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Abstract

The optical sectioning ability of confocal microscopy allows high magnification images to be 

obtained from different depths within a thick tissue specimen, and is thus ideally suited to the 

study of intact tissue in living subjects. In vivo confocal microscopy has been used in a variety of 

corneal research and clinical applications since its development over 25 years ago. In this article 

we review the latest developments in quantitative corneal imaging with the Heidelberg Retinal 

Tomograph with Rostock Corneal Module (HRT-RCM). We provide an overview of the unique 

strengths and weaknesses of the HRT-RCM. We discuss techniques for performing 3-D imaging 

with the HRT-RCM, including hardware and software modifications that allow full thickness 

confocal microscopy through focusing (CMTF) of the cornea, which can provide quantitative 

measurements of corneal sublayer thicknesses, stromal cell and extracellular matrix backscatter, 

and depth dependent changes in corneal keratocyte density. We also review current approaches for 

quantitative imaging of the subbasal nerve plexus, which require a combination of advanced 

image acquisition and analysis procedures, including wide field mapping and 3-D reconstruction 

of nerve structures. The development of new hardware, software, and acquisition techniques 

continues to expand the number of applications of the HRT-RCM for quantitative in vivo corneal 

imaging at the cellular level. Knowledge of these rapidly evolving strategies should benefit 

corneal clinicians and basic scientists alike.
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I. Introduction

Confocal microscopy provides higher resolution images with better rejection of out-of-focus 

information than conventional light microscopy. The optical sectioning ability of confocal 

microscopy allows images to be obtained from different depths within a thick tissue 

specimen, thereby eliminating the need for processing and sectioning procedures. Thus, 

confocal microscopy is uniquely suited to the study of intact tissue in living subjects. In vivo 

confocal microscopy has been used in a variety of corneal research and clinical applications 

since its development over 25 years ago. Unlike other anterior segment imaging approaches, 

such as high frequency ultrasound and spectral domain optical coherence tomography 

(OCT), confocal microscopy provides high-resolution en face images of corneal cells and 

structures. Because of this unique ability to image the cornea 4-dimensionally at the cellular 

level (x, y, z and t), confocal microscopy is ideally suited to monitoring the cellular events 

of wound healing following incisional surgery, endothelial keratoplasty,1 corneal 

crosslinking procedures,2 and refractive surgical procedures such as photorefractive 

keratectomy (PRK) and laser-assisted in situ keratomileusis (LASIK) (for reviews, see 

references 3–7).

Another important application of confocal microscopy is for the early detection and 

diagnosis of infectious organisms (for reviews, see references 8–10). The effects of contact 

lens wear on the morphology and thickness of the corneal epithelium have also been 

quantified, and such studies have provided important insights into how lens type and wear 

pattern influence bacterial binding and corneal epithelial homeostasis.11–15 In addition, 

confocal microscopy has been used to monitor changes in keratocyte density during aging, 

in keratoconus patients, and following surgery.16–20 As detailed in Section III, one of the 

most important applications of in vivo confocal imaging is the assessment of changes in the 

subbasal nerve plexus in response to injury or disease. Numerous other applications of this 

technology that are documented in the literature will not be covered here due to space 

limitations; many of these are discussed in several excellent review articles.3,6,8,21–27

Three main confocal systems have been developed for in vivo corneal imaging: the Tandem 

Scanning Confocal Micrscope (TSCM),28–30 the Confoscan 4 (Nidek Technologies Srl, 

Padova, Italy),31, 32 and the Heidelberg Retinal Tomograph with Rostock Corneal Module 

(HRT-RCM, Heidelberg Engineering, GmBH, Dossenheim, Germany [Figure 1A]).6 The 

HRT-RCM is a laser scanning confocal microscope, which operates by scanning a 670 nm 

laser beam in a raster pattern over the field of view.33 The system uses a high numerical 

aperture 63x objective lens (0.9 NA), and produces images with high contrast and better 

axial resolution (7.6 µm) than other in vivo confocal systems (9 µm for the TSCM and 24 

µm for the Confoscan).30,34,35

Normal human corneal anatomy as observed with the HRT-RCM is shown in Figure 2.21 

Confocal images are always taken en face; that is, the viewer sees thin slices of the cornea 

that are parallel to the epithelial surface. An inductive displacement transducer is used to 

measure the position of the objective lens, and the position of the focal plane is continuously 

displayed on the personal computer (PC) software interface during scanning. Due to the 
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axial resolution of HRT-RCM, intraepithelial sectioning can be achieved, and wing cells 

(Figure 2A) and basal cells (Figure 2B) can be easily distinguished.

Langerhans cells can also be identified and their density quantified using the HRT-RCM 

microscope (not shown).26 Immediately beneath the basal epithelium, a fine nerve plexus 

can be detected (Figure 2C). In the corneal stroma, only cell nuclei are visible under normal 

conditions, with a dark background in between (Figure2D and 2E). As detailed in Section 

II.B., depth-dependent changes in keratocyte density can be assessed using confocal 

imaging. Large numbers of keratocytes are present in the anterior stroma just under 

Bowman’s layer in the human, as compared to the middle and deeper stroma, which show a 

progressively lower cell density.24 Interestingly, the interconnected cell processes of the 

keratocytes become visible under certain pathologic conditions, due to tissue edema, cell 

activation and/or decreased expession of corneal crystalline proteins.36 Images of the normal 

endothelium appear similar to what is observed using specular microscopy (Figure 2F), and 

endothelial cell density and morphology can be quantified.26,27

In addition to collecting 2-dimensional (D) images of corneal cell layers, automated z-scans 

of approximately 80 µm (40 images with a 2 µm step size) can be generated with the HRT-

RCM using a motorized internal lens drive. These “volume scans” have been used to 

produce 3-D reconstructions of the corneal epithelium in the human, and the corneal stroma 

in the mouse.2,37,38 However, to change the focal plane over larger distances, a manual 

thumbscrew drive is used, which requires rotating the objective housing by hand (Figure 1A, 

arrow). Custom, motorized drive systems have been added by individual users to allow 

hands-free focusing of the instrument, which eases the examination process.35,39 As 

described in Section II, when combined with specialized acquisition and analysis software, 

such modifications can allow quantitative 3-D imaging of the full thickness cornea.

