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Abstract: Anterior segment optical coherence tomography (AS-OCT) is a modality that uses low-
coherence interferometry to visualize and assess anterior segment ocular features, offering several
advantages of being a sterile and noncontact modality that generates high-resolution cross-sectional
images of the tissues. The qualitative and quantitative information provided by AS-OCT may
be extremely useful for the clinician in the assessment of a wide spectrum of corneal infections,
guiding in the management and follow-up of these patients. In clinical practice, infections are
routinely evaluated with slit-lamp biomicroscopy, an examination and imaging modality that is
limited by the physical characteristics of light. As a consequence, the depth of pathology and the
eventually associated corneal edema cannot be accurately measured with the slit-lamp. Therefore, it
represents a limit for the clinician, as in vivo information about corneal diseases and the response to
treatment is limited. Resolution of corneal infection is characterized by an early reduction in corneal
edema, followed by a later reduction in infiltration: both parameters can be routinely measured with
standardized serial images by AS-OCT.
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1. Introduction

Keratitis is an inflammatory condition of the cornea that determines a change in its
structure and a reduction in its transparency [1]. Infectious keratitis is one of the major
causes of preventable blindness in developing and developed countries [1,2]. Its main
signs are corneal epithelial ulceration, corneal edema, and stromal infiltration with the
presence of inflammatory cells (Figure 1) [3-6].

Slit-lamp biomicroscopy is the routine tool clinically used for the examination of
keratitis to assess the site of infiltrates and measure the horizontal and vertical dimensions
of the epithelial ulceration and infiltration (Figure 2).

This examination modality has disadvantages as it is limited by the physical charac-
teristics of light and has a difficulty in measuring the depth of the corneal infiltration and
associated corneal edema [7]. As a result, in vivo information about corneal changes and
tissue response to the treatment is limited. Subjective assessment such as the improvement
of symptoms could point out that the infection is being resolved.

Nevertheless, keratitis can be assessed in vivo with anterior segment optical coherence
tomography (AS-OCT). This imaging modality provides cross-sectional scans of the cornea,
helping to evaluate the depth of inflammation through measurements of stromal infiltration
thickness (IT) and corneal thickness (CT) [8]. AS-OCT has revolutionized the clinical and
surgical management of the cornea, giving a new perspective on corneal pathology.
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This literature review aims to show the value of AS-OCT in vivo assessment and
monitoring of various types of corneal infections, reviewing the available evidence on this
subject in the application of AS-OCT in infectious keratitis.

. A d

Figure 1. A female patient, 60-year-old, with an infected neurotrophic corneal ulcer. (A) Slit-lamp
photo showing paracentral corneal ulcer (red arrow) with an area of corneal opacity above it and
total lens opacity. (B) AS-OCT photo showing the absence of epithelium over ulcer area (red arrow),
thin hyperreflective corneal stroma in the base of ulcer area with areas of irregular endothelium.

Figure 2. A male patient, 50-year-old, with history of trauma in the right eye. (A) Slit-lamp photo
showing central rounded corneal ulcer (red arrow) with about 4 mm hypopyon in the anterior
chamber (blue arrow). (B) OCT photo showing absent epithelium over ulcer area, ulcer base is
irregular and stroma under the ulcer base is hyperreflective (yellow arrow).

2. Corneal Infections

Infective keratitis can be caused by different microorganisms such as bacteria, fungi,
and protozoa (Acanthamoeba) [6]. The abundance of microorganisms in different geo-
graphical locations differs because of differences in demographic factors, predisposing
risk factors, socioeconomic conditions, and climate [9]. History of trauma, ocular surface
disorders, corneal exposure, and contact lens wear are possible risk factors. There are also
iatrogenic risk factors such as any ocular surgery and topical steroids [10].

Bacteria are the prevalent cause of infective keratitis in temperate countries [9,11,12].
Pseudomonas species are responsible for most of contact lens-related bacterial keratitis;
other common Gram-negative bacteria include Serratia marcescens and Enterobacteriaceae
(Figure 3).

If left untreated, corneal necrosis, thinning and perforation may occur [6]. Gram-
positive cocci, many of which are commensals of the skin as well as conjunctiva, may cause
infective keratitis. That is the case of Staphylococcus and Streptococcus species. Other
less common causes of bacterial keratitis include atypical Mycobacterium and Nocardia
species [6]. Fungus is a crucial cause of infective keratitis in tropical countries often due
to trauma by vegetable matter [6,9]. In developed countries, it occurs mostly in eyes with
ocular surface disease, immunosuppression, or contact lens wear [6]. It can be caused by
filamentary fungi (e.g., Fusarium, Aspergillus) or yeasts (e.g., Candida). Microsporidia
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is another fungal organism that is emerging as a cause of fungal keratitis [13,14]. Finally,
acanthamoeba keratitis is mostly related to soft contact lens use and the abundance of
water contamination and swimming pools by acanthamoeba [15].

