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PURPOSE. To characterize the visual pathway integrity of five glaucoma animal models
using diffusion tensor imaging (DTI).

METHODS. Two experimentally induced and three genetically determined models of glau-
coma were evaluated. For inducible models, chronic IOP elevation was achieved via intra-
cameral injection of microbeads or laser photocoagulation of the trabecular meshwork
in adult rodent eyes. For genetic models, the DBA/2J mouse model of pigmentary glau-
coma, the LTBP2 mutant feline model of congenital glaucoma, and the transgenic TBK1
mouse model of normotensive glaucoma were compared with their respective genet-
ically matched healthy controls. DTI parameters, including fractional anisotropy, axial
diffusivity, and radial diffusivity, were evaluated along the optic nerve and optic tract.

RESULTS. Significantly elevated IOP relative to controls was observed in each animal
model except for the transgenic TBK1 mice. Significantly lower fractional anisotropy and
higher radial diffusivity were observed along the visual pathways of the microbead- and
laser-induced rodent models, the DBA/2J mice, and the LTBP2-mutant cats compared with
their respective healthy controls. The DBA/2J mice also exhibited lower axial diffusivity,
which was not observed in the other models examined. No apparent DTI change was
observed in the transgenic TBK1 mice compared with controls.

CONCLUSIONS. Chronic IOP elevation was accompanied by decreased fractional anisotropy
and increased radial diffusivity along the optic nerve or optic tract, suggestive of
disrupted microstructural integrity in both inducible and genetic glaucoma animal
models. The effects on axial diffusivity differed between models, indicating that this
DTI metric may represent different aspects of pathological changes over time and with
severity.

Keywords: diffusion tensor imaging, glaucoma, intraocular pressure, magnetic resonance
imaging, optic neuropathy, visual pathway

Glaucoma is a neurodegenerative disease marked by
progressive vision loss in association with injuries to

the retinal ganglion cells (RGCs) and their axons in the optic
nerve. It is the leading cause of irreversible blindness in the
world, affecting more than 79 million people worldwide,1–3

and will become even more prevalent in the years to come as
a byproduct of increased longevity in an aging population.
An elevated IOP is considered a major risk factor for glau-
coma. However, the relationship between IOP and disease
phenotype is complex. For example, tonometric screening
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for IOP has a sensitivity and positive predictive value of
80.1% and 52.1% for glaucoma, respectively. Additionally,
approximately 20% of subjects with glaucoma have normal
IOP, whereas nearly 90% of subjects with elevated IOP do
not go on to develop the disease.4–6 Furthermore, glauco-
matous neurodegeneration may proceed even after IOP has
been controlled via medical or surgical interventions.5 These
findings indicate that the overall mechanisms underlying the
development of glaucoma are not fully understood.

Recent studies in humans and animal models suggest
extensive involvement of the brain’s visual system in glau-
coma, from inner retinal thinning and distal optic axonopa-
thy, to neuronal cell loss in the lateral geniculate nucleus,
trans-synaptic neurodegeneration of the optic radiation,
and metabolic or functional modulation in the visual
cortex.7–14 However, its extent across different etiopatho-
geneses remains poorly defined, partly owing to limited
in vivo studies to monitor the spatiotemporal changes
occurring along the visual pathway in response to the
disease.15,16 Diffusion tensor imaging (DTI) is a nonin-
vasive magnetic resonance imaging (MRI) technique that
exploits the anisotropic water diffusion in the white matter
tracts to estimate the organization of the brain. Among the
DTI-derived parameters, fractional anisotropy (FA) describes
the directionality of white matter tracts and is an imag-
ing biomarker for the overall microstructural integrity of
the brain, whereas the directional diffusivities, including
axial diffusivity (λ//) and radial diffusivity (λ⊥) describe
the magnitude of diffusion parallel and perpendicular
to the fiber tracts, respectively, and may reflect more
specific pathophysiological changes such as axonal and
myelin integrity.17–20 DTI has been used for evaluating the
microstructural environment in various neurodegenerative
processes, including human glaucoma with mixed results. To
date, the use of DTI in characterizing chronic experimental
glaucoma remains sparse.

