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A B S T R A C T

Early detection of optic neuropathy is crucial for initiating treatment that could delay or prevent visual field loss.
Preclinical studies have advanced a number of potential neuroprotective strategies to prevent retinal ganglion cell
(RGC) degeneration, but none have successfully completed clinical trials. One issue related to the lack of pre-
clinical to clinical translation is the lack of preclinical morphometric assessments that could be used to track
neuroprotection, as well as neurodegeneration, over time within the same animal. Thus, to assess whether
clinically used morphometric assessments can identify neuroprotection of RGC, the current study compared optic
nerve fractional anisotropy (FA) obtained with diffusion tensor imaging (DTI) and retinal nerve fiber layer (RNFL)
thickness measured with spectral domain optical coherence tomography (SD-OCT) to observe not only the early
progression of RGC axonal degeneration but to also discern which imaging modality identifies signs of neuro-
protection during treatment with the alpha-adrenoceptor agonist brimonidine. Elevated and sustained intraocular
pressure (IOP) was observed following laser photocoagulation of the trabecular meshwork in one eye of
nonhuman primates (NHP). Either brimonidine (0.1%) or control treatment was instilled twice daily for two
months. In control-treated eyes, increased IOP, increased vertical cup-to-disc (C/D), reduced rim-to-disc (R/D)
ratio, decreased RNFL thickness and decreased FA were observed. While IOP remained elevated during the course
of the study, brimonidine tended to delay the progression of RNFL thinning. However, in the same animal, optic
nerve FA did not appear to decline. Brimonidine treatment did not affect other measures of RGC axonal degen-
eration. The current findings demonstrate that early progression of optic neuropathy can be tracked over time in a
nonhuman primate model of ocular hypertension using either DTI or SD-OCT. Furthermore, the delayed changes
to RNFL thickness and FA appear to be a neuroprotective effect of brimonidine independent of its effect on IOP.
1. Introduction

Glaucoma is one of the leading causes of irreversible blindness
worldwide which involves progressive degeneration of retinal ganglion
cells (RGC) [1]. The axons of the RGC exit the eye via the optic disc and
changes in axon number can be visualized via funduscopy as increased
cup-to-disc ratio and decreased neuroretinal rim-to-disc ratio [2].
Furthermore, cells that are either presynaptic or postsynaptic to RGC
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undergo transynaptic degeneration—neural degeneration has been
observed as distal as the primary visual cortex [3,4,5,6]. Thus, glaucoma
can be considered a multifocal degenerative neuropathy.

As a multifocal degenerative neuropathy, early detection of optic
nerve neuropathy and treatment to slow or halt the neurodegenerative
process may prevent visual field loss [7]. With respect to potential
treatments, preclinical studies have suggested a number of mechanisms
mediating RGC degeneration, including glutamate-induced
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neurotoxicity, reduced axonal transport of trophic factors,
ischemia-related injury andmitochondrial dysfunction through oxidative
stress [4,8]. Targeting these mechanisms, alone or in combination, could
enhance survival and functioning of RGC.

With respect to timing of interventions, however, the crucial period
betweenresponsiveness andnon-responsivenessofRGCto treatmenthasyet
to be defined. While assessing optic nerve head topography is the standard
method in observing glaucomatous neuropathy progression, this approach
is not sensitive to gradual RGC loss and image rating agreement between
raters is low [9,10]. In most preclinical studies, loss of retinal ganglion cell
bodies and axons are quantified from histological preparations to assess
disease progression and neuroprotective effects of potential treatments.
However, this precludes longitudinal studies within the same animal.

Structural assessment of RGC axons, contained within the retinal
nerve fiber layer (RNFL), with spectral domain optical coherence to-
mography (SD-OCT) has been suggested as an objective and quantitative
method of detecting and tracking glaucomatous disease progression [11].
Furthermore, the rate of RNFL thinning over time measured by SD-OCT
appears to predict future visual loss [12]. Nonetheless, subtle neuroan-
atomical changes in early glaucoma may be below the level of detection
with SD-OCT [11,13].

