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Purpose: To develop a practical technique for visualizing and quantifying retinal
ganglion cell (RGC) axon bundles in vivo.

Methods: We applied visible-light optical coherence tomography (vis-OCT) to image
the RGC axon bundles, referred to as vis-OCT fibergraphy, of healthy wild-type C57BL/6
mice. After vis-OCT imaging, retinas were flat-mounted, immunostained with anti-beta-
III tubulin (Tuj1) antibody for RGC axons, and imaged with confocal microscopy. We
quantitatively compared the RGC axon bundle networks imaged by in vivo vis-OCT and
ex vivo confocal microscopy using semi-log Sholl analysis.

Results: Side-by-side comparison of ex vivo confocal microscopy and in vivo vis-OCT
confirmed that vis-OCT fibergraphy captures true RGC axon bundle networks. The semi-
log Sholl regression coefficients extracted fromvis-OCT fibergrams (3.7± 0.8mm–1) and
confocal microscopy (3.6 ± 0.3 mm–1) images also showed good agreement with each
other (n = 6).

Conclusions:We demonstrated the feasibility of using vis-OCT fibergraphy to visualize
RGC axon bundles. Further applying Sholl analysis has the potential to identify biomark-
ers for non-invasively assessing RGC health.

TranslationalRelevance:Ournovel technique for visualizing andquantifyingRGCaxon
bundles in vivo provides a potential measurement tool for diagnosing and tracking the
progression of optic neuropathies.

Introduction

Optical coherence tomography (OCT) is a non-
invasive imaging technology that detects backscattered
light to form high-resolution, three-dimensional (3D)

images of living retinas.1 After it was first devel-
oped, OCT quickly became the clinical standard for
identifying and diagnosing morphological indicators
for optic neuropathies.2 Current clinical diagnostic
techniques involve retinal nerve fiber layer (RNFL)
thickness measurements as a major indicator for
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neuronal loss3–5; however, this thickness measurement
may vary due to differences in axial resolution and
segmentation algorithms of different OCT systems.6
Furthermore, current diagnostic techniques overlook
the topographic organization of the retinal ganglion
cell (RGC) axon bundles which may provide additional
details to aid in the diagnosis of optic neuropathies.
Techniques that have been introduced for visualizing
the topographic organization of the RGC axon bundle
network make use of spectral-domain OCT, adaptive
optics OCT, and confocal scanning laser ophthal-
moscopy. However, these techniques for visualizing
the RGC axon bundles require injection of exogenous
contrast agents,7 long acquisition times,8 or sensitive
hardware components,9,10 making them less than ideal
for large-scale animal studies or widespread clinical use.

In this study, we introduce visible-light OCT (vis-
OCT) fibergraphy, an en face visualization of the
RGC axon bundles, and an analytic technique, based
on semi-log Sholl analysis, to quantify overall RGC
axon bundle organization. We validate in vivo vis-
OCT fibergrams and their corresponding RGC axon
bundle organization by comparing them with ex vivo
confocal microscopy images of the same retinas after
being flat-mounted and immunostainedwith anti-beta-
III tubulin (Tuj1) to indicate RGC axons. Our results
indicate that in vivo vis-OCT fibergraphy is highly
consistent with ex vivo confocal microscopy results.

Methods

Animal protocols were approved by the institu-
tional animal care and use committees of Northwestern
University and the University of Virginia. All proto-
cols complied with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and
National Institutes of Health guidelines.

Animal Preparation

Healthy 2- to 4-month-old wild-type C57BL/6 mice
(The Jackson Laboratory, Bar Harbor, ME) were used.
Prior to vis-OCT imaging, mice were anesthetized by
an intraperitoneal injection of a mixture of ketamine
(114 mg/kg; Henry Schein Animal Health, Dublin,
OH) and xylazine (17 mg/kg; Akorn, Inc., Lake Forest,
IL). The pupils were dilated using tropicamide drops
(1%; Henry Schein Animal Health). During imaging,
mice were kept warm with an infrared lamp, and
polyvinyl alcohol artificial tear drops (1.4%; Rugby
Laboratories, Inc., Hempstead, NY) were given after
each image acquisition to prevent corneal dehydration.

