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Abstract. Uveitis models in rodents are important in the investigation of pathogenesis in human uveitis and the
development of appropriate therapeutic strategies for treatment. Quantitative monitoring of ocular inflammation
in small animal models provides an objective metric to assess uveitis progression and/or therapeutic effects. We
present a new application of optical coherence tomography (OCT) and OCT-based microangiography (OMAG)
to a rat model of acute anterior uveitis induced by intravitreal injection of a killed mycobacterial extract. OCT/
OMAG is used to provide noninvasive three-dimensional imaging of the anterior segment of the eyes prior to
injection (baseline) and two days post-injection (peak inflammation) in rats with and without steroid treatments.
OCT imaging identifies characteristic structural and vascular changes in the anterior segment of the inflamed
animals when compared to baseline images. Characteristics of inflammation identified include anterior chamber
cells, corneal edema, pupillary membranes, and iris vasodilation. In contrast, no significant difference from the
control is observed for the steroid-treated eye. These findings are compared with the histology assessment of the
same eyes. In addition, quantitative measurements of central corneal thickness and iris vessel diameter are
determined. This pilot study demonstrates that OCT-based microangiography promises to be a useful tool
for the assessment and management of uveitis in vivo. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
Optical coherence tomography (OCT) is a well-established opti-
cal imaging modality that can provide three-dimensional (3-D)
information of tissue scattering in a biological sample.1 OCT is
advantageous because of its noninvasiveness, micrometer reso-
lution, real-time, and depth-resolved imaging, making it a
powerful tool in the investigations of subtle morphological or
functional changes in biological tissues in a variety of biomedi-
cal and clinical applications.2–4 This technique is also favorable
for the serial observation of disease progression5–7 because of its
in vivo imaging capability without a need for excision of the
specimen or postmortem histology at different time-points.
These OCT features are especially important for ophthalmic im-
aging because the eye is a clear media to light and consists of
thin layered structures, allowing easy access of the OCT beam to
the intraocular structures, such as retinal layers. OCT has proven
clinically successful in the assessment of several intraocular dis-
eases and conditions, such as age-related macular degeneration,
diabetic retinopathy, and glaucoma.8–10

Uveitis is one of the intraocular conditions describing the
inflammation of the uveal tract of the eye, including the iris,
ciliary body (CB), and choroid.11 It represents a major cause of
visual impairment, ultimately resulting in vision loss, accounting

for 10% of all cases of legal blindness worldwide.12,13 Over the
decades, the experimental rodent models of uveitis have been
extensively used as an effective preclinical model to understand
the pathogenesis of human uveitis and evaluate the therapeutic
efficacy of new medications because of their resemblance in
immunopathogenic mechanisms to the human uveitis.14–17 To
observe ocular inflammation in the small animal models, slit-
lamp microscopy18 and fluorescein angiography (FA)19 have
been used as the primary methods where the severity of inflam-
mation is determined by either counting the infiltrating cells in
the anterior chamber (AC)18 or detecting vascular disorders in
the posterior segment.19 However, the use of slip-lamp micros-
copy to grade cells is quite subjective, depending on the empiri-
cal ability of the cell graders. Also, the FA is limited to
qualitative angiographic analysis in two-dimensions (2-D).
Recent ophthalmic OCT studies have shown one possibility
for the quantitative assessment of the posterior uveitis in exper-
imental murine models.20–23 The results indicate that OCT could
become an effective assay tool for the longitudinal monitoring of
pathological changes in the retinal lesions during uveitis.20–23

In this paper, we report a new application of OCT and OCT-
based microangiography (OMAG)24–28 to a rodent model of
anterior uveitis. Acute anterior uveitis (AAU) is the commonest
form of uveitis with single episodes of sudden onset and limited
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duration, involving the inflammation of the AC, iris, and
CB.29,30 Although anterior uveitis is a less common cause of
blindness than posterior uveitis, it often can lead to severe ocular
morbidity after the onset if left untreated. The aim of the study is
to assess the efficacy of OCT/OMAG for the quantitative mon-
itoring of structural and functional changes in the anterior seg-
ment during AAU in the rat model.

2 Materials and Methods

2.1 Animal Preparation

Two female Lewis rats weighing 125 to 149 g were purchased
from Harlan Laboratories and maintained with standard chow
and water ad libitum under pathogen-free conditions. All ani-
mals were treated in accordance with the ARVO statement
for the Use of Animals in Ophthalmic and Vision Research
under the animal protocol approved by the Animal Care and
Use Committee of University of Washington.

