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Comparative neuroanatomy
of the lumbosacral spinal cord
of the rat, cat, pig, monkey,
and human

Amirali Toossi%1, Bradley Bergin®'?, Maedeh Marefatallah*1°, Behdad Parhizi*1°,
Neil Tyreman??°, Dirk G. Everaert®'?, Sabereh Rezaei®, Peter Seres®, J. Christopher Gatenby’,
Steve |. Perlmutter®®1° & Vivian K. Mushahwar?410>¢

The overall goal of this work was to create a high-resolution MRI atlas of the lumbosacral enlargement
of the spinal cord of the rat (Sprague-Dawley), cat, domestic pig, rhesus monkey, and human. These
species were chosen because they are commonly used in basic and translational research in spinal
cord injuries and diseases. Six spinal cord specimens from each of the studied species (total of 30
specimens) were fixed, extracted, and imaged. Sizes of the spinal cord segments, cross-sectional
dimensions, and locations of the spinal cord gray and white matter were quantified and compared
across species. The lumbar enlargement spans spinal cord levels L3-S1 in rats, L4-S1 in cats, L3-S1

in pigs, L2/L3-L7/S1 in monkeys, and T12/L1-S1/S2 in humans. The enlargements in pigs and

humans are largest and most similar in size (length and cross-sectional area); followed by monkeys
and cats; and followed by rats. The obtained atlas establishes a neuroanatomical reference for the
intact lumbosacral spinal cord in these species. It can also be used to guide the planning of surgical
procedures of the spinal cord and technology design and development of spinal cord neuroprostheses,
as well as precise delivery of cells/drugs into target regions within the spinal cord parenchyma.

The spinal cord is an important part of the central nervous system that plays an essential role in the function
of the body’s sensorimotor and autonomic systems. Spinal cord injuries and diseases (e.g., spinal cord injury’,
spinal muscular atrophy?, and amyotrophic lateral sclerosis’) affect the lives of millions of people around the
world, impacting their physical and mental health as well as the socioeconomical aspects of their lives*®. Detailed
knowledge of the neuroanatomy of the spinal cord is critical for understanding its pathologies and finding pos-
sible cures. Because many investigations into spinal cord injuries and diseases involve animal models, appropri-
ate selection of an animal model and correct interpretation of study findings requires an understanding of the
anatomical and physiological similarities and differences of the models in relation to humans.

The neuroanatomy of the spinal cord has been a subject of curiosity for centuries, dating back to the third and
fourth centuries B.C.E., and including observations made by Hippocrates'’. Since then, numerous studies have
been conducted on the anatomy and physiology of the spinal cord in various species. However, anatomical atlases
of the spinal cord are still limited in number and commonly have a coarse spatial resolution and/or are limited
to a single species. One of the first spinal cord atlases was published by Alexander Bruce, in 1901. This Atlas
provided transverse sections of the entire human spinal cord with 1 section per spinal cord segment'!. In 2008,
the Allen Institute published a histological spinal cord atlas for the mouse!? along with results from Nissl staining
and RNA in situ hybridization. This atlas has a longitudinal resolution of 2 mm and spans the entire spinal cord
of 4- and 56-days postnatal animals. Tokuno et al. created a spinal cord atlas for the macaque monkey, with a
resolution of 1 transverse section per spinal cord segment!. Most recently, Sengul et al. created a multispecies
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Sample ID | Species | Strain Sex Age (years) | Weight (kg) | Height (m)
R1 Rat Sprague Dawley | Female | 0.5 0.32 N/A
R2 Rat Sprague Dawley | Female |0.5 0.35 N/A
R3 Rat Sprague Dawley | Female |0.5 0.36 N/A
R4 Rat Sprague Dawley | Female |0.5 0.35 N/A
R5 Rat Sprague Dawley | Female | 0.5 0.40 N/A
R6 Rat Sprague Dawley | Female |0.5 0.38 N/A
C1 Cat N/A Male 7.7 4.70 N/A
c2 Cat N/A Male 4.4 470 N/A
C3 Cat N/A Female |7.4 3.22 N/A
C4 Cat N/A Female |7.3 5.86 N/A
C5 Cat N/A Female |1.7 4.24 N/A
Cé Cat N/A Female | 1.6 5.90 N/A
P1 Pig Domestic Female |* 50.9 N/A
P2 Pig Domestic Female |* 57.4 N/A
P3 Pig Domestic Female |* 49.0 N/A
P4 Pig Domestic Female |* 420 N/A
P5 Pig Domestic Male * 42.0 N/A
P6 Pig Domestic Female |* 43.0 N/A
M1 Monkey | Rhesus Macaque | Male Not available |13.2 N/A
M2 Monkey | Rhesus Macaque | Female |18.7 6.9 N/A
M3 Monkey | Rhesus Macaque | Female |16.9 8.0 N/A
M4 Monkey | Rhesus Macaque | Male 9.0 15.1 N/A
M5 Monkey | Rhesus Macaque | Female | Notavailable |10.5 N/A
M6 Monkey | Rhesus Macaque | Female |18.9 115 N/A
H1 Human | N/A Male 69 Not available | 1.78
H2 Human |N/A Female |91 Not available | 1.65
H3 Human | N/A Male 79 Not available |1.78
H4 Human | N/A Male 84 Not available | Not available
H5 Human |N/A Male 91 Not available | 1.62
Heé Human |N/A Male 86 Not available |1.76

Table 1. Metadata for the spinal cord specimens used in this study. N/A not applicable. * Approximate age of
the domestic pigs can be estimated from available porcine growth rate charts®®%.

spinal cord atlas for the rat, mouse, marmoset, rhesus monkey and human. This atlas spans the entire length of
the spinal cord for each species, but also has a resolution of only 1 transverse section per spinal cord segment'*.