The HRT-RCM uses a flat applanating tip (Tomocap) to provide z-axis stability during 

imaging. One drawback of the flat tip is that compression artifacts are sometimes produced, 

which can distort cellular structures. In addition, the reflection from the Tomocap can 

obscure images of the superficial epithelial cells. Zhivov et al reported that a thin PMMA 

washer can be placed on the Tomocap to eliminate these reflections and reduce compression 

artifacts; however, this technique is not routinely implemented.35 Another factor that can 

impair quantitative image analysis is excessive movement of the patient or animal during 

scanning. Movement during a raster scan results in stretching and distortion of corneal cells 

in the digitized image.27 Thus, it is important to identify images that were collected while 

the cornea was stable and exclude the others from quantitative image analysis.

The HRT-RCM provides the highest quality images of the cornea in terms of resolution, 

contrast and signal-to-noise ratio (SNR), which has led to the expansion of its development 

and use in recent years. In this article, we review the latest developments in instrumentation, 

acquisition techniques, and quantitative analysis procedures for the HRT-RCM. We discuss 

hardware and software modifications that allow full thickness 3-D imaging of the cornea, 

thereby allowing quantitative measurements of corneal sub-layer thicknesses, stromal haze, 

and depth-dependent changes in corneal keratocyte density to be obtained. We also review 

current approaches for imaging and characterizing the subbasal nerve plexus, including 2-D 

Petroll and Robertson Page 3

Ocul Surf. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphometric analyses, wide-field mapping, and 3-D reconstruction of nerve structures. 

Such advances in imaging technologies and processing techniques should continue to 

expand the potential applications of the HRT-RCM for in vivo corneal imaging.

II. Full-Thickness 3-D Corneal Imaging and Analysis

A. Confocal Microscopy Through-Focusing (CMTF) with the HRT-RCM

To collect and quantify 3-D information from the cornea, a technique termed confocal 

microscopy through-focusing (CMTF) was developed for the TSCM by Jester and 

coworkers.40,41 This technique is based on the observation that different corneal sub-layers 

generate different reflective intensities when imaged using confocal microscopy.42 CMTF 

scans are obtained by scanning through the cornea from the epithelium to endothelium at a 

constant lens speed, while continuously acquiring images. As mentioned above, changing 

the focal plane with the HRT–RCM is normally accomplished using a thumbscrew drive 

which is rotated by hand (Figure 1A). Because CMTF imaging requires continuous focal 

plane movement at a known speed, quantitative high-resolution 3-D imaging of the full-

thickness cornea is not possible with the standard HRT-RCM system. In a recent study, 

however, the HRT-RCM hardware and software were modified to address this limitation and 

allow quantitative CMTF imaging.43

First, the thumbscrew drive was removed to allow the front assembly of the microscope to 

move freely. A Newport TRA25CC Motorized Actuator with DC Servo motor drive 

enclosed in a custom-made housing was then attached to the HRT scan head (Figure 1B). 

The actuator was coupled to the front section of the microscope, using a spring-loaded drive 

shaft. This rigid assembly ensured proper alignment of the motor drive shaft with the z-axis 

of the HRT-RCM. Initially, the existing CMTF program was modified to control the 

position of the Newport motor via a serial interface to a Newport Single Axis Motion 

Controller (SMC100CC), which is connected to the TRA25CC actuator. Alternatively, a 

joystick remote can be used with a more expensive controller (Newport ESP301-1N), which 

eliminates the need for a second PC. In theory, a rotational motor drive could be used to 

rotate the thumbscrew housing, thus simplifying the hardware interface. In pilot studies, 

however, it was found that there are variations in the relationship between rotational speed 

and focal plane movement during the course of a 360-degree rotation of the housing 

(unpublished observation), suggesting that the tolerances of the thumbscrew mechanism are 

not sufficient for performing high-resolution 3-D scanning.

The standard HRT software collects only 100 images during a sequential acquire, which 

results in a large step size (>5 µm) between images in a CMTF stack of the full thickness 

cornea.39 However, beta software from Heidelberg Engineering allows real-time 

“streaming” of images to the hard drive during an examination. With this software, much 

larger sequences can be obtained (maximum 14,525 images). All images in a sequence are 

combined into a single “.vol” file, in which each image contains a 384-byte header followed 

by the 384 × 384-pixel data. The CMTF software was modified so that the HRT “.vol” files 

could be directly loaded. The header information from each image was also decoded to 

determine its exact time of acquisition, and its relative z-position was then calculated based 

on the known scan speed (distance = velocity × time).
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The modified CMTF program interface for the HRT-RCM is shown in Figure 3. The CMTF 

software reads and displays the image stacks, and the intensity vs depth curve is calculated 

and plotted on the right side of the window. It is important to note that CMTF imaging is 

performed with the “automatic brightness” setting in the HRT-RCM software turned off. 

The intensity curves obtained with the HRTRCM have the same characteristic shape as 

those obtained previously in the rabbit cornea with the TSCM, with three peaks 

corresponding to the superficial epithelium (Epi), basal lamina (BL), and the endothelium 

(Endo).40 Note that the subbasal nerves are not generally visible in the rabbit.44 The CMTF 

program also generates side views of the image stack (x–z and y–z slices) and a 3-D surface 

projection.41 Updating these views occurs dynamically; that is, the user can interactively 

pick a region of interest by dragging the corners of a highlighted “region of interest” box in 

the x–y plane, while the side views and the 3-D projection are continuously updated. This 

gives the user the ability to visualize and localize a structure inside the cornea interactively.

1. Assessment of Corneal Sub-layer Thickness—After the CMTF image stack has 

been loaded into the program, a cursor can be moved along the intensity curve as 

corresponding images are displayed. In this way, the user can identify images of interest and 

record their exact z-axis depth.40,41 By measuring the distance between the peaks in the 

intensity profile corresponding to each cell layer, measurements of corneal, epithelial and 

stromal thickness can be obtained.40 Rabbit corneal thickness measurements reported with 

the modified HRT-RCM were in good agreement with those obtained using ultrasonic 

pachymetry (373 ± 25 µm vs 374 ± 17 µm, respectively). However, the coefficients of 

variation obtained for repeated scans of the epithelium and cornea were higher than that 

previously reported using the TSCM system (8.2% and 2.1% versus 2.5% and 0.7%).40 This 

is most likely due to the different mechanisms used for changing the focal plane on these 

two systems. In the TSCM, the focal plane position is changed by moving lenses inside the 

objective casing; thus, the tip of the objective remains stationary during scanning. In 

contrast, changing the focal plane position of the HRT requires movement of the Tomocap, 

which is in contact with the cornea. Essentially, the cornea is moved through the stationary 

focal plane of the objective. This movement can potentially change the degree of 

applanation during a scan, as well as introduce backlash when changing directions. Thus, it 

is important that HRT-RCM CMTF scans are made with Tomocap moving forward (which 

produces an image sequence from endothelium to epithelium) to ensure that the tip remains 

in contact with the corneal surface throughout the procedure. If the force of applanation is 

large, compression artifacts such as ridges and folds can be induced; these could also affect 

the accuracy and reproducibility of the sub-layer thickness measurements.

