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The evolution of imaging technologies over the past decade
has reshaped our landscape in diagnosing and managing
patients with glaucoma. Adopting technological advances
and translating new information into clinical practice pose
new challenges to both clinicians and research scientists. This
special issue includes five papers covering some of the recent
advances in ocular imaging and electrophysiology technolo-
gies and demonstrates how such advancement augments our
understanding of glaucoma.

Since its introduction in 2005, the spectral-domain
optical coherence tomography (SD-OCT) has received con-
siderable attention for retinal nerve fiber layer (RNFL) and
optic disc imaging. With improved axial resolution to discern
individual retinal layers, new parameters such as the ganglion
cell complex (GCC) and the photoreceptor layer thicknesses
can now be measured reliably with SD-OCT. S. T. Takagi
and et al. demonstrate that macular GCC thickness could
serve as a biomarker for early detection of glaucoma. With
a high density of retinal ganglion cells in the macula, it is
conceivable that measuring macular GCC thickness would
be valuable for glaucoma assessment. By contrast, the outer
retina would be expected to be unaffected. Unexpectedly, N.
Fan et al. show that the outer nuclear layer is thicker in mild
glaucomatous eyes than in normal eyes. This finding suggests
glaucomatous damage may involve structural change in the
photoreceptors.

Full-field electroretinogram (ERG) has been considered
less useful for glaucoma evaluation. S. Machida et al. show
that a photopic negative response (PhNR) (a negative defle-
ction following the photopic b-wave) obtained from a focal

ERG system could indicate functional abnormality of retinal
ganglion cells and has a high diagnostic performance to
detect early glaucoma. While the potential of focal ERG
PhNR for objective functional assessment appears promis-
ing, prospective longitudinal studies are needed to validate
its use in glaucoma patients.

Intraocular pressure (IOP) is a major risk factor for glau-
coma progression. Yet, it has long been recognized that there
are factors other than IOP that could modify the course of the
disease. In a randomized double-masked study comparing
dorzolamide/timolol and latanoprost/timolol fixed combi-
nation for treatment in glaucoma patients, I. Janulevičiene
et al. report that a number of hemodynamic parameters
including blood pressure, ocular perfusion pressure, and
ophthalmic and central retinal artery vascular resistance
are associated with RNFL and/or visual field progression
independent of IOP reduction. Although this study is limited
by a small sample size (15 patients in each arm) and a high
progression rate (40% and 47% of patients progressed, resp.),
the result could stimulate more research investigating the
roles of ocular and systemic hemodynamics in glaucoma
progression.

Multiphoton microscopy is a relatively new modality
for ophthalmic imaging. E. A. Gibson et al. summarize
the applications of multiphoton microscopy for retinal
and transscleral imaging and demonstrate the feasibility to
visualize the collagen fibers in human trabecular meshwork
ex vivo. The exciting development of multiphoton imaging
will undoubtedly provide new data for potential application
in the clinic in the near future.
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The improvement in patient care depends upon con-
tinued research and development of new tools and new
techniques to unfold the pathobiology of glaucoma for early
diagnosis and treatment. It is sufficient to say that glaucoma
imaging forms one of the cornerstones in the advancement
of glaucoma care.

Christopher K. S. Leung
Felipe A. Medeiros

David Garway-Heath
David S. Greenfield
Robert N. Weinreb
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Purpose. To evaluate the relationship between the macular ganglion cell complex (mGCC) thickness, which is the sum of the retinal
nerve fiber, ganglion cell, and inner plexiform layers, measured with a spectral-domain optical coherence tomograph and the optic
nerve head topography measured with a confocal scanning laser ophthalmoscope in glaucomatous eyes with visual field defects
localized predominantly to either hemifield. Materials and Methods. The correlation between the mGCC thickness in hemispheres
corresponding to hemifields with and without defects (damaged and intact hemispheres, respectively) and the optic nerve head
topography corresponding to the respective hemispheres was evaluated in 18 glaucomatous eyes. Results. The mGCC thickness was
significantly correlated with the rim volume, mean retinal nerve fiber layer thickness, and cross-sectional area of the retinal nerve
fiber layer in both the intact and the damaged hemispheres (P < .05). Discussion. For detecting very early glaucomatous damage
of the optic nerve, changes in the thicknesses of the inner retina in the macular area and peripapillary RNFL as well as rim volume
changes in the optic nerve head are target parameters that should be carefully monitored.

1. Introduction

The macular thickness is reduced in glaucomatous eyes com-
pared with normal eyes [1–3]. This reduction is attributable
mainly to the loss of retinal ganglion cells and retinal nerve
fibers [3–5]. Using a newly developed software for automatic
measurements of macular ganglion cell complex (mGCC)
thickness, which is the sum of the thicknesses of the retinal
nerve fiber, ganglion cell, and inner plexiform layers, Tan
et al. demonstrated that automatic mGCC measurements
with a spectral-domain optical coherence tomograph (SD-
OCT) have better diagnostic accuracy and repeatability than
macular retinal thickness measurements with a time-domain
(TD) OCT [6]. On the other hand, topographic measure-
ments of the optic nerve head with a confocal scanning
laser ophthalmoscope (CSLO) have demonstrated a high
correlation with clinical estimates of the optic nerve by expert
assessment at an independent reading center after correcting
for the optic disc size [7]. Nowadays, a CSLO is the standard
tool to evaluate the optic nerve head topography. However,

the relationship between macular structural changes and
topographic changes in the optic nerve head in glaucoma
is not clear. For combined application of mGCC thickness
and optic nerve head topographic measurements to detect
glaucoma, the correlation between the optic nerve head
topography and the mGCC thickness should be clarified.

In this study, we aimed to elucidate the relationship
between the mGCC thickness measured with an automatic
measurement algorithm of an SD-OCT and the optic nerve
head topography measured with a CSLO in glaucomatous
eyes with hemifield defects.

2. Subjects and Methods

2.1. Subjects and Examinations. Participants were recruited
at the Department of Ophthalmology, Toho University
Ohashi Medical Center, Tokyo, Japan. The Toho University
Ohashi Medical Center Institutional Review Board approved
all protocols, and the study adhered to the tenets of the Dec-
laration of Helsinki. The study protocols were thoroughly
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explained to all participants and their written informed
consent was obtained.

All subjects underwent complete ophthalmologic exam-
ination, including assessment of medical and family history,
visual acuity testing with refraction, slit-lamp biomicroscopy
including gonioscopy, intraocular pressure (IOP) measure-
ment with Goldmann applanation tonometry, and dilated
stereoscopic fundus examination. Their visual field sensi-
tivity was tested by using Humphrey field analyzer (model
750i, Carl Zeiss Meditec, Inc., Dublin, CA) 30-2 with Swedish
interactive threshold algorithm (SITA) standard automated
perimetry (SAP). All subjects underwent the Humphrey
visual field (HVF), OCT, and CSLO tests within a 3-month
time window.

2.2. Inclusion and Exclusion Criteria. The inclusion criteria
were as follows: normal open anterior chamber angles on
slit-lamp biomicroscopic and gonioscopic examinations of
both eyes; glaucomatous optic nerve head appearance on
stereoscopic evaluation (i.e., focal or generalized narrowing
or disappearance of the neuroretinal rim with a vertical cup-
to-disc area ratio of >0.7 or retinal nerve fiber layer [RNFL]
defects indicating glaucoma) and corresponding visual field
abnormalities in either the superior or the inferior hemifield
exclusively by repeatable SAP results; and best-corrected
visual acuity of ≥15/20 with no media opacities, refractive
errors in the spherical equivalent not exceeding −6 or +3
diopters, and cylindrical correction within 3.0 diopters.

In addition, the subjects had to be familiar with SAP
testing from at least two previous visual field examinations
and have a reliable HVF with SITA 30-2 standard tests
(fixation loss <20%, false-positive and false-negative rates
<33%). They were also required to have at least one eye
meeting the following criteria for hemifield defects: a cluster
of three or more contiguous points in the pattern deviation
plot of the HVF with a probability of <5% in either the
superior or the inferior hemifield, with at least one point
having a probability level of <1%; the opposite hemifield not
having a point with a probability level equal to or worse than
2%, or a cluster of three or more contiguous points with a
probability of <5%; glaucoma hemifield test results outside
the normal limits.

The exclusion criteria were a history of intraocular
surgery, presence of other intraocular eye diseases or other
diseases affecting the visual fields (e.g., pituitary lesions,
demyelinating diseases, diabetic retinopathy), and treatment
with medications known to affect visual field sensitivity. If
both eyes met all the criteria, one eye was randomly selected.

2.3. Measurements of mGCC Thickness. The selected eyes
were scanned by using RTVue-100 (Optovue, Inc., Fremont,
CA) with software version 2.0.4.0, which uses a scanning
laser diode to emit a scan beam with a wavelength of
840 ± 10 nm to provide images of ocular microstructures.
In this study, the GCC scanning protocol was used for the
mGCC thickness measurements. The GCC protocol is a
7 mm × 7 mm raster scan composed of one horizontal B
scan with 800 A scans, and 17 vertical B scans with 934
A scans. The mean GCC thickness of the superior and

inferior hemispheres was calculated. A well-trained operator
obtained good-quality OCT images with pupillary dilation.
The criteria for determining scan quality were signal strength
of at least 50 or more (as suggested by the manufacturer), a
clear fundus image allowing a foveal pit, even and dense color
saturation throughout all retinal layers with red color visible
in the retinal pigment epithelium without interruptions,
and a continuous scan pattern without missing or blank
areas.

2.4. Optic Nerve Head Measurements. The parameters of the
optic nerve head topography were measured with Heidelberg
Retina Tomograph II (HRT-II, software version 3.1.2.4;
Heidelberg Engineering GmbH, Heidelberg, Germany) [8–
10]. HRT-II uses a diode laser (670-nm wavelength) to
scan the retinal surface sequentially in the horizontal and
vertical directions at multiple focal planes. By using confocal
scanning principles, a three-dimensional topographic image
is constructed from a series of optical image sections at
consecutive focal planes. The topographic image determined
from the acquired three-dimensional image consists of 384×
384 (147,456) pixels, each of which is a measure of the retinal
height at its corresponding location. For every subject in this
study, images were obtained through dilated pupils with a
15-degree field of view.

Three topographic images were obtained, combined, and
automatically aligned to create a single mean topographic
image for analysis. A contour line of the optic disc margin
was drawn around the inner margin of the peripapillary
scleral ring by a well-trained operator, while viewing non-
stereo color fundus photographs. The contour line was
reviewed in the topographic and reflectance images and
the height profile graph included in the instrument by the
same operator. Twelve HRT-II parameters were analyzed:
disc area, cup area, rim area, cup-to-disc area ratio, cup
volume, rim volume, mean cup depth, maximum cup depth,
height variation contour, cup shape measure, mean RNFL
thickness, and RNFL cross-sectional area. Magnification
errors were corrected by using the subjective refractive
status and corneal curvature measurements. The analysis was
restricted to the eyes that had valid optic disc measurements
with HRT-II. Good image quality was defined by appropriate
focus, brightness, and clarity; minimal eye movement; optic
disc centered in the image; a standard deviation (SD) of the
mean topographic image less than 50 µm. The eyes for which
good-quality images could not be obtained were excluded
from the analysis.

2.5. Statistical Analysis. The correlation between the mGCC
thickness measurements in the hemispheres corresponding
to the hemifields with and without visual field defects
(damaged and intact hemispheres, resp.) and the HRT-
II parameters corresponding to the respective hemispheres
(90 degrees superior or inferior to the optic nerve head
topography) was evaluated. For example, when an eye had
superior hemifield defects, the inferior hemisphere was the
damaged hemisphere and the superior hemisphere was the
intact hemisphere. In this case, the damaged hemisphere
comprised 90 degrees in the inferior optic nerve head
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Table 1: Background data of the patients (n = 18).

Male/female 8/10

Age (years) 53.6± 14.6

Refraction (diopters)∗ −3.75± 3.56

Intraocular pressure (mmHg) 14.4± 1.8

Humphrey visual field

Mean deviation (dB) −6.57± 3.91

Pattern standard deviation (dB) 9.35± 3.80

Mean of the total deviation (dB)

Hemifield corresponding to the damaged hemisphere −10.94± 7.24

Hemifield corresponding to the intact hemisphere −2.70± 2.64

Mean of the pattern deviation (dB)

Hemifield corresponding to the damaged hemisphere −10.41± 6.45

Hemifield corresponding to the intact hemisphere −2.30± 1.96

Values are expressed as the mean + SD. ∗: spherical equivalents.

Table 2: The mGCC thickness and HRT-II parameters of the intact and damaged hemispheres.

Parameters Damaged hemisphere Intact hemisphere P

Macular area

mGCC (µm) 75.67± 10.16 85.11± 10.03 .005

HRT-II parameters

Disc area (mm2) 0.53± 0.13 0.54± 0.11 .329

Cup area (mm2) 0.29± 0.14 0.25± 0.12 .205

Rim area (mm2) 0.22± 0.09 0.27± 0.12 .058

Cup area/disc area 0.59± 0.17 0.46± 0.22 .032

Cup volume (mm3) 0.09± 0.07 0.08± 0.08 .254

Rim volume (mm3) 0.05± 0.03 0.08± 0.05 .009

Mean cup depth (mm) 0.34± 0.15 0.38± 0.20 .211

Maximum cup depth (mm) 0.66± 0.19 0.79± 0.46 .153

Height variation contour (mm) 0.34± 0.14 0.26± 0.11 .068

Cup shape measure 0.04± 0.08 0.04± 0.15 .811

Mean RNFL thickness (mm) 0.18± 0.10 0.31± 0.17 .012

RNFL cross-sectional area (mm2) 0.21± 0.19 0.40± 0.22 .005

Values are expressed as the mean + SD; P values by paired t-test (n = 18). mGCC = macular ganglion cell complex, HRT-II = Heidelberg Retina Tomograph
II, RNFL = retinal nerve fiber layer.

topography and the intact hemisphere was 90 degrees in the
superior optic nerve head topography.

Statistical analyses were performed by using SPSS version
17.0 (SPSS, Inc., Chicago, IL). Data are presented as the
mean ± SD. The two-tailed paired t-test was performed
to evaluate the difference in the parameters between the
damaged and the intact hemispheres. When the mean
difference (mean of the difference between individual eyes)
is 10 and its SD is 10, or the mean difference is 0.1 and
the SD is 0.1, 18 subjects provide 99% power with alpha
= 0.05, two tails, in the paired t-test. Linear regression
analysis and Pearson’s correlation coefficients (R) were used
to assess the relationship between the OCT and the HRT-
II parameters. A correlation coefficient of 0.55 has 80%
power with alpha = 0.05, with 18 subjects (Fisher Z approx-
imation). A P value of < .05 was considered statistically
significant.

3. Results

In total, 18 eyes with primary open-angle glaucoma (superior
hemifield defects: 13 eyes; inferior hemifield defects: five
eyes) were studied (Table 1).

The mGCC thickness in the damaged hemisphere was
significantly thinner than that in the intact hemisphere
(Table 2). The cup-to-rim area ratio, rim volume, mean
RNFL thickness, and RNFL cross-sectional area in the
damaged hemisphere were also significantly worse than that
in the intact hemisphere (Table 2).

The mGCC thickness was significantly correlated with
the cup-to-disc area ratio, rim area, rim volume, mean RNFL
thickness, and RNFL cross-section area in the damaged
hemisphere. In the intact hemisphere, the mGCC thickness
was significantly correlated with the rim volume, mean
RNFL thickness, and RNFL cross-sectional area (Table 3).
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Table 3: Correlations between the mGCC thickness and the HRT-II parameters.

