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Abstract

:

One of the leading global causes of vision impairment due to anterior segment disease is herpes simplex keratitis (HSK). The routine clinical method in the diagnosis of HSK is examination of the eye using slit lamp biomicroscopy; nevertheless, this is a subjective examination and can potentially lead to an erroneous diagnosis. Optical devices such as in vivo confocal microscopy and anterior segment optical coherence tomography are among the additional diagnostic tools that provide a valuable resource in the diagnosis and management of the condition. In research settings, these technologies have already enhanced our understanding of the microscopic causes of numerous common in vivo observations. This review aims to highlight the multiple emerging clinical and research applications for optical imaging devices in HSK.
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1. Introduction


Herpes simplex keratitis (HSK) is a leading global cause of vision impairment [1]. The estimated prevalence of HSV (herpes simplex virus) type 1 (HSV-1) was 47.8%, and HSV type 2 (HSV-2) was 11.9% in 2015–2016 [2]. The worldwide incidence is 1.5 million per year [3]. In most cases, HSV-1 is responsible for unilateral epithelial and stromal keratitis with a predilection for patients with atopy due to concomitant immune dysregulation [4]. With a lower frequency, HSV-1 can affect any structure of the eye, potentially causing conjunctivitis, blepharitis, or uveitis [5].



Most primary HSV-1 infections are asymptomatic, but some patients may present follicular conjunctivitis as well as mild upper respiratory infection. After the primary contact, the virus may travel via nerve axons to establish a permanent latent infection in the trigeminal ganglion, which will act as a reservoir for future reactivations along any branch of the trigeminal nerve [6]. Local and environmental stress, such as direct corneal injuries, surgery, immunocompromised states, or even sunlight exposure, are all risk factors for reactivation of the disease [6,7]. The most common manifestation of HSK is epithelial keratitis, where the corneal basal epithelium becomes infected, and the virus can actively replicate and spread [8]. The pathognomonic signs of an active HSK are dendritic lesions that can be examined at the slit lamp and stained with fluorescein dye [9]. HSV can also affect the deeper layers of the cornea with different clinical manifestations, such as stromal keratitis, where the middle layer of the cornea is involved and is often accompanied by corneal edema and neovascularization [10], as well as endothelial keratitis that can cause anterior chamber inflammatory reaction [11]. HSK diagnosis is largely based on slit lamp clinical evaluation and patient anamnesis [12]. When the clinical spectrum of findings is not classic, diagnosis can become a challenge. The major diagnostic complications arise in cases with concomitant infective processes, pre-existing corneal lesions, or atypical/rare manifestations [5,13]. In such difficult cases or in suspected neonatal herpetic infection, the currently available laboratory tests to confirm the diagnosis are impression cytology, cytology on conjunctival or vesicular scrapings, culture, polymerase chain reaction (PCR), and enzyme-linked immunosorbent assay (ELISA) for the presence of HSV [14]. Complementary methods, such as optical devices, may be effective in challenging clinical pictures. Optical coherence tomography (OCT) is a diagnostic method that enables noninvasive, non-contact, in vivo imaging of the posterior ocular structures [15] where tomographic images are generated through the measurement of the echo time delay of the light beam from the structures and tissues encountered. In vivo confocal microscopy (IVCM) is a non-invasive tool for detecting morphological abnormalities in corneal layers [16] developed over 30 years ago and still used in a variety of research settings and clinical applications [17]. IVCM technology is based on a light beam that passes through an opening and is then focused on a small target area of the cornea. The reflected light is detected by a second opening to eliminate the out-of-focus light. Both illumination and detection pathways share the same focal plane, explaining the term “confocal” [18].



We aim to explore studies conducted with advanced imaging optical tools and methods of diagnosing HSK and discuss their clinical significance.




2. Materials and Methods


We conducted a PubMed database literature search (all fields) through 20 January 2023, with the following keywords: (“Herpes” OR “Herpetic” OR “Herpetic simplex” OR “HSV”) AND (“Keratitis”or “Cornea”) AND (“Diagnosis” OR “Diagnostic” OR “Detection”) AND (“Anterior segment optical coherence tomography” OR “AS-OCT”) AND “In vivo confocal microscopy”). We included articles published in English. The articles could be prospective or retrospective studies with the specific aim of evaluating the diagnostic potential of optical techniques to detect HSK.




