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Background: The purpose of the present proof-of-concept study was to use large-area in vivo confocal
laser scanning microscopy (CLSM) mosaics to determine the migration rates of nerve branching points in
the human corneal subbasal nerve plexus (SNP).

Methods: Three healthy individuals were examined roughly weekly over a total period of six weeks by
large-area in vivo confocal microscopy of the central cornea. An in-house developed prototype system for
guided eye movement with an acquisition time of 40 s was used to image and generate large-area mosaics
of the SNP. Kobayashi-structures and nerve entry points (EPs) were used as fixed structures to enable
precise mosaic registration over time. The migration rate of 10 prominent nerve fiber branching points per
participant was tracked and quantified over the longitudinal period.

Results: Total investigation times of 10 minutes maximum per participant were used to generate mosaic
images with an average size of 3.61 mm’ (range: 3.18-4.42 mm’). Overall mean branching point migration
rates of (46.4£14.3), (48.8+15.5), and (50.9£13.9) pm/week were found for the three participants with no
statistically significant difference. Longitudinal analyses of nerve branching point migration over time
revealed significant time-dependent changes in migration rate only in participant 3 between the last two
measurements [(63.7£12.3) and (43.0£12.5) pm/week, P<0.01]. Considering individual branching point
dynamics, significant differences in nerve migration rate from the mean were only found in a few exceptions.
Conclusions: The results of this proof-of-concept study have demonstrated the feasibility of using in
vivo confocal microscopy to study the migration rates of corneal subbasal nerves within large areas of the
central human cornea (>1 mm?). The ability to monitor dynamic changes in the SNP opens a window to
future studies of corneal nerve health and regenerative capacity in a number of systemic and ocular diseases.
Since corneal nerves are considered part of the peripheral nervous system, this technique could also offer an

objective diagnostic tool and biomarker for disease- or treatment-induced neuropathic changes.
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Introduction

The cornea is the most densely innervated tissue in the
body (1). The cornea’s transparency, accessible location on
the anterior surface of the eye, and rich innervation make
it an ideal candidate for imaging and monitoring health-
related changes in the peripheral nervous system (2).
In particular, the non-invasive in vivo visualization of
the subbasal nerve plexus (SNP) is an important part of
ophthalmological research (3) and has recently taken on
expanded clinical significance. The most utilized non-
invasive imaging method for in vivo visualization of
structures of the human cornea is confocal laser scanning
microscopy (CLSM) (4). CLSM is a relatively rapid, patient-
friendly method of gaining high-resolution images of the
corneal nerves and tracking their changes over time. CLSM
has been used increasingly in recent years to quantify
corneal nerve parameters such as density, tortuosity, and
branching characteristics (4) in healthy eyes and in a large
number of ophthalmological applications, including, dry
eye treatment (5) and glaucoma therapy (6). Visualizing
the SNP by CLSM has been used also as a diagnostic tool
in various diseases affecting the nervous system, including,
chronic migraine (7,8), trigeminal neuralgia (9), multiple
sclerosis (10), familial amyloid neuropathy (11), Parkinson’s
disease (12), and polyneuropathy (13,14), especially diabetic
polyneuropathy (15-17). Thereby, changes of the SNP
could indicate changes of the nervous system itself, which
could be monitored non-invasively over a long period by in
vivo CLSM.

One important factor that has to be considered in any
long-term investigation of corneal nerve anatomy is the
dynamic nature of the SNP, resulting in structural changes.
Auran er al. (18) were the first to report that the SNP was
a dynamic structure and that individual subbasal nerves
elongated, or migrated, continuously in the direction of the
inferocentral whorl. Patel and McGhee (19) subsequently
studied the centripetal migration of peripheral and central
subbasal nerves over a 6-week period and observed that
as the nerves approached the inferocentral whorl they
rotated in a clockwise direction and their migration rate
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decreased. Within the whorl itself, the nerves degenerated
and sloughed into the tear film (18). At the end of their six-
week observation period, Patel and McGhee (19) noted
that the overall pattern of the corneal SNP had changed
noticeably. In a more recent study, Edwards ez /. (20) also
measured the migration rate of the corneal SNP with
reference to the inferior whorl. They examined the corneas
of two individuals with diabetes (one with and one without
neuropathy) and of one healthy participant, at baseline and
after 3 weeks. They concluded that diabetic neuropathy was
associated with a reduced subbasal nerve migration rate (20).
The aforementioned works all used the position of the
inferocentral whorl and additional nerve landmarks located
near the whorl as reference points for orientation (17,19,20).
One potential limitation of this method is the manual
and inaccurate selection of landmarks (21), especially in
non-whorl regions of the peripheral cornea where stable
landmarks are harder to define (19).