Recent advances in the development of targeted therapies that require precise access to regions within the
central nervous system highlight the importance of high-resolution anatomical atlases. Examples include deep
brain stimulation implants for Parkinson’s disease'®, epidural'® and intraspinal microstimulation for restor-
ing movement after severe spinal cord injury'’-'?, and stem cell transplantation treatments for amyotrophic
lateral sclerosis®. These interventions commonly employ stereotactic techniques guided by electrophysiology,
imaging and knowledge from anatomical atlases to further enhance their anatomical targeting and treatment
effectiveness®~>*. To address the need for increased anatomical detail of the spinal cord for intraspinal therapeu-
tics, this study aimed to complement existing knowledge of spinal cord neuroanatomy by creating a compara-
tive high-resolution spinal cord atlas for species commonly utilized in preclinical and translational research?.
We used magnetic resonance imaging (MRI) to image and analyze the spinal cords of rats, cats, domestic pigs,
rhesus monkeys, and humans, and created atlases with a minimum resolution of 1 mm x 0.15 mm x 0.15 mm
in the longitudinal, sagittal and transverse axes, respectively. This work was focused on studying the region of
the lumbosacral enlargement of the spinal cord which houses a dense neuronal network involved in the control
of motor and sensory functions of the lower limbs (e.g., standing and walking?*), and autonomic functions
(e.g., modulation of blood pressure?’). The resulting comparative atlas provides necessary information for the
development, implementation and translation of novel and precise treatments of spinal cord injuries and diseases.

Results
MRI atlases were created based on spinal cord specimens extracted from 30 cadavers: 6 Sprague-Dawley rats, 6
cats, 6 rhesus macaque monkeys, 6 domestic pigs, and 6 humans (Table 1).

Spinal cord segments and longitudinal dimensions. The total length of the L1-S1 region was largest
in pigs (116.3+5 mm, p<0.001 for all comparisons), followed by cats (92.1 +3.9 mm, p <0.001 for all compari-
sons), monkeys (65+ 3.9 mm, p <0.001 for all comparisons except relative to humans), humans (61.4 £4.5 mm,
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Figure 1. Segmental length of the spinal cord levels L1-S1. Bars represent the mean and the error bars show the
standard deviation of the mean. * represents p <0.05.

p <0.001 for all comparisons except relative to monkeys), and rats (19.8 +2.3 mm, p <0.001 for all comparisons),
respectively. In all species, except in rats, spinal cord segments gradually become shorter in length, moving from
the rostral to the caudal end (Fig. 1).

The lumbosacral enlargement was defined as the region of the spinal cord that houses the motoneurons that
innervate the muscles of the lower extremities. This region was identified based on the morphological features
of the gray matter described by Vanderhorst and Holstege?® and Gross et al.?’, as shown in Fig. 2. Accordingly,
moving caudally from the rostral end of the lumbar enlargement, the ventral horns of the gray matter become
larger and gradually extrude in the lateral direction. The opposite occurs at the caudal end of the enlargement,
where the ventral horns become smaller and gradually contract towards the medial direction. Using this iden-
tification method, the lumbosacral enlargement typically spanned spinal cord segments L3-S1 in rats, L4-S1 in
cats, L3-S1 in pigs, L2/L3-L7/S1 in monkeys, and T12/L1-S1/S2 in humans (Fig. 3 and Table S1), consistent with
findings from the literature®**°-¥. The enlargement is located in the low thoracic and high lumbar regions of
the vertebral column in rats, monkeys, and humans, while in cats and pigs it is positioned in the lower lumbar
region of the spine (Fig. 3A-E). The length of the enlargement was longest in pigs (66.6 + 5.6 mm, p <0.05 for all
comparisons), followed by humans (57.6 £5.1 mm, p <0.05 for all comparisons), followed by cats and monkeys
(34.3+1.5 mm and 34.8+5.7 mm, respectively, p <0.001 for all comparisons except relative to each other where
p=0.99), followed by rats (12.3 +2.4 mm, p <0.001 for all comparisons) (Fig. 3F).

Gray and white matter and cross-sectional dimensions. For all species, representative cross-sec-
tional images from each spinal segment within the lumbosacral spinal cord are shown in Fig. 4, and MRI-based
3D reconstructed models are shown in Fig. 5. Serial cross-sectional images of the enlargement are shown in
Fig. 6.

The morphologies of the gray and white matter of the spinal cord were quantified (Fig. 7) to document their
changes along the longitudinal (rostrocaudal) axis for all species (Figs. 8, 9, 10, 11, 12). Measurements for each
individual specimen are shown in Supplementary Figs. S1-S5. Table 2 shows the intraclass correlation (ICC)
calculations for these measurements. Reliability of the measurements was good or excellent for all measured
parameters except for d6 (Fig. 7, middle), which was moderate.

In all species, moving from the rostral to the caudal end of the lumbosacral cord, the size of the spinal
cord and the gray matter increase until they reach a peak, after which they decrease. The point at which the
cord’s width (d1 in Fig. 7) reaches its peak value, is further referred to as ‘peak cord size’ or ‘PCS’ located in the
enlargement. At the PCS, the spinal cord is 4.0 £0.2 mm wide (dimension d1 in Fig. 7, left) and 2.94+ 0.2 mm
high (dimension d2) in rats, 8.0+ 0.5 mm wide x 6.0 £ 0.4 mm high in cats, 10.1 +0.6 mm wide x 6.6+ 0.3 mm
high in pigs, 7.2+ 0.4 mm wide x 5.6 +0.2 mm high in monkeys, and 9.6 +0.6 mm wide x 8.2+ 0.5 mm high in
humans (Fig. 13). In all species, the width of the spinal cord is larger than its height everywhere in the lum-
bosacral cord (Figs. 8, 9, 10, 11, 12). The cord’s aspect ratio (width/height or d1/d2 at PCS) is largest in pigs
(1.54 £0.06), followed by rats and cats (1.35+0.03 and 1.340 +0.13, respectively), monkeys (1.29+0.09), and
humans (1.18 +0.06).
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Figure 3. Rostrocaudal extent and location of the lumbosacral enlargement in various species. The typical
segmental levels of the lumbosacral enlargement were: L3-S1 for rats, L4-S1 for cats, L3-S1 for pigs, L2/
L3-L7/S1 for rhesus macaque, and T12/L1-S1/S2 for humans. Levels for enlargement (in brackets) are spinal
cord segments; the levels on the right side of the spinal column indicate the vertebral levels. Boxes represent
interquartile range; horizontal line shows the median; whiskers represent minimum and maximum values of the
dataset. *” symbol represents p <0.05. Solid dots show individual data points.