3. Results


3.1. Herpetic Keratitis Pathophysiology


HSV is a linear double-stranded DNA virus classified as an α-member of the Herpesviridae family [9]. Primary infection is caused by HSV spread after direct contact with mucous membranes of the host. In the specific setting of ocular infections, the virus is transported in a retrograde fashion via sensory neurons to establish latency in trigeminal ganglia; once there, it can remain asymptomatic until reactivation [19].



HSV keratitis is one of the possible manifestations of virus reactivation and can affect the cornea at different sites, such as epithelial, stromal, and endothelial levels [20]. The most common clinical findings in epithelial keratitis include geographic ulcers and dendritic keratitis. Corneal complications and consequences of epithelial herpetic eye disease range from simple epitheliopathy to neurotrophic or meta-herpetic ulcers. Long-standing infections may lead to irreversible corneal damage and blindness [21].




3.2. Characteristics and Diagnostic Challenges


HSV keratitis is primarily diagnosed by clinical examination of the slit lamp [19].



Common manifestations include irritation, redness, watery eye, discharge, pain, and photophobia. In most cases, the acute phase starts to decrease after the first 2 weeks [19]. The most common and recurrent subtype, epithelial keratitis, appears as scattered and granular spots that produce punctuate lesions, but these rapidly merge into dendritic lesions [22]. Initial corneal epithelial changes of HSV-1 may include a large number of clear vesicles with ulcerative features [23]. After 5–7 days, on slit lamp examination, epithelial keratitis presents as a typical dendritic lesion with a terminal bulb, swollen borders, and intraepithelial cell infiltration [20]. The dendritic lesions can be enhanced by topical fluorescein dye staining [9], as shown in Figure 1.



Atypical epithelial lesions can be more difficult to identify, and PCR may be used to confirm HSV infection [24]. New methods such as immunofluorescence antibody assay (IFA) and tear collection are available and have been used to assist in the identification of epithelial lesions [25,26].



Stromal keratitis may appear as opaque or whitened lesions due to stromal infiltration [27]. Likewise, the necrotizing type of stromal keratitis appears as gray, white, or opaque lesions, but there is associated necrosis and ulceration [27,28]. Edema and abscess may be visible as well [19]. In immune-mediated stromal keratitis, necrosis or ulceration is habitually absent, but there is stromal infiltration [29]. Another less common form of corneal HSV infection is the disciform lesion; this particular subtype is a primary endotheliitis that presents as a ground-glass disk-shaped lesion with surrounding stromal edema [29].



A typical dendritic epithelial lesion on slit lamp examination is pathognomonic for keratitis; however, atypical presentations can make diagnosis problematic [20]. Many factors can negatively affect diagnosis capabilities, such as rare forms, duration of illness, associated systemic diseases, previous or concurrent medication use, and corneal transplantation [24]. Misdiagnosis is not uncommon, especially because other pathogens can initially present with similar lesions, such as amebic and fungal infections [30,31].



Interestingly, in a study specifically designed to focus on the diagnosis of atypical HSV lesions, Koizumi et al. [24] defined atypical lesions as “a condition characterized by the presence of unusually shaped defects or ulcers in the cornea, and in which characteristic HSV keratitis findings, such as dendritic or geographical ulcers with terminal bulbs and epithelial infiltrations, are not evident.” Very little agreement (p = 0.22) between PCR results and clinical diagnosis was found. PCR is considered to be highly sensitive; however, significant variability has been observed in various studies between PCR HSV detection rate and clinical diagnosis [30]. PCR is more efficient in identifying patients with typical lesions or patients without a history of antiviral medication use (p = 0.022); on the other hand, it is less reliable in patients with atypical lesions or in patients who had previous or current antiviral medication use (p = 0.968) [32].