The goal of the present proof-of-concept study was to
assess the feasibility of using large area SNP mosaics (22,23)
to study SNP migration in central corneal areas outside of
the inferocentral whorl. As landmarks, Kobayashi-structures
(K-structures) (24,25), which occur after pressure on the
ocular surface at the level of the SNP and entry points
(EPs) of nerves emerging from Bowman’s layer into the
epithelium (18), were utilized. K-structures which represent
polymorphic ridge-like structures composed of fibrillary
materials were reported to strongly align with the anterior
corneal mosaic (ACM) (26) and the authors hypothesized
that K-structures represent the structural basis for ACM
formation (25). Auran ez 4/. (18) have shown previously
that landmarks such as the ACM and EPs remain fixed
in position over time and consequently could be used as
reliable orientation structures for the assignment of identical
areas in the mosaic images taken at different sessions during
the present proof-of-concept study in order to study the
dynamics of SNP migration. We present the following
article in accordance with the MDAR checklist (available at
https://qims.amegroups.com/article/view/10.21037/qims-
22-15/rc).
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Methods
Participants

Images used in this analysis were obtained from the central
corneal zones of three healthy participants. The details
about sex and age are as follows: participant 1 —male, 55 y.0.;
participant 2 — female, 42 y.o.; participant 3 — male, 28 y.o.
Participants had no history of eye disease or systemic
disease that may have affected the cornea and no known
history of contact lens wear. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by the Institutional Review
Board of Rostock University Medical Center [No. A 2018-
0162 (dated 23 August 2018)]. All participants consented
to large-area imaging of their corneas by iz vivo CLSM in
six separate sessions performed at roughly weekly intervals.
The exact time between the investigations ranged from 6 to
10 days, as is clearly specified in the Results section. Except
for two investigations of participant 2, all investigations
were performed by the same examiner.

Image acquisition

CLSM images were recorded from the human corneal
SNP using a Heidelberg Retina Tomograph 3 (HRTS3,
Heidelberg Engineering GmbH, Heidelberg, Germany)
in conjunction with a modified Rostock Cornea Module,
called Rostock Cornea Module 2.0 (RCM 2.0) (27,28), and
the EyeGuidance system (22,23). CLSM was performed
on the left eyes of all participants over a total period of six
weeks.

Using the RCM 2.0, the internal objective lens can be
moved by the additionally equipped piezo actuator (MIPOS
600 SG DIG, Piezosystem Jena GmbH, Jena, Germany).
The EyeGuidance System uses a smartphone (Motorola
Moto G, Motorola Mobility Germany GmbH, Idstein,
Germany) with an Android operating system and presents a
computer-controlled fixation target to the contralateral eye
(29,30). Since both eyes move in unison, the EyeGuidance
system enables controlled movement of the examined eye
during CLSM imaging (29,30). A customized HRT software
was used providing the possibility to record an unlimited
image stream at 30 frames per second and a network-based
communication interface.

For preparation, the cornea of each participant was
anesthetized with Proparakain-POS® 0.5% eye drops
(Ursapharm, Saarbriicken, Germany), and Vidisic Gel
(Bausch & Lomb/Dr. Mann Pharma, Berlin, Germany)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

was applied as a coupling medium between the objective
lens and contact cap (TomoCap, Heidelberg Engineering,
Heidelberg, Germany) as well as between TomoCap and
the participant’s cornea. To start the investigation, it was
essential to position the participant with the head in the
forehead support and the chin on the chin support in a
secure manner that prohibits the head from moving while
processing images. After positioning, the operator places the
EyeGuidance system in front of the non-examined eye and
conventionally adjusts the HRT. After locating the central
cornea, the custom image acquisition mode “Streaming
Mode” can be started automatically with the start button.
The examined eye moves along a spiraling pattern
visualized in the contralateral eye by the EyeGuidance
system at a defined speed while the piezo drive of the
RCM 2.0 oscillates the focal plane with a constant speed of
120 pm/s and amplitude of +20 pm centered on the SNP.
This focal plane oscillation is used to acquire a volumetric
dataset that is guaranteed to contain sufficient SNP images
for mosaicking. The subsequent automatic process for
generating large-area SNP mosaic images with the RCM
2.0 and the EyeGuidance system was described in detail
previously (23,29,30).