Estimated volume of the lumbosacral enlargement for each species was calculated by integrating total cross-
sectional areas of the cord (a2) over the length of the enlargement. Enlargement volumes were 113.3+18.6 mm’,
1071.9+88.1 mm?, 2875.8 £415.0 mm?, 902.8 + 187.5 mm?® and, 2906.4 +462.9 mm?® in rats, cats, pigs, monkeys,
and humans, respectively. Rats have the largest lumbosacral spinal cord volume relative to their body mass
(320.9 £75.1 mm?*/kg), followed by cats (235.5 + 57.8 mm?/kg), followed by monkeys (88.8 +29.3 mm?/kg), pigs
(61.1+8.9 mm?/kg), and humans (41.5+6.61 mm?®/kg). Body mass for rats, cats, pigs and monkeys is provided
in Table 1. Body mass for humans was not available; therefore, a mass of 70 kg was assumed for all specimen.

A comparison between the areas of the spinal cords across species shows that humans have the largest cord
with a peak total cross-sectional area (a2 in Fig. 7, right) of 61.9 + 6.2 mm? (Fig. 13). The size of the pigs’ spinal
cord is smaller than that of the humans (p=0.003) and larger than that of the other species (p <0.001 for all
comparisons) with a peak total area of 52.0 + 5.9 mm?. Monkey and cat cords are similar in size (p=0.863) with
peak total area of 33.8 +2.6 mm? and 36.2 +2.7 mm?, respectively. Rats have substantially smaller cords (p <0.001
for all comparisons) with peak total area of 10.6 +£0.9 mm? A similar trend also exists for the peak total cross-
sectional area of the gray matter (al in Fig. 7, right). The peak total cross-sectional area of the gray matter was
22.1+1.6 mm? 17.70+1.7 mm?, 12.48 + 1.4 mm?, 11.33+ 1.1 mm?, and 4.29+0.2 mm? for humans, pigs, cats,
monkeys, and rats, respectively (Fig. 13). Moving caudally from the rostral end of the enlargement, the ratio
of the total area of gray matter to that of the white matter (al/a2) consistently increases in all species (Fig. S6).
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Rat

Figure 4. MR images of spinal cord segments L1-S1 (T,*-weighted). Images of the spinal cords of rats, cats,
pigs, and humans were acquired using a 4.7 T scanner. Images of the spinal cords of monkeys were acquired
using a 3 T scanner. Each cross-sectional image is taken from the middle of the corresponding spinal cord
segment.

Cat i Human

Figure 5. 3D model of the lumbosacral spinal cords of the rat, cat, pig, monkey, and human. 3D models were
reconstructed based on the acquired MRIs from a representative animal (n=1) per species. Annotations show
the segments of the spinal cord identified using the method shown in Fig. S7.

At the PCS, the dorsal horns are on average 0.25+0.07 mm deep (d6 in Fig. 7, middle) relative to the
dorsal surface of the cord, and 1.29 +0.09 mm lateral to the midline (d5) in rats, 1.54£0.11 mm deep and
2.22+0.11 mm lateral to the midline in cats, 1.31+0.06 mm deep and 2.65+0.29 mm lateral to the midline in
pigs, 1.39+0.12 mm deep and 2.17 +0.12 mm lateral to the midline in monkeys, and 1.81 +0.48 mm deep and
3.26+0.12 mm lateral to the midline in humans. At PCS, the ventral horns are on average 2.30 £ 0.09 mm deep
(d4) and 1.57+0.11 mm lateral to the midline (d3) in rats, 4.29+0.50 mm deep and 3.01 £0.16 mm lateral to
the midline in cats, 4.81 +0.34 mm deep and 3.86 +0.17 mm lateral to the midline in pigs, 4.20+0.12 mm deep
and 2.61 £0.17 mm lateral to the midline in monkeys, and 6.40+0.30 mm deep and 3.94+0.15 mm lateral to
the midline in humans.

In rats, the dorsal horns are shallower relative to the cord height (d6/d2 in Fig. 7) compared to other species.
The shallowest depth of the dorsal horns on average ranges between 3-10%, 7-31%, 9-23%, 5-32%, and 8-26%
of the cord height in rats, cats, pigs, monkeys and humans, respectively. In rats, monkeys and humans, the ventral
horns extend deeper in the spinal cord relative to their cord height than the other species. The largest depth of
the ventral horns on average ranges between 72-90%, 61-79%, 57-82%, 70-84%, and 69-87% of the cord height
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Figure 6. Sequential cross sections (T,*-weighted MRIs) from the lumbosacral enlargement of the spinal cords
of rat, cat, pig, monkey, and human, spaced apart by 1, 3, 7, 3 and 5 mm, respectively. Scale bars for each species
are shown on the right. The artifacts (arrows) are the locations of the glass markers. Images of the spinal cords
of rats, cats, pigs, and humans were acquired using a 4.7 T scanner. Images of the spinal cords of monkeys were
acquired using a 3 T scanner.

Figure 7. MRI-based morphometric measurements of the lumbosacral spinal cords of rat, cat, pig, monkey, and
human. d1 and d2 represent the width and height of the spinal cord, respectively. d3 and d9 are the mediolateral
distances from the midline to the lateral and medial boundaries of the ventral horn. Similarly, d5 and d8 are the
mediolateral distances from the midline to the lateral and medial boundaries of the dorsal horn. d7 and d4 are
the depth of the dorsal and ventral boundaries of the ventral horn from the spinal cord surface. d6 is the depth
of the dorsal boundary of the dorsal horn. a2 and al represent the cross-sectional areas of the spinal cord and
the gray matter, respectively.

(d4/d2) in rats, cats, pigs, monkeys and humans, respectively. In rats, monkeys and humans, the dorsal horns
also extend more laterally relative to their cord width, than the other species. The largest laterality of each of the
dorsal horns on average ranges between 28-35%, 15-30%, 18-32%, 17-38%, and 28-40% of the width of the
spinal cord (d5/d1) in rats, cats, pigs, monkeys and humans, respectively.