In this study, we used DTI to evaluate the white matter
integrity along the optic nerve and optic tract in two
experimentally induced models and three genetically deter-
mined models of glaucoma. For inducible glaucoma animal
models, we used two common procedures involving the
intracameral injection of microbeads and laser photocoag-
ulation of the trabecular meshwork, both of which require
a relatively short span of time to develop a glaucomatous
phenotype. For genetic animal models, Dilute Brown Non-
Agouti (DBA/2J) mice and latent-transforming growth factor
beta-binding protein 2 (LTBP2) mutant cats are character-
ized by spontaneous IOP elevation and RGC loss,21,22 and
were selected as IOP-dependent glaucoma animal models,
whereas TANK-binding kinase 1 (TBK1) duplications have
been implicated as a risk factor for the development of
normal tension glaucoma in humans, and its hemizygous
transgenic mouse model was included in this study to
evaluate for any potential microstructural aberrations.23 We
hypothesize that specific induction of pathogenic processes
associated with different glaucoma models may alter the
diffusion indices along the optic nerve and optic tract owing
to their specific damage to the microstructural environment.

METHODS

All procedures were carried out in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. The rodent and feline studies were

performed with the approval of the appropriate Institutional
Animal Care and Use Committees at the University of Pitts-
burgh, the University of Wisconsin-Madison, and the Univer-
sity of Iowa.

Animal Preparation

Microbead-induced Experimental Glaucoma.
Eight adult Sprague-Dawley rats received an injection of a
mixture of 5 μL of 10 μm microbeads and 5 μL of 15 μm
microbeads into the anterior chamber of the right eye to
block aqueous outflow and induce sustained elevation of
IOP for about 4 weeks. The left eye was untreated and
served as an internal control. An MRI was performed at
4 weeks after injection, because prior findings suggest
that this duration may approximate the upper limit of
sustainable IOP elevation achievable from a single injection
procedure with a 20% loss in axons at about 4 weeks.24,25

Laser-induced Experimental Glaucoma. The IOP
of seven adult C57BL/6J mice was increased by disrupt-
ing aqueous outflow in both eyes using 532-nm green laser
photocoagulation to the trabecular meshwork.21 Six age-
matched healthy C57BL/6J mice were left untreated and
served as controls. Prior studies have analyzed the IOP-
elevating capability of a single laser photocoagulation proce-
dure up to 6 months, with a 59% decrease in axon density in
optic nerves associated with significant reduction in RGCs.21

For this reason, MRI was performed at 8 months after laser
treatment to further characterize the long-term potential of
laser photocoagulation models for studying the relationship
between elevated IOP and microstructural integrity in the
visual pathway.

Genetic Glaucoma Animal Models. Three geneti-
cally determined glaucoma animal models and their controls
were used: (1) The DBA/2J mouse model of hereditary
pigmentary glaucoma26 (n = 8) and its genetically matched
DBA/2J-Gpnmb+ control strain (n= 8) were imaged longitu-
dinally at 7, 9, and 12 months of age. These time points were
selected to reflect the known spontaneous IOP increase in
DBA/2J mice at approximately 8 to 9 months and the severe
optic nerve damage present at around 12 months of age27

along with about 44% RGC loss.28,29 (2) The feline (Felis
catus) model of primary congenital glaucoma homozygous
for mutation in LTBP222 (n = 3) and age-matched normal
wild-type domestic short-hair cats (n = 3) were scanned at
4 to 8 years of age to demonstrate if glaucomatous damage
can be detected noninvasively using DTI in this established
and long-lived disease model. LTBP2 cats are documented
to exhibit up to 64% RGC loss across this range of time-
points.22 (3) The transgenic hemizygous TBK1 mouse model
of normal tension glaucoma23 (n = 4) and its wild-type litter-
mates (n = 4) were scanned at about 20 months of age,
a late time point selected to expand on prior work eval-
uating the characteristics of this model up to 18 months,
where hemizygous TBK1 mice exhibited a 13% RGC loss.23

All control animals were free of the rd1 mutation responsi-
ble for retinal degeneration.