Visible-Light Optical Coherence Tomography

We imaged the mice using a commercial small-
animal vis-OCT system (Halo 100; Opticent Health,
Evanston, IL) as illustrated in Figure 1. This system
used a supercontinuum light source (SuperK EXW-
6; NKT Photonics, Birkerød, Denmark), which was
filtered with a dichroic mirror to deliver visible-light
illumination between 480 nm and 650 nm. The illumi-
nation lightwas launched to a 2× 2 fiber coupler, which
divided the light to the reference and sample arms.
The sample arm consisted of a pair of galvanometer
scan mirrors and a 3:1 Keplerian telescope system. The
power incident on the cornea was 1 mW. The refer-
ence arm consisted of a polarization controller and
glass plates for dispersion compensation. The returned
interference fringes were recorded using a commer-
cial spectrometer designed for vis-OCT (Blizzard SR;
OpticentHealth).We used anA-line rate of 25 kHz and
an integration time of 39.3 μs per A-line. The spectral
detection range of the spectrometer was between 508
nm and 613 nm, which provided an axial resolution of
1.3 μm in the retina. According to our simulation, the
lateral resolution was between 4.5 μm at the center of
the field of view and 8.7 μm at 350 μm from the center.
The total imaging volume was approximately 700 μm
(x) × 700 μm (y) × 1500 μm (z).

For each mouse, we acquired four vis-OCT volumes
(512 A-lines/B-scan, 512 B-scans/volume) from the
same eye with the optic nerve head (ONH) aligned in
the four corners of the field of view to cover differ-
ent areas of the retina. Such placement minimized the
retinal curvature, which maximized RNFL reflectance
throughout the field of view. After fibergram process-
ing, we montaged the four images acquired from each
mouse. On average, the final montaged images were
approximately 1.2 mm (x) × 1.2 mm (y). Each OCT
volume was acquired in 10.5 seconds and required
about 1 minute to reposition the eye between acquisi-
tions.

For demonstration, vis-OCT angiography (OCTA)
was used to contrast the blood vessels from the RGC
axon bundles. Each B-scan was repeated five times
to detect phase differences indicating blood flow. Our
protocol to extract the OCTA signal was described
previously.11 The acquisition time for a single OCTA
volume was 52.4 seconds.

Vis-OCT Fibergram Processing

We processed the vis-OCT volumes using
background subtraction, numerical dispersion
compensation, k-space resampling, and B-scan regis-
tration, as previously reported.12 To isolate the RNFL,
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Figure 1. Schematic of the small-animal vis-OCT system. BS, beams stop; DC, dispersion compensation; DM, dichroic mirror; DP, data
processing; FC, 2 × 2 fiber coupler; GM, galvanometer scan mirrors; KT, Keplerian telescope; LS, supercontinuum light source; ME, mouse
eye; PC, polarization controller; PR, polarizer; RM, reference mirror; SM, spectrometer.

we used threshold-based surface segmentation to crop
a rectangular slab ∼26 μm thick from the top surface
of the retina. Figure 2a shows the region selected by
the segmentation algorithm (red lines), and Figure 2b
shows the resulting slab.