The laterality of the ventral horns relative to their cord width (d3/d1 in Fig. 7) is similar across species. The
largest laterality of each of the ventral horns on average ranges between 27-42% (peak located 4.2+ 1.5 mm caudal
to PCS), 17-43% (peak located 12.3 +6.9 mm caudal to PCS), 20-43%(peak located 12.7 £ 10.6 mm caudal to
PCS), 15-43% (peak located 22.5+ 3.3 mm caudal to PCS), and 23-44% (peak located 11.5+2.7 mm caudal to
PCS) of the width of the spinal cord in rats, cats, pigs, monkeys and humans, respectively. Values of all parameters
at the PCS are compared across species in Fig. 13.

Discussion

In this paper we presented a high-resolution comparative atlas of the spinal cord with detailed anatomical
information about the lumbosacral region in five mammalian species. Results include comparative location,
length, cross-sectional area, and morphology of the gray and white matter of intact spinal cords in rats, cats, pigs,
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Figure 8. Measurements of cross-sectional dimensions of the spinal cord and locations of the ventral and
dorsal horns of rat spinal cord. Presented data are based on n=6 specimens. Solid lines represent the mean
and the shaded regions represent the mean + standard deviation. (A) Spinal cord width and height (d1 and d2,
respectively in Fig. 7, left) across the lumbosacral cord. (B) Cross-sectional areas of the spinal cord and gray
matter (al, a2 in Fig. 7, right) across the lumbosacral cord. (C) Lateral distances from midline of dorsal horn
boundaries (d5, d8 in Fig. 7, middle). (D) Lateral distances from midline of ventral horn boundaries (d3, d9 in
Fig. 7, middle). (E) Depth from the dorsal surface of the spinal cord of the ventral and dorsal horn boundaries
(d4, d7, d6, in Fig. 7, middle).

monkeys, and humans. To the best of our knowledge, this is the first comprehensive comparative spinal cord atlas
for animal species that are common subjects of basic and translational research. Not only can this atlas be used
as a reference for the typical anatomy of the spinal cord in studies of spinal cord pathologies and injuries, but
it also can guide researchers in selecting appropriate animal models in various stages of basic and translational
research®. A comparison between the obtained species atlases reveals that the lumbosacral spinal cord of pigs
is the most similar in size to that in humans. This includes the length and cross-sectional area of the spinal cord
as well as the locations of the dorsal and ventral horns. Cats and monkey spinal cords are also similar in size and
smaller than that of the humans. Rats have the smallest spinal cord.

To validate our findings, we compared the sizes of the human and pig spinal cords to those reported in the
literature based on a combination of imaging and histological records. Frostell et al.* reviewed and combined
the findings of 11 studies of the segmental sizes of the human spinal cord obtained through histology and imag-
ing. They estimated the width (d1) and height (d2) of spinal cord segments L1-S1 to range on average between
8.4-9.4 mm and 6.7-7.5 mm, respectively. These are consistent with our measurements of width, ranging on
average between 6.6 and 9.5 mm, and height ranging on average between 5.3 and 7.9 mm for this spinal cord
region. Cuellar et al.*’, studied the spinal cord anatomy of pigs histologically, and reported spinal cord width
(d1) across the L1-L6 segments. On average, cord width ranged between 7.5 and 9.4 mm in their study, which is
consistent with our findings of cord width, ranging on average between 6.9 and 10.3 mm.

Knowledge about the dimensions of the spinal cord is important for investigations of treatments such as stem
cell therapies*! and spinal cord neuroprostheses*>*?. Knowing the dimensions of targeted regions of the spinal
cord is essential for surgical planning and successful delivery of cells, drugs, electrodes or optrodes to their
intraparenchymal targets. This information can guide the technological design of the necessary implants®#>*
and delivery apparatuses?**4**. Geometrical dimensions are also important for informed interpretation of cell
migration and drug perfusion in preclinical models and their implications for human translation.

As an example, intraspinal microstimulation (ISMS)!”!%3 is a spinal cord neuroprosthesis for restoring
mobility after spinal cord injury that involves the implantation of fine microelectrodes into the ventral horns
of the spinal cord to activate functional spinal motor networks. ISMS microelectrodes are typically implanted
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Figure 9. Measurements of cross-sectional dimensions of the spinal cord and locations of the ventral and
dorsal horns of cat spinal cord. Presented data are based on n =6 specimens. Solid lines represent the mean
and the shaded regions represent the mean + standard deviation. (A) Spinal cord width and height (d1 and d2,
respectively in Fig. 7, left) across the lumbosacral cord. (B) Cross-sectional areas of the spinal cord and gray
matter (al, a2 in Fig. 7, right) across the lumbosacral cord. (C) Mediolateral distances from midline to the
dorsal horn boundaries (d5, d8 in Fig. 7, middle). (D) Mediolateral distances from midline to the ventral horn
boundaries (d3, d9 in Fig. 7, middle). (E) Depth from the dorsal surface of the spinal cord of the ventral and
dorsal horn boundaries (d4, d7, d6, in Fig. 7, middle).

perpendicularly to the major axis of the cord along the anteroposterior (dorsoventral) axis***%, and target regions

within Rexed lamina IX of the spinal cord®>***’. Therefore, technological design and surgical implantation of
ISMS implants requires species- and segment-specific knowledge about the location and dimensions of the
ventral horns. Created atlases and the presented morphological measurements address this need, by informing
the location and dimensions of the targeted ventral horns in various species (d3, d4, d7, and d9, shown in Fig. 7).

The comparative atlas created in this study was based on images of perfused spinal cord specimen which may
have experienced some shrinkage due to the perfusion process. Siefert et al.*® quantified the level of shrinkage in
human spinal cords 1 day and 31 days post formalin fixation and found that the cross-sectional size of the spinal
cords shrinks by an average of 4%, and 4.4%, respectively. Therefore, an appropriate correction factor should
be taken into consideration when absolute measurement values are needed. It is also important to consider the
correlation of age and cord dimensions when using absolute measurement values. Papinutto et al.*’ reported
that the cross-sectional area of the human spinal cord decreases with aging. The average age of the donors of
our study was 83 + 8 years (Table 1).