Tonometry

The IOP values for the microbead, laser, DBA/2J, and
TBK1 models were measured using a handheld TonoLab
rebound tonometer (Icare Finland Oy, Vantaa, Finland)
within 5 minutes after isoflurane gas anesthesia induction,
whereas IOP measurements in cats were acquired using
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TonoVet rebound tonometry (Icare Finland Oy) without
sedation. This procedure was repeated to obtain at least
three instrument-derived IOP values for each eye, and the
average value was used for final analysis.

MRI Protocol

Rodents were anesthetized with a mixture of air and isoflu-
rane (3.0% for induction and 1.5% for maintenance) during
MRI experiments with respiratory rate monitoring. Rodent
DTI was acquired using a 9.4-Tesla/31-cm Varian/Agilent
horizontal bore scanner with a 32 mm transmit–receive
volume coil using a fast spin-echo sequence, with 12 diffu-
sion gradient directions at diffusion-weighting factor (b) =
1000 s/mm2 and two additional bo images at b = 0 s/mm2.
Other imaging parameters included a repetition time/echo
time of 2300/27.8 ms, an echo train length of 8, number of
averages of 4, field of view of 2.6 × 2.6 cm2 (rats) and 2
× 2 cm2 (mice), acquisition matrix of 192 × 192 (zero-filled
to 256 × 256), and slice thickness of 0.5 mm. Slices were
oriented orthogonal to the prechiasmatic optic nerves.

Cats were anesthetized by intramuscular injection of
ketamine (12.5–25.0 mg/kg) and xylazine (0.5–2.0 mg/kg).
Heart rate and oxygenation were monitored by pulse oxime-
try throughout the MRI procedure. Cat DTI was performed
on a 3-Tesla GE Discovery MR750 scanner with a GEM Flex
Medium coil, using a spin-echo sequence, with 40 diffusion
gradient directions at a b value of 1300 s/mm2 and eight
non–diffusion-weighted bo images at a b value of 0 s/mm2.
Other imaging parameters included a repetition time/echo
time of 8000/96.2 ms, number of averages of 1, a field of
view of 10 × 10 cm2, an acquisition matrix of 96 × 96, and
a slice thickness of 2.9 mm.

Data Analysis

Coregistration between bo and diffusion-weighted images
were performed using SPM8 (Wellcome Department of
Imaging Neuroscience, University College, London, UK).
DTI parameter maps including FA, λ//, and λ⊥ maps were
computed using DTIStudio v3.02 (Johns Hopkins Univer-
sity, Baltimore, MD). Manual regions of interest were drawn
on the optic nerves and optic tracts using ImageJ v1.47
(Rasband, W.S., National Institutes of Health, Bethesda, MD,
USA) based on FA maps and then applied to the λ// and
λ⊥ maps. The region of interest selection was conducted
with blinding by our investigators without knowing which
groups or eyes were experimental and which ones were
control until statistical analyses were to be performed. For

the feline model, only the optic tracts and the nearby inter-
nal capsules were measured because of distortion artifacts
at the level of the optic nerve as well as partial volume
effects from limited resolution at 3 Tesla relative to the size
of the optic nerve. DTI parametric values from the DBA/2J
model were compared between groups and across age using
ANOVA and post hoc Sidak multiple comparisons correction
tests by GraphPad Prism v6.00 (GraphPad Software Inc., La
Jolla, CA), whereas the other animal models were compared
using two-tailed paired t tests within experimental groups or
two-tailed unpaired t tests between experimental and control
groups using GraphPad Prism. Data are represented as mean
± standard error of the mean. Results were considered statis-
tically significant when the P is less than 0.05.