Figure 3. (A) Slit-lamp photo showing multiple whitish infiltrates with less defined margins (yellow
arrow). (B) AS-OCT image showing the early healing pattern of a mushroom-configuration DALK
with multiple areas of hyperreflectivity at the graft-host interface (yellow arrows). Absence of
anterior chamber involvement and the cornea is swollen. Therapeutic penetrating keratoplasty was
carried out in addition with cultures of the donor lenticule removal and the patient was treated with
systemic Tigecycline and Linezolid according to the antibiogram.

Patients with infective keratitis are usually symptomized by an acute onset of pain,
photophobia, red eye, and varying degrees of visual loss depending on the severity and
location of the corneal lesion. A detailed history can identify risk factors and possible
etiology. Slit lamp examination is still the most important diagnostic tool [16]: bacterial
keratitis mostly shows a well-defined corneal infiltrate. Soft or serrated infiltrates and
satellite lesions may suggest a fungal cause. Acanthamoeba keratitis is characterized by
the presence of perineural infiltrates, dendritiform lesions, and later ring infiltrates [6]. In
addition to biomicroscopic examination, corneal scrapes taken from the ulcer edge are
essential to identify the pathogenic organism. These samples are sent for microscopy (Gram
stain), culture, and sensitivity testing [17]. PCR is also used to identify the pathogenic
organism and is more sensitive than regular culture techniques [18].

3. Anterior Segment Optical Coherence Tomography

OCT is a non-contact in vivo ocular imaging technology using low coherence inter-
ferometry that was initially developed for retinal imaging by Huang et al. in 1991 [19].
OCT measures the echo time delay of light backscattered from tissue structures, hence
it produces two- and three-dimensional cross-sectional imaging of tissue [20]. OCT was
traditionally used for visualization of the posterior segment until the first application
for AS-OCT in 1994. It is faster, less invasive, and more patient-friendly than other ante-
rior segment imaging devices such as ultrasonic biomicroscopy [21]. Time-domain and
frequency-domain OCT are the two broad categories of AS-OCT. Frequency-domain OCT
can be further divided into Fourier-domain OCT (spectral-domain OCT) and swept-source
OCT (S5-OCT) [19].

Time-domain OCT. The two most common available devices of time-domain OCT (TD-
OCT) are the Visante OCT (Carl Zeiss Meditec, Oberkochen, Germany), and Heidelberg slit
lamp OCT (SL-OCT, Heidelberg Engineering GmbH, Heidelberg, Germany) [22]. Visante
OCT has a wavelength of 1310 nm, a 16 mm scan width, and 6 mm scan depth. Axial
resolution 18 um and transverse resolution is 60 um [22]. Heidelberg SL-OCT also has a
1310 nm wavelength as well as a 15 mm width, and 7 mm scan depth. Axial resolution
is >25 pm and transverse resolution is 20-100 pm [23]. Major drawbacks of TD-OCT
relate to the low A-scan rate (2000 A-scans/second with the Visante OCT system, and
200 A-scans/second with the SL-OCT) [21].

Spectral-domain OCT. Spectral-domain OCT (SD-OCT) generates varying wave-
lengths of light, with a higher speed of acquisition (10 to 100 times that of TD-OCT) [24].



J. Clin. Med. 2021, 10, 2841

40f9

SD-OCT machines include the Spectralis (Heidelberg Engineering GmbH), RTVue (Op-
tovue, Inc., Fremont, CA, USA) and Cirrus OCT (Carl Zeiss Meditec) [25]. Other variations
of SD-OCT are custom-built designs that have the advantage of improved axial resolution,
termed as “ultrahigh-resolution OCT”. Reported axial resolutions of ultra-high-resolution
OCT range from 14 um, with scan widths of 5-12 mm [26,27]. Such a degree of image
resolution and definition enables visualization of each layer of the cornea.

Ultrahigh-resolution OCT machines are the Copernicus HR (Optopol Technologies
SA, Zawiercie, Poland) and Bioptigen Envisu (Bioptigen Inc., Morrisville, NC, USA) [22,28].
MS-39 (Costruzione Strumenti Oftalmici, Florence, Italy) is a stand-alone device that
combines SD-OCT and Placido disk corneal topography to obtain measurements of the
anterior segment of the eye. This device uses a SLED light source at 845 nm and provides
an axial resolution of 3.6 um (in tissue) and transversal resolution of 35 um (in the air).
Each section measures 16 x 7.5 mm and includes 1024 A-scans. Its unique application
includes automated measurements of the corneal epithelium, which are accurate and useful
in different clinical situations [21,29-31].