The focus of this work was on creating high-resolution atlases for the lumbosacral spinal cord in species
commonly used in basic and translational research. Future investigations should consider studying other regions
of the spinal cord, eventually resulting in complete anatomical documentation for the entire spinal cord (e.g.,
PAMS50 for the human spinal cord®). Also, larger studies with more diverse spinal cord specimen (varying age,
sex, and neurological pathologies) are needed to capture the anatomical variabilities of the spinal cord in each
species. Automated segmentation techniques such as deep learning algorithms should be considered in the
future to reduce the required researcher time for analysis per specimen and in turn expand study scopes® .
Similar methodology can also be applied to develop spinal cord atlases for various pathologies to enhance our
understanding of these conditions.
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Figure 10. Measurements of cross-sectional dimensions of the spinal cord and locations of the ventral and
dorsal horns of pig spinal cord. Presented data are based on n=6 specimens. Solid lines represent the mean
and the shaded regions represent the mean + standard deviation. (A) Spinal cord width and height (d1 and d2,
respectively in Fig. 7, left) across the lumbosacral cord. (B) Cross-sectional areas of the spinal cord and gray
matter (al, a2 in Fig. 7, right) across the lumbosacral cord. (C) Mediolateral distances from midline to the
dorsal horn boundaries (d5, d8 in Fig. 7, middle). (D) Mediolateral distances from midline to the ventral horn
boundaries (d3, d9 in Fig. 7, middle). (E) Depth from the dorsal surface of the spinal cord of the ventral and
dorsal horn boundaries (d4, d7, d6, in Fig. 7, middle).

Materials and methods

All procedures for extracting animal spinal cords were performed according to protocols approved by the animal
care and use committees at the Universities of Alberta and Washington. The use of human spinal cord specimens
was approved by the Human Research Ethics Board at the University of Alberta. It was conducted in accord-
ance with all relevant provincial and federal guidelines and regulations for the use of human tissue in research.
Informed consent was obtained from the donors while they were alive authorizing the use of their bodies for
research and educational purposes. Informed consent was also obtained from the legal guardian for the use of
this tissue for research purposes.

Spinal cord extraction. Rats, cats, and monkeys, were perfused transcardially with 4% formaldehyde solu-
tion to achieve tissue fixation. In pigs, spinal cord specimens were extracted from freshly euthanized animals and
immediately placed in 4% formaldehyde solution for fixation. Human cadavers had been embalmed by the Divi-
sion of Anatomy at the University of Alberta, prior to tissue extraction. In order to extract spinal cord specimens,
multi-level laminectomies were performed to expose spinal cord segments and spinal nerve roots from T12-S3.
The spinal nerve roots were identified and marked. Spinal cord specimens were removed with the spinal nerve
roots attached and stored in 4% formaldehyde solution.

Measurements of spinal cord segments. Prior to MR imaging, boundaries of the spinal cord segments
were identified and marked with glass tubes (3-5 mm in length, 170 um in diameter, Wale Apparatus Company,
Hellertown, USA). In this procedure, the dura mater and arachnoid were opened, and spinal cord segments were
identified based on the location of the dorsal rootlets entering the spinal cord (dorsal root entry zones (DREZ))
(Fig. S7). The most rostral and most caudal rootlets entering the cord for each segment were carefully tracked
back to their respective roots using a dissection microscope. Boundaries of spinal segments were defined as the
middle point between neighboring DREZs. For each identified boundary, a glass tube was inserted in the trans-
verse plane of the spinal cord parenchyma. The glass tubes were visible in MRIs. The rostrocaudal lengths of all
identified spinal cord segments were measured using a ruler.
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Figure 11. Measurements of cross-sectional dimensions of the spinal cord and locations of the ventral and
dorsal horns of monkey spinal cord. Presented data are based on n=6 specimens. Solid lines represent the
mean and the shaded regions represent the mean + standard deviation. (A) Spinal cord width and height (d1
and d2, respectively in Fig. 7, left) across the lumbosacral cord. (B) Cross-sectional areas of the spinal cord and
gray matter (al, a2 in Fig. 7, right) across the lumbosacral cord. (C) Mediolateral distances from midline to the
dorsal horn boundaries (d5, d8 in Fig. 7, middle). (D) Mediolateral distances from midline to the ventral horn
boundaries (d3, d9 in Fig. 7, middle). (E) Depth from the dorsal surface of the spinal cord of the ventral and
dorsal horn boundaries (d4, d7, d6, in Fig. 7, middle).

Imaging. The spinal roots were carefully cut from the cords prior to imaging. Spinal cord specimens were
then placed in glass tubes filled with Fluorinert (FC-770, Milipore Sigma, Darmstadt, Germany) for imaging.
MR images of specimen from rats, cats, pigs, and humans were acquired on a 4.7 T Varian MRI scanner (Var-
ian Inc., Palo Alto, USA) in the Peter S Allen MR Research Center at the University of Alberta. A 3D gradi-
ent echo sequence was used (TR/TE=39.7 ms/28 ms, 1 average, echos=1, flip angle=10 degrees, acquisition
time = 13 min/segment, FOV =40 mm x 40 mm x 60 mm, 60 transverse slices, 1 mm slice thickness) with a reso-
lution of 0.125x0.125x 1 mm. These scans were conducted using a 38 mm diameter, 35 mm long volume coil
with the Litz design (Doty Scientific, Columbia, USA). In order to acquire images of the entire spinal cord speci-
men that were longer than this coil, a custom-made setup was used to translate the specimen horizontally within
the coil, by precise steps.

MR images of the monkey spinal cords were acquired on a 3 T Philips Achieva MRI scanner (Best, Neth-
erlands) at the University of Washington Diagnostic Imaging Sciences Center. All scans used an eight channel
Philips wrist coil. Two scans were acquired. First, a merged (four echo) fast field echo (mFFE) sequence, with
TR/TE/deltaTE =126 ms/6.3 ms/11.7 ms, 1 average, flip angle=10 degrees, and total scan duration =58:51.
Secondly, a T,-weighted MPRAGE scan with TR/TE/TFE factor =21 ms/5.8 ms/80, TI =950 ms, a shot inter-
val =2500 ms, echos =1, flip angle =12 degrees, four averages, and total scan duration=>58:51 Both scans had
a FOV of 64 mm x48 mm x 112 mm, 112 transverse slices, and 1 mm slice thickness) with a resolution of
0.15x0.15x 1 mm.

