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One Sentence Summary: This is the first detailed analysis of the segment-specific dorsal and
ventral spinal roots spatial orientation measured and correlated to the anatomical landmarks of
the spinal cord and vertebral column for human.

Abstract: An understanding of spinal cord functional neuroanatomy is essential for diagnosis
and treatment of multiple disorders including, chronic pain, movement disorders, and spinal cord
injury. Till now, no information is available on segment-specific spinal roots orientation in
humans. In this study we collected neuroanatomical measurements of the dorsal and ventral roots
from C2-L5, as well as spinal cord and vertebral bone measurements from adult cadavers. Spatial
orientation of dorsal and ventral roots were measured and correlated to the anatomical landmarks
of the spinal cord and vertebral column. The results show less variability in rostral root angles
compared to the caudal angles across all segments. Dorsal and ventral rootlets were oriented
mostly perpendicular to the spinal cord at the cervical level and demonstrate more parallel
orientation at the thoracic and lumbar segments. The number of rootlets was the highest in dorsal
cervical and lumbar segments. Spinal cord transverse diameter and size of the dorsal columns
were largest at cervical and lumbar segments. The strongest correlation was found between the
length of intervertebral foramen to rostral rootlet and vertebral bone length. These results could
be used to locate spinal roots and spinal cord landmarks based on bone marks on CT or X-rays.
These results also provide background for future correlations between anatomy of spinal cord
and spinal column structures that could improve stereotactic surgical procedures and electrode
positioning for spinal cord neuromodulation.
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Introduction

In recent years, spinal cord neuroanatomy has gained great interest, as it directly impact the
outcome of epidural electrical stimulation (EES) to improve motor functions after spinal cord
injury (SCI) (1-4) or alleviate chronic pain (5). Several computational studies suggested that
dorsal roots and dorsal spinal columns could be considered as a main target for EES (6, 7) and
that activation of the dorsal roots fibers depends on orientation of electrical field along the target
fibers (8), as well as in the curvature of the dorsal roots and the angles between the root fibers
and the spinal cord axis (9-12). On a large animal model, EES of the dorsal root entry zone
(DREZ) evoked higher responses in both proximal and distal muscles when stimuli were applied
within spinal segments (L1, L2 and L3), compared to when stimuli were applied between the
segments (L1-L2, L2-L3 and L3-L4) (13). Significant anatomical differences in caudal segments
L5-L6, such as proximity of dorsal roots and narrowing of caudal root angle, could also explain
the difference in amplitude of motor responses compared to stimulation of more rostral segments
(13). Overall these and other data suggest that EES-induced motor responses are dependent on
exact position of the electrode over the DREZ and on orientation of the fibers in stimulated roots.
Until now, only a few attempts have been made to describe the spinal cord segment-specific
orientation in human and primary for cervical roots (14-17). Spinal cord anatomical
measurements have been described in different studies with particular focus on DREZ length
(17-21), ventral root exit zone (VREZ) length (21), intersegmental space (17), segment length
(22), root length (17-21), distance across columns (17-19, 22), root diameter (23), and number of
rootlets (17-22). At the same time, no information is currently available on dorsal and ventral
roots orientation across all spinal cord segments. The main goal of this study was to
comprehensively illustrate the anatomical features of the spinal cord roots and their variations
across spinal segments (C2-L5) in human. The information on dorsal and ventral spinal roots
orientation and their segment-specific distribution in correlation with spinal cord measurements
and specific bone landmarks is critical for future development of effective navigation approaches
for implantation of electrodes and for stereotaxic spinal surgeries. This information will also help
to further optimize stimulation protocols, i.e. electrodes selection and positioning on the spinal
cord and develop novel computational approaches for spinal cord stimulation (SCS).

Results
Spinal cord gross anatomy

The major spinal cord gross anatomical landmarks were measured in this study: DREZ length,
segment length at dorsal column and bone entry, inferior articular facet to caudal rootlet distance
and intervertebral foramen to rostral and to caudal rootlet distance as illustrated on Fig. 1A. Data
(mean, SD) from these anatomical measurements are summarized and presented on Fig. 1B-I.
The DREZ length and segment length at dorsal column demonstrated a “bell-shape” distribution
with the greater lengths at the thoracic segments (Fig. 1B, C, and E). Segment length at bone
entry demonstrated the similar pattern from cervical to upper and mid-thoracic segments that
continued to increase further at lower thoracic and lumbar segments (Fig. 1D, E). The inferior
articular facet, intervertebral foramen to rostral, and to caudal rootlets lengths demonstrated
gradual increase from cervical to lumbar segments with slight increase at the high thoracic
segments and prominent increase at lumbar segments (Fig. 1F-1).

