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Characterizing precisely the microstructure of axons, their density, size and myelination is
of interest for the neuroscientific community, for example to help maximize the outcome
of studies on white matter (WM) pathologies of the spinal cord (SC). The existence of a
comprehensive and structured database of axonal measurements in healthy and disease
models could help the validation of results obtained by different researchers. The purpose
of this article is to provide such a database of healthy SC WM, to discuss the potential
sources of variability and to suggest avenues for robust and accurate quantification
of axon morphometry based on novel acquisition and processing techniques. The
article is organized in three sections. The first section reviews morphometric results
across species according to range of densities and counts of myelinated axons, axon
diameter and myelin thickness, and characteristics of unmyelinated axons in different
regions. The second section discusses the sources of variability across studies, such as
age, sex, spinal pathways, spinal levels, statistical power and terminology in regard to
tracts and protocols. The third section presents new techniques and perspectives that
could benefit histology studies. For example, coherent anti-stokes Raman spectroscopy
(CARS) imaging can provide sub-micrometric resolution without the need for fixation and
staining, while slide scanners and stitching algorithms can provide full cross-sectional
area of SC. In combination with these acquisition techniques, automatic segmentation
algorithms for delineating axons and myelin sheath can help provide large-scale statistics
on axon morphometry.
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INTRODUCTION

Pathologies affecting the spinal cord (SC) could have diverse origins, from vascular diseases, cancer
and trauma to neurodegenerative diseases such as multiple sclerosis. In many instances, there
is limited knowledge about the actual pathophysiology of the disease, about the succession of
neurotoxic events following a trauma (secondary injuries, Tator and Fehlings, 1991; Park et al,,
2004), or even the precise vascularization depending on the tract. These issues make it difficult to
assess accurately the extent of spinal damage.

SC research is commonly conducted in animal models to improve our understanding of a given
pathology, its etiology and evolution, and to develop new therapies (Nout et al., 2012). Mice and
rats, despite differences in the structural organization of the SC compared to humans, are one of
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FIGURE 3 | Image of a cross-section of a mouse spinal cord based on coherent anti-stokes Raman spectroscopy, which is tuned to exhibit signal from myelin sheath.
Axial axons appear in red, while lateral fibers and some vessels appear in green. Zoomed panels focus on the dorsal (top right) and ventral white matter (bottom
right) and in the ascending reticulospinal/fasciculus proprius region (middle right). Courtesy of Erik Bélanger, Sophie Laffray and Daniel Coté.

tuned at different wavelengths, Spectral Confocal Reflectance
microscopy (SCoRe) can be specific to myelin, making the
application of this technique easier on animals other than rodents
(Schain et al., 2014).

Slide Scanner and Stitching Algorithms
Imaging large sections of a sample, such as a complete SC
transection, has become possible through the use of a motorized
stage combined with an algorithm that stitches together small
field-of-view images acquired at high resolution. These large-
scale images can then be observed and analyzed on a virtual slide
viewer (Weinstein et al., 2009; Pantanowitz et al., 2011).

Alternatively, whole-slide scanners provide a high-speed
standardized acquisition with predefined parameters, with the
ability to image up to 200 slides in one night, in bright field or
with fluorescence, at 20 or 40x (Weinstein et al., 2009; Nederlof
etal., 2011; Pantanowitz et al., 2011; Ameisen et al., 2012; Laurent
et al.,, 2013; Gallas et al., 2014). A recent example of the use
of whole-slide scanners is the BigBrain: a whole human brain
scanned at 20 um resolution (Amunts et al., 2013).

Automatic Segmentation

Automated analysis has become important for large-scale
morphometric studies, as manual identification of axons is long,
tedious and subject to user bias (More et al, 2011). Several
algorithms exist for axon and myelin segmentation (Romero

et al., 2000; More et al., 2011; Bégin et al., 2014; Mesbah et al.,
2016; Zaimi et al., 2016, 2017). Following segmentation of axon
and myelin, metrics such as distribution of axon diameter, mean
myelin thickness or myelin volume fraction can be more readily
computed (Bégin et al., 2014).

The wuse of axon segmentation software has shown
encouraging results in terms of sensitivity and accuracy,
especially when compared to manual identification (Reynaud
et al., 2012; Isaacs et al., 2014). For example, Bégin et al. (2014)
segmented 60% of the complete section of a mouse SC in
4h, counting a total of 32,000 axons. More et al. (2011) have
identified 84.3% of axons in a whole SEM slice of peripheral nerve
(4 ms/axon) and were able to measure myelin sheath thickness
and axon diameter. Figure4 illustrates a semi-automatic
segmentation on SC tissue.

A fully automatic approach with perfect accuracy is, however,
difficult to achieve. For example, algorithms can sometimes fail to
discriminate fibers that are too packed, or to distinguish between
neuronal fibers and other tissue components such as blood
vessels. Hence, manual intervention is often required (More et al.,
2011; Bégin et al,, 2014; Isaacs et al., 2014; Zaimi et al., 2016).
Machine learning methods (e.g., deep learning algorithm), could
potentially be trained to overcome these issues and avoid human
intervention (Ciresan et al., 2013; Zaimi et al., 2017).

In addition to the segmentation issues, the metrics extracted
are potentially affected by the quality of the image. The
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FIGURE 4 | Example of a whole slice of a human SC at L5 level, imaged with electron microscopy. The middle panel focuses in the ventral region, and the right panel
shows an overlay of myelin segmentation, color-coded for axon diameter (red: small, white/yellow: big). Segmentation was performed using AxonSeg (https://github.
com/neuropoly/axonseg).
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