RESULTS

IOP

The demographics and IOP values of each group are summa-
rized in Table. In brief, the treated eyes of the microbead-
induced and laser-induced rodent models and the eyes of
LTBP2 mutant cats demonstrated significantly higher IOPs
than their respective controls at the imaging time points.
Significant IOP elevation was also observed in the DBA/2J
mice at 9 and 12 months old but not at 7 months old. No
apparent IOP difference was observed between the trans-
genic TBK1 mice and their age-matched controls.

DTI Abnormalities in the Inducible Glaucoma
Animal Models

In the rat model of microbead-induced experimental glau-
coma (Fig. 1), the optic nerve ipsilateral to the microbead-
injected right eye exhibited significantly lower FA compared
with that projected from the untreated left eye. Comparisons
of directional diffusivities in these animals revealed a signif-
icantly higher λ⊥ in the right optic nerves relative to the left
optic nerves. No apparent difference in λ// was observed
between left and right optic nerves. There was no statisti-
cally significant difference in DTI parameters between the
left and right optic tracts in this model.

Analyses of FA, λ//, and λ⊥ in the mouse model of
laser-induced experimental glaucoma yielded similar results
(Fig. 2). Mice subjected to chronic IOP elevation displayed
significantly lower FA and higher λ⊥ in the optic nerve
compared with their age-matched controls without a change
in the λ//. No significant difference in FA, λ//, or λ⊥ was
observed along the optic tracts between experimental and
control groups.

TABLE. Demographics and IOP Values in Each of the Experimental and Control Groups

Glaucoma Healthy Control

Model Species Strain Imaging Time Point IOP (mm Hg) n IOP (mm Hg) n Sig.

Microbead Rat Sprague-Dawley 1 month after induction 27.28 ± 3.01 8 14.36 ± 0.66 8 **
Laser Mouse C57BL/6J 8 months after induction 28.14 ± 2.49 7 14.23 ± 2.65 6 **
DBA/2J Mouse DBA/2J or DBA/2J-Gpnmb+ 7 months old 14.73 ± 1.40 8 11.51 ± 0.31 8 n.s.

9 months old 19.66 ± 1.48 8 9.87 ± 0.41 8 **
12 months old 25.19 ± 1.43 8 10.76 ± 0.40 8 ***

LTBP2 Cat Domestic short-hair (F catus) 4–8 years old 57.83 ± 8.33 3 16.56 ± 2.33 3 ***
TBK1 Mouse C57BL/6J 20 months old 15.91 ± 1.18 4 15.72 ± 1.42 4 n.s.

Data are represented as mean ± standard error of the mean. Sig: Significance; t test between glaucoma and healthy control groups: *P <

0.05; **P < 0.01; ***P < 0.001; n.s. = not significant.
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FIGURE 1. DTI of the rat optic nerve and optic tract under
microbead-induced experimental glaucoma versus control. (A) FA
maps showing the injured right optic nerve and left optic tract
(closed arrows) after experimental glaucoma induction in the right
eye via intracameral microbead injection, and the left optic nerve
and right optic tract corresponding with the untreated control left
eye (open arrows). (B) Comparisons of FA, axial diffusivity (λ//), and
radial diffusivity (λ⊥) between the optic nerves and tracts projected
from the glaucomatous right eyes (black) and the control left eyes
(white). A t test between glaucomatous and control visual pathways:
*P < 0.05; **P < 0.01. Data are displayed as box and whisker plots,
with caps representing minimum and maximum values, and boxes
representing interquartile range with median line shown.

DTI Abnormalities in the Genetic Glaucoma
Animal Models

Quantitative comparisons between DBA/2J mice and their
genetically matched DBA/2J-Gpnmb+ controls demon-
strated significantly lower FA, higher λ⊥, and lower λ// in the
optic nerves of the DBA/2J mice at 12 months old (Fig. 3).
In the optic tracts of the DBA/2J mice, significantly lower
FA and higher λ⊥ were also observed in the DBA/2J mice