3D model. 3D models of the lumbosacral spinal cords were generated based on the acquired MRIs. Trans-
verse MR images of the spinal cords (one typical spinal cord per species) were traced and their coordinates were
extracted, using a custom written program in Python (version 3.7, Python software foundation, Wilmington,
DE, USA). Extracted coordinates were used to reconstruct 3D models.

MRI-based measurements. The morphology of all spinal cords was quantified through measurements of
distance and area as shown in Fig. 7. These parameters captured the size of the gray and white matter as well as
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Figure 12. Measurements of cross-sectional dimensions of the spinal cord and locations of the ventral and

dorsal horns of human spinal cord. Presented data are based on n =6 specimens. Solid lines represent the mean

and the shaded regions represent the mean + standard deviation. (A) Spinal cord width and height (d1 and d2,
respectively in Fig. 7, left) across the lumbosacral cord. (B) Cross-sectional areas of the spinal cord and gray

matter (al, a2 in Fig. 7, right) across the lumbosacral cord. (C) Mediolateral distances from midline to the

dorsal horn boundaries (d5, d8 in Fig. 7, middle). (D) Mediolateral distances from midline to the ventral horn
boundaries (d3, d9 in Fig. 7, middle). (E) Depth from the dorsal surface of the spinal cord of the ventral and

dorsal horn boundaries (d4, d7, d6, in Fig. 7, middle).

ICC(A,2), p-Value

Parameters | Unit | Number of raters | [95% CI] Reliability assessment
d1 mm |2 ([)0998 8541,I)O<9%2§)1 Excellent
d2 mm |2 ([)099773: g 9<705'§)0 ! Excellent
d3 mm |2 ([)0999 91,’ g 9< 9%?01 Excellent
d4 mm |2 ([)099777 éyp(;;;g ?1 Excellent
ds mm |2 ([)(')?9779%?0?9%5)01 Excellent
dé mm |2 ([)0773 f é,POf;‘)S.(S)? 1 Moderate
d7 mm |2 ([)Oggféi,PO<9OSg? 1 Excellent
& |om |2 LR |G
d9 mm |2 ([)0991 (} i,pof901'g? 1 Excellent
al mm? |2 ([)099995:1?;909(5)5)1 Excellent
a2 mm? |2 ([)09586 é,PO<9082§)1 Excellent

Table 2. Intraclass Correlation (ICC) calculations as a measure of inter-rater reliability of the measurements
made based on MRIs. Presented ICC values are the average score ICCs calculated based on the one-way

random model. CI 95% confidence interval for ICC calculations.
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Figure 13. Comparison of the spinal cord dimensions and the locations of the dorsal and ventral horns in

the spinal cords of rats, cats, pigs, monkeys, and humans. Graphs show the comparison of the values for each
parameter at the Peak Cord Size (PCS) across species. Bars represent the mean and the error bars show the
standard deviation of the mean. Parameters are those shown in Fig. 7 (A) d1. (B) d2. (C) d3. (D) d4. (E) d5. (F)
deé. (G) d7. (H) d8. (I) d9. (J) al. (K) a2.

the location of the dorsal and ventral horns in the spinal cords of the studied species. Each parameter for each
specimen was measured manually by two raters (a total of 5 raters in the study) using Image] software (National
Institute of Health). Raters were blinded to the scale of the image pixels as well as the species of the image
sets. Measurements were then transferred to Matlab (version 2015a, MathWorks, Natick, MA, USA) for group
analysis and data visualization. In order to average the measured parameters for each species (Figs. 8, 9, 10, 11,
12), across 6 specimens over their entire length, curves were aligned so that their PCS locations (where d1 was
maximum) lines up with x=0 (Figs. S1-S5).

Statistical analysis. Comparisons were made between spinal cord measurements across spinal segments
and species using one-way ANOVAs and Tukey honest significant difference post-hoc tests. In order to assess the
inter-rater reliability of the MRI-based measurements, ICC coefficients were calculated®*. ICC calculations were
done for each species based on the one-way random model and ICC-type representing the mean of 2 raters®.
Values between 0.5 and 0.75, 0.75 and 0.9, larger than 0.9, were assessed as moderate, good, and excellent reli-
ability, respectively®. All statistical analyses were performed using RStudio software (version 1.2.5019, RStudio
Inc., Boston, USA). For each species, all measurements are reported as mean + standard deviation.

Scientific Reports | (2021) 11:1955 | https://doi.org/10.1038/s41598-021-81371-9 natureresearch



www.nature.com/scientificreports/

Received: 17 August 2020; Accepted: 28 December 2020
Published online: 21 January 2021

References

1.

Silva, N. A,, Sousa, N., Reis, R. L. & Salgado, A. J. From basics to clinical: A comprehensive review on spinal cord injury. Prog.
Neurobiol. 114, 25-57 (2014).

2. Kolb, S. . & Kissel, J. T. Spinal muscular atrophy. Neurol. Clin. 33, 831-846 (2015).

3. Hardiman, O. et al. Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers 3, 1-19 (2017).

4. WHO | Spinal cord injury: as many as 500 000 people suffer each year. WHO http://www.who.int/mediacentre/news/releases/2013/
spinal-cord-injury-20131202/en/ (2019).

5. Mebhta, P. Prevalence of amyotrophic lateral sclerosis—United States, 2014. MMWR Morb. Mortal Wkly. Rep. 67, 216 (2018).

6. D’Amico, A., Mercuri, E., Tiziano, . D. & Bertini, E. Spinal muscular atrophy. Orphanet J. Rare Dis. 6, 71 (2011).

7. Fann, J. R. et al. Depression after spinal cord injury: Comorbidities, mental health service use, and adequacy of treatment. Arch.
Phys. Med. Rehabil. 92, 352-360 (2011).