The amount of pressure was adjusted in such a way that
K-structures are clearly visible in the CLSM images. Here,
it is not important to obtain the same K-structures. Only
some degree of formation of tissue fold is needed in order
to recognize the same K-structures features. If parts of the
epithelium or stroma can be seen in the SNP due to the
induced tissue folds, the pressure is already considerably
higher than necessary.

Specification of reference points

By referencing K-structures and EPs, it was possible to
identify the same regions in the SNP mosaics week after
week. K-structures, first described by Kobayashi ez al.
(24,25), are anterior collagen fiber bundles located just
beneath Bowman’s membrane that appear as ridges and
striae after the application of pressure by a TomoCap. The
K-structure network matches the pattern of the ACM
formation (24,26), and we hypothesize that these structures
might represent an individual corneal “fingerprint” that
persists over time.

To confirm that K-structures and EPs do not change
their location over time, two separate SNP mosaics of
one of the participants in this study were acquired at the
inferocentral whorl region 253 days apart. In these images,
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prominent locations of K-structures and EPs present in
both mosaics were searched for, and their distance to each
other and to the center of the whorl was measured. Based
on these K-structures and EPs, reference points were
marked within the SNP enabling the registration of both
SNP mosaics using the control point registration (CPR)
procedure provided by MATLAB’s Image Processing
Toolbox (MATLAB, MathWorks Inc., USA). With CPR,
a set of multiple matching control point pairs are selected
in two mosaics. Then, a transformation matrix combining
translation, rotation, and scaling is estimated to register
these mosaics.

Measurement of nerve migration

Since nerve migration rates have been reported to be
different in the central and peripheral cornea (20), it
is important to draw a comparison to previous work.
Therefore, the distance from the center of the inferocentral
whorl to our region of interest, which was the central
region of the cornea, was determined for one participant.
For this purpose, a mosaic around the whorl was registered
to a mosaic in the center using CPR.

One of the 6 weekly mosaics from each participant
was chosen as the fixed image and the remaining 5 were
registered to it by CPR. By visual inspection, this reference
image was selected based on various, but not strict, criteria:
a large area, a sufficient number of landmarks that are also
found in the other images, and a central location relative to
the other images. Over the six weeks, 10 SNP branching
points (BPs) were selected. To derive an individual
migration rate of the SNP, the mean and standard deviation
(SD) of BP movement per week for all 10 BPs on every date
of the six weeks was calculated. For further analysis, the
mean values and SDs of BP movement per week over all
measured BPs at each individual date and at each individual
BP over all dates were calculated.

Statistical analysis

For statistical analysis, migration rates were tested for
significant differences. First, each participant was considered
as one group and tested whether there were significant
differences between their migration rates. Then, per
participant, it was tested whether there were significant
differences with respect to the measurement dates or the
individual BPs.

At first, the data sets were tested for normal distribution
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using the Anderson-Darling test. Depending on the
results, a one-way analysis of variance (ANOVA) was then
performed as a parametric test or the Kruskal-Wallis test as
a nonparametric test. If this revealed significant differences,
pairwise comparisons via the Bonferroni method were
conducted to test which groups had significant differences.

Results
Approach for large-area CLSM

Using this technique, mosaic images with an average size of
3.61 mm’ were obtained. The smallest and largest images
were 3.37 and 3.74 mm’ respectively, for participant 1, 2.96
and 3.99 mm’ for participant 2, and 3.18 and 4.42 mm’ for
participant 3.