Changes in water molecule diffusion within optic nerve during
glaucomatous neuropathy suggests disruption in tissue microstructure.
Diffusion tensor imaging (DTI) measures water diffusion through tissue
and fractional anisotropy (FA) reflects anisotropic movement of water
molecules within tissues. In glaucoma patients, decreased FA suggests
decreased water diffusion due to decreased optic nerve structural
integrity [14]. An apparent association between FA and glaucomatous
severity, as functionally assessed by visual field loss, has been reported.
Furthermore, it appears that optic nerve FA can be used to distinguish
between mild and severe glaucomatous damage [15]. In macaques with
experimentally induced glaucoma, optic nerve neurofilament density
positively correlates with FA—decreased FA suggests decreased RGC
axons [15,16]. Therefore, optic nerve FA could be used as a biomarker for
glaucomatous neuropathy [17,18]. While DTI could have utility as a
longitudinal method of following RGC loss, few studies have examined its
potential in tracking treatment effects over time.

Brimonidine, a highly selective α2-adrenoceptor agonist, is used to
reduce IOP by inhibiting adenylate cyclase, thereby reducing aqueous
humor synthesis, while at the same time moderately enhancing outflow
through the trabecular and the uveoscleral pathways. Brimonidine appears
to have a neuroprotective mechanism of action as well [19,20,21,22]. The
neuroprotective effect of brimonidine has yet to be fully understood but it
appears to modulate glutamate transporters and ionotropic N-methyl--
D-aspartate (NMDA) receptors, thereby preventing RGC apoptosis and
axonal loss by blocking cellular excitotoxity by excitatory amino acids [23].
Whether such a similar mechanism exists in the human eye and can be
pharmacologically modulated to prevent RGC degeneration has yet to be
determined. In rodent models of experimentally elevated IOP, systemic
brimonidine prevented the loss of RGC without affecting IOP—whether
there is a neuroprotective effect of brimonidine in species that are phylo-
genetically closer to humans than rodents has yet to be demonstrated [24].

The current study compared DTI and SD-OCT in their ability to detect
early signs of neurodegeneration, in the optic nerve and RNFL, respec-
tively, in a macaque model of ocular hypertension. In addition, these
imaging modalities were compared and contrasted in their ability to
distinguish a potential neuroprotective effect of brimonidine over time.

2. Materials and methods

2.1. Animals

Cynomolgus macaques (Macaca fascicularis) were obtained from Shin
Nippon Biomedical Laboratories, Ltd (Kagoshima, Japan) and Eve
Bioscience., Ltd (Wakayama, Japan). All study procedures were reviewed
and approved by the Hamamatsu Pharma Research, Inc. Animal Care and
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Use Committee. All procedures were carried out in accordance according
to the guidelines within the Guide for the Care and Use of Laboratory
Animals [25] and consistent with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animal in Ophthalmic and
Vision Research.

Animalswerehoused individually for thedurationof the studyandwere
provided with environmental enrichment, including manipulanda. To
facilitate acclimation to humans, staff hand-fed treats to the macaques at
least once per week. Macaques were fed about 100 g/animal per day of
standard nonhuman primate chow (Oriental Yeast Co., Ltd., Tokyo, Japan),
which was supplemented weekly with either fresh fruits or vegetables.
Macaques had free access to tap water via an automatic watering system.

Environmental conditions of the holding roomswere under automatic
control and followed standards described in the Guide for the Care and Use
of Laboratory Animals [25]. A 12-hour light-dark cycle, with lights on at
7:00 AM, was used in the animal housing room. Studies were carried out
during the light hours, between 8:00 AM and 4:00 PM. The facility is fully
accredited by AAALAC International.

2.2. Ocular hypertension model

Laser photocoagulation was used to induce a unilateral ocular hy-
pertension. Overt time, robust glaucomatous neuropathy is evident,
including changes in C/D and R/D ratios. Pathology is highlighted by a
consistent loss of RGC and axonal degeneration over time [17,26]. It
should be noted that the current model is an acutely induced-model,
whereas clinical glaucomatous neuropathy may develop over an
extended period of time.

Ocular hypertension of the left eye was induced by laser photocoag-
ulation of the trabecular meshwork [26,27] with a 532 nm green laser
photocoagulator (GYC-500, Nidek Co. Ltd., Gamagori, Japan) attached to
a slit-lamp microscope (SL-1800, Nidek Co. Ltd.). The right eye did not
undergo laser photocoagulation and served as a normotensive control.