2.2 OCT-Based Microangiography

An anterior OCT system was used to implement OMAG, which
was the system previously described in Ref. 31. In brief, it was a
custom-built spectral-domain OCT system operated at a central
wavelength of 1340 nm with a scan speed of 92,000 A lines per
second. The spatial (axial × lateral) resolution of the system was
7 μm × 7 μm in air, respectively. The system sensitivity was
measured at 100 dB at the focal spot of the sample beam, cor-
responding to 0.5 mm below the zero delay line.

The rat was anesthetized with inhalational isoflurane (1.5%)
mixed with 20% oxygen. Each animal was placed in the right
lateral decubitus position and secured in a custom-made stereo-
tactic stage equipped with a heating pad and a nose cone for
continuous inhaled isoflurane anesthesia. Complete exposure
of the anterior segment was provided by traction sutures placed
through the lower and upper eyelids, and cornea protection was
provided with a topical balanced salt solution (BSS, Alcon,
Johns Creek, GA) throughout the imaging session. The stereo-
tactic stage was then positioned with the apex of the cornea cen-
tered beneath a scan lens in the sample arm of the OCT system.

A repetitive B-mode step scanning protocol32 was adopted to
implement OMAG, in which five repeated B-scans (fast scan) at
each C-scan (slow scan) position were performed on the anterior
segment of the rat eye at a speed of 140 frames per second. This

scanning protocol generated a total of 2000 B-frames (512 A
lines per each B-frame) in a single 3-D OCT data volume.
During the image acquisition, anesthesia was maintained using
a breathing anesthesia machine (M3000, Supera Anesthesia
Innovations, Clackamas, OR) to restrain bulk motions from
its body except for breathing and pulsation.

B-mode blood flow images were computed from the
acquired 3-D OCT data volume by applying an intensity-based
OCT angiography algorithm.31 In this method, the intensity
changes in time caused by randomly backscattered lights result-
ing from moving red blood cells in the vessel lumens can be
decoupled from the surrounding static tissue regions by subtrac-
tion of adjacent two B-frames (a time interval of 7 ms) obtained
at the same location, representing blood perfusion in the func-
tional vessels. This strategy to contrast blood flow is quite sim-
ilar to ultrahigh-sensitive optical microangiography,25,26 an
OMAG algorithm that utilizes the analytical forms of the OCT
signals rather than the OCT amplitude signals. Using five rep-
etition B-scans, one blood flow image was obtained through
ensemble averaging of the calculated four B-scans of blood flow
at a given C-scan position. Eventually, a total of 400 cross-
sectional blood flow images together with the corresponding
400 structural images were reconstructed within the scanned tis-
sue volume. To facilitate the visualization and analyses, the 3-D
blood flow data were collapsed into an en face (XY) projection
image (an OCT angiogram).

2.3 Induction of Acute Anterior Uveitis

The experimental protocol for the rat model of AAU is illus-
trated in Fig. 1. To induce AAU, we modified an established
experimental model of uveitis previously reported in rabbits
to the rat.33 Anterior uveitis was initiated in the right eye of
each rat with an intravitreal injection of 10 μg of killed myco-
bacterium tuberculosis H37Ra antigen (DifcoLaboratories,
Detroit, MI) in a 5 μl volume of phosphate buffered saline at
day 0. This protocol induces intraocular inflammation that
peaks at two days post-injection. To test the therapeutic effect
of steroid treatment on AAU, the other rat was also treated with
an additional periocular injection of steroids, 4 mg triamcino-
lone in 0.1 ml at day 0. The steroid is a potent anti-inflammatory
agent. Anterior OCT imaging was performed with the right eyes
of all rats at day 0 (preinjection) and at day 2 (peak-inflamed or
steroid treated).

Fig. 1 Illustration of the experimental protocol for the rat model of acute anterior uveitis.
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2.4 Histology

After OCT imaging at day 2, the animals were euthanized
and eyes were collected for histology. The collected eyes were
fixed in 10% neutral buffered formalin (Triangle Biosciences,
Durham, NC) and embedded in paraffin. 4-μm sections were
obtained and stained with hematoxylin and eosin for micro-
scopic evaluation.