In addition to its use in study of the rabbit, CMTF scanning with the HRT-RCM has been 

successfully applied to the mouse cornea. A recent study investigated systematic changes in 

corneal thickness and corneal nerve morphology using 3D imaging in vivo and in situ in a 

streptozotocin-induced diabetic mouse model.45 Significant thinning of both the corneal 

epithelium and stroma was measured in the diabetic mice using CMTF with the HRT-RCM. 

It should be noted that other techniques such as high-frequency ultrasound and spectral 

domain OCT can also provide accurate measurements of corneal sub-layer thicknesses.46–48 

However, quantitative 3-D confocal microscopy also provides a series of high-resolution en 
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face images which allow assessment of depth-dependent changes in cell morphology, 

density, and reflectivity to be evaluated.3–5,36

2. Assessment of Stromal Haze—One important measurement that can be made using 

CMTF imaging is the relative amount of stromal cell and extracellular matrix (ECM) 

backscatter (haze). In general, stromal haze is estimated by calculating the area under the 

CMTF intensity curve within the corneal stroma. An example is shown in Figure 4, where 

stromal haze is assessed in the mouse model following mechanical debridement (MD) injury 

with removal of basement membrane, as well as transcorneal freeze injury (FI).49–52 MD in 

the mouse induces fibrosis both within and on top of the injured stroma, similar to PRK 

(Figure 4B).52 FI in the mouse results in cell loss throughout the full thickness of the cornea, 

and also induces stromal keratocyte activation (Figure 4C).49,50 In both injury models, an 

increase in cell and ECM backscattering in the cornea is identified (shaded areas under 

curves, “area” on top right of each image) as compared to a preoperative scan (Figure 4A) 

taken with the same “gain” setting (same position of horizontal slider under “image quality” 

readout on HRT-RCM software screen).53–57 The HRT-RCM has also been used for 

quantitative assessment of stromal cell and ECM backscattering following transcorneal 

freeze injury in the rabbit cornea, with similar findings.58

Haze is expressed in arbitrary confocal backscatter units (CBU), defined as µm × pixel 

intensity. This measurement incorporates all factors that might contribute to interface 

backscatter, such as keratocyte activation, edema, and fibrosis. While this approach is able 

to show relative changes in backscatter using a single instrument using a single gain setting 

on the detector, the data cannot be directly compared with measurements from multiple 

laboratories or clinics, or taken using different gain settings. In order to overcome this 

limitation, measurements can be calibrated by scanning Amco Clear (GSF Chemicals, 

Columbus, OH), a suspended polymer solution that is commonly used to standardize 

measurements of scatter and turbidity.26,27,59

An important application of CMTF imaging has been in the assessment of the effects of 

refractive surgical procedures such as PRK and LASIK, in which quantitative measurements 

of sub-layer thickness (including flap and bed thickness) and depth-dependent cell and ECM 

backscatter are important.16,56,57,60–62 CMTF has also been used to quantify corneal light 

scattering profile in transgenic mouse models with altered corneal clarity,63 and to assess the 

effects of ocular irritants on the rabbit cornea.64–66 The effects of contact lens wear on the 

thickness of the corneal epithelium has also been quantified, and such studies have provided 

important insights into how lens type, wear pattern, and cleaning solutions affect corneal 

epithelial homeostasis.11–15 Overall, CMTF imaging can be used whenever quantitative 3-D 

corneal imaging is needed; additional applications are reviewed elsewhere.3,6,7,26

B. 3-D Assessment of Corneal Keratocyte Density

Another important application of 3-D corneal imaging is in the assessment of changes in 

corneal keratocyte density. The TSCM has been used to monitor changes in keratocyte 

density during aging, in keratoconus patients and following refractive surgery.16–20,27 

Previous studies have identified significant decreases in cell density that could potentially 
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have long-term clinical implications. In most studies, cell density was estimated from single 

(2-D) images collected at different depths from within the cornea. Since stromal cell density 

varies with depth in the cornea, it is critical that the z-axis position of the focal plane is 

calibrated when such assessments are performed. CMTF scanning is ideally suited for this 

purpose. Both manual and automated methods for quantifying keratocyte density have been 

published.17,67 With the TSCM, image contrast is low, and distinguishing keratocytes can 

sometimes be difficult, particularly when automated segmentation techniques are used.

In a recent study, 3-D keratocyte density was assessed using the HRT-RCM in a rabbit 

model.43 In this study, the entire CMTF dataset was used, so that the true 3-D position of 

each cell could be determined. In order to perform true 3-D cell counting, the images within 

the stack were registered to compensate for translational movement of the cornea that 

occurred during scanning. Specifically, the stromal images in the 3-D CMTF datasets were 

automatically aligned using the linear stack alignment plug-in in Image J (Fiji version, 

http://fiji.sc/Fiji), which uses features extracted via the scale invariant feature transform 

(SIFT). Since this alignment produces vacant areas at the edges of the shifted images, a 

central 200 × 200 pixel region was used for analysis. Scans with large amounts of movement 

had to be excluded. Manual counts of keratocyte nuclei were performed using an approach 

previously described by us, in which each nuclei is marked only on the image in which it is 

brightest.68 As shown in Figure 5, there was the expected gradual decrease in keratocyte 

density from the anterior to posterior cornea (R=0.992), consistent with previous data 

generated in vitro.68,69 To test the measurements, in vivo and in vitro, cell density 

measurements were directly compared, and no significant difference was found (39,392+652 

cells/mm3 vs. 40,781±1,526 cells/mm3, P=.22, N = 3 scans each). Although this study used 

manual cell counting, the HRT-RCM should be well suited for previously published 

automated cell counting approaches due to the high image contrast of the stromal cell 

nuclei.17,67

C. Volume Rendering

In addition to the interactive visualization provided by the CMTF program, 3-D renderings 

of CMTF image stacks from the rabbit cornea have been generated using Imaris software.43 