Taking advantage of the strong backscattering
nature of the RGC axon bundles and blood vessels,
we used spectroscopic segmentation to isolate the RGC
axon bundles and blood vessels from surrounding
tissues. We performed a short-time Fourier transform
(STFT) using 24 Gaussian windows equally spaced in
wavenumber with an equivalent bandwidth of 11 nm
at 560 nm. Doing so reduced the axial resolution to
∼12.6 μm. As illustrated in Figure 2c, we reconstructed
the B-scans for each wavelength and cropped the same
∼26 μm-thick rectangular slab from the surface of the
retina. We then calculated the mean intensity spectrum
within the cropped RNFL region and subtracted the
mean at each pixel. This difference was then summed
across the spectrum to yield a single difference from
mean (DiFM) value for each pixel. Pixels with a higher
DiFM indicate higher backscattering than surrounding
tissues.13 This process is summarized as

DiFM (x, y, z) =
λn∑

λ=1

[
ĪRNFL (λ) − I (x, y, z, λ)

]
(1)

where ĪRNFL(λ) indicates the mean intensity within
the cropped RNFL region for a given wavelength
λ; and I(x, y, z, λ) is the intensity of a pixel at a
given wavelength. Figure 2d shows the DiFM image
of the cropped region. As illustrated in Figure 2e, we
used the segmentation to create a 3D binary mask,

which we applied to the cropped vis-OCT B-scans.
The segmented RNFL en face image was generated by
averaging the 3D volume along the depth direction, as
shown in Figure 2f.

After processing the OCTA volumes, we used
threshold-based segmentation to isolate the superfi-
cial capillary plexus (SCP) and deep capillary plexus
(DCP). As depicted in Figure 2g, we segmented the
SCP (red lines) from the RNFL to the inner plexiform
layer.14 We created en face images of the SCP (Fig.
2h) and DCP (Fig. 2i) by taking the maximum inten-
sity projection of each cropped volume. Finally, the vis-
OCT fibergram image (green channel) was combined
with SCP (red channel) and DCP (blue channel) to
form an RGB image. Figure 2j shows the combined
image.

Immunostaining and Confocal Microscopy

Immediately after acquiring vis-OCT data, we
euthanized the mice with Euthasol (15.6 mg/mL;
Virbac Corp., Westlake, TX) and perfused them with
4% paraformaldehyde (PFA) in phosphate-buffered
saline. The eyes were enucleated, and a mark was made
on the temporal side to indicate orientation. After
carefully removing the anterior chamber, ocular lens,
and vitreous, the eyecups were further fixed in PFA
for 30 minutes. The eyecups were then blocked in 5%
donkey serum with 2.5% bovine serum albumin and
0.5% Triton X-100 in Tris-buffered saline (pH 7.5) for
2 hours at room temperature. The primary antibody,
anti-Tuj1 (1:200; a gift from Anthony J. Spano), was
incubated overnight at 4°C, and secondary antibody,
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Figure 2. Data processing flowchart for vis-OCT fibergraphy. (a) RNFL (red lines) is segmented from the OCT volume. (b) Slab∼26 μm thick
containing the RNFL after segmentation from the OCT volume. (c) STFT is applied and B-scans are reconstructed for each wavelength to
create the STFT volume; the RNFL is segmented (red lines) from the STFT volume to create an∼26-μm-thick spectroscopic RNFL volume. (d)
DiFM is calculated from the spectroscopic RNFL volume. (e) Binary mask is generated by thresholding the DiFM volume. (f ) Binary mask is
multiplied with the segmented RNFL, and the vis-OCT fibergram is generated by mean intensity projection. (g) The SCP (red lines) and DCP
(blue lines) are segmented from the OCTA volume. (h) SCP en face image created by maximum intensity projection of region segmented in
(g). (i) DCP en face image created by maximum intensity projection of region segmented in (g). (j) Blood vessels are contrasted from the
vis-OCT fibergram by combining the vis-OCT fibergram (green channel), SCP (red channel), and DCP (blue channel) en face images in an RGB
image. Scale bars: 150 μm.

Donkey anti-Mouse Immunoglobulin G conjugated
to Alexa Fluor 488 (1:1000; Thermo Fisher, Scien-
tific, Waltham, MA), was incubated overnight at 4°C.
The retinas were flat-mounted and coverslipped with
VECTASHIELD mounting medium (Vector Labora-
tories, Inc., Burlingame, CA).