Macaques were anesthetized with a mixture of ketamine (15 mg/kg,
i.m.; Daiich-Sankyo, Tokyo, Japan) and xylazine (2 mg/kg, i.m.; Bayer
Yakuhin, Osaka, Japan). Local anesthetic oxybuprocaine HCl (Benoxil®
ophthalmic solution 0.4%; Santen Pharmaceuticals, Osaka, Japan) was
applied to the cornea. A single-mirror Gonio lens (OSMGA, Ocular In-
struments, WA, USA) filled with a hydroxyethylcellulose solution (Sco-
pisol®; Senju Pharmaceutical, Osaka, Japan) was placed on the eye to
undergo laser photocoagulation. The laser was focused on the mid-
portion of the trabecular meshwork and a total of 50–150 laser-beam
spots (spot size 100 μm, 1000 mW, exposure time 0.2 s) were applied
to 360o of the trabecular meshwork.

Using the same procedure, a second laser treatment of the same eye
was performed two weeks later.

Measurement of ocular parameters started beginning one week after
the second laser treatment (see 2.4. Measurement of ocular parameters.)

2.3. Brimonidine treatment

Treatment with either brimonidine or artificial tears began one week
(Week 1) after the second laser photocoagulation, following measure-
ment of ocular parameters (see below). Either brimonidine (0.1%, Senju
Pharmaceutical, Osaka, Japan) or control treatment (artificial tears (Soft
Santear®, Santen Pharmaceutical)) was topically instilled twice per day
for the duration of the study period. Six macaques received brimonidine
in both eyes (i.e., the ipsilateral, hypertensive eye and the contralateral,
normotensive eye) and six macaques received control treatment in both
eyes. Measurement of IOP following long-term brimonidine treatment
was performed prior to the morning instillation.

To observe the short-term effect of brimonidine treatment on IOP,
IOP was measured 1, 2, 4, 6, and 8 h following instillation. Following IOP
measurement at 8 h after instillation, a second instillation of brimonidine
was done and IOP was measured 1 and 2 h after instillation (or 9 and 10 h
after the first instillation.)
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2.4. Measurement of ocular parameters

Intraocular pressure, vertical cup-to-disc (C/D) ratio and minimum
rim-to-disc (R/D) ratio, retinal nerve fiber layer (RNFL) thickness and
fractional anisotropy (FA) were measured 1, 2, 3, 4, 6 and 8 weeks after
the second laser trabeculoplasty.
3

2.4.1. Intraocular pressure measurement (IOP)
Intraocular pressure was measured with a hand held tonometer

TonoVet ® (Icare Finland Oy, Vantaa, Finland) while the macaques were
awake and restrained in a monkey chair. The average of three mea-
surements (mmHg) was reported as the final IOP. The change in IOP was
calculated by subtracting the post-dose IOP from the pre-dose IOP.
Figure 1. Representative spectral domain
optical coherence tomography (SD-OCT) B-
scan images and DTI images of glaucomatous
eyes before (Pre) and eight weeks after (8W)
treatment with artificial tears (left) or bri-
monidine (right). (A) Spectral domain opti-
cal coherence tomography B-scan images
before and eight weeks after treatment with
either artificial tears or brimonidine. The
boundaries of the RNFL are outlined in red
and orange. (B) DTI axial section of from a
macaque with a normotensive right (R) and
glaucomatous left (L) eye. Yellow arrows
indicate location of glaucomatous optic
nerve. (C) Representative DTI image (left)
combined with a T2 weighted (right) image
delineating anatomical structures. Region of
interests (dotted lines) were overlaid on each
subject's FA map and a mean FA value for
each region was calculated.
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2.4.2. Spectral domain optical coherence tomography (SD-OCT)
Spectral domain optical coherence tomography (RS-3000 advance;

Nidek) scans of the optic nerve head were performed in both eyes of
animals to quantitatively measure RNFL thickness (μm), vertical C/D
ratio and minimum R/D ratio. Before imaging, animals were anes-
thetized with ketamine (15 mg/kg, i.m.) and xylazine (2 mg/kg,
i.m.). Anesthesia was reversed with atipamezole (0.4 mg/kg, i.m.;
Meiji Seika Pharma, Tokyo, Japan) at the end of the procedure. A disc
map scan pattern, 512 points x 128 points, within a 6 � 6 mm square,
was centered on the optic nerve head. Internal software segmented
and calculated vertical C/D ratio and minimum R/D ratio. A disc
circle scan pattern, 3.45 mm diameter centered on the optic nerve
head, 1024 points, was used to create a papillary RNFL map. The
RNFL thickness (μm) was the average of the sectors calculated with
software installed in the OCT. Retinal nerve fiber layer thickness was
determined automatically, but all the images were checked and
manually corrected if there were any errors. Images greater than
signal strength index (SSI) greater than 8 (maximum 10) were
accepted for analysis.