FIGURE 2. DTI of the mouse optic nerve and optic tract under
laser-induced experimental glaucoma versus age-matched controls.
(A) FA maps showing the optic nerves (closed arrows) and optic
tracts (open arrows) after experimental glaucoma induction via
bilateral laser photocoagulation of the mouse trabecular meshwork
(top row), and in the healthy control mice (bottom row). (B) Compar-
isons of FA, axial diffusivity (λ//), and radial diffusivity (λ⊥), between
glaucomatous (black) and control visual pathways (white). A t test
between glaucoma and control mice: *P < 0.05. Data are displayed
as box and whisker plots, with caps representing minimum and
maximum values, and boxes representing interquartile range with
median line shown.
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FIGURE 3. Longitudinal analysis of DTI parameters in the DBA/2J mouse model of pigmentary glaucoma and the DBA/2J-Gpnmb+ control
strain. (A, B) FA maps showing the optic nerves (A, closed arrows) and optic tracts (B, open arrows) of the DBA/2J (top) and DBA/2J-
Gpnmb+ control groups (bottom) at 12 months old. (C, D) Comparisons of FA, axial diffusivity (λ//), and radial diffusivity (λ⊥) in the optic
nerves (C) and optic tracts (D) between DBA/2J and DBA/2J-Gpnmb+ groups at 7, 9, and 12 months old. Post hoc Sidak tests between
DBA/2J and DBA/2J-Gpnmb+ mice: *P < 0.05, **P < 0.01, ***P < 0.001; between ages within the same strains: #P < 0.05, ##P < 0.01, ###P
< 0.001, ####P < 0.0001, with orange and blue brackets indicating longitudinal comparisons within DBA/2J and DBA/2J-Gpnmb+ groups,
respectively. Data are represented as mean ± standard error of the mean.

relative to the controls at 12 months old in a smaller extent
as compared with the optic nerve.

In the LTBP2 mutant feline model of glaucoma, signifi-
cantly lower FA and higher λ⊥ were observed in the optic
tracts of the LTBP2 mutant cats compared with healthy
controls (Fig. 4), whereas no apparent difference in λ//

was identified in the optic tracts. No DTI difference was
observed in the internal capsule between the glaucoma-
tous and control groups in the feline model. Quantitative
comparisons of FA, λ//, and λ⊥ between transgenic TBK1
mice and wild-type littermates revealed no apparent differ-
ence in either the optic nerve or optic tract (Fig. 5).

DISCUSSION

The results of the present study demonstrate that the glau-
coma rodent models used, with the exception of the trans-
genic TBK1mice, consistently exhibited lower FA and higher
λ⊥ in the intracranial optic nerve relative to their respec-
tive controls. Lower FA and higher λ⊥ were also observed in
the postchiasmatic optic tract of the DBA/2J mice and the
LTBP2 mutant cats. Among these models, only the DBA/2J
mice showed lower λ// at the level of the optic nerve. To
date, the majority of human glaucoma DTI studies have
focused on FA decrease in the visual pathways in patients
with glaucoma,30–36 which could be detected before substan-
tial clinical vision loss occurred.37 Several studies have
also examined the specific directional diffusivities along
the visual pathways in patients with glaucoma, but the
results have been mixed, with studies variously reporting λ//

increase,38–41 λ// decrease,37 or no λ// change,42–44 and some
showing λ⊥ increase37,38,40,41,43,44 or λ⊥ decrease.42 These
disparate results in humans suggest that different etiologies,
stages, or severities of human glaucoma may yield varying

neurologic manifestations. Thus, a broad, well-defined set of
glaucoma animal models of diverse species and etiopatho-
geneses may reflect distinct aspects of glaucoma for under-
standing the neurologic impacts of the disease and therapeu-
tic responses. The present study contributes to this effort
using noninvasive DTI to characterize the microstructural
profiles along the optic nerve and optic tract of commonly
used animal models of glaucoma. These findings can be
essential to guide model selection when designing future
studies requiring the noninvasive monitoring of neurologic
response to disease and treatment.