Confocal microscopy was performed using the 3D
Z-stack mode on a Zeiss LSM 800 microscope (Carl
Zeiss Meditec AG, Oberkochen, Germany). At least 25
tiles across the whole retina were imaged to cover the
total volume of 5.99 mm (x) × 5.88 mm (y) × 30 μm
(z) at a pixel size of 1.24 μm/pixel. Z-stack slices were

then projected to create two-dimensional en face confo-
cal microscopy images.

RGC Axon Bundle Analysis

We developed a technique, based on semi-log Sholl
analysis,15 to quantify the overall organization of RGC
axon bundles. This technique consists of drawing
concentric circles centered on the ONH and counting
the number of RGC axon bundle intersections (N) with
circles of increasing radius (r). The number of inter-
sections at each radius is normalized by the circle area
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Figure 3. RGC axon bundle organization analysis. (a) Illustration of
the retina with high RGC axon bundle density. (b) Illustration of the
retina with low RGC axon bundle density. (c) The semi-log relation-
ship between RGC axon bundle intersections and radius. (d) RGC
axon bundle intersections as a function of radius. k1, high density;
k2, low density.

(A) and plotted on a semi-log axis. We then fit a first-
order polynomial to the generated plot, which follows
the relationship described in Equation 2, where k is the
Sholl regression coefficient and m is the intercept:

log
(
N
A

)
= −kr + m. (2)

The Sholl regression coefficient can be considered
as a measure of the rate of change in RGC axon
bundle density as a function of distance from the
ONH. Figures 3a and 3b illustrate RGC axon bundle
structures with high and low bundle densities, respec-
tively. The high-density RGC axon bundle structure
corresponds to a lower Sholl regression coefficient (k1),
demonstrated by the slope of the blue line in Figure 3c.
Conversely, the RGC axon bundle structure with lower
density corresponds to a higher Sholl regression coeffi-
cient (k2) because the density of the RGC axon bundles
decreases more rapidly away from the ONH compared
to the RGC axon bundle structure with higher density.
This faster decrease is depicted by the slope of the
yellow line in Figure 3c. Using the Sholl regression
coefficients, the number of intersections can be plotted
as a function of radius, as shown in Figure 3d. The
radius at which the number of RGC axon bundle inter-
sections reaches a maximum is the maximum inter-
section radius (rmax = 2/k). The maximum intersec-
tion radius, indicated by the dashed vertical lines in
Figure 3d, is higher for retinas with higher bundle

density (rmax1) and lower for retinas with lower bundle
density (rmax2).

We automated this process to quantify the RGC
axon bundles in the confocal microscopy and vis-OCT
fibergram images. To do so, we applied aGaussian filter
to the image andmanually selected a point at the center
of the ONH. To ensure that the area of the analy-
sis was the same for corresponding confocal images
and vis-OCT fibergrams, we selected the same point on
the ONH using common retinal features as reference
points. We then mapped a circle with a 225-μm radius
centered on the ONH and plotted the pixel intensity
values about the circle. We selected an initial radius
of 225 μm because this is the approximate radius at
which the RGC axon bundles are distinguishable from
each other. The number of intensity peaks was used
as the number of RGC axon bundle intersections. For
this study, we did not remove the blood vessels for the
vis-OCT Sholl regression coefficient estimation. This is
because the number of blood vessels is significantly less
than the number of RGC axon bundles, which adds
negligible error to the estimation of the Sholl regres-
sion coefficient.We reiterated the process, incrementing
the radius by 1 pixel, until the circle reached a radius of
425 μm on the fundus image.