3 Results

3.1 Identification of Inflammation in the Rat Anterior
Segment

The signs of intraocular inflammation in vivo include the infil-
tration of white blood cells (WBCs) into the AC and posterior
chamber (PC), corneal edema, iris vascular dilation, and an
increase in the protein concentration in the intraocular fluids.18,34

When inflammation is severe, the protein concentration can
form an inflammatory membrane on the anterior surface of the
iris and across the pupil.18 To determine if OCT imaging could
identify these features in a rodent model of anterior uveitis, we
obtained OCT images at baseline and during peak inflammation
and compared these to histology. Figure 2 shows the represen-
tative cross-sectional OCT images obtained at the central AC
[Figs. 2(a) and 2(c)] and at the limbus [Figs. 2(b) and 2(d)]. At
day 0, the OCT images [Figs. 2(a) and 2(b)] reveal typical ana-
tomical features of the anterior segment of normal murine,
including the hyper-reflective cornea, iris and CB, the optically
empty AC, and the lens.35 At day 2, the OCT images [Figs. 2(c)
and 2(d)] reveal the inflammatory cell infiltration into both the
anterior and posterior chambers and along the anterior lens

capsule [arrows in Figs. 2(c) and 2(d)], the increase of corneal
thickness [oblique bars in Figs. 2(a) and 2(c)], and fibrinous
membranes on the surface of the iris and extending across the
pupil [asterisks in Fig. 2(c)]. An unexpected finding was the
increase in OCT signal intensity of the zonules during inflam-
mation [dotted circle in Fig. 2(d)]. The zonules are a series of
fibrous strands connecting the CB with the lens. At day 0, they
can be seen as individual thin hyper-reflective bands, but at
day 2, the individual fibers are obscured probably because of
the surrounding inflammatory cells. Post mortem histology
[Fig. 2(e)] confirms the inflammatory changes noted by the
OCT images. An additional note regarding the OCT imaging is
that the sclera in Fig. 2(d) looks down-curved, which is caused
by the refractive index difference between the hydration medium
(BSS) on the sclera and the air.

3.2 Identification of Steroid Treatment Effect on
Inflammation of the Rat Anterior Segment

Histology is the gold standard for the detection of intraocular
inflammation in animal models of uveitis. To compare the abil-
ity of OCTwith histology in the assessment of the effect of ste-
roid treatment on inflammation, the rat induced with AAU was
treated with the periocular injection of triamcinolone. OCT
images of the eye were obtained at day 0 and day 2 as shown
in Fig. 3. In contrast to the rat without treatment (see Sec. 3.1), at
day 2, no inflammatory changes are detected by OCT images
[Figs. 3(c) and 3(d)] when compared to the baseline [Figs. 3(a)
and 3(b)] in the steroid-treated animal. This finding is confirmed
with the histologic assessments [Fig. 3(e)] by the absence of
infiltrating WBCs in the AC, PC, or surrounding the CB and
the zonules. These data are consistent with clinical results in

Fig. 2 In vivo optical coherence tomography (OCT) imaging of the anterior segment in the rat model of
acute anterior uveitis. (a) and (b) Representative cross-sectional OCT structural images obtained at cen-
tral anterior chamber (AC) and at limbal region at day 0 (baseline), respectively. (c) and (d)
Representative cross-sectional OCT structural images obtained at the location similar to (a) and (b)
at day 2 (peak inflammation), respectively, showing structural changes, such as infiltrating cells (arrows)
in the AC and the posterior chamber (PC), thickened cornea, and fibrinous membranes (asterisks) on the
surface of iris and across the pupil. The inflammation features in the OCT images [(c) and (d)] are con-
firmed with a histologic section through the anterior segment of the same rat eye (e). Sale bars: 500 μm.
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humans that triamcinolone effectively inhibits ocular inflamma-
tory activity in patients with uveitis.36

3.3 Quantification of Central Corneal Thickness
Changes

To quantify the central corneal thickness (CCT) changes in rats
with and without steroid treatment, the central cornea was
defined to the area [2.6 mm ðXÞ × 2.6 mm ðYÞ] centered on the
pupil. The thickness across this area was determined using a
semiautomatic segmentation algorithm.37 A resulting 2-D CCT
map was obtained from the segmented 3-D corneal information.
Figure 4 shows the average corneal thickness obtained at day 0
and day 2 for the inflamed and steroid-treated animals, respec-
tively. For the rat without steroid treatment [Fig. 4(a)], the CCT
at day 2 (166.79� 12.45 μm) is more than 1.3 times thicker
than the CCT at day 0 (121.29� 8.16 μm). This is consistent

with clinical findings of corneal edema in human patients
with uveitis.34 For the rat treated with the steroid, the CCT at
day 2 (74.81� 8.23 μm) was not increased when compared
with day 0 (76.32� 5.06 μm). This is consistent with the
absence of inflammation in the presence of steroids as assessed
by histology.

