SoftwareX 34 (2026) 102669

Contents lists available at ScienceDirect

SoftwareX

ELSEVI

Y
ER journal homepage: www.elsevier.com/locate/softx

HIT: A fully automated mosaicking software for corneal confocal
microscopy

Stephan Allgeier®!* ®, Klaus-Martin Reichert®! ©, Ekaterina Korn?, Ralf Mikut? ®,
Sebastian Bohn ¢ ©, Oliver Stachs ¢ ®, Karsten Sperlich ¢

a Institute for Automation and Applied Informatics, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
b Department of Ophthalmology, Rostock University Medical Center, Rostock, Germany
¢ Department Life, Light & Matter, University of Rostock, Rostock, Germany

ARTICLE INFO ABSTRACT

Keywords: In vivo confocal microscopy (IVCM) provides high-quality image data of the living human cornea with cellular
Image mosaicking resolution. Leveraging the diagnostic potential of IVCM of the subbasal nerve plexus and corneal immune cells,
Image registration in particular, is an active field of research. However, the small field of view of high-resolution IVCM represents

In vivo imaging

a serious limitation for many possible applications. The presented software HIT creates motion-corrected wide-
Corneal confocal microscopy

field montages from large IVCM image datasets and overcomes the shortcomings of other approaches. HIT is
a cross-platform, open-source C++ software and provides its fully automated workflow with a straightforward
graphical user interface. HIT makes state-of-the-art mosaicking software for large IVCM datasets widely available
and opens up entirely new opportunities for all research groups in this field.
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1. Motivation and significance

The human cornea is integral for our visual system, contributing
the largest amount of refraction along the path of incident light be-
fore it is detected on the retina. Imaging techniques play an important
diagnostic role in assessing the physiological integrity of the corneal
tissues. Thanks to its dense innervation with sensory nerve fibers and
its transparent nature, the cornea also acts as a window to the periph-
eral nervous system. In particular, in vivo confocal microscopy (IVCM)
has been established as the best available imaging technique to visu-
alize the corneal subbasal nerve plexus (SNP). IVCM is used to detect
pathological alterations of the SNP in a wide variety of diseases, such
as diabetic neuropathy [1], multiple sclerosis [2], Parkinson’s disease
[31, long COVID [4], chemotherapy-induced neuropathy [5], or ocular
diseases [6]. Moreover, immune cells (ICs) in the vicinity of the SNP can
reflect corneal infections and inflammatory conditions [6] or an immune
response to medication [7].

IVCM provides high-quality image data of the SNP nerve structures
and corneal ICs at cellular resolution, particularly with laser-scanning
devices. However, the high resolution of these systems is achieved at
the expense of a relatively small field of view (FOV). For example, the
widely used Heidelberg Engineering HRT-RCM typically images a FOV
of 400 um x 400 um. For many diagnostic tasks, the small FOV is a sig-
nificant limitation if the recorded image does not include the structure
of interest in its entirety. Moreover, the SNP is known to exhibit strong
local morphological variability [8-10]; morphological SNP parameters
extracted from a single IVCM image therefore cannot support robust
diagnostic conclusions. This can be mitigated by creating montage vi-
sualizations of an extended region of the SNP from multiple images.
Unfortunately, standard-purpose image stitching tools are not appropri-
ate for this use case, because corneal IVCM images are always to some
degree affected by unavoidable motion artifacts, which manifest as char-
acteristic, non-linear geometric distortions of the imaged tissue. They
are due in part to fixational eye movements [11-13], but also because
movement during the imaging process is inherently required to cover an
extended corneal area.