Due to variations in optical focus in mouse eyes
and the lower lateral resolution of OCT compared to
confocal microscopy, we found that some of the Sholl
regression coefficient estimates may be less reliable for
vis-OCT fibergrams. To assess the reliability of the
Sholl regression coefficient estimate, we measured the
acutance16 of the confocal microscopy images and vis-
OCT fibergrams. The acutance estimates the perceived
image sharpness based on the edge contrast of the
image. In other words, a higher acutance value indicates
that the image is focused well and the Sholl regression
coefficient estimate is more reliable. The acutance can
be described by

S = 1
N

∑
xi

∑
yi

√
G2

x + G2
y , (3)

where S is the image acutance; N is the total number
of image pixels; xi is the horizontal pixel index; yi is the
vertical pixel index;Gx is the horizontal image gradient;
and Gy is the vertical image gradient.

Statistical Analysis

We used paired t-tests to calculate the statisti-
cal difference between confocal and vis-OCT data.
To quantify the difference between the results for
confocal microscopy and vis-OCT fibergram images,
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we calculated the percent difference (PD) defined by

PD = |xc − xo|
(xc + xo)/2

, (4)

where xc is the confocal microscopy Sholl regression
coefficient or acutance, and xo is the vis-OCTfibergram
Sholl regression coefficient or acutance.

Results

Comparing Confocal Microscopy and
Vis-OCT Fibergraphy

We imaged the retinas of six healthy wild-type mice
using vis-OCT fibergraphy and montaged the fiber-
grams (Fig. 4a). To demonstrate the level of detail
achieved by vis-OCT fibergraphy, we compared the
montaged vis-OCT fibergrams with their correspond-
ing confocal images of immunostained flat-mounted
retinas to indicate RGC axons (Fig. 4b). We divided
the full retina images into superior (S), inferior (I),
nasal (N), and temporal (T) quadrants, as highlighted
in Figures 4a and 4b. Figures 4c and 4d are magni-
fied views of the areas highlighted in Figures 4a
and 4b, respectively. The orange arrows (labeled 1 to
4) highlight four small axon bundles visible in both
vis-OCT fibergraphy and confocal microscopy corre-
sponding to the diameters of (1) 7.9 μm, (2) 6.4
μm, (3) 2.5 μm, and (4) 6.5 μm quantified by confo-
cal microscopy. This result validates the capability of
vis-OCT fibergraphy to resolve individual RGC axon
bundles with varying sizes in vivo. The red arrows
(labeled 5 to 7) highlight blood vessels visible in vis-
OCT fibergraphy but which appear as dark shadows
in confocal microscopy. Figure 4e shows the vis-OCT
fibergram for a single vis-OCT volume outlined by the
yellow dashed box in Figure 4a. Figure 4f shows a B-
scan reconstructed from the red arc in Figure 4e. As
indicated by the orange arrows, the RGC axon bundles
form a single layer on the inner surface of the mouse
retina. The red arrows in Figure 4f indicate blood
vessels, which form dark shadows through all layers of
the retina beneath them.

Structural Analysis of RGC Axon Bundles

We performed semi-log Sholl analysis to compare
the overall RGC axon bundle networks from the
montaged vis-OCT fibergram images and their corre-
sponding confocal microscopy images. Figures 5a
and 5b show the semi-log Sholl regression plots for the
vis-OCT fibergraphy and confocal microscopy images
shown in Figures 4a and 4b, respectively. The plot

Figure 4. Comparing vis-OCT fibergraphy and confocal
microscopy RGC axon bundle images. (a) In vivo vis-OCT fibergram.
(b) Ex vivo confocal microscopy image of the immunostained
flat-mounted retina. Scale bars: 250 μm. (c) Magnified view of the
highlighted area in (a). (d) Magnified view of highlighted area in (b).
The orange arrows (1 to 4) indicate four small RGC axon bundles
visible in both vis-OCT fibergrams and confocal microscopy images.
The red arrows (5 to 7) indicate blood vessels. Scale bars: 50 μm. (e)
Fibergram from a single OCT volume indicated by the dashed yellow
box in (a). Scale bar: 250 μm. (f ) B-scan image reconstructed from red
arc shown in (e) centered 400 μm from the ONH. The orange arrows
indicate RGC axon bundles (bright spots) and the red arrows indicate
blood vessels (dark shadows through all subsequent layers). IPL,
inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear
layer; RPE, retinal pigment epithelium. Scale bars: 100 μm horizontal,
50 μm vertical.