3.4 Quantification of Iris Vascular Changes Using
OCT Angiograms

We also investigated blood perfusion changes in the rat iris
during acute inflammation using OMAG. This angiographic
modality was able to delineate functional microvasculature
in the anterior segment tissue beds of the rat eyes
in vivo.31 Figure 5 shows microvascular imaging results for
the rat without steroid treatment. An en face (XY) OMAG
(3.57 mm × 3.57 mm)

Fig. 3 In vivo OCT imaging before and after steroid treatment in the acute anterior uveitis rat model. (a)
and (b) Representative cross-sectional OCT structural images obtained at AC and at the limbal region at
day 0 (baseline), respectively. (c) and (d) Representative cross-sectional OCT structural images obtained
at the location similar to (a) and (b) at day 2 (steroid treatment), respectively, showing no significant
change in morphology compared to the baseline [(a) and (b)]. The anti-inflammation features in the
OCT images [(c) and (d)] are confirmed with a histologic section through the anterior segment of the
same rat eye (e). Scale bars: 500 μm.

Fig. 4 Changes in central corneal thickness of the peak inflamed rat (a) without and (b) with the steroid
treatment.
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of the anterior segment in the rat eye at day 0 (baseline)
[Fig. 5(a)] illustrates the complex microvascular anatomy of
the anterior segment, consisting of radial iris vessels (solid
arrows), long posterior ciliary arteries (LPCA), circumferential
ciliary plexus (dotted arrows) in the ciliary process located
behind the iris, and limbal plexus (asterisks) supplied by aque-
ous-containing veins (arrow heads). The OMAG angiogram at
day 2 [Fig. 5(c)] shows that the iris vessels become dilated, and
the ciliary plexus is obscured when compared to the day 0

images. However, the limbal circulation is almost not affected.
Higher-magnification OMAG angiograms of the region from
smaller scanned areas (2.1 mm × 2.1 mm) highlight these
differences [Figs. 5(b) and 5(d)].

To quantify the amount of vascular dilation that occurs with
inflammation, we compared iris vessel diameters at the same
location for the pre and postinjection OMAG angiograms.
Three iris vessels were chosen and marked with numbers in
Figs. 5(b) and 5(d), and the vessel diameters at the numbered

Fig. 5 In vivo OCT-based microangiography (OMAG) imaging of anterior segment vasculature in the
anterior uveitis rat model. (a) and (c) Two-dimensional (2-D) en face (XY) OMAG angiograms
[3.57 mm ðXÞ × 3.57 mm ðYÞ] of the anterior segment of the rat eye at day 0 (baseline) and day 2
(peak inflammation), respectively. Compared to (a), in (c), the dilation of the iris vessels, including a
long posterior ciliary artery (LPCA) and radial iris vessels [solid arrows in (a)], is evident and the presence
of the ciliary plexus [dotted arrows in (a)] is obscured. These results are better appreciated with higher
magnification angiographic views (b) and (d) from the smaller scanned area [2.1 mm ðXÞ × 2.1 mm ðYÞ],
indicated as white boxes in (a) and (c), respectively. (e) A normalized intensity line profile across the
location 1 on the LPCA [dotted line in (d)]. Its FWHM represents the vessel diameter. In (f), the iris vas-
cular dynamics is quantified with the vessel diameters measured at three locations (1, 2, and 3) on the iris
vessels in (b) and (d). Scale bars: 500 μm.

Fig. 6 In vivo OMAG imaging of the anterior segment with the addition of steroid treatment to the acute
anterior uveitis rat model. (a) and (b) 2-D en face (XY) OMAG angiograms [3.57 mm ðXÞ × 3.57 mm ðYÞ]
of the anterior segment in the rat eye at day 0 (baseline) and at day 2 (steroid treatment), respectively.
Compared to the baseline (a), no appreciable changes in vasculature are observed for the steroid treated
eye (b). (c) Comparison of iris vessel diameters at three locations (1, 2, and 3) on the iris vessels in (a)
and (b). Scale bars: 500 μm.
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locations were calculated as a full width at half maximum
(FWHM) of the normalized intensity line profile across each
vessel.38 Figure 5(e) shows a typical normalized intensity line
profile across location 1 (dotted line) on the LPCA in Fig. 5(d).
At this point, the FWHM of the LPCA was measured as
119.8 μm, corresponding to the vessel diameter at day 2. The
iris vessel diameters of three vessels were compared at day 0
and day 2 [Fig. 5(f)]. On average, the vessel diameters at day
2 are 30 to 40% greater than those at day 0. This is consistent
with clinical findings of the iris vessel dilation in human patients
with AAU.39