Fig. 1 is about here
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DREZ length: DREZ length was greatest at thoracic segments (1.73 £ 0.42 cm) (p<0.001) (Fig.
1B). Segmental description showed that C2 segment was 1.13 + 0.15 cm and remained mainly
unchanged throughout cervical and upper thoracic segments. DREZ length increased
significantly at T4 (1.84 £ 0.40 cm) compared to cervical segments and T1, and did not change
significantly through the rest of thoracic segments including L1; however at L2 (1.18 £ 0.32 cm),
there was a significant decrease, with no other major variations across the rest of the lumbar
segments (Fig. 1E, green line).

Segment length at dorsal column entry: Segment length at dorsal column entry was greatest at
thoracic segments (2.13 £ 0.57 cm) (p<0.001) (Fig. 1C). Segmental description demonstrated
that C2 was 1.26 £ 0.09 cm and did not change significantly until C7 (1.17 + 0.17 cm), where it
decreased. No major variations were observed across low cervical and upper thoracic segments,
however, length significantly increased at T4 (2.28 + 0.37 cm) compared to T1 segment. The
segment length remained similar throughout all thoracic segments and upper lumbar segments,
although at L3 (1.12 + 0.26 cm) it decreased significantly compared to T11 and then decreased
again at L5 (0.97 £ 0.38 cm) compared to L1 (Fig. 1E, blue line).

Segment length at bone entry: Segment length at bone entry was gradually increased over
segments and was greatest at lumbar segments (3.01 + 0.44 cm) (p<0.001) (Fig. 1D). Segmental
description showed that C2 was 1.31 = 0.10 cm and did not change significantly through all
cervical segments and upper thoracic segments. A significant increase in segment length was
observed at T9 (2.18 + 0.19 cm), when compared to T1. No major variation was observed in the
rest of spinal cord segments (Fig. 1E, green line).

Inferior articular facet to caudal rootlet distance: Inferior articular facet to caudal rootlet
distance was gradually increased across segments and was greatest at lumbar segments (9.16 +
2.15 cm) (p<0.001) (Fig. 1F). Segmental description showed that distance at C2 segment was
2.44 + 0.08 cm and it did not show major variations across all cervical segments, except for C8
(1.94 £ 0.27 cm) where it decreased. This distance did not vary at T1 and T2 segments, but
significantly increase at T3 segment (3.03 £ 0.59 cm) compared to C8. No major variations were
observed across mid-cervical segments, until at T7 (3.36 + 0.77 cm), where it showed a
significant increase. For the rest of thoracic segments inferior articular facet to caudal rootlet
distance remained mainly unchanged. At lumbar segments L1 (6.81 + 0.55 cm), L2 (8.58 £ 0.51
cm), and L3 (10.52 + 0.64 cm) it was significantly longer compare to T12. Segments L2 and L3
had longer inferior articular facet to caudal rootlet distance compared to L1. At segments L3 and
L4 it did not vary significantly and L5 (12.71 £ 0.44 cm) had greater distance compare to L3
(Fig. 11, blue line).

Intervertebral foramen to rostral rootlet distance: Similar to previous measurement,
intervertebral foramen to rostral rootlet distance was gradually increased to the greatest values at
lumbar segments (9.59 + 2.55 cm) (p<0.001) (Fig. 1G). This distance at C2 segment was 1.55 +
0.42 cm and it did not change significantly throughout cervical segments till C7, where C7 (2.01
+ 0.08 cm) and C8 (2.27 + 0.22 cm) were significantly greater compare to C5. Lower cervical
and upper thoracic segments did not vary significantly till T3, where there it increased (4.05 £
0.63 cm). No other major variations were observed across the rest of thoracic segments except
for T12 (5.68 + 0.92 cm) that was significantly longer compare to T1-T10. T12, L1, and L2
segments did not vary, but L3 (10.27 £ 2.23 cm) showed significant increase compared to L1. No
major variations were observed for the rest of lumbar segments, although at L5 (12.66 = 1.50
cm) it was significantly longer than at L2 (Fig. 11, purple line).
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Intervertebral foramen to caudal rootlet distance: Similar, intervertebral foramen to caudal
rootlet distance gradually increased to the greatest values at lumbar segments (8.6 = 2.76 cm)
(p<0.001) (Fig. 1H). This distance of C2 segment was 1.06 + 0.07 cm and remained relatively
unchanged across all cervical segments except for C8 (1.50 £ 0.25 cm), where it was longer
compare to other cervical segments. No variations were observed at the upper thoracic segments,
although, T5 showed some increase and was significantly longer compare to T1 (2.81 £+ 0.35
cm). Intervertebral foramen to caudal rootlet distance increased again at T11, being longer
compared to T9 (3.10 = 0.80 cm). No variations were observed between lower thoracic (T10-
T12) and upper lumbar segments (L1-L2). Distance at L3 segment (9.51 + 2.27 cm) significantly
increased compared to L1, and remained similar through the rest of lumbar segments (Fig. 11, red
line).