points indicate the measured log(N/A) values at each
radius, and the solid line indicates the first-order
polynomial fit. The average Sholl regression coefficients
were 3.7 ± 0.8 mm–1 for vis-OCT fibergraphy and 3.6
± 0.3 mm–1 for confocal microscopy images (n = 6).
We found no significant difference between the Sholl
regression coefficients for in vivo vis-OCT fibergraphy
and ex vivo confocal microscopy (P = 0.66, t-test).
The average acutance values were 0.044 ± 0.009 for
vis-OCT fibergraphy and 0.067 ± 0.003 for confocal
microscopy. There was a significant difference between
the acutance values for vis-OCTfibergraphy and confo-
cal microscopy (P = 0.002, t-test). The Sholl regression
coefficient, acutance and percent difference values for
each eye are given in the Table.
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Figure 5. RGC axon bundle quantifications. (a) Semi-log Sholl regression plot for in vivo vis-OCT fibergram shown in Figure 4a. (b) Semi-
log Sholl regression plot for ex vivo confocal microscopy image shown in Figure 4b. (c) Plot of vis-OCT fibergram intersections for fibergram
shown in Figure 4a. (d) Plot of confocal microscopy intersections for retina shown in Figure 4b. (e) Vis-OCT Sholl regression coefficients
and acutance values for each retinal quadrant for fibergram shown in Figure 4a. (f ) Confocal microscopy Sholl regression coefficients and
acutance values for each retinal quadrant shown in Figure 4b.

Following the intersections analysis illustrated
in Figure 3d, we used the Sholl regression coefficients
to determine the maximum intersection radius (rmax)
for the vis-OCT fibergrams and confocal microscopy
images shown in Figures 5c and 5d, respectively. The
plot points indicate the measured number of RGC
axon bundle intersections at each radius. The solid
line indicates the projected number of intersections
at each radius as a continuous function derived from
the first-order polynomial fit parameters. The vertical
dashed lines indicate the predicted rmax. The average
rmax was 553 ± 96 μm for vis-OCT fibergrams and 558
± 48 μm for confocal microscopy (n = 6), showing no

significant difference between the two (P= 0.91, t-test).
The rmax values for all eyes are listed in the Table.

For the eye with the lowest overall percent differ-
ence between confocal and vis-OCT Sholl regres-
sion coefficients (mouse 4 in the Table), we investi-
gated how the Sholl regression coefficient varied in
each quadrant of the retina, as shown in Figures 5e
and 5f. The Sholl regression coefficient percent differ-
ence was lowest in the superior quadrant (4%) and
highest in the nasal quadrant (19%). To investigate the
source of this large percent difference, we compared
the acutance value for each quadrant. Following the
same trend as the Sholl regression coefficient percent
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difference, the acutance percent difference was lowest
in the superior quadrant (18%) and highest in the
nasal quadrant (55%). The acutance values for each
quadrant are indicated beneath the Sholl regression
coefficients in Figures 5e and 5f.

Discussion and Conclusions

In this work, we presented an imaging methodology
referred to as vis-OCT fibergraphy. It provides an en
face visualization of the RGC axon bundle network
and can be integrated with OCTA to visualize simulta-
neously acquired surrounding vasculature in vivo. We
further introduced a novel technique to characterize
the RGC axon bundle network organization using
Sholl analysis. Combining vis-OCT fibergraphy and
Sholl analysis builds the foundation for a potential tool
for non-invasively monitoring RGC health. In humans,
such a tool has the potential to detect minute struc-
tural damage associated with optic neuropathies,
such as glaucoma, prior to substantial RGC
loss.