Representative SD-OCT RNFL images before and 8 weeks after the
second laser photocoagulation with artificial tears treatment and with
brimonidine treatment are shown in Figure 1A.

2.4.3. Diffusion tensor magnetic resonance imaging
To obtain fractional anisotropy (FA) values, diffusion tensor images

(DTI) were acquired using a 3.0T MRI system (GE Signa HDxt 3.0T MRI
system (GE Healthcare, Milwaukee, WI, USA)) equipped with an 8-chan-
nel head coil. During DTI scanning, animals were anesthetized using
pentobarbital (5 mg/kg, i.v.; Kyoritsu Seiyaku Co., Ltd., Tokyo, Japan),
and the heads were supported by an acrylic head fixture (MATSUI Co.,
Ltd., Aichi, Japan). The anatomical MRI protocols consisted of a T2-
weighted fast recovery fast spin echo (FRFSE) sequence (repetition
time (TR)/echo time (TE), 3000.0/96.2 ms; number of averages, 1; flip
angle, 90�; echo train length (ETL), 21; field of view (FOV), 100 mm �
100 mm; matrix, 320 � 256; slice thickness/interval, 2.0/0.0 mm). The
DTI data were acquired using a multi-shot spin-echo type EPI sequence
(number of shot, 2; TR/TE, 17000.0/102.4 ms; number of averages, 2;
FA, 90�; FOV, 100 mm � 100 mm; matrix, 128 � 128; slice thickness/
interval, 2.4/0.0 mm, diffusion-weighted gradients of 28 directions,
maximal diffusion-weighted factor, b ¼ 1000 s/mm2). Representative
axial diffusion tensor images of optic nerve before and eight weeks after
the second laser photocoagulation, with either artificial tears or brimo-
nidine treatment, are shown in Figure 1B.

2.4.3.1. MRI image analysis. The DTI datasets were processed with
FuncTool software on a GE Healthcare workstation. Fractional anisotropy
was computed by fitting with a diffusion tensor model [28]. Datasets
were automatically corrected for distortions and co-registered on
T2-weighted images, and the FA values were calculated using FuncTool.
The ROIs were manually drawn on the right (normotensive) and left
(glaucomatous) optic nerves.

The eddy current distortion was corrected using FuncTool software
when calculating the FA maps. Post-processing involving coregistering
the diffusion weighted images to a reference image (Wei et al., 2012,
Comput Med Imaging Graph.). No special algorithm was used to register
the T2WI to the FA maps, but we used a fusion function in DICOM image
viewer (OsiriX MD). Using this method, there were no problematic
misalignments between the T2WI and FA maps. The ROIs were manually
drawn on the T2WI and, using the same coordinates, applied to the FA
maps. The FA values obtained within the ROI (drawn on the FA map) are
averages.

Representative images the optic nerves of a normal and glaucoma-
tous eye are shown in Figure 1C. A decreased FA value from control
values in this study suggests decreased diffusion directivity of the optic
nerve [28].
4

2.5. Exclusions

One week following the second laser photocoagulation, the IOP of
three macaques did not increase beyond normal IOP. Thus, these three
macaques were not utilized in the current study and returned to the in-
house colony.

2.6. Statistical analysis

The current study was carried out in a completely randomized design
with a single factor. Macaques were randomly assigned after the second
laser treatment to either brimonidine or control treatment groups such
that there were no differences in average IOP between the two groups.
Ocular parameters were measured in a non-blinded manner. Ocular pa-
rameters before laser treatment were normal. Data were expressed as
mean � S.E.M. Comparisons within and between treatment groups over
time was performed using repeated measures two-way analysis of vari-
ance (ANOVA). Data were analyzed using statistical analysis software
SAS System Version 9.4 (SAS Institute Inc., Cary, NC). P values at less
than 0.05 were considered statistically significant.

3. Results

3.1. Intraocular pressure over time and the effect of brimonidine on IOP

The mean (�S.E.M.) IOP before laser photocoagulation was 18.0 �
0.4 mmHg (Figure 2A, B). Beginning one week following the second
photocoagulation, IOP significantly increased in the ipsilateral eye (54.1
� 4.0 mmHg) compared to pre-photocoagulation (p < 0.05 vs. Week 0).
In addition, at one week following the second photocoagulation, IOP was
significantly increased compared to the contralateral, normotensive eye
(17.0 � 0.7 mmHg) (p < 0.05). Intraocular pressure of the contralateral
eyes did not significantly change over time.