Landmarks and localization

Figure 1 shows an example of the analysis made using CPR.
Two mosaics of one participant from the 7" and 36" day
of the measurement campaign are shown in Figure 14,1B,
respectively. In order to find the same region, K-structures
and EPs found in both mosaics were used as a reference.
Six matching control point pairs were selected in this case.
Figure 1C shows magnified images of the same area in the
two mosaics in which the same “K-structure” can be seen;
single EPs were chosen as control point pairs. Finally,
Figure 1D shows a composite false-color image of both
mosaics from Figure 14,1B after image registration using
CPR. In the false-color representation, structures that are
in the same position in both images are displayed in shades
of gray. Thus, matching K-structures and EPs, as well as the
movement of the SNP nerve fibers, are clearly discernible.
Evidence that the K-structures and EPs do not change
their locations within the cornea over time is illustrated
in Figure 2. In the mosaics shown in Figure 24,2B, the
locations of two prominent K-structures and EPs are
marked. The distances between these landmark structures
and to the whorl did not change with time (t=253 days).
Figure 2C shows a false-color composite consisting of the
mosaic from Figure 2B and a central corneal mosaic acquired
at an earlier session during the presented study. The central
corneal mosaic was recorded 128 days after the mosaic
shown in Figure 24 and 125 days before the mosaic shown
in Figure 2B. Here it becomes even more apparent that the
ACM does not change its pattern over time. The spatial
distance between the inferocentral whorl and the center
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Figure 1 Example of control point registration. (A,B) Two mosaics of the central cornea in the same participant but at different acquisition

times (29 days apart). Yellow circles mark the same structures as control points that do not change their relative position to the K-structures

and entry points. (C) Magnified section showing entry points as control points. (D) Composite false-color image of the mosaic images

registered by CPR. K-structures, Kobayashi-structures; CPR, control point registration.

of the cornea as the region of interest is about 1.8 mm,
which is consistent with the observation that the whorl is
located 1-2 mm inferior and nasal to the corneal apex.

Residual image size after registration and longitudinal
fusion

The residual image size is the overlapping area of the six
weekly mosaics after registration. For participants 1, 2, and
3, the residual image size was 1.85, 1.86, and 1.14 mm’,

respectively. All of the tracked BPs were located within the
residual area for all participants.

Overall branching point dynamics

The analyses of branching point dynamics are depicted in
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Figure 3, Figure 4, and Figure 5 for participants 1, 2, and 3,
respectively. Figure 34, Figure 44, and Figure 5A illustrate
the movements of 10 BPs over six weeks from participants
1, 2, and 3, respectively. The mean rate of BP movement
in the three corneas was (46.4x14.3), (48.8+15.5), and
(50.9£13.9) pm/week, respectively. One-way ANOVA
revealed that the difference in mean migration rates for
all BPs at each time point in all three corneas showed no
statistical significance to each.

Longitudinal changes in branching point dynamics

When comparing the rates of BP movement at each individual
measurement date, no significant differences were observed
for participants 1 and 2 (Figure 3B and Figure 4B). In contrast,
in participant 3, a significant difference (P<0.01) between
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¥-Y Mosaic at inferocentral whorl t =0 days [la§ Mosaic at inferocentral whorl t =253 days

Figure 2 Location of K-structures and subbasal nerve entry points in relation to the inferocentral whorl. (A,B) Two mosaics of the

inferocentral whorl in the same eye but at different acquisition times (253 days apart). Yellow circles mark the whorl and same distinct

locations of K-structures and entry points in both mosaics. The distance between each marked area and the others does not change over

time. (C) Composite false-color image registered by CPR consisting of the mosaic from B (green) and a central corneal mosaic acquired

128 days after A and 125 days before B (purple). The distance of 1.8 mm is measured from the inferocentral whorl to the region of interest.

K-structures, Kobayashi-structures; CPR, control point registration.

the movement from day 21 to 29 at (63.7+12.3) pm/week
and from day 29 to 36 at (43.0+12.5) pm/day was observed
(Figure 5B).