Side-by-side comparison between ex vivo confocal
microscopy and in vivo vis-OCT fibergraphy revealed
identical RGC axon bundle networks from the same
retinas. Themeasured Sholl regression coefficients were
not significantly different between in vivo and ex vivo
measurements. These results confirm that vis-OCT
fibergraphy could serve as a suitable method for visual-
izingRGCaxon bundles in vivo. Additionally, the Sholl
analysis results identified the same RGC axon bundle
density in vivo and ex vivo. Such analysis could poten-
tially serve as an indicator for optic neuropathies upon
further validation in disease models.

Analysis of the Sholl regression coefficient revealed
large percent differences between in vivo vis-OCT
fibergrams and ex vivo confocal microscopy images
in different retinal quadrants. Image sharpness analy-
sis showed that such differences were largely due to
reduced image quality in the vis-OCT images caused
by optical defocusing. To correct for this, we propose
implementing a quality metric to guide image acqui-
sition.17 Additional techniques, such as computational
adaptive optics, could be applied to further enhance
focus after acquisition.18,19 Another source of error
is associated with histological preparation, which may
change the RGC axon bundle size and orientation.

Many studies have monitored RGC axon bundle
health in primates,20,21 rodents,22–24 and human
patients.25–27 In isolated rat retinas, optical proper-
ties, such as the RNFL reflectance spectrum and
birefringence, were found to be different following

chronic ocular hypertension.24 In vivo monitoring of
the changes of axon bundle structure became possible
in recent years. For example, confocal scanning laser
ophthalmoscopy was used to monitor RGC axon
bundles after optic nerve crush injury in rat.7 To do so,
the RGC axon bundles were labeled with fluorescent
dyes via intravitreal injections; however, the fluores-
cent dyes decrease in intensity over time and cannot be
repeatedly taken up by the same RGC axon bundles of
interest, and the dye labels only a sparse subset of RGC
axons. Vis-OCT fibergraphy does not require injection
of any contrast agent or other invasive procedures,
making it more suitable for longitudinal in vivo studies
and clinical applications.

Many other techniques have also been proposed
to quantify organizations of biological network-like
structures, such as the RGC axon bundle network.
Fractal analysis has been used to characterize neurons
based on how completely they fill up an area. For
example, a highly branching structure on a two-
dimensional plane will have a fractal dimension closer
to two. This technique has the advantage of being scale
invariant with less variability among subjects, but it
does not provide the most intuitive or precise output.28
Other methods applied specifically to the analysis of
RGC axon bundles in human include spatial density
analysis,7,29 lateral bundle thickness measurements,30
and RGC axon bundle trajectory mapping.9,31 These
techniques have the advantage of being more precise
and intuitive but can have greater variability among
subjects. The RGC axon bundles are radially organized
such that the bundle density is higher near the ONH
and lower at the periphery. Because of this, the density
varies as a function of distance from the ONH; there-
fore, parameters such as density and the raw number of
bundles measured uniformly or at a fixed distance from
theONHdo not adequately describe the overall organi-
zation. We selected the semi-log Sholl analysis because
it describes how the density changes with distance from
the ONH.

Extensive evidence suggests that neurons have
distinct classes of self-destructive programs that are
spatially compartmentalized.32,33 RGCs receive synap-
tic inputs through their dendritic trees in the inner
plexiform layer and send the output to higher visual
centers in the brain via their axons.34,35 RGC axon
pathfinding during early development has been studied
for decades, revealing that many molecules are respon-
sible for bundle formation, axon guidance, and
pathfinding from the RGC soma to the ONH and
specific brain regions.36,37 In various neurodegener-
ative diseases, axons and dendrites often degenerate
prior to cell death, which might be an important clini-
cal feature for early detection of neuronal loss.32,38
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For example, damages in the RGC axons in the ONH
can be associated with early pathophysiology under-
lying glaucomatous neuronal loss.39–42 Within individ-
ual axons, the cytoskeletal structure, including micro-
tubules and F-actin filaments, shows signs of distor-
tion at early stages of ocular hypertension, which may
contribute to changes in RNFL optical properties.23
Themolecular and cellularmechanisms of axon bundle
structural changes remain to be fully investigated in
disease conditions.43–45 It has been observed that,
as the RGC axon bundles deteriorate, they become
thinner and sparser across the retina,46 which would
result in a more rapid change in density away from the
ONH and a higher Sholl regression coefficient, corre-
sponding to a lower rmax.Therefore, an increasing Sholl
regression coefficient over time could be an indicator of
dying RGCs.