Stacks were first loaded into Metamorph and saved as multi-image TIF files. These TIF files 

were read into Imaris, and a median filter was applied to remove background noise. Images 

were cropped in 3-D to focus on a region of interest, and rendered using an orthogonal 

maximum intensity projection within the Surpass module of Imaris. Movies showing 

reconstructions over a range of projection angles were generated using the Animation 

module. In one rabbit, there was minimal x–y movement of the cornea during the scanning 

process (maximum drift of less than 10 microns), and the reconstruction was made without 

aligning the images within the stack (Figure 6A). By rotating the projection angles to create 

a 3-D movie, the 3-D relationships between the cells and cell layers within the tissue were 

clearly demonstrated. A second reconstruction of the stroma of a different cornea is shown 

in Figure 6B. Because there was more x–y movement of the cornea during this scan (a 

maximum drift of 78 µm), the planes within the stack were registered prior to performing the 

reconstruction.
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It should be noted that such reconstructions would be more difficult in the human cornea, 

due to involuntary eye movements that occur during scanning. Such movements can cause 

distortions within individual images27 and therefore require more complex image 

registration techniques, as discussed in Section III.C below.38 It should also be noted that 

the HRT streaming software used in this study was a beta version that is not yet FDA-

approved for human use. Without this software, only 100 frames can be acquired during a 

sequential acquire, which is not sufficient for high-resolution 3-D reconstructions of the 

tissue.

III. Quantitative Imaging of the Subbasal Nerve Plexus

The cornea is one of the most highly innervated tissues in the body.70 Corneal nerves 

provide trophic support to the corneal epithelium and are essential for maintaining tissue 

integrity and corneal health. Corneal nerves arise from the ophthalmic division of the 

trigeminal nerve. Upon entering the peripheral cornea, stromal nerves branch anteriorly, 

piercing Bowman’s membrane in the human (most animals do not have a Bowman’s 

membrane). Here they then turn and run just beneath the corneal epithelium, in a course 

parallel to the corneal surface. Within this subepithelial space, nerve fibers form a complex 

array of branching and anastomosing fibers, known as the subbasal nerve plexus (SBNP).71 

Terminal nerve fibers branching from the SBNP run throughout the corneal epithelium, 

terminating in the superficial corneal epithelial cell layers.45 Immunohistochemical studies 

using ex vivo human and animal tissue have provided significant insight into the architecture 

of the SBNP and associated terminal nerve fibers (Figure 7).45,70,72,73 These techniques, 

however, have limited usefulness in a clinical setting.

An important feature of in vivo confocal microscopy is the ability to obtain high-resolution 

images of the subbasal nerve plexus, particularly with the HRT-RCM (Figure 2C). Several 

studies have used confocal microscopy to assess temporal changes in the density and 

organization of subbasal nerves in response to surgery or disease.38–40 While the SBNP is 

highly dynamic and undergoes centripetal migration through the cornea, it has been shown 

in longitudinal studies that the SBNP is sufficiently stable to allow major landmarks to be 

repeatedly identified over time, which is important for disease monitoring.74 It should be 

noted that IVCM does not have the resolution to permit viewing of the small terminal nerve 

fibers within the corneal epithelium. This may explain why many studies have shown poor 

correlations between loss of the SBNP and a decline in corneal sensitivity. There are no 

studies directly comparing changes in the SBNP in vivo with ex vivo nerve mapping to 

determine whether small fibers, below the resolution of IVCM, are affected. In addition to 

the SBNP, deep, large stromal nerves are also visible on confocal examination. However, 

due to large differences in nerve fiber depth and orientation, the utility of stromal nerve 

evaluation as a repeatable diagnostic marker is limited.75

Most morphometric studies have used manual tracing of the SBNP, using either an off-line 

software program with a tracing tool or an electronic pad and grip pen. Once traced, image 

analysis programs can be used to calculate morphological metrics, such as nerve fiber 

length, density, and branching. Examples of semi-automated programs include NeuronJ, a 
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semi-automated plug-in module for ImageJ, and the CCMetrics system, a custom software 

program developed at the University of Manchester.76,77

More recently, automated software programs have been developed with the goal of 

establishing objective, standardized methodology for morphological assessment of the 

SBNP.24,77–80 Automation of corneal nerve fiber tracing has the advantage of significantly 

reducing the time associated with manual analysis. It also helps to standardize data 

collection in large, longitudinal studies where multiple observers may be required. Such 

standardization of IVCM for measuring the SBNP is necessary to facilitate the global 

implementation of this technique for clinical, diagnostic use. While automated techniques 

show good agreement with manual and semi-automated programs, manual methods tend to 

report higher numbers for nerve fiber length.77 Reasons for this include the detection of 

more low contrast nerves, which may be missed by automation. Other common artifacts that 

may be introduced by automation include the misidentification of dendritic cells and fibrotic 

tissue, which may be mislabeled as nerve branches. To date, automated programs are all 

custom designed in house and are not commercially available; thus, validation of any of 

these programs by multiple laboratories is lacking.79–84

Over the past decade, IVCM has been widely used to study changes in the SBNP in dry eye, 

keratoconus, corneal infection, during contact lens wear, and in response to systemic disease 

and therapy.75,85–87 As detailed below, in patients with diabetes, quantitative assessment of 

subbasal nerve morphology assessed by IVCM has been shown to be highly sensitive in 

detecting early stages of peripheral neuropathy, compared to more invasive techniques such 

skin punch biopsies.87–90

A. Morphometric Parameters

As detailed below, changes in the pattern of corneal innervation can be assessed using 

quantitative outcome measures, such as nerve length, density, tortuosity, and inferior whorl 

length. With these techniques, significant differences have been identified between normal 

and diabetic subjects, which may precede the development of diabetic retinopathy (Figure 

8). Other, less commonly used morphometric parameters not covered here include 

beading,91 branching, reflectivity,75,86,92–94 and fiber diameter.75,82,86

1. Nerve Fiber Length—Nerve fiber length has been proposed as one of the most 

sensitive, reliable indicators for early neuropathic damage in the cornea, particularly since it 

does not appear to be altered during the course of normal aging or contact lens wear, and has 

been shown to be fairly constant over time.95–98 It is calculated by measuring the total 

length of all visible nerve fibers within an image per area and is expressed as mm/mm2. 