Intraocular pressure of the glaucomatous eyes, treated with either
artificial tears or brimonidine, measured before the first daily dose,
remained elevated for the duration of the study. A two-way repeated
measures ANOVA was conducted to compare the effects of artificial tears
and brimonidine treatment on IOP of the glaucomatous eyes over time.
No significant effects on IOP with either treatment over time were
observed (F(5, 48) ¼ 0.735, p ¼ 0.601).

3.2. Vertical C/D ratio over time and the effect of brimonidine on vertical
C/D

The mean vertical C/D ratio before laser photocoagulation was 0.46
� 0.01 (Figure 2C, D). Beginning one week following the second laser
treatment, vertical C/D ratio significantly increased in the ipsilateral eye
(0.7 � 0.03) compared to pre-photocoagulation (p < 0.05 vs. Week 0).
Vertical C/D ratio of the ipsilateral eye at one week following the second
photocoagulation was also significantly increased compared to the
contralateral, control eye (0.48 � 0.02) (p < 0.05). Vertical C/D of the
contralateral eye did not significantly change over time.

Vertical C/D ratio of glaucomatous eyes, treated with either artificial
tears or brimonidine, remained elevated for the duration of the study. A
two-way repeated measures ANOVA was conducted to compare the ef-
fects of artificial tears and brimonidine treatment on vertical C/D ratio of
glaucomatous eyes over time. No significant effects on vertical C/D with
either treatment over time were observed (F(5, 42) ¼ 1.877, p ¼ 0.119).

3.3. Minimum R/D ratio over time and the effect of brimonidine on
minimum R/D ratio

The mean minimum R/D ratio before laser photocoagulation was
0.19 � 0.01 (Figure 2E, F). Beginning one week following the second
laser treatment, minimum R/D ratio significantly decreased in the ipsi-
lateral eye (0.08� 0.01) compared to pre-photocoagulation (p< 0.05 vs.



Figure 2. Intraocular pressure (IOP), vertical cup-to-disc (C/D) ratio and minimum rim-to-disc (R/D) ratio over time following laser photocoagulation of the
trabecular meshwork of one eye in macaques. The contralateral eye served as a normotensive control. (A, B) IOP (C, D) vertical C/D ratio and (E, F) minimum R/D
ratio were measured prior to laser treatment and then 1, 2, 3, 4, 6 and 8 weeks following the second laser treatment. Data are presented as mean � S.E.M. N ¼ 6 per
treatment group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control eye.
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Week 0). Minimum R/D ratio of the ipsilateral eye at one week following
the second photocoagulation was also significantly decreased compared
to the contralateral, control eye (0.18 � 0.01) (p < 0.05). Minimum R/D
ratio of contralateral eyes did not significantly change over time.

Minimum R/D ratio of glaucomatous eyes, treated with either artifi-
cial tears or brimonidine, remained decreased for the duration of the
study. A two-way repeated measures ANOVA was conducted to compare
the effects of artificial tears and brimonidine treatment on minimum R/D
ratio of glaucomatous eyes over time. No significant effects on minimum
R/D ratio with either treatment were over time were observed (F(5, 42)
¼ 0.360, p ¼ 0.873).

3.4. RNFL thickness over time and the effect of brimonidine on RNFL
thickness

Before photocoagulation, mean RNFL thickness of all animals was
104.3� 1.7 μm (Figure 3A, 3B). One and two weeks following the second
laser treatment, in both brimonidine and artificial tears treated eyes,
RNFL thickness decreased slightly compared to the contralateral, control
5

eye. Beginning three weeks after the second photocoagulation, signifi-
cantly decreased RNFL thickness was observed, which persisted for at
least eight weeks (p < 0.05 vs. contralateral eye). Retinal nerve fiber
layer thickness of the contralateral, control eye did not change over time
(Figure 3A, 3B).