3.3. Anterior Segment Optical Coherence Tomography


Anterior segment OCT (AS-OCT) is an imaging modality capable of producing two or three-dimensional imaging of a target tissue by creating a merged B-scan image from multiple axial scans [33]. AS-OCT was developed to study the anterior structures of the eye and can be classified into time-domain and frequency-domain OCT. In time-domain OCT, a moving reference mirror is used to acquire serial images depending on tissue reflectivity to infrared light, which in turn matches tissue depth [34]. Hence, time-domain OCT is limited by the reference mirror speed and prone to motion artifacts. Frequency-domain OCT (FD-OCT) can be further classified into Fourier-domain OCT, also known as spectral-domain OCT (SD-OCT) and swept-source OCT (SS-OCT). SD-OCT produces variable light wavelengths causing an interference pattern between the target tissue and the reference arm [35]. In this case, a dispersive spectrometer is needed to measure the interference [36]. This allows the FD-OCT to achieve a high scanning speed up to about 100 times faster than TD-OCT. Furthermore, the FD-OCT allows a substantial artifact rate reduction [37].



The most recent frequency-domain OCT is the SS-OCT, which uses a “swept laser”, defined as a narrowband light source that sweeps across a wide-ranging optical bandwidth [38]. Instead of a spectrometer, SS-OCT utilizes a semiconductor camera and two photodiode detectors [34]. These factors combined allow a significant image acquisition speed improvement and a reasonable resolution enhancement. Today, AS-OCT technology is becoming a cornerstone in refractive surgery, such as cataract and keratomileusis, as well as in evaluating the iridocorneal angle in glaucoma [39]. In corneal transplantation, AS-OCT can be determinant in planning endothelial keratoplasty by exploring the status of the anterior segment layers in detail and guiding the surgical choices [40]. Furthermore, AS-OCT can assess and track subtle corneal changes that can help to evaluate the severity of diseases, such as its ability to discriminate malignant ocular surface squamous neoplasia from benign lesions [40].




3.4. Clinical Application of AS-OCT in HSV Infection


Slit lamp biomicroscopy is routinely used for the clinical examination, diagnosis, and follow-up of HSV keratitis. The examination, however, has disadvantages and limitations, creating difficulties in accurately quantifying corneal changes in vivo, such as in corneal edema. For this reason, the use of advanced methods, such as AS-OCT, can help the clinician to identify typical signs of keratitis with more confidence and to follow the outcome of the chosen treatment. Soliman et al. [41] studied 42 patients with herpetic keratitis of varying severity, assessing the main HSV keratitis features with AS-OCT. They identified herpetic corneal infiltrates as lentiform or spindle-shaped, localized or diffuse, hyper-reflective areas. The use of AS-OCT helped distinguish active infiltrates from scarring outcomes. However, no pathognomonic features of herpetic keratitis have been identified, making the use of imaging more functional in the follow-up compared to the diagnostic framework. Accordingly, Young Ming Park et al. [42] investigated the AS-OCT features of herpetic epithelial keratitis, reporting hyper-reflective lesions in the subepithelial area, and in some patients, corneal epithelial irregularity. Another interesting aspect to consider with AS-OCT is the evaluation of corneal thickness. Hixson et al. [43] monitored two cases of disciform keratitis using AS-OCT imaging by studying the trend of corneal edema. The authors located and measured the area of greatest corneal thickness until complete resolution of the corneal edema. This enabled the accurate localization of corneal edema as well as providing an objective parameter to evaluate the treatment efficacy in reducing the associated increased corneal thickness. Similarly, Louise et al. reported two patients with HSV stromal keratitis and epithelial ulceration diagnosed and followed up using pachymetry and epithelial thickness mapping with AS-OCT [44]. The clinical characteristics of eyes in studies using AS-OCT are shown in Table 1.




3.5. In Vivo Confocal Microscopy


IVCM is a non-invasive optical device that, compared with conventional microscopy, provides high-resolution en face imaging of the entire cornea, and enables exploring and differentiating every single layer during the same examination [17]. The first confocal microscope was invented by Minsky in 1955 [45]. The original prototype was the “double focusing stage scanning microscope” which allowed observation of specimens mounted onto a stage electrically moved by a tuning fork. This solution provided an adequate field of observation with the movement of the stage with respect to the optical system. More than 10 years later, Petran et al. developed the first tandem scanning confocal microscope (TSCM) [46]. The new design allowed the simultaneous scanning of multiple points on a fixed specimen using a rotating Nipkow disc. Lemp et al., almost 20 years later, used the TSCM to examine ocular tissue, obtaining the first full-thickness image of a human cornea ex vivo [47]. Subsequently, the clinical version of this microscope was developed by the Tandem Scanning Corporation (Reston, VA, USA) and upgraded by the Advanced Scanning Corporation (New Orleans, LA, USA) but is no longer in production [48]. In parallel, Svishchev, in 1969, developed the slit scanning confocal microscope (SSCM) consisting of an oscillating two-sided mirror for the simultaneous scanning and de-scanning of the sample [49]. Nowadays, SSCM commercially available devices include: Confoscan P4 (Tomey Corporation, Cambridge, MA, USA), Confoscan 4 (Nidek Technologies, Gamagori, Japan), and Microphthal (Helmut Hund, Wetzlar, Germany).