HRT-II parameters
Damaged hemisphere Intact hemisphere

R P R P

Disc area 0.15 .561 0.22 .378

Cup area −0.35 .152 0.003 .990

Rim area 0.58 .013 0.24 .343

Cup area/disc area −0.56 .013 −0.13 .622

Cup volume −0.20 .450 0.05 .857

Rim volume 0.64 .004 0.54 .021

Mean cup depth −0.10 .683 0.26 .294

Maximum cup depth 0.08 .745 0.25 .310

Height variation contour −0.11 .349 −0.14 .593

Cup shape measure −0.35 .126 0.16 .520

Mean RNFL thickness 0.58 .012 0.66 .003

RNFL cross-sectional area 0.57 .014 0.70 .001

mGCC = macular ganglion cell complex, HRT-II = Heidelberg Retina Tomograph II, RNFL = retinal nerve fiber layer, n = 18.

4. Discussion

In this study, after measuring the mGCC thickness by using
an SD-OCT and the topographic parameters of the optic
nerve head by using a CSLO in glaucomatous eyes with
hemifield-localized visual field loss, we found that the mGCC
thickness is correlated with the rim volume, mean RNFL
thickness, and RNFL cross-sectional area even in the intact
hemisphere corresponding to the hemifield without apparent
visual field defects.

There are reports of diffuse RNFL damage in eyes
with localized visual field abnormalities [11–15]. Grewall
et al. reported that the HRT-derived cup-to-disc area ratio
is significantly correlated with the mean RNFL thickness
in a normal hemifield measured by using an SD-OCT
[16]. However, knowledge on the structural changes in the
macular area of glaucomatous eyes and their correlation
with the optic nerve head topography in a normal visual
hemifield is still limited. We found that the diffuse structural
damage observed in glaucoma also includes the macular area,
particularly the inner retinal structure (GCC thickness). Our
observation of the correlation between the mGCC thickness
and the RNFL-related HRT-II parameters in the intact
hemisphere is reasonable because the mGCC thickness can
be considered to represent damage mainly of the ganglion
cells and their axons.

In our study, the cup area-to-disc area ratio and rim area
were correlated with the mGCC thickness in the damaged
hemisphere but not in the intact hemisphere. The reason
for this discrepancy is not clear. Considering the significant
correlation in the rim volume in the damaged and intact
hemispheres, a three-dimensional parameter such as volume
might provide more precise information on ganglion cell
damage than a two-dimensional parameter such as area does.
Another possible explanation is the influence of the size of
the optic nerve head on the cup area-to-disc area ratio. As the
cup area is significantly correlated with the size of the optic
nerve head, a difference in this size between the damaged

and the intact hemispheres could influence the measurement
of the cup area. However, in the present study, there was
no significant difference in the size of the optic nerve head
between the hemispheres.

Regarding the reproducibility of the mGCC thickness
measurements, Tan et al. showed good reproducibility by
using RTVue [6]. However, our study has several limitations.
First, the sample size is small; therefore, although a correla-
tion coefficient of 0.55 has 80% power (alpha = 0.05) with
18 subjects, a significant correlation between parameters
with a smaller correlation coefficient can be detected with a
larger sample. Second, we used only 90 degrees superior and
inferior in the optic nerve head topographic measurements;
this may underrepresent the changes seen in the mGCC
thickness. However, in the GCC scanning protocol of the
RTVue, to cover the peripheral areas most affected by
glaucoma, the center of the GCC map is placed at 1 mm
temporal to the foveal center for better coverage of the
temporal region. Therefore, the mGCC thickness seems to
reflect the thickness of the peripapillary RNFL located in the
more superior or inferior portion of the optic nerve head
rather than just the temporal region. The relationship of the
temporal topographic parameters of the optic nerve head
with the mGCC thickness should be analyzed by another
study. Third, correction for ocular magnification due to
refraction, axial length, and camera parameters is unavailable
in the current RTVue system, although HRT corrects its
magnification errors before analysis. Therefore, in our study,
the scanning area for the mGCC thickness measurements
might have been affected by refractive errors or axial
length of the eye. Recently, Kang et al. reported that after
adjusting ocular magnification, the average peripapillary
RNFL thickness measured by an SD-OCT has no correlation
with the spherical equivalent and only a weak positive
correlation with axial length [16]. It is still not clear whether
mGCC thickness measurements are influenced by ocular
magnification or not. Further study to investigate ocular
magnification effects on mGCC measurements is needed.
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In conclusion, of the 12 HRT-II parameters assessed
in glaucomatous eyes with visual field defects restricted
to hemifields, most were not significantly associated with
the mGCC thickness. Of the three parameters that showed
significant correlations in both the damaged and the intact
hemispheres, two are related to the RNFL thickness and only
one is an actual topographical measurement of the optic
nerve head. Particularly in the intact hemisphere, the mGCC
thickness is significantly correlated with the RNFL-related
HRT parameters. For detecting very early glaucomatous
damage of the optic nerve, changes in the thicknesses of the
inner retina in the macular area and peripapillary RNFL as
well as rim volume changes in the optic nerve head are target
parameters that should be carefully monitored.
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Objective. To measure and compare photoreceptor layer thickness between normal and glaucomatous eyes using spectral-domain
optical coherence tomography (OCT). Methods. Thirty-eight healthy normal volunteers and 47 glaucoma patients were included
in the analysis. One eye from each participant was randomly selected for macula imaging by a spectral-domain OCT (3D OCT-
1000, Topcon, Tokyo, Japan). The foveal and parafoveal (1.5 mm from the fovea) outer nuclear layer (ONL) and inner and outer
segments (IS+OS) layer thicknesses were measured by a single masked observer. The measurements were repeated 3 times in
a random sample of 30 normal eyes to determine the repeatability coefficient and intraclass correlation coefficient. Results. The
measurement variabilities of photoreceptor thickness were low. The respective intraclass correlation coefficients of ONL and IS+OS
thicknesses were 0.96 (95% confidence interval: 0.94–0.98) and 0.82 (95% confidence interval 0.70–0.90). While there were no
differences in parafoveal ONL and IS+OS thicknesses between normal and glaucoma groups (P ≤ .410), the foveal ONL thickness
was greater in glaucomatous eyes (P = .011) than in normal eyes. Conclusions. Glaucomatous damage may involve structural
change in the photoreceptor layer.

1. Introduction

Glaucoma is characterized by progressive loss of retinal
ganglion cells. However, it remains controversial whether
the photoreceptor layer is involved. Kendell et al. examined
the number and density of photoreceptors in postmortem
eyes and found no significant difference between glaucoma
and age-matched control groups [1]. By contrast, Panda and
Jonas showed that the photoreceptor count was significantly
lower in enucleated eyes with secondary angle-closure glau-
coma [2]. In the study by Nork et al., they observed swelling
of red- and green-sensitive cones in deceased donors who
had a clinical diagnosis of chronic glaucoma [3]. In these
studies, measurements of photoreceptors were performed
in histological sections. Tissue autolysis before fixation and
tissue processing may disrupt the density and architecture
of the photoreceptor layer rendering assessment of the
photoreceptors inaccurate.

Optical coherence tomography (OCT) is an imaging
technology that allows noninvasive in vivo measurement of
the retinal layers. While the resolution of time-domain OCT
has been largely limited to measuring the retinal and retinal
nerve fiber layer (RNFL) thicknesses, the recent availability
of spectral-domain OCT has permitted visualization of
multiple intraretinal layers [4, 5]. With an axial resolution of
approximately 5 µm, the spectral-domain OCT distinctively
discriminates the outer plexiform layer, the outer nuclear
layer, the external limiting membrane, the junction of inner
and outer segments of the photoreceptors, and the retinal
pigment epithelium. In vivo measurement of photoreceptor
layer thickness is thus possible. Investigating the involvement
of photoreceptor is pertinent to understanding the extent
of retinal damage in glaucoma patients and developing new
psychophysical tests for glaucoma detection. The objective of
this study was to measure and compare the photoreceptor
layer thickness between normal and glaucomatous eyes.



2 Journal of Ophthalmology

ONL
OPL

ELMIS/OSRPE

(a)

ONL
IS
OS

(b)

IS
OS

ONL

(c)

Figure 1: Macular imaging with spectral-domain optical coherence tomography (a). The outer nuclear layer (ONL) thickness is defined as
the distance between the posterior boundary of outer plexiform layer and external limiting membrane. The inner and outer segments (IS +
OS) are defined as the distance between the external limiting membrane and the RPE. Measurements were obtained at the foveola (b) and
1.5 mm from the fovea (c). OPL: outer plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; IS + OS: inner and
outer segments; RPE: retinal pigment epithelium.

2. Methods

2.1. Subjects. Thirty-eight healthy normal Chinese volun-
teers and 47 glaucoma patients were consecutively recruited.
They underwent a full ophthalmic examination including
visual acuity, refraction, intraocular pressure measurement,
and gonioscopy and fundus examination. All subjects had
visual acuity of at least 20/40, spherical error within the
range between +3.0 and −6.0 diopters. Subjects with clin-
ical evidence of macular edema, retinal disease, previous
refractive or retinal surgery, neurological disease, or diabetes
were excluded. Normal subjects had no visual field defect, no
structural optic disc abnormalities, no history of intraocular
pressure >21 mmHg, and no history of ocular or neurolog-
ical diseases. Glaucoma patients were defined based on the
presence of visual field defects (see below) and glaucomatous
optic disc changes including narrowing of neuroretinal rim
and/or retinal nerve fiber layer (RNFL) defect. Only one eye
was randomly selected from each subject for analysis. The
study was conducted in accordance with the ethical standards
stated in the 1964 Declaration of Helsinki with approval
obtained from the local ethics committee. Informed consent
was obtained.

2.2. Measurement of Photoreceptor Layer Thickness. Spectral-
domain OCT imaging was performed with the 3D OCT-
1000 (Topcon, Tokyo, Japan). The details of the principle of
spectral-domain OCT have been described [6, 7]. The OCT
used a superluminescent diode laser with a center wavelength
of 840 nm and a bandwidth of 50 nm as a light source. The

acquisition rate of the 3D OCT was 18,000 A scans per
second. The transverse and axial resolutions were 20 µm and
5 µm, respectively. In the selected eye, the macula was imaged
by 6 radial lines centered at the fovea spaced 30◦ apart. Each
scan line was 6 mm long consisting of 2048 A scans. All
images were obtained with a signal strength of at least 60
as recommended by the manufacturer. Three subjects were
excluded because of the presence of drusen at the macula.

Since the built-in software only provided automatic
delineation and measurement of the retinal and retinal nerve
fiber layer thicknesses, macular images were exported and
analyzed with an image analysis software (SigmaScan Pro
version 5.0; Systat software Inc., Point Richmond, Calif,
USA). The outer plexiform layer, the external limiting mem-
brane, the junction of inner and outer segments, and the
retinal pigment epithelium were identified in the OCT image
(Figure 1(a)). The outer nuclear layer (defined as the distance
between the posterior boundary of outer plexiform layer and
external limiting membrane), the inner and outer segments
(the distance between the external limiting membrane and
the RPE), and the total photoreceptor layer (outer nuclear
layer + inner and outer segments of photoreceptors) thick-
nesses were manually measured in each scan. Measurements
were obtained at the fovea, and at 1.5 mm away from the
fovea (Figures 1(b) and 1(c)). A total of 6 images captured
at different meridians were analyzed in each eye. The central
foveal photoreceptor thickness was calculated by taking the
average of the 6 linear scans whereas the 1.5 mm parafoveal
photoreceptor thicknesses were calculated by taking the
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Table 1: Subject characteristics.

Normal (n = 38) Glaucoma (n = 47) P

Gender (male/female) 13/25 27/20 .055∗

Age (years) mean ± SD 53.6 ± 14.5 56.4 ± 12.9 .348†

Refraction (D) mean ± SD −0.35 ± 2.65 −1.15 ± 2.65 .172†

Visual field MD (dB) mean ± SD −0.26 ± 1.21 −9.91 ± 8.29 <.001†

D: diopters; MD: mean deviation; SD: standard deviation.
∗Chi-square test.
†Independent sample t-test.

Table 2: Mean ± standard deviation (SD), repeatability coefficient, within-subject coefficient of variation (CVw), and intraclass correlation
coefficient (ICC) of outer nuclear layer (ONL) and inner and outer segments (IS/OS) thicknesses in a random sample of 30 normal subjects.

Mean ± SD (µm) Repeatability coefficient (µm) (95% CI) CVw (%) (95% CI) ICC (95% CI)

ONL Thickness 98.22 ± 15.47 8.470 (7.296–9.644) 3.11 (2.56–3.67) 0.964 (0.936–0.982)

IS/OS thickness 59.60 ± 7.22 8.134 (7.007–9.262) 4.93 (4.05–5.81) 0.821 (0.701–0.903)

95% CI: 95% confidence interval.

average of the 12 measurements from the 6 linear scans. All
measurements were obtained by a masked observer. Thirty
images from 30 normal subjects were randomly selected to
determine the measurement repeatability. The foveal ONL
and IS+OS layer thicknesses in each image were measured
by the same observer for 3 times in 3 separate occasions.

2.3. Visual Field Examination. Standard visual field test-
ing was performed using static automated white-on-white
threshold perimetry (SITA Standard 24-2, Humphrey Field
Analyzer II, Carl Zeiss Meditec, Dublin, Calif, USA). A
visual field was defined as reliable when fixation losses were
less than 20% false positive and false negative errors were
less than 15%. Visual field sensitivity was expressed in MD
(mean deviation) and PSD (pattern standard deviation),
as calculated by the perimetry software. A field defect was
defined as having three or more significant (P < .05)
nonedge contiguous points with at least one at the P <
.01 level on the same side of horizontal meridian in the
pattern deviation plot, classified as outside normal limits in
the glaucoma hemifield test and confirmed with at least two
visual field tests. None of the normal subjects had a visual
field defect.

2.4. Statistical Analysis. Statistical analyses were performed
using SPSS version 15.0 (SPSS Inc., Chicago, Ill, USA).
Foveal and parafoveal (1.5 mm) photoreceptor thicknesses
were compared with independent t-test. The differences
of photoreceptor thicknesses among normal, mild (MD
> −6 dB), and moderate to advanced (MD ≤ −6 dB)
glaucoma groups were compared with analysis of variance
with Bonferroni correction for multiple comparisons. The
repeatability coefficient (2.77x within subject standard devi-
ation (Sw)), coefficient of variation CVw (100x Sw/overall
mean) and intraclass correlation coefficient (ICC) were
computed. The Sw was calculated as the square root of the
within-subject mean square of error (the unbiased estimator
of the component of variance due to random error) in a

one-way random effects model [8]. The ICC is the ratio of
the intersubject component of variance to the total variance
(intersubject variance + within subject variance).

3. Results

The demographics and visual field MD of the normal
and glaucoma groups are shown in Table 1. There was no
difference in age (P = .35) and refraction (P = .17) between
the groups. The visual field MD of the normal group (−0.26
± 1.21 dB) was greater than that of the glaucoma group
(−9.91 ± 8.29 dB) (P < .01). Table 2 shows the intraobserver
measurement repeatability of the outer nuclear layer (ONL)
and the inner and outer segments (IS+OS) layer thicknesses.
The intraclass correlation coefficients of the ONL and IS+OS
thicknesses were 0.964 (95% confidence interval: 0.936–
0.982) and 0.821 (95% confidence interval: 0.701–0.903),
respectively.

For the normal eyes, the foveal ONL, IS+OS and
total photoreceptor thicknesses were 96.7± 10.7 µm, 59.3±
5.5 µm, and 155.6 ± 12.6 µm, respectively (Table 3). These
measurements were smaller compared to those obtained in
glaucomatous eyes (103.7 ± 13.3 µm, 59.5 ± 5.5 µm, and
162.9 ± 15.9 µm, resp.) with significant differences found
in the foveal ONL (P = .01) and total photoreceptor (P =
.03) thicknesses. The parafoveal (1.5 mm) photoreceptor
measurements were smaller than the foveal measurements
for both normal and glaucoma subjects (all with P <
.01). There were no detectable differences in the parafoveal
(1.5 mm) photoreceptor measurements between the normal
and glaucoma groups (P ≥ .23) (Table 4).

The ONL thickness was significantly greater in mild
glaucomatous compared with normal eyes (P = .02) whereas
no difference was found comparing normal and moderate
to advanced glaucomatous eyes (P = .35). The IS+OS layer
thickness was comparable among the three diagnostic groups
(P ≥ .72).
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Table 3: Mean foveal outer nuclear layer, inner and outer segments, and photoreceptor layer thicknesses in the normal and glaucoma groups.