8. Ziircher, C., Tough, H., Fekete, C. & SwiSCI Study Group. Mental health in individuals with spinal cord injury: The role of socio-
economic conditions and social relationships. PLoS ONE 14, 0206069 (2019).

9. Paul, C. et al. Socioeconomic outcomes following spinal cord injury and the role of no-fault compensation: longitudinal study.
Spinal Cord 51, 919-925 (2013).

10. Naderi, S., Tiire, U. & Pait, T. G. History of the spinal cord localization. Neurosurg Focus 16, E15 (2004).

11. Bruce, A. A Topographical Atlas of the Spinal Cord (Williams & Norgate, London, 1901).

12. Reference Sets :: Spinal Cord. http://mousespinal.brain-map.org/imageseries/showref.html.

13. Tokuno, H. et al. Internet-based atlas of the primate spinal cord. Neurosci. Res. 70, 128-132 (2011).

14. Sengul, G., Watson, C., Tanaka, I. & Paxinos, G. Atlas of the Spinal Cord: Mouse, Rat, Rhesus, Marmoset, and Human (Academic
Press, Cambridge, 2012).

15. Lozano, A. M. Deep brain stimulation for Parkinson’s disease. Parkinsonism Relat. Disord. 7, 199-203 (2001).

16. Wagner, E B. et al. Targeted neurotechnology restores walking in humans with spinal cord injury. Nature 563, 65-71 (2018).

17. Bamford, J. A. & Mushahwar, V. K. Intraspinal microstimulation for the recovery of function following spinal cord injury. Prog.
Brain Res. 194, 227-239 (2011).

18. Holinski, B. J. et al. Intraspinal microstimulation produces over-ground walking in anesthetized cats. J. Neural Eng. 13, 056016
(2016).

19. Saigal, R, Renzi, C. & Mushahwar, V. K. Intraspinal microstimulation generates functional movements after spinal-cord injury.
IEEE Trans. Neural Syst. Rehabil. Eng. 12, 430-440 (2004).

20. Baloh, R. H., Glass, J. D. & Svendsen, C. N. Stem cell transplantation for amyotrophic lateral sclerosis. Curr. Opin. Neurol. 31,
655-661 (2018).

21. Prada, F et al. Fusion imaging for intra-operative ultrasound-based navigation in neurosurgery. J. Ultrasound 17, 243-251 (2014).

22. Toossi, A. et al. Ultrasound-guided spinal stereotactic system for intraspinal implants. J. Neurosurg. 29, 292-305 (2018).

23. Liu, H., Maxwell, R. E. & Truwit, C. L. Intraoperative MR-guided DBS implantation for treating PD and ET. Med. Iinaging 4319,
272-276 (2001).

24. Sharif-Alhoseini, M. et al. Animal models of spinal cord injury: A systematic review. Spinal Cord 55, 714-721 (2017).

25. Toossi, A., Everaert, D. G., Perlmutter, S. I. & Mushahwar, V. K. Functional Organization of Motoneuronal Pools in the Lumbar
Spinal Cord of Monkeys: Intraspinal Microstimulation Targets. In 2016 Neural Interfaces Conference and North American Neuro-
modulation Society Meeting (2016).

26. Kiehn, O. & Kjaerulff, O. Distribution of central pattern generators for rhythmic motor outputs in the spinal cord of limbed ver-
tebratesa. Ann. N. Y. Acad. Sci. 860, 110-129 (1998).

27. Aslan, S. C. et al. Epidural spinal cord stimulation of lumbosacral networks modulates arterial blood pressure in individuals with
spinal cord injury-induced cardiovascular deficits. Front. Physiol. 9, 565 (2018).

28. Vanderhorst, V. G. & Holstege, G. Organization of lumbosacral motoneuronal cell groups innervating hindlimb, pelvic floor, and
axial muscles in the cat. J. Comp. Neurol. 382, 46-76 (1997).

29. Gross, C,, Ellison, B., Buchman, A. S., Terasawa, E. & VanderHorst, V. G. A novel approach for assigning levels to monkey and
human lumbosacral spinal cord based on ventral horn morphology. PLoS ONE 12, e0177243 (2017).

30. Yakovenko, S., Mushahwar, V., VanderHorst, V., Holstege, G. & Prochazka, A. Spatiotemporal activation of lumbosacral motoneu-
rons in the locomotor step cycle. J. Neurophysiol. 87, 1542-1553 (2002).

31. Mohan, R., Tosolini, A. P. & Morris, R. Segmental distribution of the motor neuron columns that supply the rat hindlimb: A muscle/
motor neuron tract-tracing analysis targeting the motor end plates. Neuroscience 307, 98-108 (2015).

32. Hachmann, J. T. et al. Large animal model for development of functional restoration paradigms using epidural and intraspinal
stimulation. PLoS ONE 8, €81443 (2013).

33. Toossi, A., Everaert, D. G., Azar, A., Dennison, C. R. & Mushahwar, V. K. Mechanically stable intraspinal microstimulation implants
for human translation. Ann. Biomed. Eng. 45, 681-694 (2017).

34. Capogrosso, M. et al. A brain-spine interface alleviating gait deficits after spinal cord injury in primates. Nature 539, 284 (2016).

35. Toossi, A., Everaert, D. G., Perlmutter, S. I. & Mushahwar, V. K. Functional organization of motor networks in the lumbosacral
spinal cord of non-human primates. Sci. Rep. 9, 1-16 (2019).

36. Sharrard, W. J. W. The segmental innervation of the lower limb muscles in man. Ann. R. Coll. Surg. Engl. 35, 106-122 (1964).

37. Sharrard, W. J. The distribution of the permanent paralysis in the lower limb in poliomyelitis; a clinical and pathological study. J.
Bone Joint. Surg. Br 37B, 540-558 (1955).

38. Kwon, B. K. et al. Large animal and primate models of spinal cord injury for the testing of novel therapies. Exp. Neurol. 269, 154-168
(2015).

39. Frostell, A., Hakim, R., Thelin, E. P,, Mattsson, P. & Svensson, M. A review of the segmental diameter of the healthy human spinal
cord. Front. Neurol. 7, 238 (2016).