No significant interaction between treatment groups and time was
observed (F (42, 63)¼ 0.724, p¼ 0.609). However, a significant effect of
time was observed (F(5, 63) ¼ 18.734, p < 0.001). While mean RNFL
thickness values of both treatment groups decreased over time, RNFL
thickness of brimonidine treated eyes tended to be greater than those of
the artificial tears treated eyes throughout the study period (Figure 3C).
Significantly decreased RNFL in artificial tears-treated eyes was observed
beginning three weeks after the second photocoagulation (p < 0.05). By
contrast, significant decreases in RNFL thickness in brimonidine treated
eyes were observed much later, at six and eight weeks after the second
laser treatment (p< 0.05). At four weeks, mean RNFL thickness tended to
be greater in the brimonidine-treated eyes compared to artificial tears-
treated eyes (p ¼ 0.065). By eight weeks, the mean RNFL thickness of
the eyes treated with artificial tears was 56.8 � 7.0 μm, whereas the



Figure 3. Retinal nerve fiber layer (RNFL) thickness over time following photocoagulation of the trabecular meshwork of one eye in macaques. The contralateral eye
served as a normotensive control. Either (A) artificial tears or (B) brimonidine was instilled, twice daily in both the glaucomatous and control eyes. Measurements of
RNFL thickness were performed prior to photocoagulation, and then 1, 2, 3, 4, 6 and 8 weeks following the second laser photocoagulation. *P < 0.05, **P < 0.01, ***P
< 0.001 compared to the normotensive eye. N.S.: Not significant. (C) Effect over time of either brimonidine or artificial tears treatment on RNFL thickness in
glaucomatous eyes. #P < 0.05 compared to Week 1 within each treatment group. Data are presented as mean � S.E.M. N ¼ 5–6 per treatment group.
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mean RNFL thickness of brimonidine-treatment eyes was 74.5 � 8.9 μm.
At eight weeks, the man RNFL thicknesses of brimonidine-treated eyes
tended to be thicker than that of eyes treated with artificial tears (p ¼
0.079).

3.5. FA over time and the effect of brimonidine on FA

Before photocoagulation, mean FA from all animals was 0.34 � 0.01
(Figure 4A, B). One week following the second photocoagulation, FA of
the brimonidine-treated and artificial tears-treated eyes was not signifi-
cantly different compared to the contralateral, control eye (p > 0.05).
Beginning two weeks after the second laser treatment, FA of eyes treated
with artificial tears significantly decreased compared to the control eye
and this reduction persisted for at least eight weeks (p < 0.05 vs.
contralateral eye; Figure 4A). By contrast, while tending to be lower
compared to the control eye, FA of glaucomatous eyes treated with bri-
monidine was not significantly different from that of control eyes
(Figure 4B). The FA of the contralateral eyes, from either artificial tears
or brimonidine groups, did not change over time.

A statistically significant interaction between treatment groups and
time was observed (F(5, 69) ¼ 2.794, p ¼ 0.027). As described earlier,
while FA of brimonidine-treated eyes tended to decrease over time, at no
time was FA significantly decreased compared to FA at the start of
treatment (p > 0.05 vs. Week 1; Figure 4C). By contrast, a gradual
decrease of FA was observed in artificial tears-treated eyes over time (p<
0.05 vs. Week 1; Figure 4C).

3.6. Short-term IOP time course after brimonidine instillation

To confirm that acute brimonidine treatment acutely lowers IOP in
glaucomatous macaques, the effect of brimonidine on IOP was examined
6

over a 10-h period (Figure 5). Overall, a statistically significant interac-
tion between brimonidine treatment over time was observed (F(7, 42) ¼
4.459, p ¼ 0.0009). The first treatment of brimonidine tended to reduce
IOP, between 10 and 20 mmHg, one and 2 h following treatment,
respectively. Significant lowering of IOP was observed 4 h after treat-
ment (p < 0.05 vs. artificial tears treatment). A second dose of brimo-
nidine was administered 8 h after the first dose. Following the second
dose of brimonidine, significantly decreased IOP was observed 1 and 2 h
after dosing (or 9 and 10 h after the first dose of brimonidine) (p < 0.05
vs. artificial tears treatment). Intraocular pressure of glaucomatous eyes
treated with artificial tears did not significantly change over time (p >

0.05 vs. pre-instillation, 0 h; Figure 5).