Several dedicated algorithmic mosaicking techniques have been pub-
lished [14-20]. Some of them rely on specific (hardware) setups for the
imaging process, restricting their wider usability, and the vast majority
of the software solutions for IVCM image registration and wide-field im-
age montage are not publicly available. The only two current exceptions
are the Python-based algorithms NerveStitcher [21] and NerveStitcher2.0
[22]; both are free and open-source software (OSS). NerveStitcher im-
plements neural networks to extract feature points and associated point
descriptors from single IVCM images, and to match feature points be-
tween images. From the point correspondences between an image pair,
NerveStitcher derives a translation vector that is used to align the two
images (and iteratively the remaining images of an I[VCM image se-
quence) and create a wide-field montage. NerveStitcher2.0 improves the
NerveStitcher algorithm with an optical flow module that evaluates the
image pair registrations and excludes erroneous alignment results. Both
NerveStitcher tools are script-based and require the input data to be
specified in the source code. Both also share two common algorithmic
shortcomings. First, they only successively add additional images to a

growing mosaic image; after adding an image, its alignment informa-
tion cannot be adjusted later. This raises the problem of accumulating
registration errors along paths with recurring positions, for example a
simple circular loop. If small registration errors accumulate over the im-
age pair registrations along the path, the image that closes the circle
cannot be placed appropriately to align with the preceding image and
the first image of the sequence at the same time. This is a known problem
in real-world mosaicking applications [23]. The second significant short-
coming is their limitation to translational transformations when aligning
the IVCM images. They are therefore incapable of handling the inherent
IVCM motion artifacts appropriately.

The present contribution describes HIT (which stands for HRT
Imaging Tool), an OSS solution for the task described above. HIT is
not a general-purpose image registration framework, but is deliberately
tailored to process large datasets of HRT-RCM image data. Despite its
complex algorithmic interior, the automated workflow is controlled by
very few parameters, and many use cases are covered by the default
preset parameters. The parameter adjustment and the actual process
pipeline are accessible via straightforward graphical user interfaces
(GUIs). In the overall clinical workflow, HIT is intended for offline pro-
cessing of previously acquired image datasets. This can either take place
immediately after the examination, for fast assessment of the image data
in the presence of the patient, or it may occur much later, for instance
to batch process multiple datasets in a clinical study setting.

Diverse purposes can benefit from SNP mosaic images, for example
to

provide a more reliable basis for quantitative morphology mea-
sures of the SNP [9,10,24],

examine geometric relations between different corneal structures
(e.g., ICs and subbasal nerves) [25,26],

pinpoint the imaged region of the cornea (using anatomical fea-
tures such as the inferior whorl) [25,27-32], or

establish relative alignment between recurring examinations to in-
vestigate cell migration, disease progression, or therapy response,
in the exact same corneal area [5,7,33,34].

2. Software description

A typical complete workflow for large-area IVCM of the SNP starts
with the imaging procedure, followed by a preparatory dataset creation
step, the mosaic image creation using HIT, and finally a specific analysis
task (see Fig. 1).

HIT expects image data recorded with the HRT-RCM system, which
can be sets of manually triggered images, automatically recorded contin-
uous image sequences, or focus stacks. In the vast majority of use cases,
the data to be processed into an extended mosaic image (or volume rep-
resentation) will be from a single examination. In principle, the image
data may also originate from several examination sessions, as long as the
imaged tissue remains largely unchanged morphologically and geomet-
rically, and the head position of the examined person is reproduced with
sufficient accuracy to ensure that all image data has the same rotational
alignment.
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Fig. 1. Overview of a complete, typical IVCM workflow that involves HIT. The dashed box marks the steps implemented in the HIT software. The bottom row shows
the internal algorithmic steps of the HIT image fusion process. (n: dataset size; m: number of successfully registered image pairs; k: number of sub-images per image).
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Fig. 2. Overview of the HIT software architecture.

The input data unit for the internal HIT pipeline is the dataset. A
dataset contains all the image data to be montaged into a mosaic image.
HIT requires a separate, multi-page TIFF dataset file for each dataset.
Each page in the dataset file represents a single image frame (384 x 384
pixels, 8-bit pixel depth). Because the HRT software itself does not sup-
port export to multi-page TIFF files, users need to use an external tool
in the dataset creation step, for example the free OSS Fiji [35]. The
multi-page TIFF file is created from raw HRT image files, without any
additional filtering or other preprocessing.