In the present study, chronic IOP elevation in both
inducible and genetic models of glaucoma was accompa-
nied by decreased FA, indicative of aberrant microstruc-
tural integrity along the visual pathway in these models
detectable with DTI.22,25,26,28,45 As for directional diffusivi-
ties, the λ⊥ increase observed in our experimental models
concurs with most human glaucoma DTI studies, sugges-
tive of pathophysiological events that can increase water
diffusion perpendicular to the RGC axon projections, such
as demyelination, inflammation, and glial activation.40,46–51

The DBA/2J mouse model of pigmentary glaucoma was the
only model in this study to demonstrate decreased λ// at
the level of the optic nerve along with a λ⊥ increase. We
speculate that such a decrease in the λ// may be a result
of axonal degeneration and astrocyte reorganization,52,53

whereas the lack of differences in λ// in other models may
be attributed to a combination of axonal injury (which may
decrease λ//), neuroinflammation (which may increase or
decrease λ//),28,47,48 and axonal loss (which may increase
λ// in chronic and slow progressing white matter degener-
ation).54 It is also possible that the time to reach maximal
damage is different between models and, therefore, it might
take more time for a particular model to reach the same point
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FIGURE 4. DTI of the feline model of congenital glaucoma owing
to homozygous LTBP2 mutation. (A) FA maps at the level of the
optic tracts (closed arrows) and internal capsules (open arrows) in
the LTBP2mut/mut cats (left) and healthy controls (right). The inter-
nal capsules served as an internal control to determine whether
any observed differences in the optic tracts of glaucomatous and
control cats were specific to the visual pathway or reflected more
generalized neuropathology. (B) Comparisons of FA, axial diffusiv-
ity (λ//), and radial diffusivity (λ⊥) in the optic tracts and internal
capsules between glaucoma (black) and control groups (white). A t
test between glaucoma and control cats: **P < 0.01, ****P < 0.0001.
Data are displayed as box and whisker plots, with caps representing
minimum and maximum values, and boxes representing interquar-
tile range with median line shown.

of destruction in the optic nerve and optic tract than the
other one.

Compared with chronic experimental glaucoma, models
using more acute insults to the retina and optic nerve have
been shown to produce different DTI manifestations. For
instance, traumatic optic neuropathy by optic nerve crush,

FIGURE 5. DTI of the optic nerve and optic tract in transgenic TBK1
(Tg-TBK1) mice and age-matched healthy controls. (A) FA maps
at the level of the optic nerves (closed arrows) and optic tracts
(open arrows) in the Tg-TBK1 mice (top row) and age-matched
controls (bottom row). (B) Comparisons of FA, axial diffusivity (λ//),
and radial diffusivity (λ⊥) between Tg-TBK1 mice and age-matched
controls revealed no apparent difference in either the optic nerves or
optic tracts (t tests, P > 0.05). Data are displayed as box and whisker
plots, with caps representing minimum and maximum values, and
boxes representing interquartile range with median line shown.

N-methyl-D-aspartate–induced excitotoxic retinal injury,55,56

and retinal ischemia–reperfusion injury secondary to tran-
siently elevated IOP at 100 to 120 mm Hg for 65 minutes
can lead to initial decreases in FA and λ// before an
λ⊥ increase along the visual pathway. These findings
suggest that acute and chronic insults in the eye and
optic nerve axons may involve different pathophysiological
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events that are detectable by examining their DTI charac-
teristics. Also, chronic experimental and spontaneous glau-
coma may involve a complex interplay of neurodegenera-
tive processes beyond the early axonal and delayed myelin
injuries suggested in the acute models.