The most recent and diffuse IVCM device available on the market is the Heidelberg Retina Tomograph Rostock Corneal Module (RCM), a laser scanner that utilizes a 670 nm red wavelength Helium Neon diode laser source. Each acquired image represents 400 μm × 400 μm of the cornea with an optical lateral resolution as low as 2 μm and an axial resolution as low as 4 μm [18]. There are three image-acquisition modes available with the RCM. The “section” mode allows acquisition of a single image at a time so that the cornea can be scanned manually in the X–Y–Z axes and images can be collected by pressing a foot pedal when desired. The Z-axis can be scanned with a depth range from 0 to 1500 μm. The “volume” mode enables the acquisition of 40 consecutive images on focal planes approximately 2 μm apart. The “sequence” mode allows the acquisition of 100 images resulting in a 3 to 100 s movie sequence. During each acquisition, the lens can be either manually adjusted or remain stationary.




3.6. In Vivo Confocal Microscopy Clinical Applications


The normal human cornea consists of five layers: epithelium, Bowman’s layer, stroma, Descemet’s membrane, and endothelium. With the only exception of Descemet’s membrane, all these layers can be observed by IVCM and the resolution allows imaging of corneal cells and their nuclei [18].



The corneal epithelium consists of superficial epithelial cells, wing cells, and basal epithelial cells. Superficial epithelial cells are 20–30 µm in extent and approximately 5 µm thick [50]; they have a typical polygonal shape with various sizes and reflectivities and visible cell nuclei surrounded by a dark band [51]. Wing cells can be recognized by bright borders and a bright cell nucleus but not surrounded by the dark ring [50]. Epithelial cells are typically 10–15 µm in diameter and organized in a regular mosaic with dark cell bodies and bright cell borders [52]. The sub-basal corneal nerves are situated underneath the basal epithelium. The nerve bundles consist of straight and beaded fibers arranged to form a whorl-like pattern [53]. Bowman’s layer appears as a bright homogenous layer [51]. Corneal stroma IVCM can identify stromal keratocytes as well-defined bright, oval-round objects with varying orientations in the anterior stroma [54]. The mid-stroma population is more regular and oval-shaped, in contrast with posterior stromal keratocytes that appear more spindle-shaped [55]. HSV diagnosis with current clinical diagnostic tools often depends greatly on subjective judgment after examination with a slit lamp; however, IVCM corneal imaging can offer reduced bias and lower subjective variability, producing high-resolution images of the affected area [56].



In 2015, Yokugawa et al. examined 4 patients affected by HSV keratitis with IVCM [57]. The authors studied the most common presentation of HSK: the dendritic lesion of infectious epithelial keratitis, which may occur as a primary HSV infection but is more commonly associated with the reactivation of a latent virus. Dendritic lesions are characterized by linear lesions with branching and swollen terminal bulbs, all of which can be well visualized with slit lamp biomicroscopy and fluorescein staining. The IVCM epithelial changes of dendritic lesions, as well as other corneal layers, were examined using a promising mapping technique. As a result, large images of the dendritic lesions were obtained and, in all cases, they appeared as hyperreflective irregular epithelial cells, surrounded by elongated epithelial cells [57]. Figure 2 shows IVCM images of swollen and necrotic epithelial cells during active herpes simplex keratitis.



The authors, using histopathologic sections of HSV-infected specimens as a term of comparison, hypothesized that these cells may represent HSV-infected cells, such as multinucleated giant cells and cells distorted by intranuclear inclusions. The frequently observed hyperreflective deposits within the dendritic lesion, especially at the branching point, probably represent infected necrotic abnormal cells. Furthermore, the authors found Langerhans cells, a type of inflammatory cell, as dendritic structures within the epithelium and at the level of the nerve plexus [57]. Figure 3 shows IVCM images of Langerhans cells as dendritic inflammatory cells during active herpes simplex keratitis.