Individual branching point dynamic

Analyses of the migration rates of individual BPs revealed for
participant 1 significant differences between BP 2 and BP
3 (P<0.05), between BP 3 and BP 7 (P<0.01), and between
BP 7 and BP 8 (P<0.05), see Figure 3C. BPs 2 and 7 showed
faster movement at (59.8+11.6) and (65.9+13.3) pm/week,
respectively, whereas BPs 3 and 8 showed slower movements
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at (33.3+6.1) and (33.4=11.1) pm/week, respectively.
For participant 2, statistical analysis revealed significant
differences in the movement of individual BPs between
BP 5 and BP 7 (P<0.05) and between BP 5 and BP 10
(P<0.05), see Figure 4C. While BP 7 and 10 in participant
2 moved at slower rates of respectively (33.9+£13.7) and
(35.5£14.2) ym/week, BP 5 exhibited the fastest rate
of movement seen in this study at (68.2+5.8) pm/week.
In participant 3, no significant differences occurred in the
movement of single BPs (Figure 5C).

Figure 6 depicts in participant 2 a set of EPs and the
movement of BPs 2, 5, and 9 in an area of the SNP mosaic
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Figure 3 Analysis of branching point dynamics for participant 1. (A) Ten tracked SNP branching points of participant 1 after registration
of SNP mosaics acquired over six weeks. The mean and SD of branching point movement per week were calculated for all branching points
on every date. (B) Mean values and SDs of branching point movement per week at each individual date for all branching points. (C) Mean
values and SDs of branching point movement per week for each individual branching point over all dates. Statistical significance: P<0.05 (*)
and P<0.01 (**). SNP, subbasal nerve plexus; SD, standard deviation.
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Figure 4 Analysis of branching point dynamics for participant 2. (A) Ten tracked SNP branching points of participant 2 after registration
of SNP mosaics acquired over six weeks. The mean and SD of branching point movement per week were calculated for all branching points
on every date. (B) Mean values and SDs of branching point movement per week at each individual date for all branching points. (C) Mean
values and SDs of branching point movement per week at each individual branching point over all dates. Statistical significance: P<0.05 (¥).

SNP, subbasal nerve plexus; SD, standard deviation.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2022 | https://dx.doi.org/10.21037/qims-22-15



8 Stache et al. Migration rate analysis of subbasal nerves by in vivo CLSM

Participant 3
Mean branching point movement = (50.9+13.9) pm/week
1600
1400 xDay 1
*Day 8
11 +Day 15
*Day 21
1200 . 3} ) <Day 29
} 7 *Day 36
1000 : {;5 /1
£ N / 7
\i 800 } 7 .
8
600 i j
10 /‘
400 : (I 1}
200
0
0 200 400 600 800 1000 1200 1400 1600
Xx/pm

B

_
o
o

o]
o

week/pm

5 3
—
i
——i
——
—

N
o

o

Branching point movement per

1to8 8to15 15t021 21to29 29to 36

Day of measurement

%}}{}{{¥

Branching point movement per

1 2 3 4 5 6 7 8 9
Branching point

10

Figure 5 Analysis of branching point dynamics for participant 3. (A) Ten tracked SNP branching points of participant 3 after registration

of SNP mosaics acquired over six weeks. The mean and SD of branching point movement per week were calculated for all branching points

on every date. (B) Mean values and SDs of branching point movement per week at each individual date for all branching points. (C) Mean

values and SDs of branching point movement per week at each individual branching point over all dates. Statistical significance: P<0.01 (**).

SNP, subbasal nerve plexus; SD, standard deviation.

at different examination dates. While the EPs remain fixed
in place, the BPs move in the direction of the nerve fiber
progression towards the inferocentral whorl.

Discussion

The technique described in this article offers an efficient
method to image the SNP and measure corneal subbasal
nerve migration rates in whole corneas. Due to high-
resolution images, the same structures were easy to
reidentify between various times and could be compared
with each other. In the past, this tool was already used for
longitudinal research on a breast cancer patient during
Trastuzumab and Paclitaxel treatment (31). In previous
CLSM studies of SNP migration, the inferocentral whorl
was used as a landmark (18-20). Patel and McGhee (19)
obtained results up to 698 pm from the whorl, while
Edwards et al. (20) were able to measure migration rates
at distances up to about 3.7 mm from the whorl. In
contrast, by using K-structures as landmarks in the current
investigation, it is theoretically possible to explore the
whole cornea and obtain results even in peripheral and
perilimbal zones. The exploration of the corneal SNP is not
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confined to the region of the whorl because K-structures
can be induced everywhere on the cornea by pressure and
are easy to re-identify. Furthermore, since the inferocentral
whorl is a rather diffuse region that no specific singular
point can be assigned to, using multiple landmarks such as
K-structures and EPs, the detection of nerve changes and
their migration speed is more precise and can be observed
over long periods.