Swept-source OCT. In 2008, the first SS-OCT was brought to market. The Casia SS-
OCT (Tomey, Nagoya, Japan) uses a 1310 nm swept-source laser as a light source, and it
was specifically designed to scan the anterior segment with a scan speed of 30,000 A-scans
per second, horizontal scan width of 16 mm, axial resolution of 10 pm, and transverse
resolution of 30 pm [22]. Triton SS-OCT (Topcon, Tokyo, Japan) is another device that uses
a 1050-nm wavelength probe beam and possesses a scan speed of 100,000; A-scans per
second and a scan depth of 3 mm, axial resolution of 8 um, and transverse resolution of
30 pm. Although this OCT is mainly designed for posterior segment investigation, an
external add-on lens enables anterior segment imaging.

4. Anterior Segment OCT in Different Corneal Infections

AS-OCT can offer the clinician a quantitative evaluation of several corneal parameters,
thanks to its non-contact high-resolution and cross-sectional examination. Considering
this, it might be an ideal system for assessing and monitoring the progression of corneal
infectious diseases from different pathogens.

Bacterial and fungal keratitis. Konstantopoulos et al. measured bacterial keratitis
and the results of medical treatments concerning a reduction in corneal inflammation
and edema [8,32]. In a study of 26 human bacterial keratitis, both IT and CT significantly
decreased after three treatments: these two parameters provided objective evidence of
successful medical treatment [8]. In addition to this prompt reduction in IT and CT, resolu-
tion of bacterial keratitis was followed by a late reduction in IT. The study authors could
measure CT in all patients and IT in 80.8% of patients, but infiltration width could only be
calculated in 50% of patients due to two factors: first, infiltrations had soft, poor defined
transverse margins, and second, the AS-OCT device used in the study (Visante OCT) had a
transverse imaging resolution (60 pm) lower than the axial resolution (18 pm). Infiltration
of the corneal stroma appeared as a hyperreflective area in the stroma, making it possible
to measure the thickness with caliper tools. Additionally, qualitative evaluation of the
infiltration is possible, since the intensity of hyperreflectivity corresponds to the density of
the infiltration on slit-lamp examination. Nevertheless, in the later phases of the pathology,
the infiltration becomes replaced by scar tissue and measurement of IT may become even
more difficult. Corneal edema is imagined as a diffuse thickening of the stroma, with a
subsequent change in the convexity of the posterior corneal surface; later on, in more severe
cases, Descemet folds can be visualized as ruffles in the usually smooth endothelial sur-
face [32]. Soliman et al. [33], in a prospective observational study of 20 patients with fungal
and bacterial microbial keratitis, described a range of characteristic AS-OCT patterns that
might be used as an additional instrument in the diagnosis and management of the disease.
The ten common morphological patterns described by the authors were hyperreflective
lesion in the stroma, epithelial defect, stromal edema, hyperreflective material above the
lost epithelium or the hyperreflective stromal lesion, hyperreflective lesion attached to the
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endothelium surface, localized stromal thinning with an epithelial defect, loss of all layers
of the cornea except the Descemet’s membrane, a hyperreflective stromal lesion with intact
epithelium with or without stromal thinning (Figure 4), and diffuse stromal thinning with
an epithelial defect on top.

Figure 4. (A) A 60-year-old male with fungal keratitis affecting almost the whole cornea. (B) AS-OCT
showing irregular thickness of the epithelium with areas of epithelial loss (yellow arrow), irregular
cystic spaces (red arrow), hyperreflective lesion with different densities affecting the whole corneal
thickness (blue arrow).

Conversely, in cases of fungal keratitis, some unique patterns were present: localized
small cystic spaces within the stroma, and full-thickness large cystic spaces within the
stroma (evidence of necrotic stroma). Additionally, AS-OCT may help in confirming the
exact location of the keratitis, as shown in cases of multiple whitish infiltrates with less
defined margins after a lamellar keratoplasty that appeared as high-reflective infiltrates at
the graft-host interface at AS-OCT images [34]. AS-OCT might also be useful to demon-
strate the exact location and area of the endothelial plaque in patients with fungal keratitis.
Indeed, most cases of fungal keratitis showed in AS-OCT an indistinct and irregular bound-
ary among the endothelial plaque and the cornea [35]. This implies that the fungal damage
to the endothelium expands from the stroma into the anterior chamber (Figure 5).

AS-OCT might also be advantageous to guide corneal cross-linking treatment accord-
ing to the size of the infiltrate and area of inflammation [36].