To determine if the iris vascular changes could be detected in
the presence of steroid treatment, the anterior microcirculation
of the treated rat was visualized with OMAG angiograms
(3.57 mm × 3.57 mm) as shown in Fig. 6. In the steroid-treated
eye, the vasculature [Fig. 6(b)] exhibits no appreciable differ-
ence when compared to the baseline images [Fig. 6(a)], includ-
ing the qualitative appearance of the iris and limbal vascular
caliber and the visibility of the CB. Iris vessel diameters
were then quantified using the three numbered iris vessels in
Figs. 6(a) and 6(b), and plotted in Fig. 6(c). There was no
obvious increase in vessel diameter. Interestingly, we did iden-
tify a small but not significant decrease in the vessel diameter of
∼10% in the steroid-treated eye. It is well known that the steroid
we used (triamcinolone) has specifically profound antiangio-
genic, antipermeability, and vasoconstrictive effects in addition
to relieving inflammatory responses.40 Therefore, we expect that
the overall decrease in iris vessel diameters may be primarily
due to such vascular effects due to the steroid applied to the
inflamed rat eye.

4 Discussion and Summary
In this study, we have developed a novel OCT protocol includ-
ing OCT-based microangiography and applied it to an acute
anterior uveitis model in rats. The OCT findings revealed typical
pathological and vascular changes associated with inflammation.
These findings include corneal swelling, cellular infiltration in
the anterior and posterior chambers, fibrinous membranes on the
pupil, and dilation in the iris vessels. We also showed that the
effect of steroid treatment on inflammation can be detected by
OCT. Importantly, these imaging findings were supported by
histologic assessments conducted on the same animals.

One of the strengths of the imaging assays in uveitis is the
ability to use the imaging data to objectively quantify the level of
inflammation. We have shown here that corneal thickness and
iris vascular diameter can be quantified from the anterior seg-
ment OCT datasets obtained in rats. Although we had a limited
dataset, this pilot study suggests that the corneal thickness and
vascular caliber are good candidates for quantification since they
increase in the presence of inflammation, but not when treated
by steroids. In addition, although not addressed in this study,
OCT imaging is capable of providing the quantitative measures
for the infiltrating cells in both the anterior and posterior cham-
bers, and zonule inflammation as shown in Fig. 2.

The murine models of uveitis have similarities to the spec-
trum of immunopathogenic features of human uveitis and have
served as preclinical models to study the fundamental mecha-
nism of the uveitic disease and to test for the response to new
therapeutic strategies. An in vivo longitudinal study of the same
individual is, thus, essential in the monitoring of pathological
and functional changes during uveitis for the quantification
of the extent of the disease progression.

We identified a few challenges that will need to be addressed
in future OCT studies of the anterior segment. First, the custom-
made system does not have sequential image registration capac-
ity, which led to a difficulty in precisely locating the same region
of interest for day 0 and day 2 images. Second, for anterior OCT
imaging, ocular tissue refraction of the OCT beam can distort
the physical geometry of the anterior segment in an OCT
image. The refraction effect was not considered in this initial
study, which would make the measurements somehow different
from their actual dimensions. The reliability of these quantita-
tive parameters can be reinforced with correction of the optical
distortion considering the refractive indices of ocular tissue
layers.41 Third, the iris vasculature caliber and tortuosity could
be affected by pupillary dilation. Although we used the same
lighting conditions (ambient illumination) for all studies, we
noted the variation in pupil size. The pupil size needs to be con-
stant through all imaging sessions to minimize the effect due to
environmental factors that may affect iris vasculature calibers,
so that the quantitative measurements of iris vessel diameter in
inflammation and treatment can be reproducible. Addressing
these challenges will result in improving this technique for
future large-scale and long-term studies.

In summary, this study demonstrates the feasibility of OCT/
OMAG in the quantitative assessment of anterior segment
inflammation in an experimental murine model of uveitis.
Longitudinal imaging and automated quantification of the struc-
tural and vascular changes in the anterior segment of the uveitic
eyes will be a useful tool in the investigations of the mechanisms
of ocular inflammation and in the preclinical testing of new
therapeutic treatment strategies for uveitis. Future studies will
include the application of these techniques to the diagnosis
and management of anterior uveitis in humans.
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