Utilizing K-structures and EPs to select reference points
for CPR enables reliable registration results. Theoretically,
there should be no scaling needed between two mosaics;
however, this assumes that the control point pairs are
chosen perfectly and the SNP mosaics are generated
completely without distortions. In the edge region of
the SNP mosaics, this is not always guaranteed, since
information for the registration of surrounding images
may be missing. If control points are located in these edge
regions, deviations can occur. Nevertheless, in this study,
the largest changes in scale were smaller than 3% and
mostly smaller than 1%. In comparison to the average
mosaic image size, the residual image size after registration
and longitudinal fusion of six weekly mosaics resulted in
an overlapping area of 50% for participants 1 and 2, while
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Figure 6 Selected branching point movements in participant 2 at roughly weekly intervals, as seen in high-magnification images of the

respective mosaics. The numbering of branching points corresponds to that in Figure 4. Arrows show a set of entry points that do not

change in position. The movement of branching point 5 (red rectangle in top images) is shown at higher magnification in the insets at the

bottom.

for participant 3 it was reduced to around 30%. The latter
was due to non-optimal relocalization of the same location
within the cornea. However, this was still sufficient to track
ten BP over six weeks. With the help of K-structures and
EPs, subbasal nerve fibers are precisely recognized and even
the influence of rotation of SNP mosaics (e.g., as might be
caused by different seating positions of the participants)
is considered. Consequently, minor differences in starting
conditions of measurement in the regions of concern do not
influence the results. Even after intervals of greater than one
year between investigations (not shown here), it is possible
to recognize the same nerve fibers. Furthermore, due to the
exceptional repeatability of the method, the use of different
investigators does not affect the results, a conclusion also
derived previously by Al Rashah ez 4/. (32).

Some other studies exist that used large-scale CLSM
images of the SNP to compare healthy and treatment
groups and examine differences over time. For example,
Chao et al. (33,34) examined differences in the SNP before

and after laser-assisted in situ keratomileusis, and Lum
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et al. (35,36) investigated changes in the SNP morphology
during orthokeratology. All these mentioned studies used
I mm’ CLSM images of the central and peripheral cornea.
Examinations such as those of Chao et 4/ and Lum er al.
always bear the risk that the precise location of the analyzed
area varies between longitudinally repeated examinations.
By eliminating this potential source of bias, similar studies
could benefit from using K-structures and EPs as absolute
positional landmarks in terms of increased accuracy.
Previous studies have shown that the SNP migration
rate is dependent on distance from the inferocentral whorl
(18-20). Edwards ez 4/. (20) used linear equations to estimate
nerve migration rates in the central cornea of 46.7, 46.1, and
22.2 ym/week in a healthy control participant, a Type
1 Diabetes patient without neuropathy, and a Type 1
Diabetes patient with neuropathy, respectively. Our
results of 46.4, 48.8, and 50.9 pm/week in three healthy
volunteers, at a distance of approximately 1,800 pm
from the center of the whorl, agree well with the
migration rates of the control participant and the Type
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1 Diabetes patient without neuropathy in the study by
Edwards and coworkers (20). Al Rashah ez a/. (37) also
measured SNP migration rates at an average distance
of 1,200+50 pm from the inferocentral whorl region in
volunteers from three different age groups, and reported
rates of 42.0+14.0, 42.3x15.5, and 42.0+10.8 pm/week,
respectively. The nerve migration rates reported in the
current investigation, assessed at a distance of approximately
1.8 mm from the inferocentral whorl (see Figure 2C), are
comparable to those detected by Al Rashah and coworkers
as well.

In participant 2 of the present study, BP 5 was observed
to move the fastest compared to the others. From day 22
onwards, this fast-moving BP underwent an additional,
secondary branching event during the course of the
investigation and split into two BPs (see Figure 6), which
could be the reason for its putative faster movement. This
reinforces the notion that BPs are as dynamic as the nerve
fibers themselves. It is tempting to speculate that splitting
(divergence) or fusion (convergence) of subbasal nerve
fibers at branch points may exert temporal influences on
nerve migration rate and that these types of morphological
changes should be considered when selecting nerve fibers
for analysis in CLSM investigations of this type.