ONL thickness (µm) IS/OS thickness (µm) Photoreceptor layer thickness (µm)

Normal (n = 38) 96.7 ± 10.7 59.3 ± 5.5 155.6 ± 12.6

Glaucoma (n = 47) 103.7 ± 13.3 59.5 ± 5.5 162.9 ± 15.9
∗P .011 .890 .025
∗

Independent-sample t-test.

Table 4: Mean parafoveal (1.5 mm) outer nuclear layer, inner and outer segments and photoreceptor layer thicknesses in the normal and
glaucoma groups.

ONL thickness (µm) IS/OS thickness (µm) Photoreceptor layer thickness (µm)

Normal (n = 38) 70.9 ± 14.0 45.2 ± 6.4 116.1 ± 18.7

Glaucoma (n = 47) 68.7 ± 10.7 43.6 ± 5.5 112.3 ± 14.4
∗P .410 .228 .295
∗

Independent-sample t-test.

4. Discussion

There are only a few histological studies investigating the
involvement of photoreceptor layer in human glaucoma. The
largest series was reported by Nork et al. [3]. In their study,
the maculas from 128 human eyes with a diagnosis of chronic
glaucoma and 90 control eyes were examined histologically.
They showed that, in a subset of glaucomatous eyes, the cone
nuclei at the outer portion of ONL were enlarged and the
somata were swollen. Although they did not mention the
severity of glaucomatous damage, their result concurs with
our observation that the foveal ONL thickness was increased
in a subset of patients with mild glaucoma. Cone density is
the highest at the fovea (central one degree of the macula).
Swollen cone perikarya could be manifested as increase
in ONL thickness. In the study by Kendell, they did not
find significant difference in ONL height or photoreceptor
nuclei density between 9 normal and 14 glaucoma eyes [1].
However, it is notable that the photoreceptor measurements
were largely based on the peripheral retina where rods
dominate. Wygnanski et al. also showed that there was
no cone loss in the parafoveal area (4.5 to 6 degrees
eccentricity above and below the fovea) in experimental
glaucoma [9]. Likewise, we did not find any significant
difference in photoreceptor thicknesses between normal and
glaucomatous eyes at the parafoveal (1.5 mm) region where
rods outnumber cones. Panda and Jonas reported that the
number of photoreceptors was reduced in 23 eyes with angle-
closure glaucoma secondary to perforating corneal injuries
in comparison to 14 control eyes with malignant choroidal
melanoma [2]. All the eyes had high intraocular pressure
resulting in painful bullous keratopathy not amendable to
anti-glaucoma treatments. Loss of photoreceptors might be
a result of retinal ischemia, not glaucoma. Ocular trauma
per se could also result in loss of photoreceptors [10, 11].
Collectively, our finding of increased foveal, but not the
parafoveal (1.5 mm), photoreceptor thickness in glaucoma is
in agreement with the existing histological studies in human
eyes.

Increased photoreceptor thickness in glaucoma has been
reported by Ishikawa et al. [12]. They developed a software

algorithm to perform segmentation of retinal layers at the
macula imaged by a time-domain OCT (Stratus OCT, Carl
Zeiss Meditec, Dublin, Calif, USA). Since it was difficult to
delineate the photoreceptor layer, the OCT images were pre-
processed to improve the segmentation performance. They
demonstrated that the outer retinal complex (comprising
the ONL and the IS+OS layer) was significantly increased
in glaucoma (100.4 µm) compared with the normal control
(93.8 µm, P = .035). This serendipitous result, however,
was attributed by potential inaccurate definition of the outer
retinal complex on the OCT A-scan profile. Two recent
case series, however, showed losses in cone density and
thinning of the photoreceptor outer segments in patients
with glaucoma [13, 14].

Two hypotheses were proposed by Nork et al. to explain
the swelling of photoreceptors in glaucoma [3, 15]. In the
anterograde hypothesis, reduced choroidal blood flow causes
ischemia and swelling of the photoreceptors resulting in
a decrease in reuptake of glutamate. The retinal ganglion
cells undergo apoptosis because of glutamate overload. In
the retrograde hypothesis, the photoreceptors are directly
involved as a consequence of degenerating retinal ganglion
cells. If this hypothesis is correct, it is expected that there
would be no photoreceptors swelling in eyes with advanced
glaucoma. Nork et al. considered that the anterograde
hypothesis was more plausible because they found that 5 out
of the 20 eyes (25%) with severe glaucoma in their study
exhibited definite photoreceptor swelling [3]. Nevertheless,
our in vivo measurement, which was devoid of the effect
of tissue autolysis and fixation artifact, demonstrated that,
while thickening of the ONL was observed in patients with
mild glaucoma (visual field MD> −6 dB), the ONL thickness
was comparable between the normal and the moderate to
advanced glaucoma (visual field MD < −6 dB) groups. These
findings align with the anterograde hypothesis. Prospective
studies are needed to characterize the longitudinal profile of
photoreceptor changes in glaucoma patients.

The involvement of photoreceptors in glaucoma is sup-
ported by a number of functional studies with electroretino-
gram (ERG) [16–18]. In the study by Vaegan et al., they
demonstrated reduction and delay of ERG a and b waves



Journal of Ophthalmology 5

in glaucomatous eyes [16], which were comparable to those
observed in early cone-rod dystrophy. Likewise, Weiner et
al. showed that foveal cone ERG amplitude was subnormal
in a significant proportion of glaucoma patients [17]. These
studies suggest that the outer retina could be functionally
abnormal in glaucoma.

In this study, the foveola was measured because this
location has the highest density of cones. In fact, 80% of
the retinal ganglion cells connect exclusively to cones making
the foveola a strategic location studying the involvement
of photoreceptors in glaucoma [19]. It is interesting to
note that there were no significant differences in parafoveal
photoreceptor thicknesses between the normal and glau-
coma groups. This concurs with the observation that cone
(but not rod) swelling is associated with glaucoma [3].
While evaluation of cellular density or morphology would
be a much more sensitive approach to detect photoreceptor
changes, it has not been possible to visualize individual
photoreceptors with spectral-domain OCT. Nevertheless,
thickness measurement could serve as a reasonable surrogate
to evaluate the integrity of photoreceptors.

In summary, in vivo measurement of photoreceptors
provides a unique approach to study the association between
photoreceptors and glaucoma. Although cone swelling
observed in the previous histological studies offers a probable
explanation for the increased foveal ONL thickness in
glaucoma, infiltration of glial cells or inflammatory cells
and increased extracellular matrix deposition may also con-
tribute to the thickening. Further investigations are needed
to unfold the mechanisms and functional consequences of
increased photoreceptor thickness in glaucoma.
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Purpose. To compare the photopic negative response (PhNR) of the full-field electroretinogram (ERG) to the PhNR of the focal
ERGs in detecting glaucoma. Methods. One hundred and three eyes with glaucoma and 42 normal eyes were studied. Full-field
ERGs were elicited by red stimuli on a blue background. The focal ERGs were elicited by a 15◦ white stimulus spot centered on
the macula, the superotemporal or the inferotemporal areas of the macula. Results. In early glaucoma, the areas under the receiver
operating characteristic curves (AUCs) were significantly larger for the focal PhNR (0.863–0.924) than those for the full-field
PhNR (0.666–0.748) (P < .05). The sensitivity was significantly higher for the focal PhNR than for the full-field PhNR in early
(P < .01) and intermediate glaucoma (P < .05). In advanced glaucoma, there was no difference in the AUCs and sensitivities
between the focal and full-field PhNRs. Conclusions. The focal ERG has the diagnostic ability with higher sensitivity in detecting
early and intermediate glaucoma than the full-field ERG.

1. Introduction

It has been generally believed that the activity of retinal gan-
glion cells (RGCs) contributes little to shaping the corneal
electroretinogram (ERG) elicited by ganzfeld stimuli (full-
field ERG). However, a response has been newly identified to
originate from RGCs that receive signals from cones [1]. This
response was termed the photopic negative response (PhNR)
[2], and it consists of a negative-going wave that follows the
photopic cone b-wave.

The PhNR is strongly attenuated in primate’s eyes
with experimentally induced glaucoma and also in eyes
intravitreally injected with tetrodotoxin [2], a blocker of
the neural activity of retinal ganglion cells, their axons,
and amacrine cells [3, 4]. In addition to this experimental
evidence, it has been demonstrated that the PhNR was
reduced in patients with optic nerve and retinal diseases that
affect mainly the RGCs and retinal nerve fiber layer [5–16].
We have shown that the amplitudes of the PhNR of the
full-field cone ERG (full-field PhNR) were correlated with

visual sensitivity, disc topography, and retinal nerve fiber
layer thickness in eyes with open angle glaucoma (OAG)
[16]. These results indicate that the full-field PhNR can be
used as an objective functional measure of the RGCs in
glaucomatous eyes.

When the full-field PhNR amplitude was used as a
diagnostic tool, the sensitivity and specificity to discrimi-
nate glaucomatous from normal eyes were 77% and 90%,
respectively [16]. However, at the early stage of glaucoma, the
sensitivity was reduced to 57%, indicating that the full-field
PhNR is not suitable for diagnosing early glaucoma. This is
not surprising because the early glaucomatous changes begin
with localized neuronal loss in the retina and optic nerve
head that could not be detected by the full-field ERG.

The focal ERG system originally developed by Miyake
et al. [17] is now commercially available in Japan. Recently,
we have recorded focal ERGs from patients with glaucoma
[18–20] and optic nerve diseases [21]. We found that the
PhNR of the focal ERG (focal PhNR) was also selectively
attenuated in patients with OAG. In addition, we investigated
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correlation between the focal PhNR and corresponding
retinal sensitivity obtained by standard automated perimetry
(SAP). A curvilinear relationship was found between the
focal PhNR amplitude and retinal sensitivity (decibel),
in which a reduction of the focal PhNR amplitude was
associated with a small decrease of retinal sensitivity at the
early stage of glaucoma [18]. This suggests that the focal
PhNR may be used for detecting functional loss at the early
stage of glaucoma. This focal ERG system allows us to record
focal retinal responses from the paramacular regions of the
retina that are preferentially affected at the early stage of
glaucoma. In our recent study, we recorded focal ERGs from
three retinal loci including the macular region, the supero-
temporal and infero-temporal areas of the macula. The
sensitivity and specificity of the focal PhNR to discriminate
early glaucoma were >90%. These findings were made with
the combined criterion in which eyes were classified as being
glaucomatous when the focal PhNR amplitudes were less
than the optimal cut-off values in either retinal locus [19].

From these results, it appeared that the focal PhNR is
better than the full-field PhNR to discriminate glaucomatous
from normal eyes. However, a direct comparative study
comparing the diagnostic values of full-field and focal PhNRs
obtained from the same eyes has not been reported although
studies using different patient populations for the full-field
and focal PhNRs have been done [16, 18, 19].

Thus, the purpose of this study was to compare the ability
of the full-field and focal PhNRs to detect glaucomatous
eyes at different stages. Importantly, the full-field and focal
PhNRs were recorded from the same eyes.

2. Methods

2.1. Patients. One hundred and three eyes of 103 patients
with OAG were studied. Their ages ranged from 37 to
83 years with a mean ± standard deviation of 68.2 ± 9.1
years. The diagnosis of OAG was based on the presence of a
glaucomatous optic disc associated with visual field defects
measured by SAP. The presence of glaucomatous optic
disc was determined by the guideline of Japanese Society
of Glaucoma developed in 2005 (http://www.nichigan.or
.jp/member/guideline/glaucoma2.jsp). According to the
diagnostic criterion for minimal abnormality of the visual
field [22], the visual field defect was determined to be
glaucomatous when it met one of three criteria. (1) The
pattern deviation plot showed a cluster of three or more
nonedge points that had lower sensitivities than those in 5%
of the normal population (P < .05), and one of the points
had a sensitivity that was lower than 1% of the population
(P < .01), (2) the value of the corrected pattern standard
deviation was lower than that of 5% of the normal visual
field (P < .05), or (3) the Glaucoma Hemifield Test showed
that the field was outside the normal limits.

Forty-two eyes of 42 age-matched normal volunteers,
ranging in age from 53 to 78 years with a mean of
67.6 ± 7.3 years, were studied. We selected normal eyes
from patients with macular hole in the fellow eye which
was treated by vitrectomy. They underwent comprehensive

Center
Stimulus
spot 15◦

Superior/
temporal

Inferior/
temporal

Figure 1: Ocular fundus photograph showing retinal areas which
were stimulated by focal spots with a diameter of 15 degrees.

ophthalmological examinations including measuring visual
acuity by a Snellen chart and observing the ocular fundus
by an indirect ophthalmoscope as well as a biomicroscopic
slit lamp. In addition, we performed optical coherence
tomography and SAP to rule out macular and optic nerve
diseases.

This research was conducted in accordance with the
Institutional Guidelines of Iwate Medical University, and the
procedures conformed to the tenets of the Declaration of
Helsinki. An informed consent was obtained from all sub-
jects after a full explanation of the nature of the experiments.

2.2. ERG Recordings. The pupils were maximally dilated to
approximately 8 mm in diameter following topical applica-
tion of a mixture of 0.5% tropicamide and 0.5% phenyle-
phrine HCL. The recordings of the full-field and focal ERGs
were made on the same eye on the same day. The stimulus
conditions for the recordings of the full-field cone ERGs and
focal ERGs have been reported in detail [16, 18].

The full-field cone ERGs were elicited by red stimuli of
1 600 cd/m2 (λmax = 644 nm, half-amplitude bandwidth =
35 nm) on a blue background of 40 cd/m2 (λmax = 470 nm,
half-amplitude bandwidth = 18 nm). The duration of the
stimulus was 3 msec. The stimulus and background lights
were produced by light emitting diodes (LEDs) embedded
in the contact lens.

Focal ERGs were recorded from the macular area and
from the supero-temporal and infero-temporal areas of the
macula. Responses from these areas are designated as the
center, superior/temporal, and inferior/temporal responses,
respectively (Figure 1). The stimulus system was integrated
into the infrared fundus camera (Mayo Co., Nagoya, Japan),
which had been developed by Miyake et al. [17]. The stimulus
spot was 15 degrees in diameter and was placed on the
retinal area of interest, and the position was confirmed by
viewing the ocular fundus on a monitor. The intensity of
the white stimulus and background lights was 165 cd/m2 and
6.9 cd/m2, respectively. The stimulus duration was 10 ms.
The focal ERGs were recorded with a Burian-Allen bipolar
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Figure 2: Representative full-field cone and focal electroretinograms recorded from a normal subject and a glaucoma patient with advanced
visual field defects.

contact lens electrode (Hansen Ophthalmic Laboratories,
Iowa City, IA).

The responses were digitally band-pass filtered from 0.5
to 1000 Hz for the full-field ERG and from 5 to 500 Hz for
the focal ERG. It is often difficult to determine the negative
trough of the PhNR especially in cases with reduced PhNR
amplitudes. Therefore, we measured the PhNR amplitude at
the fixed time points. We determined the time of the maxi-
mum amplitude of the PhNR in normal subjects according to
the method of Rangaswamy et al. [9]. We found that the full-
field and focal PhNRs were the largest at 65 ms and 70 ms
after the flash, respectively. Therefore, we measured PhNR
amplitudes at 65 ms for the full-field PhNR and 70 ms for
the focal PhNR throughout the study (Figure 2).

2.3. Visual Field Analyses. The Humphrey Visual Field
Analyzer (Model 750, Humphrey Instruments, San Leandro,
CA, USA) was used for SAP. The SITA Standard strategy was
applied to program 24-2. From the mean deviation (MD) of
the 24-2 program, we classified patients with glaucomatous
visual fields into three groups: early (MD > −6 dB; n = 41,
mean age and SD: 68.6 ± 9.8 years), intermediate (−6 dB ≥
MD≥ −12 dB; n = 28, 69.5± 8.1 years), and advanced (MD
< −12 dB; n = 34, 69.4 ± 7.4 years) defects of the visual
field. There was no significant difference in the mean age
among the three groups. The intraocular pressures (IOPs) of
all patients were controlled under 21 mmHg by eye drops,
and there was no significant difference in the IOPs among
the groups. The averaged MDs were −3.31 ± 1.58, −8.88 ±
1.67, and −17.37 ± 4.46 dB for the early, intermediate, and
advanced groups, respectively.