These results are consistent with previous studies, showing the importance of confocal imaging in detecting cellular-level changes [58,59]. In another prospective cross-sectional study conducted on 21 patients, Mocan et al. reported a detailed IVCM observation of HSV keratitis [60]. The confocal images obtained from the corneal sections showed an extensive inflammatory response observed as a heavy infiltration of the anterior stroma adjacent to Bowman’s layer, many dendritic cells concentrated in the basal epithelial layers, and an endothelial layer altered by keratic precipitates. Figure 4 shows IVCM images of inflammatory cells observed at the stromal level during active herpetic keratitis.



Another main finding was the loss of the sub-basal nerves in HSV-infected corneas as well as a significant loss of endothelial cells. In particular, the sub-basal nerve plexus was absent in 47.6% of cases and reduced in the remaining 42.9%, providing evidence and support for sub-basal nerve damage in HSV keratitis. Furthermore, intraepithelial inflammatory cell infiltration was observed in 52.4% of all cases as hyperreflective dendritiform and small round cells [60]. Dendritiform cells in the basal epithelium are believed to be antigen-presenting cells including either dendritic cells or Langerhans cells [61]. Rosenberg et al., in another IVCM study, demonstrated the persistence of dendritiform cells in the basal epithelium after the resolution of HSV keratitis in 62.5% of corneas [59]. However, dendritiform cells do not appear in all cases of active HSV keratitis, suggesting that these cells may not play a main role in the immunopathogenesis of herpetic keratitis. Nonetheless, imaging of a very small and central corneal section must be considered as a potential sampling limitation. In another prospective cross-sectional study on 31 eyes with HSV keratitis, Hamrah et al. analyzed the innervation alterations in HSV keratitis compared to healthy controls [62]. The authors showed that in HSV-affected eyes, mean nerve density, total nerve number, main nerve trunks, and number of branches were significantly lower as compared to controls. Changes in nerve density and morphology were noted within days after the onset of the disease. Interestingly, the nerve alterations analysis between acute and chronic HSV keratitis showed no statistical difference, probably indicating that the changes noted in patients with active HSV keratitis are induced during the acute phase and may persist for a long time. From a purely diagnostic point of view, Wang et al. assessed the real IVCM capabilities by measuring specificity and sensitivity in detecting various infectious keratitis entities, including Acanthamoeba keratitis, fungal keratitis, bacterial keratitis, and HSV viral keratitis [63]. The confocal images from each eye were reviewed by two experienced confocal microscopists in a masked and independent fashion. The sensitivity and specificity of HSV keratitis were found to be 100% (95% CI 46.3–100%) and 93.2% (95% CI 80.3–98.2%), respectively. Despite this excellent outcome, the result is likely biased due to a small sample size: only 4 patients out of 46 were affected by HSV keratitis; in addition, 3 false-positive cases were reported. The clinical characteristics of eyes in studies analyzing the cornea using IVCM are shown in Table 2.





4. Discussion


Currently, among the available diagnostic techniques for HSV, PCR is the most diffuse diagnostic tool since it offers the shortest detection time. PCR has been adopted as an HSV detection technique over the past few decades, and at the moment, numerous studies exist about the evaluation of its efficacy [56]. PCR can be performed on various specimens, such as corneal scrapings, tear samples, and corneal impression membranes, with a slight sensitivity variability between methods [64,65]. One of the possible flaws of using PCR in clinical settings is its inability to discriminate between viable and non-viable viral genetic material [66,67,68], bearing potential implications in the clinical application of PCR, in particular evaluating treatment regimen efficacy. Furthermore, PCR results may be affected by previous treatment with anti-HSV medication [69]. The clinical use of optical devices can help in overcoming such limitations, but the utility of AS-OCT, despite its imaging abilities, remains severely affected by the lack of identifiable pathognomonic features for HSV keratitis. This imaging method can visualize several morphological patterns in HSV-infected eyes, but none of these are specific; hence, AS-OCT can be used to provide additional information over the course of the disease, but it is not recommended as a primary diagnostic approach for HSV keratitis.