Anatomy of the Dorsal and Ventral Root and Rootlets

Main anatomical measurements of the dorsal and ventral roots and rootlets are illustrated in Fig.
2A. Rostral and caudal root angles, number of dorsal and ventral rootlets, width across dorsal
and ventral columns, and transverse diameter of dorsal and ventral roots were measured in this
study. Data (mean, SD) from these anatomical measurements are summarized and presented on
Fig. 2B-P. Most of these measurements had a bimodal (double-peaked) distribution across spinal
segments with the higher values at cervical and lumbar segments compared to thoracic segments
(i.e. number of roots, root diameter, and transversal width). A reverse bimodal distribution was
found for dorsal and ventral width (Fig. 2M). A continuous increase in values across all
segments was observed for rostral root angle, while continuous decrease was consistent for
caudal root angles (Fig. 2F).

Fig. 2 is about here

Rostral roots angles: Dorsal rostral root angle was the greatest at thoracic segments (169.21 +
3.58°) (p<0.001) (Fig. 2B). At C2 dorsal rostral root angle was 119.05 + 1.27° and increased
significantly at C3 to 148.51 + 5.43° and then remained consistent throughout the mid-cervical
segments. Dorsal rostral root angle increased again at C7 (151.99 + 5.96°) compared to C5
(140.78 £ 6.12°) and at the C8 segment (157.31 + 4.06°) where it was significantly greater
compare to C6 (145.20 + 3.86°). At the thoracic segments, there was an increase from T1 to T2
(T1: 161.96 + 4.42°, T2: 167.60 £ 2.44°), but then it remained unchanged throughout rest of the
thoracic and upper lumbar segments. Rostral root angles then decreased significantly at L3
(162.68 £ 2.61°) compared to L1 (169.54 + 2.04°) (Fig. 2F). For ventral side, rostral angle was
also greatest at thoracic segments (169.42 £ 3.63°) (p<0.01) (Fig. 2D). At C2 ventral rostral root
angle was 128.03 £ 6.23° and remained constant through C3-C4. It significantly increased at C5
(138.08 £ 6.54°) compared to C3 and did not change significantly at the mid-cervical level,
although, it increased at C8 (151.86 + 6.42°) compared to C6. Significant increase in ventral
rostral root angle was observed at T2 (167.76 + 2.70°) and then again at T4 (172.82 + 3.03°).
Then, it remained consistent across the rest of thoracic segments. At the lumbar segments the
ventral rostral root angle decreased at L3 (161.27 + 2.74°) and remained similar through the rest
of lumbar segments (Fig. 2F).

Caudal roots angles: Dorsal caudal root angle was greatest at cervical segments (58.05 + 21.29°)
(p<0.001) (Fig. 2C). At C2 dorsal caudal root angle was 98.57 £ 6.35°. It markedly decreased at
C3 (62.17 + 11.21°) with no major variations across the mid-cervical segments. Then, it
decreased again at low cervical level where at C7 (41.94 £ 11.47°) it was smaller compare to C5,
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and then decreased again at C8 (33.76 + 8.36°) compared to C6. Then, it remained unchanged
throughout most of thoracic segments and decreased again at T11 (11.67 £ 3.06°). No major
variations were observed throughout T12 and the lumbar segments (Fig. 2F). For ventral side,
ventral caudal root angle was also greatest at cervical segments (73.901 + 22.7°) (p<0.001) (Fig.
2E). At C2 ventral caudal root angle was similar to C3 (111.55 + 8.37°), however, it significantly
decreased at C4 (84.81 + 10.00°) and then again decreased at C7 (60.48 + 16.03°). Caudal root
angles remained similar throughout thoracic and lumbar segments till L4 (13.74 + 7.11°) where
they decreased significantly compared to C7 (Fig. 2F).