When the fixation loss rate is higher than 20%, the field
examination was determined to be unreliable and excluded
from the analysis. In addition, when the false-positive or

false-negative error rates exceeded 33%, the visual field was
not used for the analysis. The interval between the visual field
testing and ERG recording was less than 1 month.

2.4. Statistic Analyses. We used receiver operating character-
istic (ROC) curves to determine the optimal cut-off values
that yielded the highest likelihood ratio. The area under
the curve (AUC) was used to compare the ROC curves.
The comparison between AUCs was made according to the
method reported by DeLong et al. [23]. The sensitivity and
specificity of the focal PhNR were compared to that of
the PhNR of the full-field ERGs using Fisher’s exact test.
Unpaired t tests were used to compare data between groups
with different degrees of the visual field defect. One-way
ANOVA was used to determine the statistical significance
of the ERG changes in eyes with the stage of glaucoma.
These analyses were performed using commercial software
MedCalc 11.3.3 (MedCalc Software, Mariakerke, Belgium)
and Prism 5.1 (GraphPad Software Inc., San Diego, CA).

3. Results

3.1. Representative ERG Waveforms from Normal and Glauco-
matous Eyes. The full-field and focal ERGs recorded from a
normal control and a patient that had advanced glaucoma
with a mean deviation −13.28 dB are shown in Figure 2.
Both the full-field and focal PhNRs were reduced in the
patient compared to the normal control although there was
no change in the amplitudes of the a- and b-waves in the full-
field and focal ERGs (Figure 2).

3.2. Averaged PhNR Amplitudes and PhNR/b-Wave Amplitude
Ratios for Different Degrees of Visual Field Defects. We have
plotted the PhNR amplitudes and PhNR/b-wave amplitude
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Figure 3: The PhNR amplitudes of the full-field (a) and focal ERGs (b) center, (c) superior/temporal, and (d) inferior/temporal) are plotted
for the normal controls ( ) and glaucomatous eyes at early (�), intermediate (�), and advanced stages (�). Bars represent means of the
PhNR amplitudes.

ratios against stages of glaucoma in Figures 3 and 4,
respectively. In both the full-field and focal ERGs, the PhNR
amplitudes and the PhNR/b-wave amplitude ratios were
significantly and progressively reduced with an advance in
the stage of glaucoma (P < .0001). Even at the early
stage of glaucoma, the PhNR amplitude and PhNR/b-wave
amplitude ratio were significantly reduced compared to that
in the normal controls for the full-field (PhNR amplitude:
P < .004) and focal ERGs (all retinal areas: P < .0001).
However, for the PhNR/b-wave amplitude ratio of the full-
field ERGs, the data of the normal control considerably
overlapped those from the early glaucoma group resulting in
no significant differences (Figure 4(a)).

The PhNR amplitude and PhNR/b-wave amplitude ratio
of the full-field ERGs gradually decreased as the stage of
glaucoma advanced. On the other hand, the greatest loss of
the PhNR amplitude and PhNR/b-wave amplitude ratio of
the focal ERG was seen at the early stage of glaucoma. For
example, the mean of the focal PhNR amplitude recorded
from the center was reduced from 1.24 μV to 0.69 μV at the
early stage of glaucoma. Then, it slightly decreased to 0.50 μV
at the advanced stage of glaucoma despite considerable loss
of the visual sensitivity of SAP (Figure 3(b)).

The full-field PhNR amplitude fell outside the normal
range in 29, 48, and 56% of patients of the early, inter-
mediate, and advanced groups. The focal PhNR amplitudes
of the central retinal area fell outside the normal range
in 62, 61, and 76% of patients of the early, intermediate
and advanced groups. The corresponding percentages for
the superior/temporal and inferior/temporal focal PhNR
amplitudes were 49 and 46% for the early, 59 and 57%
for the intermediate, and 85 and 79% for the advanced
groups, respectively. Thus, the focal PhNR amplitude showed
abnormal values in more patients at any stages than the full-
field PhNR amplitude. Similar results were obtained for the
PhNR/b-wave amplitude ratio.

3.3. ROC Curves of Full-Field and Focal ERGs. The cut-off
values were varied by 1.0 μV steps for the full-field PhNR
amplitude, 0.1 μV for the focal PhNR amplitudes, and 0.01
for the focal PhNR/b-wave amplitude ratio for the pooled
data of glaucomatous and normal eyes. The sensitivity and
specificity were obtained for each cut-off value and plotted
to determine the ROC curves from which the AUC was
obtained (Figures 5–7, Table 1).
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Figure 4: The PhNR/b-wave amplitude ratios of the full-field (a) and focal ERGs (b) center, (c) superior/temporal, and (d)
inferior/temporal) are plotted for the normal controls ( ) and glaucomatous eyes at early (�), intermediate (�), and advanced stages (�).
Bars represent means of the PhNR/b-wave amplitude ratios.

In early glaucoma, the focal PhNR amplitude curves were
always superior to the full-field PhNR amplitude curves. As
a result, the AUC of the focal PhNR amplitude of the infe-
rior/temporal area was significantly larger than that of the
full-field PhNR amplitude (Figure 5(a), P < .05). The AUCs
of the focal PhNR/b-wave amplitude ratio obtained from all
retinal areas were significantly larger than those of the full-
field PhNR/b-wave amplitude ratio (Figure 5(b), Table 1,
P = .01 for the center, P = .001 for the superior/temporal
area, and P < .001 for the inferior/temporal area).

For eyes with intermediate glaucoma, most parts of the
ROC curves of the focal ERG amplitudes overlapped the
curve of the PhNR amplitude of the full-field ERGs. Thus,
there was no significant difference in the AUCs between
the focal and full-field PhNR amplitudes (Figure 6(a)).
For the PhNR/b-wave amplitude ratio, the curves of the
focal PhNR/b-wave amplitude ratio were always higher
than those of the full-field PhNR/b-wave amplitude ratio,
resulting in significantly larger AUCs for the focal PhNR/b-
wave amplitude ratio than for the full-field PhNR/b-wave
amplitude ratio (Figure 6(b), P < .05 for the center, P < .01
for the inferior/temporal and superior/temporal areas).

In eyes with advanced glaucoma, the ROC curves for
the PhNR amplitude and PhNR/b-wave amplitude ratio of
the focal and full-field ERGs were overlapped (Figure 7).
The differences in the AUCs between the full-field and focal
PhNRs for both the PhNR amplitude and PhNR/b-wave
amplitude ratio were not significant.

3.4. Sensitivity and Specificity of Full-Field and Focal ERG
PhNR. The sensitivity and specificity were obtained with
the optimal cut-off values for the PhNR amplitude (Table 2)
and the PhNR/b-wave amplitude ratio (Table 3). Because
the likelihood ratio reveals the sensitivity/false positive
rate, the highest likelihood ratio indicates high sensitivity
and specificity. Eyes were classified as being glaucomatous
when their focal PhNR amplitudes or focal PhNR/b-wave
amplitude ratio were less than the cut-off values in either
retinal areas (combined criterion in Tables 2 and 3). In all
patient groups with different degrees of visual field defects,
no significant difference was found in the specificity between
the full-field and focal PhNRs obtained from all retinal areas
including the combined criteria.
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Figure 5: Receiver operating characteristic (ROC) curves for the PhNR amplitude (a) and PhNR/b-wave amplitude ratio (b) of the full-field
and focal electroretinograms. Patients with early glaucoma (n = 41, mean deviation > −6 dB). PhNR: photopic negative response.
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Figure 6: Receiver operating characteristic (ROC) curves for the PhNR amplitude (a) and PhNR/b-wave amplitude ratio (b) of the full-field
and focal electroretinograms. Patients with intermediate glaucoma (n = 28, −6 dB ≥ mean deviation ≥ −12 dB). PhNR: photopic negative
response.
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Table 1: Area under the curve of the PhNR amplitude and PhNR/b-wave amplitude ratio.

PhNR amplitude PhNR/b-wave amplitude ratio

AUC 95% CI AUC 95% CI

Early (n = 41)

Full-field ERG 0.748 0.638–0.839 0.666 0.551–0.768

Focal ERG

Center 0.866 0.759–0.925 0.863 0.767–0.930

Sup/temp 0.863 0.767–0.930 0.886 0.795–0.947

Inf/temp 0.874 0.780–0.938 0.924 0.841–0.971

Intermediate (n = 28)

Full-field ERG 0.865 0.758–0.937 0.789 0.670–0.880

Focal ERG

Center 0.906 0.808–0.964 0.938 0.849–0.982

Sup/temp 0.929 0.838–0.978 0.946 0.860–0.987

Inf/temp 0.959 0.878–0.992 0.942 0.854–0.984

Advanced (n = 34)

Full-field ERG 0.954 0.875–0.989 0.910 0.817–0.965

Focal ERG

Center 0.951 0.871–0.988 0.930 0.842–0.977

Sup/temp 0.968 0.895–0.995 0.953 0.874–0.989

Inf/temp 0.972 0.902–0.996 0.972 0.901–0.996

PhNR: photopic negative response; AUC: area under the curve; CI: confidence interval; sup/temp: superior/temporal; inf/temp: inferior/temporal.
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Figure 7: Receiver operating characteristic (ROC) curves for the PhNR amplitude (a) and PhNR/b-wave amplitude ratio (b) of the full-field
and focal electroretinograms. Patients with advanced glaucoma (n = 34, mean deviation < −12 dB). PhNR: photopic negative response.
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Table 2: Sensitivity and specificity of the PhNR amplitude to discriminate glaucomatous eyes.

Sensitivity (95%CI) Specificity (95%CI) Cut-off value (μV)

Early (n = 41)

Full-field ERG 38.1 (23.6–54.4) 92.3 (79.1–98.3) 22

Focal ERG

Center 69.1 (52.9–82.4) 95.2 (83.8–99.3) 0.7

Sup/temp 63.4 (46.9–77.9) 97.6 (87.1–99.6) 0.5

Inf/temp 56.1 (46.9–77.9) 95.2 (83.8–99.3) 0.7

Combined 88.1 (74.4–96.0) 90.5 (87.7–99.6)

Intermediate (n = 28)

Full-field ERG 59.3 (38.8–77.6) 92.3 (79.1–98.3) 22

Focal ERG

Center 64.3 (44.1–81.3) 95.2 (83.8–99.3) 0.7

Sup/temp 75.0 (55.1–89.3) 97.6 (87.1–99.6) 0.5

Inf/temp 67.9 (47.7–84.1) 95.2 (83.8–99.3) 0.7

Combined 92.9 (87.7–99.6) 90.5 (87.7–99.6)

Advanced (n = 34)

Full-field ERG 66.7 (48.2–82.0) 92.3 (79.1–98.3) 22

Focal ERG

Center 88.2 (72.5–96.6) 95.2 (83.8–99.3) 0.7

Sup/temp 90.9 (75.6–98.0) 97.6 (87.1–99.6) 0.5

Inf/temp 90.9 (75.6–98.0) 95.2 (83.8–99.3) 0.7

Combined 97.1 (87.7–99.6) 90.5 (87.7–99.6)

PhNR: photopic negative response; CI: confidence interval; sup/temp: superior/temporal; inf/temp: inferior/temporal.

Table 3: Sensitivity and specificity of the PhNR/b-wave amplitude ratio to discriminate glaucomatous eyes.

Sensitivity (95%CI) Specificity (95%CI) Cut-off value

Early (n = 41)

Full-field ERG 23.8 (12.1–39.5) 97.4 (86.5–99.6) 0.19

Focal ERG

Center 61.9 (45.6–76.4) 97.6 (87.4–99.6) 0.22

Sup/temp 75.6 (59.7–87.6) 97.6 (87.1–99.6) 0.23

Inf/temp 73.1 (57.1–85.3) 95.2 (83.8–99.3) 0.29

Combined 97.6 (87.7–99.6) 92.9 (87.7–99.6)

Intermediate (n = 28)

Full-field ERG 40.7 (22.4–61.2) 97.4 (86.5–99.6) 0.20

Focal ERG

Center 67.9 (47.7–84.1) 97.6 (87.4–99.6) 0.22

Sup/temp 85.7 (67.3–95.9) 97.6 (87.1–99.6) 0.23

Inf/temp 78.6 (59.0–91.7) 95.2 (83.8–99.3) 0.29

Combined 96.4 (87.7–99.6) 92.9 (87.7–99.6)

Advanced (n = 34)

Full-field ERG 69.7 (51.3–84.4) 97.4 (86.5–99.6) 0.20

Focal ERG

Center 70.6 (52.5–84.9) 97.6 (87.4–99.6) 0.22

Sup/temp 90.9 (75.6–98.0) 95.6 (87.1–99.6) 0.23

Inf/temp 90.9 (75.6–98.0) 95.2 (83.8–99.3) 0.29

Combined 97.1 (87.7–99.6) 92.9 (87.7–99.6)

PhNR: photopic negative response; CI: confidence interval; sup/temp: superior/temporal; inf/temp: inferior/temporal.
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In patients with mild defects of the visual field, the
sensitivities of the focal PhNR amplitudes were significantly
higher than those of the full-field PhNR amplitudes (P <
.01) except for the inferior/temporal area. For the PhNR/b-
wave amplitude ratio, the sensitivities of the focal ERG in
both retinal areas were significantly higher than those of
the full-field ERGs (P < .001 for the center, P < .00001
for the superior/temporal and inferior/temporal areas). The
sensitivities of the PhNR amplitude and PhNR/b-wave
amplitude ratio increased to 88.1% and 97.6%, respectively,
when the combined criterion was used, and they were
significantly higher than the corresponding values of the full-
field PhNR (P < .00001).

In intermediate and advanced glaucoma, the sensitivities
of the focal PhNRs were generally higher than those of
the full-field PhNRs. A significant difference was found
between the focal and full-field PhNRs in the PhNR/b-wave
amplitude ratio obtained from the superior/temporal and
inferior/temporal areas in intermediate glaucoma (P < .01
for the superior/temporal retinal area, P < .05 for the
inferior/temporal area). The sensitivities of the focal PhNR
obtained by the combined criteria were significantly higher
than those of the full-field PhNR in intermediate glaucoma
(P < .05 for the PhNR amplitude, P < .005 for the PhNR/b-
wave amplitude ratio).

In advanced glaucoma, there was no significant differ-
ence in the sensitivity between the full-field and focal PhNRs.

4. Discussion

We compared diagnostic abilities between the full-field and
focal PhNRs in detecting glaucomatous eyes. Our results
demonstrated that the AUCs and sensitivities were higher for
the focal PhNR than for the full-field PhNR at the early and
intermediate stages of glaucoma. This suggests that the focal
PhNR is a good indicator to detect the functional loss in early
and intermediate glaucoma.

4.1. Diagnostic Ability of Full-Field and Focal PhNRs. The
AUCs of the focal PhNRs were better for identifying eyes
with early and intermediate glaucoma than those of the full-
field PhNRs. On the other hand, there was no significant
difference in the AUCs between the focal and full-field
PhNRs in advanced glaucoma. When the combined criterion
for the focal PhNR was used, the sensitivity increased
to 88.1% and 97.6% for the focal PhNR amplitude and
PhNR/b-wave amplitude ratio, respectively, even in early
glaucoma, while the sensitivities for the PhNR amplitude
and amplitude ratio of the full-field ERG were 38.1% and
23.8%. These findings indicate that the focal PhNR is a better
indicator than the full-field PhNR in detecting functional
changes in early and intermediate glaucoma.