The GUI-based usage of HIT is straightforward. The user may first re-
view and adjust the effective process parameters in the parameter dialog
GUI (see Section 2.2.1). Process parameters are stored persistently and
reused until they are explicitly changed. The main HIT GUI allows the
user to specify an arbitrary number of datasets for sequential batch pro-
cessing. The actual execution is fully automated. Section 2.2.2 provides
additional details on the output structure of the results.

2.1. Software architecture

The software architecture of HIT is separated into four components,
as visualized in Fig. 2. The component ImagelO collects image file
import and export classes. The component Utilities contains a vari-
ety of basic-level support classes. The component HITlogic implements
the image processing framework, including representations for datasets,
pipeline steps, and result structures. The top-level component HITgui
implements the GUI. All components use external, portable OSS libraries

(see Fig. 2). All external libraries, except for alglib, are imported through
the vcpkg package manager. The OSS-licensed alglib source files are
included in the HIT project directly. The alglib library is also avail-
able in a commercial-license version, which brings some advantages,
such as improved parallelization. To build HIT with that version of al-
glib, the source files are simply replaced by their commercial-license
counterparts.

2.2. Software functionalities

The internal image processing pipeline of HIT can be broken down
into several successive steps (see Fig. 1).

An optional image preprocessing step can perform preprocess-
ing tasks on the image data, such as correcting the HRT-RCM-typical
vignetting effect.

The pairwise image registration step is one of the core features of
the HIT pipeline. Image pairs are selected from the dataset according to
a predefined strategy [36,37]. The image pair registration operates on a
sub-image level to enable motion artifact correction. The first image of a
given pair is decomposed into rectangular, horizontal sub-images, which
are then aligned to the second image using correlation-based image
registration [38,39]. The correlation value (termed the score) of each
correlation calculation is compared against a predefined score thresh-
old; registration results with a below-threshold score are considered
incorrect and are immediately discarded.

Optional registration result filters perform further in-depth analy-
ses on the collected registration results to identify remaining incorrect
results. The most important filter option is the automatic score thresh-
old calculation, which provides a fully automated operation mode that
removes the need for manual process parameter adjustments in many
use cases.

The second core feature of the HIT pipeline is the motion trajectory
calculation. It forms a large system of linear equations from the rela-
tive image pair registration results, with the global absolute sub-image
positions as unknowns. Regularization terms are introduced to solve the
equation system. If the image data represent a time-continuous image
sequence, the resulting position coordinates are also time-continuous
and describe the scene motion trajectory observed during the imaging
process [39].

The motion correction step removes the motion-induced geometric
distortions from the image data, based on the calculated sub-image posi-
tions [39] (see Fig. 3B). Optionally, the motion-corrected images can be
exported to separate image files; in volume reconstruction workflows,
these images form a focus stack.

Finally, a mosaic montage is created from the motion-corrected im-
age data by weighted averaging [18,36] (see Fig. 3C). If tissue class data
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A raw image data

B motion-corrected and aligned image data
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Fig. 3. Image data passing through the processing pipeline. (A) Example raw images (images 335, 336 and 337 of the dataset used in Section 3). (B) The example
images after the motion correction step. (C) A montage of the motion-corrected example images.

dataset id.tif
dataset_id results.tif
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Fig. 4. HIT data folder structure for an exemplary dataset, dataset_id.tif,
which contains 100 images and yields two mosaic images: dataset_id_m1.tif
(montage from all images except image 57) and dataset_id_m2.tif (identical
to original image 57). The optional motion-corrected image files (filename suffix
“_mc”) are included.

are provided (see Section 2.2.3), non-SNP images may be excluded from
the mosaic montage [18,40].