There is a large degree of variability in values reported among different research groups 

(range from 3.9 to 27.5 mm/mm2).84,87,90,99–101 Even within the same research group, nerve 

fiber length across subjects has been shown to vary by as much as 25.3 mm/mm2, with a 

reported variance range of 9.9 mm/mm2 to 35.2 mm/mm2.102 This large variance can be 

problematic for applying this parameter as a global diagnostic criterion, as a normal value by 

one group may reflect a reduced or pathological value in another.102 Some of the variables 

that can affect nerve fiber length determination include the type of microscope that was used 
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to scan the cornea, the quality of the images selected for analysis, the analytical method 

used, and the adequacy of control for regional variations in the SBNP during scanning.

2. Nerve Fiber Density—Nerve fiber density is most commonly reported as the number 

of fibers per mm2, although some reports have defined nerve density as the number of nerve 

fibers within an image or combined length of all nerve fibers within a single scan.103–105 

After manual or semi-automatic tracing, most external software programs can be used to 

quantitate nerve fiber density, such as NeuronJ.76

Nerve fiber density has been widely studied in multiple corneal and systemic diseases.91 In 

diabetes, nerve fiber density is negatively correlated with HbA1c levels.99 Thus, attaining 

better disease control can result in a measurable increase in nerve fiber density. This is in 

contrast to nerve fiber length, which is not impacted by an improvement in disease 

management. A range of nerve fiber densities have been reported with different confocal 

microscope systems.34 This finding is likely due to differences in image resolution, contrast, 

and brightness as opposed to biological effects.34 The effect of age on the density of the 

SBNP is controversial.81

There is a loss in nerve fibers under the flap following LASIK, and early signs of 

regeneration using IVCM are evident about one month postoperatively.106 In addition to 

reduced density, some of these fibers are abnormally curved in appearance, of small 

diameter, and are non-branching. Reduced density is likewise seen following penetrating 

keratoplasty even years after the procedure, and variable results on density have been 

reported in both Sjögren syndrome and non-Sjögren syndrome dry eye.24,106 Similar to 

nerve fiber length, measurements of normal nerve fiber density can vary widely across the 

cornea, with ranges from 62.5 fibers/mm2 to 706.3 fibers/mm2.102

3. Tortuosity—In animal models, a marked increase in nerve fiber tortuosity occurs as a 

consequence of nerve regeneration.107 In human studies, an increase in tortuosity of the 

SBNP has been reported in subjects with keratoconus, Sjögren syndrome, pseudoexfoliation 

syndrome, rheumatoid arthritis, and following penetrating keratoplasty. Tortuosity is also 

associated with the severity of diabetic peripheral neuropathy. Initial reports measuring 

tortuosity of the SBNP used a subjective grading scale.92 Tortuosity was classified using a 

5-point scale ranging from 0 to 4, with 0 being a straight nerve fiber and 4 being considered 

highly tortuous. However, this produced a high degree of variability in tortuosity scores and 

a low level of reproducibility among different laboratories. In efforts to standardize this 

process, Kallinikos proposed the first objective measurement scale that was modeled after 

measurement scales used for assessing vascular tortuosity.108 Nerve fibers were manually 

traced off-line and the tortuosity coefficient (TC) was determined using a custom MatLab 

program. Calculation of the TC took into account only the main nerve fibers and did not 

include smaller nerve branches in the analysis. One of the problems with using a 

standardized approach such as this is that nerve fiber numbers varied between scans, and 

different proportions of nerve fibers in each image exhibited a large amount of variance in 

their degree of tortuosity. Thus, automated measures of the TC did not necessarily correlate 

with clinical assessment.
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To address this issue, Edwards et al calculated nerve fiber tortuosity measurements by 

correcting for the length of the nerve fiber.100 They used custom-designed software 

(CCMetrics) that allowed for semi-automated analysis of nerve fiber tortuosity and total 

nerve fiber length. To determine tortuosity, the software assigned an arbitrary unit from 0 to 

1. A value of 0 using this model indicated minimal-to-no tortuosity. Tortuosity increased as 

the value approached 1. The tortuosity-standardized nerve fiber length was then determined 

by dividing the total nerve fiber length by the unit measure of tortuosity. Using the corrected 

TC, they were able to better detect changes in the SBNP in diabetics compared to healthy 

controls, regardless of neuropathy status. They concluded that the corrected value of the TC 

had a greater predictive value than measures of corneal nerve fiber length for assessing 

neuropathic damage in diabetes.

A fully automated program for calculating tortuosity of the SBNP that incorporates an 

algorithm for automatic tracing of nerve fibers has since been reported. The method, 

reported by Scarpa and colleagues, can be readily applied to nerve fibers of different 

length.109 Using a segmented approach, they calculated the ratio of the total number of 

twists (or changes in the sign of curvature) in the nerve fiber to the length of each nerve 

fiber segment. By accounting for the local contributions of highly tortuous segments in the 

final tortuosity score, the index allows for a standardized grade of global nerve tortuosity 

that is in good agreement with a qualitative clinical assessment by a trained practitioner. 

This index also showed a strong correlation between changes in corneal sensitivity, as 

measured by the Cochet-Bonnet aesthesiometer, and tortuosity score.

Annunziate also reported a novel algorithm for automatic quantification of corneal nerve 

tortuosity using a multiple scale, supervised learning approach.110 This is a highly 

sophisticated method that uses custom algorithms to automatically select and discriminate 

specific shape features of the nerve fiber, including the number of inflection points and 

curvature. To validate their results, images were manually assessed using a four category 

scale (normal, mild, high, and severe) by a panel of three ophthalmologists and compared to 

the computed values. Overall, there was generally good agreement between clinical scoring 

and values obtained using automation, ranging from 76%–88%.

4. Inferior Whorl Length—In animal studies where the cornea was imaged ex vivo, 

changes in the inferior whorl-like pattern have been reported in diabetes.45,111 Davidson et 

al reported that changes in the whorl-like vortex occurred prior to damage in other regions of 

the SBNP.111 One potential mechanism accounting for this observation is that the distal ends 

of the nerves located within the vortex are affected before the proximal regions. This would 

be consistent with loss of neural function in long afferents running from the foot in 

peripheral neuropathic disease and may represent an early marker for patients with 

neuropathy.