We selected the optimal cut-off value with the highest
likelihood ratio which maximally reduces false positive
cases. This then kept the specificity high for both PhNR
parameters. The disadvantage of the combined criterion is
that it lowers the specificity as reported although a high
sensitivity was obtained [18]. However, the specificity of the

PhNR of the full-field and focal ERGs could be kept over 90%
by using this method to select the optimal cut-off values. Our
results indicated that, even in early glaucoma, the focal PhNR
had high sensitivity and specificity attained by the combined
criterion.

We have reported that a curvilinear relationship existed
between the retinal sensitivity (in decibels) measured by
perimetry and the focal PhNR amplitude [18]. This indicated
that 3 dB loss in the retinal sensitivity is approximately
associated with a fifty percent decrease in the focal PhNR
amplitude at the early stage of glaucoma. In fact, the largest
loss of the PhNR amplitude was seen at the early stage of
glaucoma in the focal ERGs (Figures 3 and 4). On the other
hand, the full-field PhNR amplitude gradually reduced with
advance of glaucoma. Taken together, these findings indicate
that the focal PhNR could be a better measure to detect
functional abnormalities at the early stage of glaucoma than
the full-field PhNR.

4.2. Disadvantages of Focal PhNR. It is essential that the
ocular fundus is visible to be able to record the focal
PhNRs reliably because the stimulus areas stimulated must
be monitored during the recordings using an infrared fundus
camera. It is impossible to record the focal ERG in patients
with dense opacities of the ocular media, such as cataracts
and vitreous opacities. Furthermore, opacities of the ocular
media can produce stray-light that makes the focal stimulus
larger. Therefore, we have excluded patients with clinically
significant cataracts that affected vision. On the other hand,
the stray-light effect is negligible for the full-field ERGs. In
cases with severe opacity of the ocular media, the full-field
PhNRs would be more reliable than the focal PhNR.

Intersession variability is represented by the coefficients
of variation (CV = standard deviation/mean × 100), and
it was higher for the focal PhNR than for the full-field
PhNR [16, 18]. In addition, variations of the PhNR ampli-
tude among individuals were greater for the focal PhNR
amplitude than for the full-field PhNR amplitude [18].
However, this disadvantage of the focal PhNR can be reduced
by using the amplitude ratio of the PhNR to the b-wave
amplitude [18]. Therefore, the PhNR/b-wave amplitude
ratio is recommended for measuring the effectiveness of the
focal ERGs.

4.3. Limitations of the Present Study. The recording and
stimulus conditions of the focal ERG were different from
those of full-field ERG, which may explain why the focal
PhNR was better than the full-field PhNR in diagnosing early
or intermediate glaucoma. First, we set the low cut filters at
0.5 Hz and 5 Hz for the full-field and focal ERGs, respectively.
The higher cut-off frequency (5 Hz) used to record the focal
PhNR was necessary to eliminate the drifts in the baseline.
Thus, some of the low frequency components of the PhNR
were reduced as shown in monkeys [24, 25].

Second, the full-field ERGs were elicited by red stimuli on
a blue background (R/B) while the focal ERGs were elicited
by white stimuli on a white background (W/W). The R/B
stimuli have been shown to be a very good combination to
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elicit large and reliable PhNRs [26]. Furthermore, the results
of our preliminary study demonstrated that the sensitivity
and specificity to discriminate glaucoma were higher for the
R/B than for the W/W stimulus conditions (Machida et al.,
IOVS 2007; 48: ARVO E-Abstract 215). Thus, the stimulus
conditions used in this study are more advantageous to
eliciting full-field PhNRs than focal PhNRs.

Therefore, the differences in the recording and stimulus
conditions do not seem to be able to explain the current
results in which the focal PhNR was more sensitive than
the full-field PhNR in diagnosing early and intermediate
glaucoma.

5. Conclusions

The results of this study indicate that the PhNRs of the full-
field and focal ERGs represent functional loss of RGCs in
glaucoma at different stages of glaucoma. The focal ERG has
the diagnostic ability with high sensitivity and specificity in
detecting glaucomatous eyes at the early and intermediate
stages, especially when the combined criterion is used. There
was no difference in the diagnostic value between the full-
field and focal PhNRs in advanced glaucoma. Thus, the focal
PhNR can be a good functional parameter to detect early or
intermediate glaucoma.
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Purpose. To evaluate hemodynamic parameters as possible predictors for glaucoma progression. Methods. An 18-month
randomized double-masked cohort study including 30 open-angle glaucoma patients receiving fixed-combination treatment with
Dorzolamide/Timolol (DTFC) or Latanoprost/Timolol (LTFC) (n = 15 per group) was performed. Intraocular pressure (IOP),
arterial blood pressure (BP), ocular and diastolic perfusion pressures (OPP, DPP), color Doppler imaging, pulsatile ocular blood
flow analysis, scanning laser polarimetry, and Humphrey visual field evaluations were included. Results. Both treatments showed
statistically similar IOP reduction. Six patients in DTFC and 7 in LTFC group met glaucoma progression criteria. DTFC group had
higher OPP, DPP, and lower vascular resistivity indices as compared to the LTFC. Progressing patients had higher nerve fiber index,
lower systolic BP, OPP, DPP, higher ophthalmic and central retinal artery vascular resistance, and lower pulse volume (P < .05;
t-test). Conclusions. Structural changes consistent with glaucoma progression correlate with non-IOP-dependent risk factors.

1. Introduction

The recent series of large, multicenter, randomized clinical
trials examining glaucoma treatment provide some informa-
tion regarding current management goals for maintaining a
target intraocular pressure (IOP). However, in many cases,
glaucoma progression occurs despite maintaining target
IOP. For instance, in the Collaborative Normal-Tension
Glaucoma (CNTG) study, 12 to 18% of glaucoma patients
progressed despite a 30% IOP reduction [1]; in the Early
Manifest Glaucoma Trial (EMGT), 45% progressed despite
an average IOP reduction of 25% at 6-year followup [2].
Leske et al. [3] further reported that 67% of patients
progressed over 11 years of followup despite IOP reduction.

Non-IOP factors have also been identified as contribut-
ing to open-angle glaucoma (OAG) progression, including
lower ocular perfusion pressure (OPP), reduced ocular blood
flow, cardiovascular disease, and low systolic blood pressure.
Impaired optic nerve blood flow is considered a potential

causative factor in the development of glaucoma optic
neuropathy [4, 5]. However, it remains unknown whether
manipulation of perfusion pressure, blood pressure, and
ocular blood flow will prevent glaucoma progression.

The European Glaucoma Guidelines of 2008 [6] set
the preservation of visual function as the primary goal of
glaucoma therapy. In cellular terms, this can be interpreted
as prevention of retinal ganglion cell death. However, the
exact factors contributing to retinal ganglion cell death
remain speculative [7]. Although changes in ocular blood
flow might be the consequence of IOP variations, they
can also be a primary physiological event [8]. As IOP
therapies may influence ocular perfusion [9], it is vital
to investigate glaucoma therapies for vascular interactions
in addition to IOP reduction. One possible therapy is
dorzolamide hydrochloride, a potent vasoactive glaucoma
topical treatment that many studies have shown to increase
various measures of ocular blood flow [10–16]. Although
not all studies are in full agreement [17, 18], a recent
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meta-analysis of published studies found carbonic anhydrase
inhibitors, such as dorzolamide, to be consistently effective at
increasing the ocular circulation [19].

Much less research has been conducted to investigate
the effects of a combination treatment on improving ocular
circulation and reducing IOP, especially in relation to glau-
coma progression. To our knowledge, there are no long-term
prospective double-blind studies that investigated the IOP
lowering effects of fixed combinations and the correlation
between ocular hemodynamic and both functional and
structural changes in glaucoma patients. This study investi-
gates the fixed combinations of dorzolamide/timolol (DTFC)
and latanoprost/timolol (LTFC) on IOP lowering and glau-
coma progression while examining if baseline ocular blood
flow parameters are predictive of glaucomatous progression
as determined by visual field and/or structural changes.

2. Materials and Methods

Thirty OAG patients were followed for 18 months in an
observational cohort study. All subjects read and signed an
informed consent, and the study was approved by the Kaunas
University of Medicine institutional review board. Inclusion
criteria: OAG patients with characteristic glaucomatous
visual field loss, optic nerve head damage, and IOP not
adequately controlled with timolol maleate (BID). Exclusion
criteria: mean deviation worse than or equal to −12 dB in
Humphrey Visual Fields (HVFA) central 24-2 SITA Standard,
cup to disc ratio equal or greater than 0.9, history of eye
disease other than refractive error, orbital or ocular trauma,
history of renal or hepatic disease, asthma or respiratory
disease, allergy to either of the study medications, and preg-
nant or nursing women. After timolol baseline examination,
patients were randomly assigned to double masked fixed
combination treatment: LTFC or DTFC. Examinations were
carried out in both eyes and the study eye was chosen
randomly. All study visits were scheduled at the same time
of day ±1 hour in order to avoid diurnal fluctuations in IOP
and arterial BP.

Examinations were carried out at baseline, 1, 6, 12, and
18 months of treatment, including full ophthalmic examina-
tion, visual acuity, Goldmann IOP, central corneal thickness
(CCT) (OcuScan PXP Alcon Labs. Inc), Humphrey visual
field examination (24-2 SITA Standard), and scanning laser
polarimetry (GDx VCC Laser Diagnostic Technologies Inc.,
San Diego, CA). In the scanning laser polarimetry scan
printout each color represents a different probability of the
parameter being outside normal limits, with red having the
highest probability (P < .005), followed by yellow (P < .01),
light blue (P < .02), and dark blue (P < .05); green (P < .05)
refers to normal limits.

All patients had 5 or more visual fields and scanning laser
polarimetry scans for analysis. Glaucoma progression was
identified by (1) standard automated perimetry (SAP) as a
statistically significant decrease from baseline examination
in the pattern deviation values. Deepening of an existing
scotoma was considered if two points in an existing scotoma
declined by ≥10 dB. Expansion of an existing scotoma
was considered if two contiguous points adjacent to an

existing scotoma declined by ≥10 dB. A new scotoma was
diagnosed if an alteration meeting the criteria for glau-
comatous visual field defect occured in previously normal
visual field location. Three or more locations with P < .01
constituted a change of threshold sensitivity. (2) Progressive
optic disc change is determined by optic disc assessment by
ophthalmoscopy and scanning laser polarimetry. Advanced
Serial Analysis detected repeatable change on two consec-
utive scans compared with baseline images using thickness
map, and deviation map, deviation from reference map,
temporal-superior-nasal-inferior-temporal (TSNIT) graph
or a significant change in slope of the summary parameter
chart. Each slope represented the change in RNFL thickness
per year, assuming a linear trend across the followup period
[3, 20–22].

Ocular blood flow was evaluated with pulsatile ocular
blood flow analyser POBF (Paradigm medical industries.
Inc.) and Color Doppler imaging (CDI) (Accuvix XQ. Medi-
son Co., LTD. Seoul, Republic of Korea). Blood flow velocities
were measured in the ophthalmic (OA), central retinal
(CRA), and short posterior ciliary arteries (SPCA), with
a 7.5 MHz linear probe calculating peak systolic velocity
(PSV), end-diastolic velocity (EDV), and resistive index (RI)
in each vessel. Vascular RI was originally described by Pour-
celot and is calculated as RI = (PSV − EDV)/PSV [23–26].

All patients’ data were collected in the Eye Clinic of
Kaunas Medical University (Lithuania). CDI readings were
performed by a Reading Center: the Glaucoma Research and
Diagnostic Laboratories in the Department of Ophthalmol-
ogy, Indiana University School of Medicine (USA).

3. Statistical Analysis

CDI presents 12 different parameters with a coefficient of
variation ranging from 1.7% to 18%, and the majority of
parameters present with a coefficient of variation under 10%.
The coefficient of variation for total RNFL thickness is 5%.
With a sample size of 15 in each group, we have at least 90%
power to detect a change as small as 8.5% with alpha level
0.05 in retrobulbar velocities and 4.2% in RNFL thickness.
The coefficient of variation for POBF is 15% [24]. In this
analysis, we determined our sample size must be greater than
29.17 subjects to detect changes smaller than 9% in blood
flow parameters. Changes in visual fields over time were
analyzed using Humphrey’s STATPAC software as described
in Materials and Methods.

Descriptive statistics were obtained for the resulting
measurements. In the event that significance was achieved by
repeated ANOVA measurements, we applied the Fisher’s and
Bonferroni models. Changes in individual parameters were
examined by paired Student’s t-test. P values of P < .05 were
considered statistically significant. To test the hypothesis
that the mean difference between two measurements is zero,
Wilcoxon signed-ranks test was used. Changes in OBF and
glaucomatous optic neuropathy parameters (functional and
structural changes) were analyzed by Pearson’s correlation
analysis. Multivariate regression models were used to evalu-
ate potential risk factors for glaucoma progression: age, IOP,
systolic BP, diastolic BP, OPP, DPP, pulse volume, and RI of
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Figure 1: ROC curve—DPP at 18-month visit in progressing
glaucoma patients. ROC: Receiver operating characteristic.

retrobulbar vessels. Receiver Operating Characteristic (ROC)
curves for progressing glaucoma patients were performed to
analyze the discriminating ability of possible vascular risk
factors.

4. Results

We examined 30 OAG patients (15 patients in each study
group) with a mean age of 58.13 (SD 8.6), including 5
males and 25 females. There were no statistically significant
differences between baseline parameters of either treatment
group.

Both DTFC and LTFC had similar IOP lowering effect
over 18 months of observation (P = .653; t-test). Baseline
systolic and diastolic BP were comparable between DTFC
and LTFC groups (P = 0.101 and P = 0.07, resp., t-test).
DTFC showed statistically significantly higher OPP, SPP, and
DPP at 1, 6, and 18 months visits (Table 1).

CDI baseline retrobulbar blood flow parameters were
similar between the two groups (P > .05; t-test), except
for a statistically significantly higher OA-PSV and CRA-EDV
in the LTFC group (Table 2). Both combination treatment
regimes increased retrobulbar blood flow velocities com-
pared to baseline, though significant changes from baseline
at the OA-PSV (P = .003), OA-EDV (P = .001), and
CRA-PSV (P = .001) were only seen in the DTFC group
at 1- and 12-month followup. Vascular RI were decreased
in the DTFC group, showing statistically significantly lower
resistivity compared to the LTFC group in the CRA and
SPCA during 12- and 18-month visits (Table 2). CRA-PSV
correlated with OA-PSV (r = 0.505;P = .004) and OA-EDV
(r = 0.450; P = .013), and SPCA-EDV correlated with DBP
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Figure 2: ROC curve—OPP at 18-month visit in progressing
glaucoma patients. ROC: Receiver operating characteristic.

(r = 0.454; P = .012), DPP (r = 0.449; P = .013), and
OA-RI (r = −0.432; P = .017).

Average IOP, pulse amplitude, and POBF were not
statistically different between treatment arms (Table 3). Pulse
volume increases in the DTFC group and differences at the
12- and 18-month visits when compared to the LTFC group
were significant (P = .025 and P = .054, resp.).

Glaucoma progression was identified in 13 eyes (21.7%):
4 (6.7%) exhibiting structural changes, 1 (1.7%) with
perimetric changes, and 8 (13.3%) showing both perimetric
and structural changes. There were no statistically significant
differences in IOP between progressing and stable glaucoma
patients at the final visit (Table 4). Progressing glaucoma
patients had higher OA RI, lower SPCA-EDV (P < .05; t-
test), and decreased pulse volume by 2.68 (SD 0.61) μL (P =
.0001; t-test) as compared to stable glaucoma patients at the
18-month visit. Progressing glaucoma cases had significantly
lower SBP, OPP, and DPP (Table 4).

Changes in TSNIT correlated with SBP (r = 0.614; P =
.025) in progressing glaucoma patients. The odds of higher
NFI at the final 18-month visit was 13.82 times greater (95%
CI 1.32–143.76) in patients with baseline CRA RI ≥ 0.67
(P = .028) and older age patients (95% CI 0.90–0.99) (P =
.021).