4. Discussion

The current study provides evidence that SD-OCT and DTI could be
useful for quantitative longitudinal evaluation of optic nerve neuropathy.
While both imaging modalities detected the presence of RGC axonal
degeneration, axonal degeneration appeared to be observed sooner with
DTI comparted to SD-OCT. Both imaging modalities also revealed
delayed axonal degeneration with brimonidine treatment. Over time,
however, RNFL thickness markedly decreased below pre-hypertensive
thickness. By contrast, optic nerve FA in brimonidine-treated macaques
did not significantly decrease over time. The current findings show that
both imaging modalities could be utilized to longitudinally track neu-
roprotection. A combination of these imaging modalities could be useful
in detecting early neuropathy, tracking disease progression and demon-
strating neuroprotection of novel treatments over time.

While widely utilized as a means of detecting and tracking glau-
comatous neuropathy, optic nerve head topography has limitations as
there is considerable variation in optic nerve head cupping among



Figure 4. Fractional anisotropy (FA) over time following photocoagulation of the trabecular meshwork of one eye in macaques and representative axial MR images of
the macaque eyes. The untreated eye served as a normotensive control. Either (A) artificial tears or (B) brimonidine was instilled, twice daily in both the glaucomatous
and the contralateral normotensive eyes. Fractional anisotropy was measured prior to photocoagulation, and then 1, 2, 3, 4, 6 and 8 weeks following the second laser
photocoagulation. *P < 0.05, **P < 0.01, ***P < 0.001 compared to artificial tears treatment. N.S.: Not significant. (C) Effect over time of either brimonidine or
artificial tears treatment on FA in glaucomatous eyes. #P < 0.05 compared to Week 1 within each treatment group. Data are presented as mean � S.E.M. N ¼ 5–6 per
treatment group.

Figure 5. Change in intraocular pressure (IOP) following treatment with either brimonidine or artificial tears over time of the glaucomatous eye. Change in IOP was
calculated by subtracting IOP after treatment from that before treatment (at 0 h). Arrows indicate a single instillation of either brimonidine or artificial tears. Data are
presented as mean � S.E.M. N ¼ 4 per treatment group. **P < 0.01, ***P < 0.001 compared to artificial tears treatment. N.S.: Not significant.
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glaucoma patients. In addition, changes in topography, such as C/D and
R/D ratio may not be adequately sensitive to detect low grade RGC
axonal degeneration—marked degeneration may have already occurred
and neuroprotective treatment may not have any efficacy on advanced
neuropathy [9,29,30,31]. On one hand, OCT could be utilized as a
noninvasive and quantitative method of assessing RGC degeneration [32,
33]. However, the sensitivity of OCT to predict future visual field loss in
preperimetric glaucoma patients is low [13].
7

On the other hand, DTI could be used specifically to detect early
structural deficits before significant visual field loss. Decreased intra-
orbital optic nerve diameter and cross sectional area, obtained with T2-
weighed MRI, have demonstrated the ability to distinguish between
mild and advanced glaucoma [34]. Differentiating between patients with
mild glaucoma and normal controls has also been demonstrated and
function, as determined by visual field testing, correlated with
T2-weighted optic nerve images, unlike that with optic nerve head
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topography [34]. Diffusion tensor imaging provides greater information
concerning tissue pathology than T2 imaging alone. In control-treated
ocular hypertensive eyes in the current study, decreased FA was
observed before significant RNFL thinning, indicating that optic nerve
axon degeneration began prior to the loss of axons that comprise the
RNFL [35,36]. Cell bodies and proximal axons appear to survive through
uninjured collateral axonal branches [35]. Permanent structural defor-
mation to the lamina cribrosa has been suggested as having a key role in
mediating axonal injury including glaucoma cases without elevated IOP
[36]. Similar to findings in the current study, optic nerves of glaucoma
patients show lower than normal FA. Significant associations between FA
and glaucoma severity have been reported, suggesting utility of FA as a
morphometric marker of visual functioning [14,15,37]. While not tested
in the current study, it is likely that the control-treated ocular hyper-
tensive macaques have diminished visual field functioning, as these
macaques demonstrated both significantly decreased RNFL thickness and
decreased FA [38]. Thus, visualizing intraorbital optic nerve pathology
could be useful in detecting early stage glaucoma.

One other limitation of optic nerve head topography as an outcome
measure is its potential lack of sensitivity to therapeutic intervention.
While there are a number of preclinical studies that have shown reduced
or delayed loss of RGC with putative neuroprotective treatments, few, if
any, clinical glaucoma studies have demonstrated significant improve-
ment in optic nerve head topography during a neuroprotective treatment
[39,40,41]. The lack of change in optic nerve head topography does not
address whether a treatment was in fact neuroprotective or not.