How the RGC degenerates and dies is not
completely understood. Several studies have shown
that preventing RGC soma death is not enough to
prevent the degeneration of RGC axons.47 Axonal
degeneration was not prevented in mice deficient
in the proapoptotic molecule BCL2-associated X
protein.48 On the other hand, in Wallerian degenera-
tion slow (WldS) mice, axonal degeneration was signif-
icantly slowed while apoptosis occurred normally.49
Furthermore, RGC loss could be location depen-
dent. For example, we have shown that the superior
quadrant of the mouse retina could be susceptible to
the insult of sustained ocular hypertension.50 Jakobs
and colleagues51 showed that RGC loss radiates from
the optic nerve head in fan-shaped sectors. The Sholl
regression coefficient from different areas or sectors
could be used to further determine which retinal
quadrant is affected by the disease, as well as its
development and progression.

Recently, Pi and colleagues8 used vis-OCT to image
RGC axon bundles, retinal neurons, and retinal vascu-
lature with remarkable detail in rat. This was achieved
by combining 110 OCT volumes (512 A-lines × 512
B-scans) acquired over ∼26 minutes. Their vis-OCT
system is almost identical to the one we describe here,
with a spectral detection range of 510 to 610 nm,
an axial resolution of 1.2 μm, and a lateral resolu-
tion of 6 μm. Here, we have demonstrated that it
is possible to visualize the RGC axon bundles in
mice using a single OCT volume acquired in 10.5
seconds; this faster acquisition time demonstrates the
practicality of vis-OCT fibergraphy for clinical trans-
lation and large-scale animal studies. Additionally, we
demonstrated the repeatability of vis-OCT fibergra-
phy by acquiring fibergram images from four differ-
ent locations in six mouse eyes, and we validated
RGC axon bundle organization ex vivo using confo-

cal microscopy. Finally, we have proposed a novel
metric for quantifying the organization of the RGC
axon bundle network. Overall, the work presented here
describes easy-to-replicate techniques for visualizing
and quantifying RGC axon bundles in vivo.

We believe that the semi-log Sholl analysis technique
could be applied to monitor the health of RGC axon
bundles in humans. In human retinas, RGC axon
bundles project from the fovea–Bruch’s membrane
opening axis toward the ONH.52 Therefore, differ-
ent retinal landmarks, such as the ONH or fovea,
could be selected as the center points for Sholl analy-
sis. We expect the Sholl regression coefficient to be
lower at the ONH than the fovea because of the larger
density of RGC axon bundles there compared to the
fovea. Combining semi-log Sholl analysis with exist-
ing diagnostic techniques, such as RNFL thickness
measurements and visual field tests, could enable faster
detection of optic neuropathies, including glaucoma.
However, before implementation in humans, the acqui-
sition speed of vis-OCT will have to be improved to
minimize motion and to enable scans with a larger field
of view.

In future studies, the simultaneously obtained
angiography information, as shown in Figure 2j, could
be used to monitor how hemodynamics affect the
health of RGC axon bundles. Diabetic retinopathy
has been associated with abnormal vascularization,
which leads to vision loss.53 Additionally, studies have
shown that the increased intraocular pressure levels
associated with glaucoma lead to reduced perfusion of
the retina.54 Therefore, vis-OCT fibergraphy could be
applied to investigate what percentage of a decrease
in capillary density corresponds to a decrease in RGC
axon bundles.
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