The area under the Receiver Operating Characteristic
(ROC) curve in progressing glaucoma patients with DPP <
62 mmHg was 0.74 (95% CI lower bound 0.56; upper bound
0.919; P = .027) (Figure 1); the sensitivity and specificity
were 0.385 and 0.941, respectively. Progressing glaucoma
patients with OPP < 52 mmHg had an area under the ROC
curve of 0.72 (95% CI lower bound 0.54; upper bound 0.907;
P = .038) (Figure 2); the sensitivity and specificity were
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Table 1: Comparison of characteristics of patients treated with DTFC and LTFC.

Characteristics DTFC LTFC
P value
(t-test)

Age 56.93 (9.54) 59.33 (7.7) .455

CCT (μ) 548.03 (39.86) 549.65 (41.71) .914

C/D ratio 0.62 (0.14) 0.65 (0.15) .576

SBP mmHg baseline 157.70 (14.90) 146.70 (20.22) .101

1 month 152.73 (16.90) 136.00 (13.67) .006∗

6 months 161.80 (18.40)∗ 146.800 (15.40)∗ .022∗

12 months 148.500 (11.18) 144.200 (17.41) .428

18 months 158.63 (14.24) 141.10 (15.21) .003∗

DBP mmHg baseline 92.13 (8.12) 86.80 (7.53) .073

1 month 93.73 (15.41) 81.10 (7.04) .009∗

6 months 97.43 (12.19)∗ 86.87 (9.49)∗ .013∗

12 months 91.07 (8.47) 86.57 (9.10) .172

18 months 88.80 (5.81) 83.83 (8.41) .070

IOP mmHg baseline 22.10 (2.69) 20.57 (3.25) .171

1 month 16.33 (2.11) 14.90 (2.69) .116

6 months 16.17 (2.81) 14.70 (2.57) .147

12 months 17.10 (2.42) 15.13 (3.42) .080

18 months 16.17 (2.08) 15.70 (3.38) .653

OPP mmHg baseline 53.8933 (5.61) 50.6100 (7.52) .186

1 month 59.27 (9.70)∗ 51.47 (4.6)∗ .011∗

6 months 62.93 (8.98)∗ 56.33 (5.84)∗ .024∗

12 months 56.38 (6.19) 55.38 (6.92) .683

18 months 57.56 (3.81) 52.18 (7.26) .019∗

SPP mmHg baseline 135.60 (7.40) 126.13 (10.51) .008∗

1 month 136.40 (12.1) 121.10 (7.5) .003∗

6 months 145.63 (19.6) 132.10 (8.4) .020∗

12 months 131.4 (8.25) 129.07 (10.24) .498

18 months 142.46 (7.4) 125.40 (9.34) .0001∗

DPP mmHg baseline 70.03 (7.40) 66.23 (8.11) .191

1 month 77.20 (15.12)∗ 66.73 (5.35)∗ .021∗

6 months 81.33 (12.19)∗ 71.67 (7.95)∗ .016∗

12 months 73.97 (8.41) 71.43 (8.90) .430

18 months 72.97 (6.15) 66.03 (11.03) .045∗
∗
P < .05 statistically significant.

DTFC: dorzolamide/timolol fixed combination; LTFC: latanoprost/timolol fixed combination; CCT: central corneal thickness; C/D ratio: clinically determined
cup-disc ratio; SBP: systolic blood pressure; DBP: diastolic blood pressure; IOP: intraocular pressure; OPP: ocular perfusion pressure; DPP: diastolic perfusion
pressure.

0.385 and 0.941, respectively. In our analysis, we found power
0.88 with type I error of 0.05 and, although sensitivity was
low at cut off, the specificity was high.

5. Discussion

This observational cohort study showed that despite the
IOP lowering effect with different fixed combinations (DTFC
and LTFC), 13 eyes (21.7%) were considered as progressing
glaucoma during 18 months of observation. Among patients
with progressing glaucoma, 6 were with DTFC and 7 with
LTFC treatment and showed no statistically significant

hypotensive effect between the two fixed combinations.
Evidence shows that despite a wide range of glaucoma
therapy options to reduce IOP, it is still difficult in some cases
to control slowly progressing optic neuropathy. During our
18-month observation, no cases of intolerance were found
and all patients completed the study.

Previously, Siesky et al. [27] reported that DTFC
increased ocular blood flow in OAG patients while attain-
ing a similar IOP reduction compared to a treatment of
latanoprost plus timolol. Visual function, as expected, was
not different in this short-term comparison. Evidence of
decreased optic nerve blood flow correlating with visual field
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Table 2: Color Doppler imaging parameters during 18 months of followup.

Characteristics DTFC LTFC
P value
(t-test)

OA PSV (cm/s)

Baseline 23.79 (8.837) 30.86 (9.30) .042

1 month 37.10 (12.33) 36.04 (7.83) .781

6 months 38.15 (16.24) 33.87 (8.27) .371

12 months 40.66 (15.51) 42.50 (14.01) .736

18 months 33.70 (10.05) 28.71 (6.93) .125

OA EDV (cm/s)

Baseline 4.82 (2.47) 7.03 (3.60) .06

1 month 8.22 (4.22) 8.78 (3.94) .710

6 months 8.87 (6.03) 7.66 (2.52) .479

12 months 10.59 (4.79) 9.63 (5.11) .599

18 months 9.47 (6.19) 7.23 (4.54) .268

OA RI

Baseline 0.79 (0.11) 0.76 (0.11) .437

1 month 0.79 (0.07) 0.75 (0.11) .158

6 months 0.76 (0.11 ) 0.76 (0.09) .986

12 months 0.72 (0.12) 0.82 (0.17) .046∗

18 months 0.76 (0.10) 0.87 (0.28) .189

CRA PSV (cm/s)

Baseline 15.09 (3.78) 17.91 (7.80) .218

1 month 17.78 (4.43) 18.59 (7.34) .716

6 months 19.08 (7.59) 17.67 (5.95) .575

12 months 28.88 (13.40) 22.71 (12.82) .208

18 months 18.69 (8.79) 17.46 (5.24) .645

CRA EDV (cm/s)

Baseline 4.56 (1.81) 6.33 (2.48) .034∗

1 month 6.49 (2.22) 5.41 (3.19) .291

6 months 6.0 (2.49) 6.16 (2.64) .868

12 months 7.56 (3.67) 10.31 (7.34) .204

18 months 5.66 (2.80) 6.85 (3.24) .289

CRA RI

Baseline 0.80 (0.26) 0.81 (0.25) .915

1 months 0.68 (0.08)∗ 0.80 (0.16)∗ .011∗

6 months 0.65 (0.082) 0.72 (0.19) .192

12 months 0.74 (0.19) 0.85 (0.19) .000∗

18 months 0.67 (0.09) 0.93 (0.23) .000∗

SPCA PSV (cm/s)

Baseline 15.55 (4.70) 14.50 (6.59) .606

1 month 15.95 (5.91) 13.38 (3.10) .147

6 months 20.03 (6.42) 17.92 (3.68) .280

12 months 21.01 (10.40) 19.81 (7.04) .715

18 months 13.69 (5.45) 11.03 (2.83) .104

SPCA EDV (cm/s)

Baseline 4.42 (2.29) 14.50 (6.59) .973

1 month 4.69 (2.28) 3.31 (2.11) .095

6 months 6.10 (2.16) 5.47 (2.22) .442

12 months 6.04 (2.67)∗ 3.43 (2.26)∗ .007∗

18 months 4.39 (1.85) 3.87 (1.17) .366

SPCA RI

Baseline 0.71 (0.06) 0.79 (0.28) .232

1 month 0.75 (0.08) 0.79 (0.10) .229

6 months 0.69 (0.06) 0.69 (0.11) .969

12 months 0.70 (0.07)∗ 0.90 (0.27)∗ .011∗

18 months 0.69 (0.11)∗ 0.85 (0.30)∗ .015∗
∗
P < .05 statistically significant.

DTFC: dorzolamide/timolol fixed combination; LTFC: latanoprost/timolol fixed combination; OA: ophthalmic artery; CRA: central retinal artery; SPCA:
short posterior ciliary artery, PSV: peak systolic velocity; EDV: end diastolic velocity; RI: resistive index.
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Table 3: Pulsatile ocular blood flow parameters.

Characteristics DTFC LTFC P value

IOP average (mmHg)

baseline 19.58 (3.68) 20.96 (3.78) .320

1 month 17.12 (3.25) 18.01 (2.83) .429

6 months 17.67 (3.73) 17.71 (3.17) .975

12 months 17.87 (3.59) 16.48 (2.56) .231

18 months 16.10 (2.78) 15.23 (4.61) .539

Pulse amplitude

Baseline 4.17 (1.50) 4.73 (1.58) .335

1 month 3.91 (0.88) 3.95 (1.18) .917

6 months 4.93 (1.88) 4.12 (1.47) .201

12 months 4.75 (1.40) 4.67 (1.74) .891

18 months 4.73 (2.78) 4.51 (1.42) .675

Pulse volume (μL)

Baseline 7.19 (2.36) 7.81 (2.68) .507

1 month 7.99 (2.27) 7.60 (2.40) .648

6 months 8.91 (2.23) 7.07 (3.26) .417

12 months 9.25 (1.95)∗ 6.93 (3.20)∗ .025∗

18 months 9.29 (2.39)∗ 7.82 (1.55) .054∗

POBF Baseline (μL/s)

Baseline 16.81 (4.53) 17.57 (6.13) .702

1 month 19.12 (4.45) 18.52 (5.48) .754

6 months 19.43 (4.54) 18.63 (6.21) .69

12 months 20.87 (4.45) 18.43 (6.51) .242

18 months 21.33 (2.74) 19.75 (5.61) .336
∗
P < .05 statistically significant.

DTFC: dorzolamide/timolol fixed combination; LTFC: latanoprost/timolol fixed combination; IOP: intraocular pressure; POBF: pulsatile ocular blood flow.

damage has been reported in glaucoma patients [28–33]. In
our study, we report differences in OPP and DPP between
DTFC and LTFC; however, no significant differences were
observed between LTFC and DTFC in terms of glaucoma
progression during the 18-month followup.

Previous studies examining ocular blood flow and glau-
coma progression reported structural abnormalities [34]
preceding visual field damage. Hafez et al. [35] also con-
cluded that rim perfusion might be reduced before mani-
festation of visual field defects. Several studies have shown
abnormal retrobulbar vasculature in eyes with Glaucoma-
tous Optic Neuropathy (GON) [36–40]. Satilmis et al. [41]
showed that progression rate of glaucomatous visual field
damage correlates with retrobulbar hemodynamic variables.
Zeitz et al. [42] further showed that progressive glaucoma
is associated with decreased blood flow velocities in the
small retrobulbar vessels supplying the optic nerve head.
We found increased blood flow velocities with combination
treatment as compared to timolol baseline. DTFC arm
had statistically significantly lower baseline OA-PSV and
CRA-EDV as compared to LTFC baseline. After 1, 6, 12,
and 18 months of combination treatment, the velocities
in retrobulbar vessels increased as compared to baseline,
but differences in velocities between two treatment arms
were not statistically significant. In our study, SPCA-EDV
was lower in progressing glaucoma patients as compared to
stable glaucoma patients. We found statistically significant
differences in RIs between the two treatment cohorts. DTFC
showed statistically significant decrease in CRA and SPCA

RIs at 12- and 18-month visits as compared to LTFC. Nielsen
and Nyborg [43] found that PG F2α induces constriction in
isolated bovine aqueous veins. Remky et al. [44] reported
that reduction in retinal vessel diameters may account for
an increase in retinal vascular resistance. An increase in
vascular resistance might be related to vasoconstriction or
vasospasm, vasosclerosis, reduction of the vessel diameters,
or rheological factors leading to decreased volumetric flow.
In our study, POBF that measures pulse volume was
significantly higher in DTFC at 12 and 18-month visits
compared to LTFC. Progressing glaucoma patients had 2.675
(SD 0.61) μL lower pulse volume when compared to stable
glaucoma cases (P = .0001). Our results indicate DTFC
indeed increases markers of ocular blood flow and perfusion
compared to LTFC but with no difference in possible markers
of glaucoma progression during the followup period. Longer
duration studies may be required to differentiate any possible
(or lack thereof) ocular blood flow benefits.

The Beaver Dam study reported a positive correlation
between systolic BP and IOP [45]. The Los Angeles Latino
Eye Study [46] showed high systolic BP, low diastolic BP,
and low OPP as risk factors for glaucoma progression.
Data from EMGT [3] pointed to low systolic BP as a
long-term predictor for glaucoma progression. Further, data
from Thessaloniki Eye study [47] suggested BP status as an
important independent factor initiating optic disc changes
and/or as a contributing factor to glaucoma damage. In
our study, we found no fluctuations or rise in IOP, but
OPP and DPP at 1, 6, and 18-month visits were statistically
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Table 4: Comparison of means between progressing and stable glaucoma patients at 18 months visit.

Parameter at 18 month Mean in stable glaucoma patients
(St. deviation)

Mean in progressing glaucoma patients
(St. deviation)

P value
(t-test)

IOP 15.32 (2.46) 16.73 (3.04) .171

IOP/POBF 14.73 (3.5) 16.88 (3.89) .123

MD (dB) −1.06 (2.30) −2.01 (2.13) .257

PSD (dB) 2.05 (2.53) 2.90 (2.41) .360

TSNIT (μ) 53.59 (5.28) 50.96 (7.10) .254

NFI 23.82 (2.36) 27.69 (3.29) .0008∗

SBP (mmHg) 151.50 (14.04) 147.73 (20.66) .55

DBP (mmHg) 88.44 (6.42) 83.53 (8.23) .077

OPP (mmHg) 57.19 (4.73) 51.84 (7.00) .019∗

DPP (mmHg) 73.06 (6.57) 64.85 (8.82) .007∗

OA PSV 32.26 (3.15) 29.82 (3.28) .048

OA EDV 9.19 (4.98) 7.25 (2.01) .197

OA RI 0.74 (0.07) 0.90 (0.07) <.0001∗

CRA PSV 19.96 (7.36) 15.61 (6.28) .099

CRA EDV 6.66 (3.19) 5.73 (2.85) .415

CRA RI 0.79 (0.08) 0.815 (0.06) .35

SPCA PSV 13.08 (5.11) 11.42 (3.43) .321

SPCA EDV 4.73 (1.71) 3.34 (0.83) .011∗

SPCA RI 0.77 (0.20) 0.76 (0.20) .893

AMPLITUDE 4.62 (1.48) 4.62 (1.44) .985

PULSE VOLUME 9.71 (2.01) 7.03 (1.00) .0001∗

POBF 21.25 (4.22) 19.60 (4.60) .316

DTFC: dorzolamide/timolol fixed combination; LTFC: latanoprost/timolol fixed combination; MD: mean deviation; PSD: pattern standard deviation; TSNIT:
temporal, superior, nasal, inferior, temporal average; NFI: nerve fiber index. POBF: pulsatile ocular blood flow.

significantly higher in the DTFC group. The LTFC group had
lower SBP at 1, 6, and 18-month visits and diastolic BP at
1 and 6 month visits (P < .05; t-test). Progressing patients
had statistically significantly lower systolic BP, OPP, and
DPP when compared to stable glaucoma cases. Calculating
the magnitude of changes in OPP and DPP parameters
compared to baseline values, we found them to be decreasing
in 69.2% of progressing glaucoma cases. Our calculated
sensitivity of decreased DPP was 0.7 and specificity 0.8.

BP and ocular perfusion pressure tend to exhibit fluc-
tuations during the day and night. Importantly, Choi et
al. [48] reported that mean BP and OPP fluctuations were
associated with reduced TSNIT and increased NFI. In our
study, BP was measured at the same time of the day during all
visits and statistically significant differences in BP and OPP
parameters were seen at 1, 6, and 18 months but were not
significant at 12 months between the two treatment groups.
The LTFC group showed lower OPP and DPP and higher NFI
as compared to DTFC at the 18 month visit (mean difference
7.80 (SD 3.69) (P = .046). Accordingly, progressing
glaucoma patients showed lower OPP and DPP and higher
NFI (mean difference 8.87 (SD 3.94)); P = .056). Yet,
despite differences in the nonpressure-related parameters, we
found no difference in the percent of progression between
the treatment groups. In addition, we also found a strong
positive correlation between TSNIT average and BP and OPP

parameters at 18-month visit. Interestingly, low OPP and
DPP in progressing glaucoma patients had low sensitivity but
rather high specificity. In our analysis, statistically significant
Area Under ROC Curve (AUC) values were reported at 0.74
and 0.72. While significant, these values should be further
validated with a larger sample allowing for stratification into
classified percentile ranges. The odds of higher NFI at the
final 18-month visit was nearly 14 times greater in patients
with higher than 0.67 baseline CRA RI (P = .028) and older
age (P = .021).