It is not always possible to establish the relative alignment for all
images of a dataset, due to insufficient image overlap or unintentional
focus changes. In this case, the images are divided into disjoint subsets,
in which alignment has been established based on the pairwise image
registration step. Each subset yields a separate mosaic image.

2.2.1. Process parameters

HIT provides a separate GUI to review and adjust all process
parameters. It opens when the HIT executable is called with the “-p”
command line flag. A list of the most relevant process parameters is
provided in the Supplementary File.

P POOOOOORFREFERELMNMMMNMNRLRLRBRL

Fig. 5. Excerpt from an exemplary tissue class file containing distance values
from a multi-class support vector machine for the Epithelium, SNP, and Stroma
tissue classes (blue), and the classification (green) of each image (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.).

2.2.2. File system structure

For each processed dataset, HIT creates a separate result folder struc-
ture within the directory where the dataset file resides (the data root
folder). If a tissue class file is provided, it must reside in the data root
folder and be named accordingly (see Fig. 4).

The result folder contains the created mosaic images and an SQLite
database file that stores all relevant process metadata (i.e., the used
process parameters), intermediate results (i.e., registration results and
calculated position data), and mosaic image metadata (e.g., which
images contribute to each mosaic image). Optionally exported motion-
corrected single images reside in separate sub-folders for each mosaic
image. Fig. 4 shows the complete data folder structure for an exemplary
dataset.
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Table 1
Mosaic image properties for example dataset.

Mosaic file # included images ~ Mosaic area [mm?]
01_LE_ml.tif 318 4.90
01_LE_m2.tif 1 0.16
01_LE_m3.tif 2 0.23
01_LE_m4.tif 83 2.02
01_LE_m5.tif 1 0.16
01_LE_m6.tif 1 0.16
01_LE_m7.tif 1 0.16

2.2.3. Tissue classification data

HIT can use supplementary tissue classification data for the mosaic
montage step. These data must be provided in an appropriately named
CSV file. The tissue class file format (see Fig. 5) requires exactly one
line per image in the dataset, and four data entries per line, separated
by semicolons.

The first three values per line may be any numerical entries, such
as class-related likelihood values. The fourth value per line defines the
actual class: 0 (Epithelium), 1 (SNP), 2 (Stroma), or -1 (Undefined). If the

01_LE_snp_00009.tif
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option to exclude non-SNP images is switched on, the mosaic montage
is restricted to images with a class-entry of 1. This behavior can be used
to create 2D mosaic images with other selection criteria (e.g., at other
depth levels than the SNP), if all images to be montaged are specified
by a class-entry of 1 (and all other images by other values).

3. Illustrative examples

We demonstrate the HIT workflow, using the dataset “01_LE” from
the publicly available data repository of Badian et al. [41]. We use
Fiji [35] to create a multi-page TIFF dataset file from the image data.
To ensure that HIT uses appropriate process parameters, we open the
parameter dialog GUI and apply the default parameter set (button
“Defaults for 2D datasets”, see Supplementary File). Finally, we open the
main dialog GUI, add the dataset file, and start the mosaicking process.

For the example dataset with 407 images, the HIT registration work-
flow identifies 7 separate image groups. Table 1 lists the properties of the
7 resulting mosaic images and Fig. 6 displays the largest mosaic image,
O1_LE_ml.tif.

The example dataset takes 47 s to process on a common Windows
PC (Intel Core i9-11900K CPU), with the following distribution on

Fig. 6. Wide-field montage (01_LE_m1.tif) from the example dataset (original image data used from [41]). A single raw image from the dataset is presented in the
bottom left corner; the white square frame shows its approximate position in the montage (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.).
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processing steps: about 19s for pairwise image registration, about 5s
for registration result filters, about 2s for all other algorithmic steps
together (image preprocessing, motion trajectory calculation, motion
correction, and mosaic montage), and about 21 s for result file export
(predominantly the SQLite database file).

