.55 0.60 0.65 0.70



August 2022

Choudhari, et al.: Early diagnosis of glaucoma on adaptive optics scanning laser ophthalmoscopy 2881

the patients with early and later stages of glaucoma (P <0.11,
Mann-Whitney U-test).

The imaging was successfully carried out at 24 out of the
possible 28 locations in the control group and at all possible
7 locations affected with early glaucoma. However, images
within the desired range of pixel values could be obtained
only at three out of the seven locations affected with moderate
glaucoma and at four out of the eight locations affected with
severe glaucoma.

Discussion

In this study, we have described the use of AOSLO for
visualizing RNFL bundles and assessing the reflectivity of
the layer for diagnosis of glaucoma; currently, neither of
these procedures are possible in-vivo using OCT or any other
method.

Significant physiological variation in the structure of
the optic disc and peripapillary region is one of the major
challenges in the structural diagnosis of early stage of
glaucoma.?"! The dependence of automated perimetry on the
subject’s performance and potential underestimation of early
changes limits the utility of current functional tests in the
diagnosis of early glaucoma.! Therefore, taking advantage
of topographic differences in the glaucomatous damage to the
optic nerve, we included patients with moderate stage of the
disease but having asymmetric damage to the optic nerve head.
An experimental model of chronic high-pressure glaucoma
in Rhesus monkeys has challenged the concept that a mostly
diffuse type of optic neuropathy occurs in high-pressure
glaucoma by demonstrating a mixture of localized and diffuse
pattern of optic nerve damage./”? The RNFL thickness of the
unaffected quadrant on visual fields in eyes with high-pressure
glaucoma has been shown to be significantly reduced than the
RNFL thickness of the corresponding quadrant of the healthy
eyes by scanning laser polarimetry,*?* and by both OCT and
scanning laser polarimetry.! Analogous thinning in the GCC
in such cases has also been demonstrated using spectral domain
OCT.* Thus, our AOSLO imaging of the conventionally un- or
minimally affected regions of the optic nerve head in patients
with moderate stage glaucoma likely represent an early or
even predisease state.

Measuring the thickness of the RNFL using OCT is a
well-established method for assessing the structural damage
caused by glaucoma. The RNFL also exhibits optical properties
attributable to its cytoskeleton components;!"! distortion of the
axonal cytoskeleton in a whole-mounted retina in a rat model
has been reported as an early sign of glaucomatous damage.
Recent studies have attempted to study RNFL reflectivity using
OCT.P" However, commercial OCT has several limitations
in measuring RNFL reflectivity, which are: a) the direction
of RNFL bundles could be a major source of variability in
measuring RNFL reflectivity on OCT!" and b) OCT measures
reflectance of RNFL with respect to another layer of the retina.
Therefore, while OCT is suitable for monitoring longitudinal
changes in RNFL reflectance, it has limited applicability for
interindividual comparisons.'” In addition, parameters like
gain, polarization, and focus are automatically adjusted in
commercial OCT setups for best visual image reconstruction;
this makes the reliability of OCT-based RNFL reflectance
measurements questionable. On the other hand, AOSLO

provides absolute measurement of RNFL reflectivity due to its
scanning principle, high lateral resolution, and manual gain
control.’ In our study, the control group exhibited higher
RNFL reflectivity and images with pixel values between
15-35 were obtained at a lower gain. In contrast, higher
gain was needed to obtain images within the desired range
of pixel values in the glaucoma group. Thus, reflectivity of
RNFL, represented by system gain, may be a novel indicator
of glaucomatous optic neuropathy. Moreover, this measure
is objective and may possibly show a linear relationship with
severity of glaucoma.

At the cellular level, alterations in the cytoskeleton are the
main cause of altered RNFL reflectance. Glaucoma damages
axonal ultrastructure.? In an experimental animal model, a
change in RNFL reflectivity preceded thinning of the RNFL."!
In our study, poor agreement between the glaucoma specialists
indicates the difficulty in separating those with early glaucoma
from healthy controls on the basis of structural changes in
RNFL. Varied patterns of abnormality in RNFL in patients with
glaucoma have been reported. An abnormal region of RNFL
without any bundle was uncommon than bundles of lower
contrast or clear bundles sandwiched between regions without
bundles.®! Therefore, one may expect poor agreement or less
certainty in detecting “early” structural change in RNFL on
AOSLO. Nevertheless, we found a clear distinction between
healthy controls and those with early glaucoma on the basis
of RNFL reflectivity.

Our study does have a few limitations. The desired mean
pixel values of 15-35 could not be achieved in some eyes. The
RNFL bundles in patients with glaucoma were seen to be
missing, indistinguishable, or lost on AOSLO imaging. If the
bundles were indistinguishable, the pixel value was increased
to confirm the alterations in their structure. On the other hand,
in patients with severe glaucoma, the RNFL bundles were lost,
and the pixel value could not be increased even to the level of 15,
despite maximizing the gain. The signal on AOSLO in late stages
of glaucoma may only represent reflectance from the underlying
retinal layers. This observation is analogous to the floor effect
in OCT in advanced glaucoma.® Thus, the inability to obtain
identifiable images in patients with late stages of glaucoma could
have resulted in the overlap of RNFL reflectivity between early
and other stages of glaucoma. All inclusive, our study has less
sample size. Four out of seven controls were age decade matched.
The remaining three controls were in 20s, while the lowest age
decade was 30s (1 = 2) in the study group. At present, AOSLO
is an emerging technology, has less tolerance to media opacity,
and demands more time as well as cooperation from the patient.
We attribute small sample size and intergroup age difference to
the current practical limitations of the technology.

In clinical practice, early glaucoma is an area of diagnostic
dilemma. We believe we are the first to report usage of AOSLO
in measuring reflected light from the RNFL and using this as
an indicator to detect glaucoma. This objective indicator is
more sensitive to early stage of glaucoma, in contrast to the
current gold standard of differential light sensitivity measured
on a logarithmic scale. Our choice of site in AOSLO imaging
may also aid in early diagnosis of glaucoma as the nerve fiber
bundles near the optic nerve head have been shown to be more
vulnerable to damage caused by elevated IOP, as exhibited by
a rat model®?"! and by measurements obtained through OCT
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in humans.?? Thus, our study on AOSLO possibly identifies
a novel, unique, and objective indicator for early diagnosis
of glaucoma. These observations need to be validated in a
longitudinal study with a larger sample.

Conclusion

Measurement of light reflected from RNFL on AOSLO could
be an objective indicator of early stage of glaucoma.
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