Current glaucoma medications are targeted to decrease
the IOP and are not targeted to treat other hemodynamic
parameters. In our study, we found some differences in
structural outcomes between the two combination treatment
regimes and according differences in BP, OPP, CRA, and
SPCA RIs. Our study is a preliminary study and the data
presented needs to be interpreted with caution. Increased
resistance to flow in small retrobulbar vessels supplying the
optic nerve is probably related to glaucoma progression,
although this requires confirmation in larger longitudinal
studies.

Possible limitations of the current study include the
difficulty in defining glaucoma progression and specific
limitations in each imaging technology used to assess ocular
blood flow. We have matched markers of possible glaucoma
progression, which may indicate but not actually represent
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glaucomatous progression. While the parameters may be
associated with progression, they are not necessarily good
in predicting progression. A risk factor must be strongly
associated with a disorder to be a worthwhile screening test,
and it is not unusual for a strong risk factor to fail to be
a good screening tool. Larger group studies with longer
followup, standardization of measurement techniques for
glaucoma progression, and ocular blood flow parameters
are required to elicit a clear understanding of vascular risk
factors in glaucoma progression.
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We review multiphoton microscopy (MPM) including two-photon autofluorescence (2PAF), second harmonic generation (SHG),
third harmonic generation (THG), fluorescence lifetime (FLIM), and coherent anti-Stokes Raman Scattering (CARS) with
relevance to clinical applications in ophthalmology. The different imaging modalities are discussed highlighting the particular
strength that each has for functional tissue imaging. MPM is compared with current clinical ophthalmological imaging techniques
such as reflectance confocal microscopy, optical coherence tomography, and fluorescence imaging. In addition, we discuss the
future prospects for MPM in disease detection and clinical monitoring of disease progression, understanding fundamental disease
mechanisms, and real-time monitoring of drug delivery.

1. Introduction

Imaging modalities such as digital photography and ultra-
sound have become integral in the clinical and surgical
practice of ophthalmology over the past few decades. More
recently, diode laser-based imaging devices such as GDx
(Carl Zeiss Meditec, Inc., Dublin, CA), Heidelberg Retinal
Tomography (HRT, Heidelberg Engineering, Heidelberg,
Germany), and optical coherence tomography (OCT) have
become invaluable in the examination and early diagnosis
of disease ranging from macular degeneration to glaucoma.
Despite these advances, the aforementioned imaging devices
are restricted in their ability to image tissue structure while
being largely unable to elucidate tissue function. This limi-
tation becomes even more important when noting that the
structural normative databases used to delineate abnormal
from normal tissue have inherent limitations. Physiologic
differences from patient to patient as well as coexisting
conditions, such as possible thinning of the retinal nerve
fiber layer (RNFL) in high myopia, may alter the structure
of tissues but often do not alter actual visual function [1].

An imaging modality that could combine both structural
and functional imaging would allow physicians to make
more informed decisions that directly relate to disruptions
in visual performance.

Multiphoton microscopy (MPM) has found increasing
use in laboratory-based biomedical imaging due to its
subcellular resolution along with the ability to obtain
structural and functional information. These properties
make MPM unique compared to other imaging modalities
such as ultrasound, magnetic resonance imaging (MRI),
or X-ray/computed tomography (CT) imaging. However,
to achieve these benefits, there is a drawback in the
limited tissue penetration depth as well as the ability to
image highly scattering tissues such as sclera. Fortunately,
there are opportunities for using optical imaging in the
eye because of the transparency of the cornea, lens, and
vitreous humor to visible and infrared light. In this paper,
we review current research on MPM imaging of the eye
and discuss future possibilities for applications to early
disease diagnosis and monitoring of patient treatment
outcomes.
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2. Multiphoton Microscopy:
Theory and Implementation

2.1. Overview of Multiphoton Microscopy. Multiphoton
microscopy has been described in depth in many review
articles and texts [2–7]. Here, we highlight some of the
key features of MPM that would have application in
clinical in vivo measurements. MPM is an imaging method
based on nonlinear optical response of a medium, that is,
processes that involve more than one photon interacting
simultaneously with a molecule. Since the probability of
simultaneous interactions with two (or more) photons is
extremely low (cross-sections on order of 10−50 cm4 s or
1 GM), the process only occurs when there is high photon
flux (on the order of 106–108 W/cm2) [2, 8]. This is typically
achieved using a pulsed near-infrared laser with a pulse
duration on order of ∼100 femtoseconds focused with a
high numerical aperture objective. As a result, MPM offers
intrinsic axial cross-sectioning because the process only
occurs at the focus of the microscope objective, where the
laser intensity is greatest. MPM imaging offers equivalent
resolution as confocal microscopy (∼200 nm lateral and∼1.0
micron axial) but does not require the use of a pinhole. Image
acquisition times are similar to confocal microscopy, with
an image of 256 × 256 pixels acquired at video rate. The
acquisition time is comparable to OCT with a difference in
that MPM provides subcellular resolution within a smaller-
imaged region while OCT scans over a larger area with
reduced resolution. It is important to realize, for applications
in medicine, that MPM can provide contrast without
exogenous dye labeling and is a completely noninvasive
technique.

An additional advantage of using a near-infrared laser
source is deeper tissue penetration due to reduced light
scattering with longer wavelengths of light. The imaging
depth possible depends upon the type of tissue and the wave-
length of the laser. Imaging depths of up to 1 mm have been
reported in brain tissue by using higher laser powers from
a Ti:sapphire regenerative amplifier at 800 nm [9]. More
sophisticated methods for deeper image penetration employ
adaptive wavefront correction, similar to the technology used
by astronomers in ground-based telescopes. Analogous to
the distortion of the image quality due to the atmosphere,
in deep tissue MPM, the local inhomogeneities in refractive
index in tissue distort the focus of the excitation laser,
causing a reduction in signal. A deformable mirror or spatial
light modulator can be incorporated before the objective
to precompensate for the wavefront distortion leading to a
diffraction-limited focal spot size in tissue depths of 500 μm
[10–12].

MPM includes two-photon excitation fluorescence
(2PEF), second harmonic generation (SHG), and third
harmonic generation (THG), as well as coherent anti-Stokes
Raman Scattering (CARS) described in a later section.
Figure 1 shows a schematic of the different processes that
result from nonlinear multiphoton interactions with a
molecule. 2PEF is very similar to traditional fluorescence,
except that two photons of a lower energy are simultaneously
absorbed to excite a fluorophore. When 2PEF is used to excite

Table 1: Optimal imaging contrast mechanism for different
biological molecules.

Compound Imaging technique (excitation/emission
wavelengths)

NAD(P)H 2PAF/FLIM (excitation 700–730 nm/emission
peak 460 nm) [16]

FAD 2PAF/FLIM (excitation 700–900 nm/emission
peak 525 nm) [16]

Elastin 2PAF (excitation 700–740 nm/emission peak
400 nm) [15, 19]

Collagen SHG (SHG excitation is tunable/emission at
one-half the excitation wavelength) [15]

Lipids
THG/CARS (THG excitation is tunable with
emission at one-third the excitation wavelength)
[14]

endogenous fluorophores such as elastin and NAD(P)H, it
is typically called two-photon excitation autofluorescence
(2PAF). A fluorophore is any molecule that can absorb
photons and emit the energy as a photon with a red-
shifted wavelength. Another nonlinear process that occurs
with two-photon excitation is second harmonic generation
(SHG). SHG can only occur when light interacts with
noncentrosymmetric (asymmetric) macromolecular struc-
tures. Molecules such as collagen fibers can simultaneously
“scatter” two lower-energy photons as a single photon of
twice the energy. Third harmonic generation is analogous to
SHG; however, in this case, three photons of the fundamental
are upconverted to a single photon of three times the energy.
THG only requires about ten times the photon flux as
SHG and, therefore, can be a useful tool for imaging. THG
highlights different features of a sample than SHG because
it is generated at the interface of media with differing third-
order nonlinear susceptibilities, χ(3) [13, 14].

Endogenous fluorophores have varying two-photon
cross-sections as a function of wavelength and have been
measured and reported [15, 16]. The center wavelength
of a Ti:spphire laser can be tuned over a large spectral
range from 700 to 1050 nm, making it an extremely useful
source for two-photon autofluorescence excitation. In this
manner, different compounds in tissue can be highlighted
by tuning the excitation wavelength. For example, the two-
photon cross-sections of many endogenous fluorophores
peak below 700 nm and decrease at higher wavelengths,
while SHG emission remains strong at longer wavelengths
from 900 to 1000 nm [15]. By tuning the excitation laser
to longer wavelengths, collagen structures in tissue can be
distinguished from autofluorescence [17, 18]. In another
example of the utility of excitation wavelength tuning,
NAD(P)H was distinguished from FAD by dual wavelength
excitation at 730 nm (where both compounds are excited)
and at 900 nm (where FAD is exclusively excited, while
NAD(P)H has a negligible two-photon cross-section) [16].
Table 1 gives a list of endogenous fluorophores and tissue
structures and the imaging technique that provides the best
contrast mechanism.
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Figure 1: Jablonski diagram showing the interaction of multiple infrared photons with the electronic and vibrational energy levels of a
molecule. (a) In two-photon excitation fluorescence (2PEF), the molecule absorbs two infrared photons that promote it to the excited
electronic state. After relaxation to a lower vibrational level, the molecule emits a lower energy (red-shifted) photon. (b) In second harmonic
generation (SHG), two infrared photons are instantaneously upconverted to a single photon of twice the energy. (c) In third harmonic
generation (THG), three infrared photons are instantaneously upconverted to a single photon of thrice the energy. (d) In Coherent anti-
Stokes Raman Scattering (CARS), two photons with energies hνp and hνs coherently excite the vibrational level with energy hΩ = hνp − hνs.
An additional photon, hνp, interacts with the vibrationally excited molecule emitting a photon with energy given by the original incident
photon energy plus the vibrational energy, hνCARS = hνp + hΩ, leaving the molecule in its original ground state. (Note that photon energy is
given by Planck’s constant, h, multiplied by the frequency of the photon ν.)
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2.2. Optical Instrumentation. Both 2PAF and SHG can be
simultaneously measured using the same optical setup since
the SHG signal occurs at a distinct wavelength (exactly
half the excitation wavelength) and can be separated from
autofluorescence using spectral filtering. Figure 2 shows a
schematic of a typical setup for performing MPM. The
apparatus consists of a pulsed femtosecond infrared laser
source, typically Ti:sapphire mode-locked oscillator. The
excitation light first passes through a two-axis galvo-scanning
mirror stage and is imaged, using a scan lens and a tube lens,
on to the back of the microscope objective. The microscope
objective focuses the light to a focal volume typically around
200 nm axial and 1.0 microns lateral (depending upon the
numerical aperture of the objective). The excitation volume
is on order of a femtoliter (10−15 L). The generated two-
photon signal is collected back through the same objective
and separated from the excitation light using a dichroic
mirror and filter. It is then imaged onto the front of a
photomultiplier tube (PMT). In descanned detection, the
multiphoton emission is relayed back through the galvo
mirrors so that the scanning motion is cancelled out and the
emitted light is stationary at the detector. In nondescanned
detection, the emission light is separated using a dichroic
mirror without passing through the scanning mirrors greatly
reducing the loss in signal associated with reflections off of
the mirrors and the lenses in the optical path. Because the
two-photon emission is not passed back through the scan-
ning mirrors, the emission light on the PMT moves during
scanning; however, the PMT is typically insensitive to this
motion because of its large detection area. Nondescanned
detection is available only for multiphoton imaging because,
unlike in single-photon confocal imaging, a pinhole is not
required to eliminate out-of-focus light from the image.

2.3. Advanced Multiphoton Microscopy Techniques. Fluores-
cence lifetime imaging microscopy (FLIM) is an additional
imaging technique that is better able to distinguish between
the different endogenous fluorophores in a biological sample.
Due to the broad and overlapping emission spectra of many
endogenous fluorophores, it is difficult to quantitatively
measure the concentrations of these different species con-
tributing to the autofluorescence emission signal by spectral
filtering alone. Fluorescence lifetime can also provide infor-
mation on the surrounding environment of the fluorophore.
FLIM is based on the fact that every fluorophore has a char-
acteristic excited-state lifetime, τ, or time for the molecule
to decay from the excited electronic state to the ground
state. This decay is characterized by a single or multiple
exponential (in the case of an inhomogeneous environment)
of the form P(t) = P0

∑n
i=1 Ai exp(−t/τi), where P(t) is the

population in the excited state as a function of time. Here,
P0 is the initial population in the excited state, and Ai is the
normalized amplitude of the exponential component with
lifetime τi. Fluorescence lifetime signal from a biological
sample containing multiple fluorophores can become further
complicated. For multiple exponential lifetimes, the average
lifetime value is sometimes reported, given by τ = ∑n

i=1 Aiτi.
This lifetime information can be measured either by

time-domain or frequency-domain methods [20–22]. In the
time-domain technique, a pulsed excitation source is used to
excite the fluorophore of interest in the biological sample.
The subsequent time profile of the fluorescence emission is
measured using time gating techniques. Figure 3 illustrates
the time-domain FLIM process. In frequency-domain FLIM,
an amplitude-modulated excitation source is employed. The
lifetime of the fluorophore causes the emitted fluorescence
signal to be modulated at the same frequency but with a
phase shift relative to the excitation light (see Figure 4).
Measurement of this phase offset using phase-sensitive
detection (such as a lockin amplifier) will then give the value
of the lifetime, τ, by the relation tanφ = ωτ, where φ is the
phase offset, ω is the modulation frequency. If the lifetime
is multiexponential, it is necessary to measure the phase
offset at several modulation frequencies in order to obtain
the different lifetime components [23]. Some advantages of
the frequency-domain technique include faster acquisition
compared to the time-domain technique and insensitivity
to high photon count rates, which is a problem with time-
domain techniques as high count rates can skew the time
histogram to shorter times. Frequency-domain FLIM has
been recently demonstrated using an inexpensive field-
programmable gate array and photon-counting detection
giving very rapid and highly sensitive measurements [24].

FLIM has found particular use in imaging NADH/
NAD(P)H. Bound and unbound NADH have different
characteristic fluorescence lifetimes (free NADH ∼0.3 ns,
protein-bound NADH ∼2 ns), and therefore FLIM can be
used to measure the ratios of these populations giving
an indication of metabolic activity and oxidative stress
[25–27]. For example, several studies have demonstrated
differences in NADH lifetime values between cancerous and
normal cells. FLIM is being actively researched for clinical
screening of the skin for distinguishing between dysplastic
nevi, melanoma, and other dermatological disorders [28–
30]. Recently, FLIM was employed to study the cornea using
autofluorescence lifetime imaging [31]. In ophthalmological
applications, FLIM can be potentially utilized in studying
oxidative stress in particular due to interaction of tissue with
pharmacological agents or due to disease.

An additional multiphoton imaging technique that is
fundamentally different from both fluorescence and har-
monic generation is coherent anti-Stokes Raman Spec-
troscopy (CARS). CARS is a nonlinear version of Raman
spectroscopy. In the Raman process, a narrow-band laser
illuminates the sample, and a portion of the incident photons
are scattered by interactions with molecular vibrations,
resulting in a shift to higher (anti-Stokes) or lower frequency
(Stokes) photons. The signal intensity is very weak because
of the extremely low-scattering cross-section
(∼10−30 cm2/molecule) as opposed to the absorption cross-
section of a typical fluorophore (∼10−15 cm2/molecule).