Only one paper has evaluated measurable changes in the inferior whorl in diabetic 

subjects.101 Using the section mode in the HRT software (which collects an image each time 

the foot pedal is pressed), they scanned the central and inferior cornea. To image the central 

cornea, the subjects’ viewing direction was controlled by having the subject focus on the 

attached fixation light. The target was then moved to direct their gaze upward, until the 
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inferior vortex was centered within the image. Images were then collected from the central 

cornea, the inferior vortex, and immediately adjacent areas. For analysis, images were 

manually selected and traced. A custom software program was used to calculate the total 

length of all nerve fibers within the vortex in mm/mm2. In normal subjects, there was a 

mean inferior whorl length of 31.5 mm/mm2, which was slightly lower than previously 

reported.112 This value was significantly reduced in diabetic subjects and was moderately 

correlated with both length and density of the nerve fibers. In their study of the dynamics of 

SBNP movement over time, Patel and colleagues reported that the SBNP is not static and 

undergoes a pattern of centripetal migration.77 Further studies are required to investigate the 

influence of migratory changes on the repeatability of inferior whorl length as a surrogate 

marker for peripheral neuropathy.

B. Wide-field Reconstruction and Mapping of the Subbasal Nerve Plexus

Nerve fibers within the SBNP converge in a radial-like pattern toward the corneal apex. 

Approximately 1–2 mm below the apex, this radial arrangement typically results in a 

clockwise whorl-like spiral pattern. One limitation of corneal confocal imaging of the SBNP 

is that it has a limited field of view. Recent studies have demonstrated that collecting several 

single (non-overlapping) confocal images is sufficient for detecting differences in 

morphological parameters between healthy and diseased states. Specifically, Vagenas and 

Efron reported on results from 20 patients, all with Type 2 diabetes mellitus and varying 

levels of neuropathy.113 They acquired 20 images throughout the central 2.5 mm2 of the 

cornea, and morphological parameters of nerve fiber length and nerve branch density were 

calculated. Based upon their findings, they estimated that eight images of the central cornea, 

each with less than 20% overlap, are sufficient to adequately sample nerve branch density, 

and 5 images are sufficient for assessment of nerve fiber length. Nonetheless, in order to 

map temporal changes in the overall organization and nerve branching patterns over large 

areas of the cornea, the generation of image montages to expand the field of view is 

required.

Several groups have employed a mix of wide-field mapping techniques to enable the 

generation of a more complete picture of the SBNP architecture. These techniques have 

been applied to investigate SBNP changes in keratoconus, orthokeratology, and diabetes. 

While the resulting mosaic images are elegant and informative, they require hundreds of 

images, and manual off-line generation of these large-scale montages can require 10–20 

hours per cornea. Patel and McGee reported the first wide-field images of the SBNP within 

the central 5–6 mm of the cornea in 2005 (Figure 9).114 To control the viewing direction 

during scanning to ensure no missing gaps in the final mosaic, they used a fixation grid with 

17 spot targets, each separated by 6 cm horizontally and 7 cm vertically. The grid was 

placed 1.1 m from the patients. Scanning time took 50 minutes to complete per patient and 

resulted in the manual acquisition of over 700 images, which were then manually mapped to 

form the final mosaic. Using this same technique, in 2008, they again mapped out the central 

5–6 mm of the corneal SBNP.74 By performing repeat scans over a period of 6 weeks, they 

were able to track key features such as branch points and the inferior whorl pattern, and 

show that the SBNP is a highly dynamic structure, moving upwards of 26 µm per week.
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The second group to use mosaic imaging to construct the SBNP was Yokogawa and 

colleagues.115 They used manual scanning and off-line processing to evaluate the pattern 

and location of Kobayashi (K) structures in relation to the anterior corneal mosaic, which 

are formed in response to compression by the planar applanating tip of the microscope. K-

structures range in width from 5–15 µm, are present in the anterior stroma just underneath 

Bowman’s layer, and have been hypothesized to represent the transverse sutural lamellae 

that insert into Bowman’s layer in the human cornea. In contrast to the work by Patel and 

McGee, Yokogawa et al did not use a defined fixation target, which resulted in patchy, 

subconfluent montage generation.

Lum was the first to use wide-field mapping of the SBNP to evaluate qualitative changes 

following orthokeratology contact lens wear.116 While in sequence scan mode, they used a 

moving white light as a fixation target, which moved in a linear pattern that was 11 cm × 13 

cm in size. The LCD screen was placed 70 cm from the patient’s eye and the patient was 

asked to track the white light, with optimal visual correction in place. This resulted in a 

scanned area of 2.5 mm horizontally × 3 mm vertically and took about 10 minutes to 

complete. Montage images containing 400–700 scans were generated using Photoshop. 

Following IVCM, corneal topography was performed on the same eye. Using this 

methodology, the authors described a loss of the inferior whorl pattern and an increase in 

tortuosity during contact lens wear that corresponded to lens-induced topographical changes. 

They further reported that the fibrillary lines seen by clinical biomicroscopic examination 

corresponded to the thickest of the redirected nerve bundles. Interestingly, the global re-

distribution of nerve fibers in orthokeratology lens wear was similar to that reported in 

keratoconus.117

More recent studies have implemented a fixation target consisting of 13 radial loops that all 

start from a single origination point, using the inferior whorl as a key-positioning 

landmark.118 A single sequence scan, taking approximately 20 seconds, was acquired for 

each loop. The fixation target for this study was placed 1.5 m from the front of the cornea 

and consisted of a moving target on a computer screen. While patient scanning time was 

reduced by half compared to the work by Patel and McGee, it has been argued that this 

method lacks sufficient detail to reliably quantitate nerve changes,119 due to the presence of 

tissue artifacts generated by applanation and the absence image processing to control for 

motion-induced artifacts.

Misra et al also used the spot fixation grid presented by Patel and McGee to manually 

generate montages from both eyes of 6 subjects.112 Scans were acquired using section mode 

with the grid positioned at 1 m. This allowed for a scanning area of 4 mm × 4 mm. Using 

this method, they compared differences in the SBNP between the right and left eyes. 

Interestingly, unlike corneal topography that shows “mirror image” symmetry in shape 

between corneas, they were unable to detect this same difference in the SBNP using this 

method. This study highlights the importance of wide-field mapping of the SBNP to detect 

global differences in the architecture of the SBNP, as these observations would not be 

discernable by single scan analysis.
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Turuwhenua reported on the development of novel software that used feature-based image 

stitching of prerecorded image sequences for automated montage generation.120 In this 

process, automated image rejection was used to remove images that did not contain enough 

detail or had tissue artifacts, such as presence of corneal epithelium or basement membrane. 