Acanthamoeba keratitis. Radial keratoneuritis in patients with Acanthamoeba keratitis
(AK) may be observed with AS-OCT as highly reflective lines or bands of different widths
between 20 and 200 um, which run into the corneal stroma obliquely or parallel. Such
lesions become thinner and eventually disappear after the resolution of the keratitis [37].
Consistent with these findings, Park et al. [38] observed highly reflective bands in the
stroma that corresponded to the area of radial keratoneuritis and disappeared as soon as
the radial keratoneuritis resolved after proper treatment. However, the authors could not
identify Acanthamoeba cysts or trophozoites using AS-OCT because of the limited power
resolution of the device.
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Figure 5. A male patient, 60 years old, presented by history of vegetal trauma to his left eye. (A) Slit-
lamp photo showing paracentral oval corneal ulcer. (B) AS-OCT photo showing irregular epithelium
(red arrow) with stromal thinning and irregular hyperreflectivity (yellow arrow). A hyperreflective
plaque attached to the back of the cornea is also evident (blue arrow).

Herpes simplex keratitis. In cases of herpes simplex keratitis, corneal infiltrates are
imaged on AS-OCT as a lentiform or spindle-shaped hyper-reflective area in the stroma
that may be diffuse or localized: images obtained with AS-OCT might help to differentiate
between active infiltrates and stromal scarring. Nevertheless, none of the identified AS-
OCT features are exclusive of herpetic keratitis, meaning that nowadays AS-OCT can help
in the follow-up and management of such pathologies more than in the diagnosis [39].
Hixson et al. reported two cases of disciform keratitis that were followed using AS-OCT
to quantify the resolution and decrease of edema throughout the treatment: the thickest
area of the cornea was located and measured across time until a complete resolution was
achieved. AS-OCT allowed for the objective measurement of therapeutic interventions,
resulting in reduced edema and thickness as well as the exact localization of microcystic
edema and keratic precipitates [40].

Corneal endotheliitis. Coin-shaped lesions are imaged on AS-OCT as an irregularly
highly reflective thickened endothelium, as described by Yokogawa et al. [41] in two
patients with PCR-proven Cytomegalovirus (CMV) corneal endotheliitis. After anti-CMV
treatment, the irregularly thickened highly reflective endothelial cell layer disappeared,
indicating that AS-OCT can be useful to image therapeutic effects noninvasively. In a
study of 13 eyes with CMV corneal endotheliitis, AS-OCT images showed protruding high-
reflective structures at the posterior cornea with a dendritic, dome-shaped, quadrangular,
or saw-tooth appearance [42]. In this study, central corneal thickness was followed in
seven cases and did not correlate with clinical courses; nevertheless, after proper antiviral
treatment, the protruding high-reflective structures disappeared.

Others. On AS-OCT, the multiple, whitish, raised, epithelial lesions that represent
the most common clinical manifestation of ocular microsporidiosis can be seen as raised
hyper-reflective epithelial lesions [43]. Thanathanee et al. [44] also reported characteristic
images of microsporidia keratoconjunctivitis: AS-OCT images demonstrated hyperreflec-



J. Clin. Med. 2021, 10, 2841

7 of 9

tive dots that were limited to the epithelial layers of the cornea in all cases and were quite
raised above the epithelial surface in most of the cases (92.3%). AS-OCT might help in
differentiating them from adenovirus nummular scars (hyperreflective lesions started from
the subepithelial layer of the cornea and slightly extended into the anterior stroma), which
are subepithelial lesions without elevations above the epithelial surface (Figure 6).

Figure 6. (A) A 53-year-old female presents adenoviral nummular infiltrates. (B) AS-OCT shows
multiple subepithelial lesions with no elevations above the epithelial surface (yellow arrows).

In conclusion, AS-OCT can directly visualize, measure, and monitor in vivo various
parameters of corneal infections, especially the depth and extension of corneal thickness,
the thickness of the infiltrations, and width. Resolution of corneal infection is character-
ized by an early reduction in corneal edema, followed by a later reduction in infiltration:
both parameters can be routinely measured and followed with AS-OCT, helping in the
monitoring of the pathology and the response to the treatment. In clinical practice, serial
standardized AS-OCT scanning might be used to quantify and objectively assess the kerati-
tis. Limitations of this diagnostic imaging technology is the impossibility of measuring the
density, as this can be a valuable parameter in the follow-up of corneal infections. AS-OCT
should be tridimensional in the future to offer more extensive information. Going through
details and high-resolution, we can better typify the level of severity and the response to
therapy. As far as we know, there are no studies that allow for the quantitative monitoring
of these diseases, based on the improvement of the density of the infiltration and infiltra-
tion area. OCT shear wave elastography has also emerged as a promising technique with
high spatial resolution and high sensitivity to mechanical deformation of tissue, which
might give quantitative approaches to corneal infections based on the excitation of elastic
waves [45,46]. It has been widely studied with live animals, ex vivo tissues, and healthy
subjects, but the ability to measure elastic modulus quantitatively in corneal infections
remains to be developed [47-49].

It is therefore desirable to develop methods that allow the measurement and monitor-
ing of these two parameters: density of infiltration and infiltration area.
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