Number of Rootlets: As for dorsal roots, cervical and lumbar segments demonstrated the greatest
number of rootlets (8.41 + 1.91 and 7.91 + 1.94 respectively) (p<0.001) (Fig. 2G). The number
of rootlets at cervical C2 segment was 8.33 = 1.15 and remained relatively similar throughout all
cervical and upper thoracic segments. It significantly decreased at T4 (4.44 + 0.88) compared to
mid-cervical segments (C4-C6) and remained unchanged throughout the rest of the thoracic
segments. There was a significant increase in rootlet number at L2 (8.00 + 1.73) that was greater
compare to T5 and T7, without major variations in the rest of lumbar segments (Fig. 2I). Ventral
roots demonstrated bimodal distribution with the greatest average number of rootlets at cervical
and lumbar segments (7.28 = 3.35 and 5.57 + 2.38 respectively) (p<0.05) (Fig. 2H). Although
there was a trend for increased number of rootlets in cervical and lumbar segments, no statistical
significance was found (Fig. 21). Thus, the increase in number of rootlets in cervical and lumbar
segments was only evident for dorsal roots that could be related to the functional role of the
sensory information for forelimb and hind limbs represented across these segments (Fig. 21).

Transverse diameter: Since no statistical differences were found between the three measured
transverse diameters at DREZ with respect to rostral, middle or caudal reference points (data not
shown), we averaged them into a single diameter measurement per each segment. Transverse
diameter was the greatest at cervical segments (12.86 £ 1.13 mm) (p<0.001) (Fig. 2J). Segmental
description showed that C2 transverse diameter was 11.4 £ 0.5 mm and remained significantly
unchanged until C6, where it demonstrated significant increase (13.9 + 0.8 mm) and then
decreased at C8 (12.2 £ 0.7 mm) compared to C6. At C8 and T1 transverse diameters were not
significantly different, although, transverse diameter decreased significantly at T2 (9.8 £ 0.9
mm) and then decreased again at T6 (8.1 £ 1.5 mm). Then, transverse diameter remained
consistent throughout rest of the thoracic and lumbar segments (Fig. 2M). Although there was a
trend with larger diameter at the lumbar segments, the only statistically significant increase was
found at the cervical segments.

Width across dorsal and ventral columns: Width across dorsal columns was greatest at cervical
segments (6.84 £ 0.93 mm) (p<0.001) and the smallest at the thoracic segments (5.05 + 0.72
mm) (p<0.05) (Fig. 2K). At C2 dorsal columns width was 7.88 £ 0.30 mm and it did not change
significantly across all cervical segments and T1. Then, at T2 (4.87 + 0.63 mm) dorsal columns
width decreased and remained largely unchanged throughout mid-thoracic segments, and then
increased at T11 (5.45 £ 0.39 mm) compared to T6. The dorsal columns width remained
unchanged throughout T12 and most of lumbar segments, except for L5 (4.08 £ 0.11 mm), where
it demonstrated significant decrease compared to L1 and L3 (Fig. 2M). Width across ventral
columns similar had greatest values at cervical segments (4.78 + 0.94 mm) (p<0.05),
although, opposite to dorsal columns width, the smallest ventral columns width was found at the
lumbar segments (2.22 £ 0.56 mm) (p<0.001) (Fig. 2L). At C2 width across ventral columns was
6.36 + 0.30 mm and did not change till C6 (4.20 £ 0.31 mm) where it decreased significantly
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compared to C2 and C3. No major variations were observed at lower cervical segments and T1
till T2 (5.00 £ 0.46 mm) where it was greater compared to C7. Width across ventral columns
remained consistent through mid-thoracic segments and, then decreased again at T9 (3.67 + 0.71
mm) segment, where it was significantly smaller compared to T2 and T3. At T10 (3.42 £ 0.74
mm) it was smaller compare to T1-T7. At T12 (2.98 = 0.46 mm) ventral columns width was
smaller compare T1-T8. Ventral columns width did not vary significantly at the upper lumbar
segments, although, it demonstrated significant decrease at L4 (1.99 + 0.54 mm) being smaller
compare to T11 (Fig. 2M). Inverted bimodal distribution was observed in dorsal vs. ventral
width, indicating that at cervical and lumbar segments have relatively wider dorsal columns
compare to shorter columns width at ventral side (Fig. 2M).