However, in several other clinical fields, AS-OCT has shown great diagnostic capabilities, and one of the most promising future applications is AS-OCT angiography, which has already proven distinct advantages over traditional fluorescein angiography and indocyanine green angiography, making it a rising alternative for clinical practitioners [70]. On the other hand, IVCM allows the detection of immune cells and structures in the healthy and diseased cornea. The distribution, density, and quality of these elements can be determined in a non-invasive fashion. Serial imaging of the same tissue over time allows clinicians to follow the progression of the disease and monitor the effects of therapy [71]. Therefore, IVCM offers a non-invasive alternative increasingly used in clinical settings for the management of HSV keratitis. One major IVCM shortcoming is its limited resolution [72], since viral particles are very difficult to detect, and the diagnostic criteria for HSV keratitis can only rely on corneal histology changes. Despite the undeniable utility of IVCM, a definitive diagnosis via other techniques is still necessary, also considering the limited diffusion of this device due to its expensive and time-consuming nature. In the near future, advances in optical and digital imaging technology may lead to better visualization of viral particles, giving optical devices the opportunity to reveal their full diagnostic potential.
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Figure 1. Corneal dendritic epithelial ulcers stained with fluorescein dye at slit lamp examination with a cobalt blue filter. 
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Figure 2. In vivo confocal microscopy of a normal human cornea observed at the basal epithelium (left); swollen and necrotic epithelial cells during active herpes simplex keratitis (right). 






Figure 2. In vivo confocal microscopy of a normal human cornea observed at the basal epithelium (left); swollen and necrotic epithelial cells during active herpes simplex keratitis (right).
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Figure 3. In vivo confocal microscopic images of a normal eye at the level of deep epithelium to sub-basal nerve plexus (left). Langerhans cells as dendritic inflammatory cells at the same level during active herpes simplex keratitis (right). 
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Figure 4. In vivo confocal microscopy of a normal human cornea at the stromal level (left); inflammatory cells observed at the same level during active herpes keratitis (right). 
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[image: Photonics 10 00349 g004]







[image: Table] 





Table 1. Clinical characteristics of eyes in studies analyzing the cornea using anterior segment-OCT (AS-OCT).
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Authors

	
N Eyes

	
AS OCT Finding






	
Soliman et al. [41]

	
11

	
Stromal haze without epithelial defect




	
14

	
Sub-epithelial haze, diffuse stromal infiltrates, corneal epithelium cystic spaces




	
10

	
Hyper-reflective stroma associated with epithelial defects




	
3

	
Stromal condensation with intact epithelium




	
3

	
Stromal condensation and thinning with overlying epithelial defect




	
1

	
Localized stromal and endothelial thickening.Epithelial heaping at the edge of epithelial defect




	
Young Ming Park et al. [42]

	
3

	
Subepithelial highly reflective lesions, corneal epithelial irregularity




	
Hixson et al. [43]

	
2

	
To locate and assess corneal thickness to manage the follow up and treatment of corneal edema




	
Louise et al. [44]

	
2

	
Pachymetric and corneal epithelial maps to assess stromal inflammation for diagnostic purposes and treatment follow up
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Table 2. Clinical characteristics of eyes in studies analyzing the cornea using in vivo confocal microscopy (ICVM).
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Authors

	
N Eyes

	
ICVM






	
Yokugawa et al. [57]

	
4

	
Hyperreflective irregular epithelial cells surrounded by elongated epithelial cells. Langerhans cells within the epithelium and nerve plexus




	
Rosenberg et al. [59]

	
10

	
Highly reflective dendritic structures in the basal epithelium




	
Mocan et al. [60]

	
11

	
Infiltration of basal epithelial layers with inflammatory cells




	
20

	
Stromal inflammation evidence: round-shaped, with hyperreflective nuclei, smaller than keratocytes, surrounded by microdeposits




	
18

	
Keratic precipitates (KPs): in 11 eyes, small round KPs; in 9, globular KPs; in 8, dendritiform KPs




	
17

	
Endothelial blebs as hyporeflective dark spaces between endothelial cells




	
19

	
Alteration in the sub-basal plexus: attenuated in 9 eyes, not visible in 10 eyes




	
Hamrah et al. [62]

	
32

	
Lower mean nerve density, total nerve number, main nerve trunks, and number of branches
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