Although the transgenic TBK1 mice displayed no appar-
ent DTI change along with normal IOP, it is important to
note that the TBK1 mice show only a modest 13% RGC loss
at 18 months.23 In comparison, the LTBP2 mutant cats and
DBA/2J mice show greater decreases in the RGC of 64%
and 44%, respectively, in the later disease stages.22,23,28,57 In
addition, although neuroinflammation, including microglial
proliferation and activation, has been identified in the other
glaucoma animal models studied here,47–49,58–60 no evidence
of neuroinflammation has been reported in the transgenic
hemizygous TBK1 mice used in our study. Further studies
may include analysis of mice that have more copies of TBK1
transgene incorporated in their genome, the Optineurin
E50K mutant,61,62 as well as concurrent TBK1 and E50K
interactions,57 to determine their contributions to disease
severity and to characterize the neuropathophysiology of
normotensive glaucoma. Future DTI studies may also deter-
mine the extent of visual pathway changes in both ocular
hypertensive and normotensive glaucoma animal models
with respect to different genetic backgrounds, IOP expo-
sure, age, and so on.63,64,83,84

There are inherent limitations to this study and to the
animal models used. Although DTI changes were consis-
tently observed in the optic nerve of the rodent models
of chronic IOP elevation, only the DBA/2J mouse model
demonstrated DTI changes in the optic tract at the later
time point. Future longitudinal studies at different stages
of the glaucoma effect could provide greater insight into
the spatiotemporal sequence of disease progression in these
models. Additionally, future work should consider correla-
tions of DTI changes in the optic nerve axons with individ-
ual IOPs as well as structural and functional damage in the
eye and neural pathway via optical coherence tomography
and electrophysiology. Histologic confirmations will also be
useful in the future to address the origins of FA, λ//, and
λ⊥ changes observed in our glaucoma animal models rela-
tive to the extents of neurodegenerative processes such as
axonal injury, demyelination, inflammation, and glial activa-
tion at each experimental time point.40,46–51 One limitation
inherent to rodent models is that, although human glau-
coma is associated with structural changes at the level of
the lamina cribrosa, rodents lack this structure and only
possess the glial lamina. Despite such limitations, the rodent
models remain useful for testing pathophysiological mecha-
nisms independent of the lamina cribrosa,15,16,65 the genetic
contributions to glaucomatous damages, as well as novel
neurotherapeutics options for glaucoma,66–68 given their
wide availability for genetic modifications, and the rela-
tively low cost compared with feline and nonhuman primate
models. In contrast, the feline optic nerve head possesses
a robust lamina cribrosa with microarchitecture and cell
population that closely resembles humans.69 However, only
a limited number of cats were available for imaging at the
time of experiments. Future studies may use DTI in larger
samples of glaucoma animal models in higher order species
to examine how the visual system alters trans-synaptically
over time.70,71

In summary, the present study showed that chronic IOP
elevation was accompanied by decreased FA and increased
λ⊥ along the optic nerve or optic tract, suggestive of

disrupted microstructural integrity in both inducible and
genetic glaucoma animal models. The association of elevated
IOP in different models matched with signs of degeneration
along the visual pathway, which supported the notion that
these animal models were valid surrogates of glaucoma. The
effects on λ// varied between models, indicative of the inter-
model differences and the complex interplay between etiol-
ogy, severity of damage, and stage of pathological change.
This imaging work characterized the structural damage in
various commonly used animal models of glaucoma and
demonstrated the utility of DTI as a noninvasive tool for
deciphering the structural pathobiology of glaucoma. The
findings presented here may contribute to a better under-
standing of the neurologic features of each of the animal
models, which can then be used to design more informed
glaucoma basic research studies using noninvasive diffusion-
weighted imaging modalities. Apart from DTI, higher order
diffusion imaging modalities, such as diffusion basis spec-
trum imaging,72–74 and the extended diffusion kurtosis imag-
ing model called white matter tract integrity model41,75

can be combined with DTI to differentiate between intra-
axonal and extra-axonal microenvironments and a provide
more accurate characterization of the tissue architecture.76,77

Future studies are warranted that examine how these diffu-
sion imaging modalities, in addition to other multiparamet-
ric MRI techniques,76,78–82 may be useful tools to comple-
ment direct ophthalmoscopy in studying the pathophysi-
ology underlying glaucomatous neurodegeneration, defin-
ing the microstructural disruption resulting from glaucoma,
and monitoring disease progression and treatment response
noninvasively along the visual pathway.
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