Images are then grouped into small clusters and compared for similarity. The inclusion of an 

image clustering step allowed for a decrease in the number of images that require alignment. 

Once stitched, the montage undergoes post-imaging processing to produce a final blended 

image. With this method, montages from a single cornea can be created in under 3 hours.

In the most recent report, Allgeier used a continuously moving outward spiraling fixation 

target placed in front of the non-scanned eye.121 The fixation target consisted of a small 

display screen (640 × 480 pixels) with a black circular dot on a white background. The black 

dot was 5 pixels in diameter. Affixed to the screen was an eyecup that was used to eliminate 

outside visual stimuli. Using this technique, a montage with an area of up to 18 mm2 was 

generated. For each examination, both speed (pixels/sec) and the spiral winding gap (pixels) 

were held constant. Four separate examinations were performed on each of 12 subjects, with 

speed and spiral winding gap varied in each run. While faster speeds allowed for larger areas 

to be scanned, slower speeds allowed for better manual adjustment to maintain focus on the 

SBNP. Direct streaming software was used to acquire continuous sequence scans over 

several minutes. Images were then registered and assembled into a montage by weighted 

averaging. This resulted in the generation of a composite image from 2541 single image 

frames (Figure 10). Post-image processing time was minimal, taking an average of 30 

minutes. One difficulty with this technique is that scanning needs to begin at the corneal 

apex, as scans become oblique with eye movement. This can result in imaging out of the 

SBNP focal plane, which limits the overall area of the cornea that can be scanned. Future 

incorporation of an automated depth focus control may further enhance this technique.

To demonstrate the benefit of wide-field sampling, Winter et al recently reported on a 

software-based automated wide-field reconstruction that allowed for calculation of nerve 

parameters in the total region and compared them to individually sampled areas of similar 

size.102 This permitted a large field of view while controlling for compression artifacts and 

illumination fall-off, which is frequently observed in individual scans. Total reconstruction 

time using this method was long, on the order of 15 hours, while image registration, 

segmentation, and analysis was around 30 minutes. Their data showed that the use of single 

scans within a limited field of view is highly subject to examiner bias, and that averaging of 

multiple minimally overlapping scans does not necessarily reflect an accurate determination 

of nerve fiber values, as previously suggested.113

One group has reported using the automated real time (ART) composite mode of the HRT-

RCM.122 ART allows for continuous online generation of large maps of the SBNP at the 

time of scanning. This is accomplished by manual adjustment of the scanning head position 

or in combination with careful control of eye movements through fixation by the 

contralateral eye. In this study, viewing direction was controlled by use of the attached red 

fixation light. This resulted in generation of a map of the SBNP up to 3.2 mm × 3.2 mm in 

size. The advantages of this method are that scanning time is relatively short, taking only 3 

minutes or less to collect the images, and no post-image processing is required. In addition, 
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since images are acquired in real time, quality control occurs simultaneously, resulting in 

optimal image acquisition. A potential drawback to this technique, however, is the level of 

expertise required by the examiner, with increasing skill required for larger montages.

C. 3-D Reconstruction of the Subbasal Nerve Plexus

It has been suggested that compression artifacts in 2-D images along with microsaccadic eye 

movements may affect accurate assessment of nerve fiber length. To address this issue, 

Allgeier et al used a phase correlation algorithm to control for motion distortion.38 In their 

dataset, images were acquired in the z-scan volume mode with a 4-second acquisition time. 

Following this, images were registered using a custom program in C++ and volumetrically 

reconstructed by serially stacking up each registered scan (Figure 11). The nerve fiber layer 

was then extracted from the 3-D volume stack by first manually placing a seed point within 

the nerve fiber layer, then tracing along the brightest pixels in the image. These tracings 

were used to generate a depth map that can be visualized using an Interactive 3-D Surface 

plot plug-in (ImageJ, NIH). It took only about 3 minutes to register and extract data from the 

3-D volume sets.

Zhihov et al also measured length of the SBNP using images acquired in the z-scan volume 

mode of the HRT-RCM.84 Imaging time was longer, taking approximately 15 minutes. They 

did not correct for motion or compression artifacts. Instead, they used a custom algorithm 

for automatic segmentation of the nerve fibers, followed by skeletonization. Images were 

skeletonized using a one pixel-wide line segment, and morphological parameters were 

assessed before and after skeletonization. A custom algorithm reported by Dehghani et al 

incorporated a linear 2D Gabor filter tuned to the orientation of the nerve fiber with a 

Gaussian envelope. This design allowed for enhancement of the foreground features while 

reducing background noise.79 This same group has since extended this latter method to 

include multiples scales and pixel classification. While they found this method to be 

superior to their single scale model, significant expertise is required by the examiner to 

complete the analysis.80

Ziegler et al developed a novel algorithm that mapped nerve fibers from montaged 3-D 

volume stacks.82 A modified volume scan was performed on each patient by continuously 

oscillating the focal plane back and forth to cover the full height of the anterior corneal 

mosaic ridges. Scan time using this method was about 15 minutes per patient. Images were 

corrected for motion-induced artifacts, and volume stacks containing 96–120 images were 

reconstructed to allow for the development of a depth map of the SBNP. Images were then 

montaged and nerves were segmented and thinned to a thickness of 1 pixel. The resultant 

thinned fiber network was used for automatic analysis of nerve parameters. Using this 

technique, the authors concluded that nerve fiber density, and not nerve fiber length, was 

more predictive for neuropathy in diabetes.

IV. Conclusions

Confocal microscopy has the ability to noninvasively resolve structural and functional 

interrelationships, both temporally and spatially, in the corneas of research animals and 

human patients in vivo. With use of confocal microscopy, the cellular details of fundamental 
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biological processes, such as inflammation, wound healing, toxicity, infection, and disease, 

which could previously be studied only under static or isolated conditions, can be 

dynamically evaluated over time and the effectiveness of treatment modalities determined. 

The development and application of new hardware and software for 3-D scanning, wide-

field mapping and morphometric analysis with the HRT-RCM continues to expand the 

potential applications of this unique imaging technology for quantitative in vivo corneal 

imaging.
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Figure 1. 
A. Heidelberg Engineering HRT-RCM confocal microscope (From Heidelberg Engineering 

Website). Arrow denotes thumbscrew drive which is turned by hand to change position of 

focal plane. B. Modified HRT-RCM with motor drive to allow automated through focusing, 

and modified support structure (slit lamp stand) to facilitate positioning. (Reprinted with 

permission from Petroll WM, Weaver M, Vaidya S, et al.Quantitative 3-dimensional corneal 

imaging in vivo using a modified HRT-RCM confocal microscope. Cornea 2013;32:e36–

43.)
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Figure 2. 
Images of a normal human cornea obtained using the HRT-RCM. A. Epithelial wing cells. 