40. Cuellar, C. A. et al. The role of functional neuroanatomy of the lumbar spinal cord in effect of epidural stimulation. Front. Neuro-
anat. 11, 82 (2017).

41. Riley, J. et al. Intraspinal stem cell transplantation in amyotrophic lateral sclerosis: A phase I safety trial, technical note, and lumbar
safety outcomes. Neurosurgery 71, 405-416 (2012) (discussion 416).

42. Bamford, J. A., Lebel, R. M., Parseyan, K. & Mushahwar, V. K. The fabrication, implantation and stability of intraspinal microwire
arrays in the spinal cord of cat and rat. Trans. Neural Syst. Rehabil. Eng. 25, 285-296 (2016).

43. Yeganegi, H., Fathi, Y. & Erfanian, A. Decoding hind limb kinematics from neuronal activity of the dorsal horn neurons using
multiple level learning algorithm. Sci. Rep. 8, 1-12 (2018).

44. Grahn, P.]. et al. MRI-guided stereotactic system for delivery of intraspinal microstimulation. Spine 41, E806-813 (2016).

45. Riley, J. P, Raore, B., Taub, J. S., Federici, T. & Boulis, N. M. Platform and cannula design improvements for spinal cord therapeutics
delivery. Neurosurgery 69, 147-154 (2011) (discussion ons155).

46. Rexed, B. The cytoarchitectonic organization of the spinal cord in the cat. J. Comp. Neurol. 96, 415-495 (1952).

Scientific Reports | (2021) 11:1955 | https://doi.org/10.1038/s41598-021-81371-9 nature research


http://www.who.int/mediacentre/news/releases/2013/spinal-cord-injury-20131202/en/
http://www.who.int/mediacentre/news/releases/2013/spinal-cord-injury-20131202/en/
http://mousespinal.brain-map.org/imageseries/showref.html

www.nature.com/scientificreports/

47. Mushahwar, V. K. & Horch, K. W. Selective activation of muscle groups in the feline hindlimb through electrical microstimulation
of the ventral lumbo-sacral spinal cord. IEEE Trans. Rehabil. Eng. 8, 11-21 (2000).

48. Seifert, A. C., Umphlett, M., Hefti, M., Fowkes, M. & Xu, J. Formalin tissue fixation biases myelin-sensitive MRI. Magn. Reson.
Med. 82,1504-1517 (2019).

49. Papinutto, N. et al. Age, gender and normalization covariates for spinal cord gray matter and total cross-sectional areas at cervical
and thoracic Levels: A 2D phase sensitive inversion recovery imaging study. PLoS ONE 10, e0118576 (2015).

50. De Leener, B. et al. PAM50: Unbiased multimodal template of the brainstem and spinal cord aligned with the ICBM152 space.
Neuroimage 165, 170-179 (2018).

51. Perone, C. S., Calabrese, E. & Cohen-Adad, J. Spinal cord gray matter segmentation using deep dilated convolutions. Sci. Rep. 8,
5966 (2018).

52. De Leener, B. et al. SCT: Spinal Cord Toolbox, an open-source software for processing spinal cord MRI data. Neurolmage 145,
24-43 (2017).

53. Mukherjee, D. P. et al. Automatic segmentation of spinal cord MRI using symmetric boundary tracing. IEEE Trans. Inf. Technol.
Biomed. 14, 1275-1278 (2010).

54. Bonekamp, D. et al. Interobserver agreement of semi-automated and manual measurements of functional MRI metrics of treat-
ment response in hepatocellular carcinoma. Eur. J. Radiol. 83, 487-496 (2014).

55. Koo, T. K. & Li, M. Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr.
Med. 15, 155-163 (2016).

56. Porcine Growth Chart.

57. Midwest Research Swine. Pig Growth Rate Chart. https://midwestresearchswine.com/herd-health/growth-rate-chart/.

Acknowledgements

The authors would like to acknowledge the cadaveric donors for their valuable contribution to this research. We
thank Jason Papirny for facilitating access to human cadavers through the Division of Anatomy at the Univer-
sity of Alberta. We also thank the staff of the Ray Rajotte Surgical Medical Research Institute at the University
of Alberta for facilitating access to swine tissue. Thanks to the Washington National Primate Research Centre
staff for facilitating access to spinal cord tissue from non-human primates. We also thank Chris English, Rob
Robinson, Bethany Kondiles, and Rod Gramlich for assisting with the extraction, perfusion and dissection of
the non-human primate tissue, and for fabricating an MR compatible setup that allowed horizontal translation
of the imaged samples inside the magnet.

Author contributions

A.T.,D.G.E. and VK.M. conceived and designed the study. A.T., D.G.E., N.T., and S.I.P. extracted the spinal cord
specimens. A.T., P.S. and J.C.G. obtained the magnetic resonance images. A.T., B.B., M.M., B.P, N.T., and S.R.
analyzed the images. A.T. wrote the first draft of the manuscript and prepared all figures and tables. All authors
reviewed the manuscript. V.K.M. approved the final version of the manuscript.

Fundin

This workgwas funded in part by the Canadian Institutes of Health Research, the Canada Foundation for Innova-
tion and the National Institute of Health (grant ROINS012542). AT was supported by a CIHR Vanier Canada
Graduate Scholarship, an Alberta Innovates Health Solutions Studentship, and a Queen Elizabeth II Graduate
Scholarship. VKM is a Canada Research Chair (Tier 1) in Functional Restoration.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-81371-9.

Correspondence and requests for materials should be addressed to VK.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 12:1955 | https://doi.org/10.1038/s41598-021-81371-9 nature research


https://midwestresearchswine.com/herd-health/growth-rate-chart/
https://doi.org/10.1038/s41598-021-81371-9
https://doi.org/10.1038/s41598-021-81371-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative neuroanatomy of the lumbosacral spinal cord of the rat, cat, pig, monkey, and human
	Results
	Spinal cord segments and longitudinal dimensions. 
	Gray and white matter and cross-sectional dimensions. 

	Discussion
	Materials and methods
	Spinal cord extraction. 
	Measurements of spinal cord segments. 
	Imaging. 
	3D model. 
	MRI-based measurements. 
	Statistical analysis. 

	References
	Acknowledgements