In contrast to traditional Raman spectroscopy, CARS is
a nonlinear optical process that selectively and coherently
excites vibrational resonances of biomolecules to rapidly
obtain the Raman (vibrational) spectrum. Compared to
traditional Raman scattering, the CARS process increases
the detection sensitivity by up to 107 to allow rapid data
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Figure 2: Schematic of elements of a multiphoton imaging optical setup. (a) Descanned detection whereby the emitted signal is collected
after travelling back through the scanning mirrors. (b) Nondescanned detection. DM indicates dichroic mirror.
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Figure 3: Illustration of the fluorescence lifetime principle. The
short-pulsed excitation light (red) and the longer time duration
fluorescence emission light (green) is shown as a function of time.
In FLIM, the time scale of the fluorescence emission, τ, is measured.

acquisition [32]. With the associated decrease in mea-
surement times, CARS has been applied in biomedical
microscopy to image live cells at video rates without extrinsic
fluorescence dye labeling [32–34]. Figure 1 illustrates the
CARS process. Two photons (pump and Stokes) excite a
specific vibrational resonance coherently. A third photon
(probe) subsequently measures the density of the vibrational
resonance. The number of emitted anti-Stokes photons that
are energy shifted by that vibrational mode is proportional to
the square of the density of the vibrational oscillators, thus
yielding the molecular concentration of the target [35]. A
traditional CARS setup uses two synchronized picosecond
lasers or a single picosecond laser with an optical parametric
amplifier to generate the two laser beams with different
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Figure 4: Illustration of frequency-domain fluorescence lifetime
measurement. The excitation light (red) is modulated in amplitude
at a frequency ω, while the fluorescence light (blue) is emitted with
the same modulation frequency but with a phase shift in time, φ. For
a single exponential lifetime, the value of the fluorescence lifetime
is related by tanφ = ωτ.

frequencies matched to one particular vibrational resonance.
By tuning the laser frequency difference to a particular
vibrational mode, for example, 2850 cm−1 of the CH2 stretch
for lipids, chemical-specific imaging can be achieved all
without use of endogenous dyes or other labeling techniques.
CARS therefore has great potential clinical applications,
although it has not yet been applied to imaging in the eye.

2.4. Microendoscopy. Due to the limitations in the penetra-
tion depth, MPM has so far only been applied in the clinic
for screening of the skin [28, 37]. A major step towards
extending the applicability of MP imaging for clinically
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Figure 5: Schematic of the eye highlighting the regions of interest
for imaging with multiphoton microscopy. Light path for imaging
of the retina through the anterior chamber and lens is shown.

relevant applications is the introduction of microendoscopy
for intrabody tissue imaging inaccessible to standard bulky
optics, [38–43]. Development of microendoscopes or flexible
probes for MP imaging can greatly improve the instrumenta-
tion for clinical use in ophthalmology. Several demonstrated
research applications of microendoscopy include probing
of neural activity [39, 40, 44], blood flow measurements
[38, 45], and imaging of goblet cells in gastric epithelium
[46]. Furthermore, clinical high-resolution microendoscopy
has been demonstrated to detect the extracellular matrix
proteins collagen and elastin in the human dermis [47, 48].
Imaging of the eye in animal models using a microendoscope
has been demonstrated by Wang et al. [18].

The introduction of compound gradient refractive index
(GRIN) lenses as focusing optics [44, 49, 50], double-
clad photonic crystal fibers [51, 52] for superior detection
efficiency and mechanical flexibility, and microelectrome-
chanical systems (MEMS) scanning mirrors [52–54] has
been among the most important technological advance-
ments towards microendoscopy. The majority of micro-
lenses used in nonlinear imaging, GRIN lenses, have a
typical size of 0.2–1 mm in diameter, 1–10 cm in length,
and a numerical aperture of less than 0.6. However, due to
low numerical aperture and optical aberration, the optical
Rayleigh resolution has been limited to ∼1 μm in lateral
and ∼10 μm in axial direction [39, 40]. Recently, aberration-
corrected, high-NA planoconvex lenses (NA < 0.85) acting
like micro-objectives have been reported to provide on-
axis resolution comparable to water-immersion objectives
[50]. With further advances, microendoscopy technology
can bring the full capabilities of MPM to clinical imaging.

2.5. Histology. Another clinical application of MPM is in
histology, where there is no requirement for deep tissue
penetration as the tissue can easily be sectioned in 10–100 μm
thick slices. MPM can have advantages over traditional
histological staining techniques by providing more detailed
information and highlighting features without perturbing
the sample through processing. Preparation of samples for
both standard histological staining and electron microscopy

require chemical fixation and dehydration with alcohols.
These treatments can cause artifacts and distortions within
the tissue due to infusion of fixatives and shrinkage of
tissue due to alcohol treatment. In addition, changes to fine
tissue morphology can occur with heat infusion of paraffin
(for histology) or with polymerization of resin (EM).
The application of MPM in histology can be immediately
implemented in the clinic and is greatly underutilized. There
are opportunities for the development of more accessible
MPM systems that would perform imaging on tissue samples
with automated analysis routines to aid physicians.

3. Multiphoton Imaging of the Eye

3.1. Comparison of Multiphoton to Current Clinical Imaging
Modalities. Several groups have preformed MP imaging
of different regions of the eye, ex vivo, implicated in a
variety of disease pathologies [31, 55–68]. These studies
show that MP imaging of the eye for clinical applications
has great promise. Current clinical techniques for imaging
include optical coherence tomography (OCT) and confocal
reflectance microscopy as well as fluorescence imaging. In
comparison with MP imaging, OCT imaging has poorer
spatial resolution of 2–10 μm lateral and therefore cannot
be used to reveal subcellular level structure. While confocal
reflectance microscopy does allow subcellular level resolu-
tion, its contrast mechanism is due to changes in index
of refraction, and therefore it does not have the functional
information inherent in MP imaging. Fluorescence imaging
uses exogenous dyes to stain the eye in a nonspecific manner
typically for looking at the vasculature in the retina. None
of these devices are capable of providing functional data for
imaged tissues and are thus limited in their ability to direct
or influence clinical decision making on a consistent basis.

3.2. Multiphoton Imaging of Eye Sections. Figure 5 shows
a diagram of the eye highlighting the regions of interest
for MPM studies. MP imaging of the cornea is of interest
for diagnosis of diseases such as corneal dystrophies and
endothelial dysfunction and has been reported by several
groups. Steven et al. demonstrated 2PAF, SHG, and aut-
ofluorescence lifetime imaging of different ocular surface
pathologies on corneal tissue sections using a commercial
instrument for clinical MP imaging (DermaInspect, JenLab
GmbH, Neuengönna, Germany) [31]. By performing multi-
ple wavelength excitation at 730 nm and 835 nm and resolv-
ing different lifetime components by FLIM, they were able
to identify and distinguish between epithelial cells, goblet
cells, erythrocytes, macrophages, collagen, elastin, vascular
structures, and pigmented lesions. Aptel et al. demonstrated
SHG, 2PAF, and THG of corneal tissue sections and SHG
and 2PAF of the trabecular meshwork. In particular, they
demonstrated an additional contrast mechanism by selecting
either linear or circularly polarized excitation for THG [55].
Chen et al. demonstrated simultaneous reflectance confocal
microscopy, 2PAF, and SHG on corneal sections [56, 57].
Morishige et al. used three-dimensional SHG imaging to
characterize structural lamellar organization of the anterior
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Figure 6: Vascular bed of a human retina imaged by second harmonic generation (SHG). Serial z-sections, spaced 12 μm apart, of a human
retina are shown beginning with (a) through (f). The images shown are collected using the 800 nm near infrared laser excitation with a
collection window of 390–410 nm. The collagen structure of a large blood vessel is clearly visible through the series, which represents a
height of 60 μm.
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Figure 7: Second harmonic generation (SHG) and two-photon autofluorescence (2PAF) of TM region of a human eye from a 73-year-old
donor. A section of the eye was flat-mounted with the anterior chamber facing the microscope objective. Images represent a projection of
the multiple z-sections flattened into a single plane. (a) The SHG emission (388 nm to 409 nm) collected from 800 nm excitation of TM. (b)
The 2PAF emission window (452 nm to 644 nm) collected simultaneously. (c) Merged image of SHG (blue) and AF (green) emission. Black
scale bar = 50 μm. This figure is reprinted from [36].
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cornea [58]. Teng et al. demonstrated simultaneous SHG
and 2PAF imaging in an intact ex vivo porcine eye to
identify cellular components of the cornea, limbus, and
conjunctiva, as well as imaging corneal and scleral collagen
fibers [59]. MP imaging of both cornea and retinal sections
was demonstrated by Wang et al. [60, 61].

MP imaging of the retina has also been demonstrated and
may find utility in detection of retinal pigment epithelium
(RPE) dysfunction and photoreceptor-related dystrophies.
To date, no imaging of the human retina has been per-
formed through the anterior chamber, although explants
of human retina and RPE have been imaged by the tissue
autofluorescence [62–64]. There are additional difficulties
in imaging the retina for clinical applications due to the
optical constraints posed by the iris that effectively limit
the numerical aperture. For example, for an iris opening of
8 mm diameter and typical distance from iris to the retina of
17 mm, the effective numerical aperture, which is indicative
of the collection angle of the emitted optical signal, is given
by the equation NA = n sin θ ∼ 0.3, using the index of
refraction of water (n = 1.33). The numerical aperture
besides limiting the collection efficiency of the emitted signal
also limits how tightly the excitation light can be focused,
thus determining the achievable resolution of the image.
In addition, the aberrations in the lens of the eye can also
decrease the obtainable resolution in MP imaging. In order
to alleviate this problem, wavefront correction using adaptive
optics has been performed for retinal imaging [65, 66].

To our knowledge, MP imaging of a living retina/RPE has
only been performed in a rodent eye by imaging through the
exterior sclera. In this instance, Imanishi et al. used MPM
to view the retina/RPE autofluorescence as well as to localize
stores of the visual pigment retinal [67]. The retina itself
has no apparent SHG signal, although the overlying retinal
vasculature and underlying connective tissue can be imaged
via the collagen content. We have demonstrated this in our
lab on a Zeiss LSM510 multiphoton confocal microscope,
illustrated in Figure 6. In Figure 6(c), one can see the top of
the blood vessel followed by the inside of the vessel as the
objective moves through the vascular bed. Further optical
sectioning past this point yields no further SHG signal.

Recently, we have demonstrated MP imaging of the
trabecular meshwork (TM) region of the eye using SHG
and 2PAF [68]. Imaging of the TM is important because
degeneration of the TM is implicated in glaucoma; therefore,
characterizing the cell and collagen structures in the TM
may allow early diagnosis, disease monitoring, as well as
fundamental studies of the disease mechanism. In our paper,
the TM was flat-mounted and visually sectioned by 0.5 μm
intervals to a depth of 50 μm and then computer modeled
into a single-plane projection (Figure 7). SHG and 2PAF
emission windows were collected using the META spectral
detector on a Zeiss LSM510 multiphoton confocal system.
Figures 7(a) and 7(b) show the SHG and 2PAF fluorescence,
respectively. Although the SHG signal is comparatively
weaker than the 2PAF, these two signals are qualitatively the
same when overlapped in Figure 7(c) (blue = SHG, green =
2PAF). Since collagen is the most common noncentrosym-
metric macromolecule in the TM, the SHG signal is highly

suggestive of the fact that the structures seen by 2PAF are in
fact collagen fibers. In these images, the majority of collagen
fibers of the TM appear as smooth bundles of between 10
and 20 μm, although the occasional ∼1 μm collagen fiber
is visible. These bundles have a fairly consistent diameter
over short distances but over longer distances (>250μm)
commonly split or join other bundles. The end result is a
meshwork of collagen interwoven with varying-sized regions
of nonfluorescent signal, which we assume to be fluid spaces.

3.3. Transscleral Imaging. Issues for MPM use in the clinic
include accessibility of the different regions of the eye to
optical light. Imaging of the trabecular meshwork using
MPM would be of great clinical value in particular for early
disease diagnosis and monitoring of glaucoma. However,
in order to access this region, it would be necessary to
image through approximately 600 microns of scleral tissue.
For transscleral imaging, in general, only the surface of
the sclera can be imaged as the highly scattering scleral
tissue greatly limits optical light transmission. Vogel et al.
measured the optical properties of human sclera using an
integrating sphere. They found a transmission of 6% at
442 nm, 35% at 804 nm, and 53% at 1064 nm [69]. Although
the excitation light for MPM ranging from 800 to 1000 nm
can likely penetrate the sclera, the shorter wavelength SHG
and autofluorescence emission will be greatly reduced upon
collection in the epidirection. We continue to research this
known limitation of MPM for TM imaging and believe that
future advances will lead to greater clinical applicability of
this technology.

3.4. Power and Wavelength Requirements for In Vivo Imaging.
One of the advantages of MPM is the ability to use infrared
light illumination, which is much less phototoxic for the
eye than visible light. One issue with this technique for
clinical use is potential thermal mechanical damage to the
tissue during imaging due to absorption of the laser energy
and local heating effects. Several studies have shown that
the thermal damage due to two-photon absorption in most
tissue under imaging conditions is negligible [70]. However,
there are potential damage issues associated with pigmented
tissue such as those found in the skin or the retina. There are
methods to mitigate this including reducing the repetition
rate of the laser to allow for thermal diffusion between
pulses on the same location in the tissue [71, 72]. The
pulse duration of the laser can also have a great impact on
thermal damage. Du et al. found a reduction in tissue damage
threshold with pulse duration for the same total energy
delivered to the tissue sample [73]. The differences in laser
system parameters combined with differences in tissue type
suggest that, before any clinical use of MPM, photodamage
issues must be carefully characterized.

3.5. Drug Delivery Monitoring. Finally, one exciting future
application of MPM is in monitoring drug delivery in vivo.
Kek et al. applied two-photon microscopy to monitor the
transscleral delivery of tazarotenic acid using its intrinsic
fluorescence at 500 nm [74]. The emerging technique of
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stimulated Raman scattering (SRS) a similar multiphoton
technique to CARS imaging also has great potential for drug
delivery monitoring because of its specificity; that is, the
generated signal is specific to a single chemical compound, as
well as the linear dependence of the signal on concentration
[75]. SRS has currently been applied to monitor penetration
of dimethyl sulfoxide (DMSO), a skin-penetration enhancer
and retinoic acid in the upper dermal layer. There are many
opportunities for applying SRS to monitoring drug delivery
in the eye due to the transparency of the tissue making
deeper penetration depths possible as compared to the
skin.

4. Conclusion and Future Prospects

Current imaging techniques, such as ultrasound and OCT,
have greatly influenced the standards of clinical and surgical
ophthalmic care. Physicians can now detect disease using
very sensitive imaging modalities and can also follow the
progression of disease, thus shedding light on the efficacy
of applied interventions. While availability of fine struc-
tural information is increasingly available in the clinical
setting, the actual function of the imaged structures remains
unknown. MPM offers the potential for obtaining both
structural and functional data on a wide range of ophthalmic
tissues. For example, it may be possible to image the
trabecular meshwork structure while also establishing the
metabolism of individual trabecular meshwork cells by
quantifying NAD(P)H concentrations in real time. Such
information could lead to earlier and more precise disease
detection, while also allowing for more insight into the effects
of therapeutic interventions aimed at preserving vision.

Future applicability of MPM in practice will require
further advances in the ability to penetrate past tissues,
such as sclera, that have high scattering properties. The
safety of using MPM also requires further studies since
some ocular tissues have high melanin content which may
lead to greater energy absorption and related tissue damage.
Another obstacle that will need to be addressed is the
difficulty in obtaining data across the relatively long axial
length distance noted between the surface of the cornea and
the posterior pole. Fortunately, advances in MPM continue
to develop at a rapid pace, and obstacles that existed in
the past have been overcome with continued research. With
continued advances, the application of MPM in ophthalmic
practice promises to yield valuable clinical information that
will ultimately result in improved patient care, which is the
common goal of researchers and physicians alike.
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