B. Basal epithelial cells. C. Epithelial nerve plexus. D. Anterior stroma just below 

Bowman’s layer. E. Midstroma. Note decreased density of keratocyte nuclei as compared to 

D. F. Normal endothelium. Horizontal field width = 400 µm. (Reprinted with permission 

from Petroll WM, Cavanagh HD, Jester JV. Confocal microscopy, in Krachmer J, Mannis 

M, Holland (eds). Cornea. (St Louis, Elsevier, 2010, pp 205-20.)
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Figure 3. 
Screen shot of HRT-RCM CMTF program. Scan shown is from a rabbit cornea. Right side 

shows corneal intensity curve with intensity peaks at the superficial epithelium (Epi), basal 

lamina (BL), and endothelium (Endo). Images on the left are reconstructions of the image 

stack collected by CMTF imaging shown at different projection angles. Scan shown was 

collected at a speed of 30 µm/second. (Reprinted with permission from Petroll WM, Weaver 

M, Vaidya S, et al. Quantitative 3-dimensional corneal imaging in vivo using a modified 

HRT-RCM confocal microscope. Cornea 2013;32:e36–43.)
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Figure 4. 
In vivo CMTF data collected from mouse using the modified HRT-RCM system. A. Normal 

mouse cornea (C57/BL6). B. The wound healing response 7 days after transcorneal freeze 

injury (FI). C. The wound healing response 7 days after mechanical debridement (MD) 

injury with basement membrane removal. Mice were anesthetized using ketamine/xylazine 

for both procedures. For FI, a 1 mm diameter stainless steel probe cooled with liquid 

nitrogen was applied to the anterior, central corneal surface two times for 10 seconds each. 

For MD, the cornea was marked using a 2 mm diameter skin biopsy punch. The epithelium 

and basement membrane were then removed using an Algerbrush as previously described.52 

A relative estimate of stromal cell and ECM backscattering was obtained by measuring the 

area under the CMTF curve as previously described (shaded areas under curves, “area” on 

top right of each image). Note the increase in backscattering following injury.
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Figure 5. 
A. Maximum Intensity Projection along the x-axis of an in vivo image stack collected using 

the CMTF program. B. Graph showing mean cell densities through the stromal thickness of 

six corneas. Both the image and the graph show progressively decreasing cell density 

through the stroma from the basal lamina to the endothelium. Graph shows mean and 

standard deviation of measurements from six corneas taken in vivo (N=6). (Reprinted with 

permission from Petroll WM, Weaver M, Vaidya S, et al. Quantitative 3-dimensional 

corneal imaging in vivo using a modified HRT-RCM confocal microscope. Cornea 

2013;32:e36–43.)
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Figure 6. 
Volume renderings of CMTF data from a rabbit cornea. Images were cropped in 3-D to 

focus on a region of interest, and rendered using an orthogonal maximum intensity 

projection within the Surpass module of Imaris. (Reprinted with permission from Petroll 

WM, Weaver M, Vaidya S, et al. Quantitative 3-dimensional corneal imaging in vivo using 

a modified HRT-RCM confocal microscope. Cornea 2013;32:e36–43.)
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Figure 7. 
Volumetric reconstruction of corneal epithelial nerves and the subbasal nerve plexus. 

Corneal nerves were stained with β tubulin (green). Epithelial nuclei were counter-stained 

with propidium iodide (red). Epithelial nerve fibers branching from the subbasal nerve 

plexus terminate among the superficial epithelial cells. Scale bar: 20 µm. (Reprinted with 

permission from Cai D, Zhu M, Petroll WM, et al. The impact of type 1 diabetes mellitus on 

corneal epithelial nerve morphology and the corneal epithelium. Am J Pathol 

2014;184:2662-70.)
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Figure 8. 
Confocal microscopy and quantification of micromorphological parameters. Initial images 

of subbasal nerve plexus in the central cornea in a healthy volunteer (A) with corneal 

sensation 60 mm and diabetic patient (D) with corneal sensation 40 mm and NDS = 8 

(image size: 400 × 400 µm). B and E represent the results of segmentation from the 

corresponding images in control and diabetic subjects, respectively. C and F show traces of 

the geometry of the subbasal nerve plexus in a final surface reconstruction. Total fiber 

length of 4706 and 545.4 µm, nerve fiber density 0.034 mm/mm2 and 0.004 mm/mm2, and 

single nerve fiber count 68 and 3 were measured in control subject and diabetic patient, 

respectively. (Reprinted with permission from Zhivov A, Winter K, Hovakimyan M, et al. 

Imaging and quantification of subbasal nerve plexus in healthy volunteers and diabetic 

patients with or without retinopathy. PLoS ONE 2013;8:e52157)
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Figure 9. 
Wide-field mapping of the subbasal nerve plexus. The first montage of the human subbasal 

nerve plexus reported by Patel and McGee. Scale bar: 400 µm. (Reprinted with permission 

from Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus 

by in vivo laser scanning confocal microscopy. Invest Ophthalmol Vis Sci 

2005;46:4485-88.)
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Figure 10. 
Mosaic image generated by Allgeier. Using an outward spiraling fixation target, a wide-field 

map of the subbasal nerve plexus was generated 2541 processed images with a resultant 

field of view of 16.1 mm2. (Reprinted with permission from Allgeier S, Maier S, Mikut R, et 

al. Mosaicking the subbasal nerve plexus by guided eye movements. Invest Ophthalmol Vis 

Sci 2014;55:6082-9.)
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Figure 11. 
Depth map and nerve fiber layer extraction at SNP level. A. Depth map of SNP layer inside 

the reconstructed volume. B. Depth map of SNP layer, textured with reconstructed image. 

C. Reconstructed image of the SNP. Image size: 362 × 347 pixels, 377 × 361 µm, ~85% of 

original image size. (Reprinted with permission from Allgeier S, Zhivov A, Eberle F, et al. 

Image reconstruction of the subbasal nerve plexus with in vivo confocal microscopy. Invest 

Ophthalmol Vis Sci 2011;52:5022-28.)
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