Root diameter: For the dorsal side, the greatest root diameters were observed at cervical and
lumbar segments (5.05 £ 0.98 mm and 4.38 + 0.8 mm respectively) (p<0.001) (Fig. 2N). At C2
dorsal root diameter was 4.34 = 0.45 mm and significant variations were only observed at
segments C5 (5.43 £ 0.98 mm) and C7 (5.50 + 1.08 mm), both being significantly larger than T4
(Fig. 2P). For the ventral side, cervical and lumbar segments also demonstrated the greatest
diameters (2.94 £ 0.86 mm and 2.81 + 0.78 respectively) (p<0.001) (Fig. 20). At C2 ventral root
diameter was 2.79 + 0.38 mm and remained unchanged till C8 (2.19 £ 0.42 mm), where it
decreased. Then, ventral root diameter remained the same across all thoracic segments and upper
lumbar segments. A marked increase in ventral root diameter was observed at L4 (3.19 + 0.55
mm), without major change at L5 (Fig. 2P).

Related spine anatomical landmarks

The bone anatomical landmarks were measured as illustrated on Fig. 3A: mid-vertebrae foramen
length, vertebrae bone length, intervertebral foramen distance, intervertebral foramen diameter.
The data (mean, SD) from these anatomical measurements are summarized and presented on Fig.
3B. Most of these spinal anatomical measurements demonstrated gradual increase from cervical
to lumbar segments with slight increase at mid-cervical and mid-lumbar segments.

Fig. 3 is about here

Mid-vertebrae foramen length: The greatest mid-vertebrae foramen lengths were observed at
thoracic and lumbar segments (2.55 = 0.39 cm and 2.9 = 0.36 cm respectively) (p<0.001) (Fig.
3B). Segmental description showed that length at C2 vertebra was 1.30 + 0.22 cm and did not
vary significantly between cervical vertebras except for C7 (1.92 + 0.46 cm), which showed a
significant increase. No major variations were observed between lower cervical, upper and mid-
thoracic vertebra, however, T7 (2.67 £ 0.17 cm) showed a significant length increase compared
to C7. No major variations were observed between rest of vertebrae, although T11 (3.17 + 0.30
cm) showed to be significantly longer than T1-T5 (Fig. 3F).

Vertebral bone length: Vertebrae bone length was greatest at lumbar segments (2.96 + 0.38 cm)
(p<0.001) (Fig. 3C). In segmental description we observed that C2 vertebral length was 1.71 +
0.28 cm, decreasing at the C3 (1.23 + 0.24 cm) vertebrae, then, length remained mainly
unchanged throughout the rest of cervical and upper thoracic vertebrae. At T9 (2.63 £ 0.25 cm),
however, there was a significant increase compared to C6. There was another significant increase
at T12 (3.12 + 0.43 cm) vertebrae, which was significantly longer than T1 and T2 (Fig. 3F). No
other major variations were observed at lumbar vertebras.
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Intervertebral foramen distance: Intervertebral foramen distance showed to be greatest at
lumbar segments (3.14 £ 0.33 cm) (p<0.001) (Fig. 3D). Segmental description showed that
distance for C2 segment was 1.59 + 0.15 cm and remained consistent throughout rest of the
cervical segments and the upper- and mid- thoracic vertebrae until T9 (2.64 £ 0.32 cm) where a
significant increase was observed compared to C5 and C6. There was another significant
increase at T10 (2.97 + 0.52 cm) and T11 (2.94 + 0.57 cm) compared to T1, and again increased
at T12 (3.20 £ 0.42 cm), which was significantly greater compared to T5 (2.17 £ 0.16 cm) (Fig.
3F). No other significant variations were observed in the remainder of the vertebrae.

Intervertebral foramen diameter: Intervertebral foramen diameter showed to be greatest at
lumbar segments (1.21 + 0.25 cm) (p<0.001) (Fig. 3E). Segmental description showed that
diameter for C2 was 0.90 + 0.28 cm and remained mainly unchanged across all vertebrae. The
only difference observed was at L3 (1.31 £ 0.27 cm) where the diameter was significantly
greater than C7 (0.83 £ 0.09 cm) (Fig. 3F).

Other findings

DREZ vs. VREZ: In this study we found distinct differences between dorsal and ventral aspects
of the spinal cord. Particular differences across all the spinal segments were found in the way the
root fibers enter or exit the spinal cord. Dorsal root fibers at DREZ entered dorsal columns in a
well-organized linear fashion, allowing visualization of the posterolateral sulcus as a single line
throughout all spinal segments (Fig. 4, Dorsal). For ventral roots at VREZ, we observed root
fibers exiting the ventral columns in a less organized fashion, without a clear demarcation line
(Fig. 4, Ventral). Another difference is that ventral fibers produced multiple branches compare to
dorsal rootlets (Fig. 2 and 4).