The average nerve migration rates observed in the three
participants of our investigation were remarkably similar and
there were no significant differences. Al Rashah et al. (37)
similarly reported that nerve migration rate seems not to
be affected by age, sex, BMI, nicotine, or alcohol abuse,
although they did find a positive correlation between
nerve migration rate and physical activity. Interestingly, in
participant 3 in the present study, nerve migration speed
accelerated appreciably during one of the examination
intervals (day 21 to 29). At the present time, the underlying
effects are completely unknown and consequently, in the
future additional investigations analyzing the influence of
various criteria like illness, psychological and physiological
stressors, general and current physical activities, or genetic
factors should be implemented.

In summary, there seems to be good accordance between
the measured migration rates of this study and the values of
independent groups (19,20,37), which supports the notion
of a meaningful reference value for the migration rate. Since
this parameter can be influenced by certain circumstances,
it can be hypothesized that the migration rate could act as a
biomarker for different types of conditions (19).

The presented method opens a window for future in vivo
investigations of corneal nerves allowing accurate corneal
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global mapping in order to study nerve migration. This
powerful tool enables a “survey” view of the overall corneal
nerve pattern, and by referencing K-structures and EPs, BPs
can be identified aiding in the accurate detection of changes
over time. While Patel and McGhee acquired at least 800
images per session in a duration of about 50 min (19) and
Edwards ez 4l. required 15-20 min per examination (17), it
takes only 40 s with the EyeGuidance system used here to
capture images that result in mosaics with an average size
of 3.6 mm’. Altogether up to 5 to 10 min per participant
were needed for preparation, depending on the experience
of the examiner and the participant’s convenience and
compliance. Furthermore, EyeGuidance offers a live
preview of the resulting mosaic and allows for simultaneous
evaluation during scanning of the quality, size, and location
of the mosaic (30). This is a breakthrough improvement
making clinical studies actionable and reasonable even
for investigations of patients with compromised health
status. Accordingly, patients’ compliance is increased and
potential limitations like dry eye and blurred vision due
to long examination duration (19) can be avoided, which
is especially important for patients with ocular surface
diseases.

In comparison to standard morphological SNP
parameters, e.g., corneal nerve fiber density, corneal
nerve branch density, or corneal nerve fiber length, the
migration rate represents a dynamic parameter and its
determination is not as prone to error, as it does not depend
on the imaging quality of whole nerves without distortions
and interruptions. Nonetheless, a limiting factor is that
recordings on at least two different days with sufficient
distance are necessary. Moreover, it must be considered that
morphology and dynamics represent different quantities
and the detection of identical areas is ambitious and needs
effort in technology and experience. In the future, studies
will be needed to validate the significance of dynamic
parameters such as migration speed. Furthermore, it will be
necessary to investigate the correlation between static and
dynamic properties.

In conclusion, detecting the migration rate of corneal
subbasal nerves by large-area confocal microscopy and
the use of static landmarks such as K-structures and EPs
offers a novel and unique opportunity to obtain more
information about corneal nerve changes and potential nerve
regeneration in, e.g., patients with diabetic neuropathy (37),
cytostatic induced neuropathy, keratoconus (19), and many
other ophthalmologic and systemic conditions. More
broadly, observing the dynamic SNP by CLSM might be a
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helpful diagnostic tool and a potential objective biomarker
for clinical investigations of changes in the peripheral
nervous system as a whole, such as in small fiber neuropathy
due to, for example, diabetes (20) or chemotherapy-
induced peripheral neuropathy in patients suffering from
cancer. Therefore, basic information about the longitudinal
behavior of corneal nerves in healthy individuals such as
presented here could have great clinical significance for
future studies. SNP migration rate could provide a novel
diagnostic criterion leading to early therapy adjustment by
tracking disease progression or treatment-related changes,
and ultimately, leading to a possible improvement of the
outcome and quality of life. Although only three subjects
were examined in this proof-of-concept study, the authors
are confident that the generalizability of the novel method
presented can be confirmed in a larger cohort. A study
with a larger sample size in which, among other things,
the migration rate will be measured is the subject of future
research.
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