Likewise, no effect on C/D and R/D ratios with brimonidine treat-
ment was observed in the current study. However, brimonidine treat-
ment appeared to delay decreases in FA and RNFL thickness compared to
vehicle-treated eyes. The current preclinical findings mirror those of a
clinical study that evaluated the effect of brimonidine on RNFL thickness
in glaucoma patients [42]. Tsai and Chang performed funduscopy and
measured RNFL thickness with scanning laser polarimetry over a
12-month period; no funduscopy results were reported. The authors re-
ported significant decreases of IOP following 12 months of treatment
with either brimonidine and a comparator, timolol, a β-adrenergic
antagonist. Eyes treated with timolol showed decreases in RNFL thick-
ness overall and within each of the four quadrants. However, there was
no significant change in RNFL thickness after brimonidine treatment,
indicating a potential neuroprotective effect independent of IOP
reduction.

While Tsai and Chang reported no significant change in RNFL
thickness in brimonidine-treated eyes, the current study observed a
gradual decline in RNFL thickness—at six weeks, RNFL thickness of the
brimonidine-treated eye was less than that compared to pre-laser trabe-
culoplasty baseline. By contrast, RNFL thickness of control-treated eyes
were less than baseline beginning at three weeks. The loss in RNFL
thickness in patients treated with timolol [42] was about 4% over 12
months whereas a loss of about 40% was observed in the current study at
eight weeks. One difference between the current study and that of Tsai
and Chang is that scanning laser polarimetry was used. However, there is
a close correspondence of RNFL thickness measured with scanning laser
polarimetry and OCT [43]. Alternatively, the rapid decrease in RNFL
thickness observed in the macaques could be due to the acute and rapid
increase of IOP. The extent to which rapid neurodegeneration in ma-
caques mirrors the gradual pathophysiology observed in clinical glau-
comatous neurodegeneration needs further elucidation.

With respect to brimonidine's potential neuroprotective effect,
perhaps a higher concentration of brimonidine (0.2%) [42], compared to
the current study (0.1%) could have further delayed RNFL thinning in the
macaques. Nonetheless, the current findings tend to support the clinical
findings, in that brimonidine has a neuroprotective effect likely separate
from reduced IOP. The current findings, of a delay in optic nerve
degeneration compared to that of control-treated eyes, further support a
8

neuroprotective role of brimonidine. The current findings further suggest
a role of DTI as a preclinical morphometric tool for assessing neuro-
protective effects of potential treatments.

While DTI could be utilized as a noninvasive method of morphometric
optic nerve analysis, a number of technical aspects will need clarification,
such as reducing signal contamination from fat and CSF found within the
optic nerve. There is currently no standard DTI protocol for the optic
nerve and this lack of standardization is apparent in differences between
studies in signal-to-noise ratio and in normative FA values [14]. Dis-
tinguishing aging-related changes in optic nerve that are not due to
glaucoma has yet to be fully addressed—the current study utilized young
macaques. Also, while current FA measurements mathematically suggest
decreased structural integrity of “nerve tissue”, it is currently not feasible
to assign changes specifically in axons and changes specifically in myelin.
Thus, more in-depth studies of DTI as a means of quantitative
morphometry are needed. There are other drawbacks in general with
MRI. Physiological noise, including “vessel pulsation, respiration and
headmovement” reduces image resolution [34]. Tominimizemovement,
macaques were anesthetized and the head was fixed in a head holder.
Nonetheless, the resolution of one voxel is 1 mm, whereas it is possible to
discern the different cell layers of the retina with OCT—the average
thickness of the RNFL in young adults is about 93 μm [44]. Rather than
one modality over another, DTI and SD-OCT could be utilized to provide
complementary structural data.

Greater utilization of morphometric analysis of RGC degeneration for
early disease detection and progression over time, as well as for treat-
ment efficacy monitoring, is needed. However, morphometry of the
macula, for example, will need further methodological refinement before
widespread use as a clinical assessment method. Age-related loss of
retinal ganglion cells varies between individuals as well as within a given
macula [45]. The region of interest for macular OCT has yet to be fully
established and there does not appear to be outcomemeasures other than
macular thickness to reflect changes in tissue mophometry [45]. These
challenges, though, could be refined in a non-human animal model, as
subject age, disease onset and severity are defined at the outset. In the
few studies that have examined macular thickness in NHP, both no
change and significant changes were reported [46,47].
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