4. Impact

Currently, the main application for HIT is to create large-area 2D
montages of the corneal SNP from extended IVCM datasets. As such,
it serves the same purpose as other software tools that have been pro-
posed but are not widely available [14-17], as well as the two variants
of NerveStitcher [21,22]. What sets HIT apart from other approaches and
the key benefit for the target scientific community is its ability to correct
motion artifacts, in addition to being OSS and easy to use. The applica-
tion of HIT is not limited to SNP mosaics, however. It can also be used to
create wide-field montages of corneal tissue at other focus depths [42].

First and foremost, automatically created large-area visualization of
the SNP allows the assessment of SNP morphometry in large cohorts in
various conditions or diseases. The extended FOV of the mosaic images
effectively addresses the problem of local variability in morphological
parameters [9,10]. If the image data contain detectable landmarks such
as the inferior whorl pattern, these can be used to pinpoint the ana-
lyzed corneal region [25,27,28,32]. HIT has been used in several studies
of SNP morphometry [3,27,43,44]. Other studies have used the HIT
wide-field montages to study the presence, local distribution, or relative
alignment of ICs in the vicinity of the nerves [25], the global distribu-
tion of subbasal nerve direction [29], or the larger arrangement of the
inferior whorl [45]. Other recent examinations that relied on manually
assembled wide-field montages [24,26,30,31] could benefit greatly from
automated mosaicking.

In addition to the local variability of morphometric SNP parameters,
the corneal subbasal nerves also exhibit characteristic global distribu-
tion patterns [45]. Longitudinal studies should therefore revisit the exact
same corneal area in follow-up examinations, to remove potential pa-
rameter variability sources as much as possible. It has been shown that
HIT mosaic images of the SNP taken weeks [34], months [5,7], or even
more than a year apart [33] can be aligned with respect to each other, to
precisely identify the overlapping corneal region. This is possible thanks
to static structures, such as SNP nerve entry points, even though the mi-
gration of subbasal nerve fibers renders the SNP configuration as a whole
unrecognizable after few weeks [34].

The possibility to align longitudinal mosaic images also opens the
way to entirely new quantitative dynamic parameters, such as nerve
migration rates [34] or IC motility. The first observations of IC motility
were made within single aligned IVCM images [20,46], but this requires
significant expertise from the IVCM operator and is limited to IC move-
ments inside the FOV. These examinations could greatly benefit from
large-area mosaicking [47].

Finally, the motion path of the examined eye, which is calculated
(and exported) as an intermediate result in the mosaicking process of
time-continuous image sequences, might be useful for entirely separate
research questions.

For convenient reusability in external automated workflows, HIT
provides an automation mode that is invoked using specific command
line parameters (see Supplementary File for details) and uses widely
available input and output file formats.

Even though HIT is specifically tailored for HRT-RCM image data,
the implemented algorithmic techniques may have broader usability.
In general, nothing prohibits adjustments to the registration pipeline
to process image data from other confocal laser-scanning microscopy
devices and specimens other than human eyes, as long as the FOV is
scanned in a line-wise pattern and the image data consist of geomet-
rically rigid scenes with translational but not rotational movements.
With some adaptations, the general pipeline should also be applicable to
other scanning microscopy imaging modalities, or even to specific use
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cases with image sequences of laterally moving scenes recorded with
rolling-shutter cameras.

5. Conclusions

HIT is a cross-platform, C++, GUI-based application for the registra-
tion and fusion of HRT-RCM image sequences of the cornea, to boost
research on large-scale morphological features of the SNP and corneal
cell dynamics. It creates high-quality mosaics, often out-of-the-box with
the default parameter presets.

HIT is being actively developed and improved; current work focuses
on integrating a tissue classification module into HIT.

In conclusion, the present publication as OSS makes easy-to-use mo-
saicking software for large IVCM datasets widely available and opens up
entirely new research opportunities for all research groups in this field.
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