Fig. 4 is about here

Inter-root anastomoses: Another finding of this study was the presence of intradural dorsal
inter-root anastomoses, which were found at cervical and lumbar segments, but not at thoracic
segments. A total of 85 inter-root anastomoses were found across 9 cadavers (Fig. 5A). Cervical
roots had higher number of anastomoses (77) compared to lumbar roots (8) (Fig. 5B). Cervical
anastomoses were more common on the left side (44) compared to the right side (33), same as
for lumbar segments, with more anastomoses on the left side (6) compared to the right (2). The
most consistent inter-root anastomoses were found on the left side in segments C3-C4, which
was confirmed in all 9 cadavers (Fig. 5B). No inter-root anastomoses were found on the ventral
side of the spinal cord.

Fig. 5 is about here

Inter-rootlet anastomoses: Inter-rootlet anastomoses were also observed, and consisted of nerve
fibers connecting dorsal rootlets inside of the root. They were found primary at cervical and
lumbar segments, and at thoracic T1 segment, although, no inter-rootlet anastomoses were
observed at the rest of the thoracic segments (T2-T12) (Fig. 5C-H). Size, orientation, and number
of inter-rootlet anastomoses varied from segment to segment and from subject to subject.

Correlation between anatomical landmarks of the spine and spinal cord

Correlation analysis between spine and spinal cord was performed in order to establish an
anatomical segmental relationship and optimize targeting the spinal structures based on vertebral
bone landmarks. Spearman correlation analysis was used to establish relationship between the
following spinal cord and spine anatomical landmarks: intervertebral foramen to rostral/caudal
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rootlet distance, mid-vertebral foramen length, vertebral bone length, and intervertebral foramen
distance for all measured spinal cord segments (C2-L5). A stronger relationship was found
between vertebral measurements and intervertebral foramen to rostral rootlet distance compared
to intervertebral foramen to caudal rootlet distance. The strongest correlation was found between
intervertebral foramen to rostral rootlet distance and vertebral bone length (R = 0.82) (p<0.001)
(Fig. 6D), whereas intervertebral foramen to rostral rootlet distance and intervertebral foramen
distance was weaker (R = 0.78) (p<0.001), and intervertebral foramen to rostral rootlet distance
to mid-vertebral foramen length had the weakest correlation (R = 0.73) (p<0.001). For caudal
rootlet distance, intervertebral foramen to caudal rootlet distance and intervertebral foramen
distance had the strongest correlation (R = 0.76) (p < 0.001), whereas intervertebral foramen to
caudal rootlet distance to vertebral bone length (R = 0.75) (p < 0.001) (Fig. 6E) and to mid-
vertebral foramen length had weaker correlations (R = 0.70) (p < 0.001). A schematic
representation of the spine and spinal cord for all measured segments (C2-L5) was performed by
plotting vertebral bone lengths starting from L5 and presented on Fig. 1A. Intervertebral foramen
diameters were used to space vertebras. Rostral and caudal root angles were used to determine
root orientation. To determine vertical lengths of segments, DREZ lengths and segments lengths
at dorsal column entry were plotted (Fig. 6C). Analyzed correlations were used to corroborate
the accuracy in the location of each segment by determining the relationship between each
vertebra to its corresponding spinal segment. The strongest correlation (intervertebral foramen
distance to rostral rootlet distance to vertebral bone length) was used to establish segmental
relationship between vertebral bone landmarks and spinal cord (Fig. 6C, D, E).

Fig. 6 is about here
Discussion

Multiple computational (9-11) and animal studies (13, 25) demonstrated that dorsal roots and
dorsal columns are the main target for EES, which emphasizes the importance of electrodes
location in relation to the main target structures (9-12). It has been reported that electrical
stimulation applied at DREZ provides significantly higher motor evoked responses compared to
other electrodes location on dura mater (3, 13). Orientation of electrical field along the fibers of
target structures is another key factor in effect of EES (8). Surprisingly, up to now no
information is available on variation in segment-specific anatomy of dorsal and ventral roots for
humans. The segment-specific orientation of spinal roots as well as main anatomical features of
the human spinal cord remains virtually unknown, except a few studies that reported results on
cervical roots orientation (14-17). To our knowledge this work is the first attempt to provide
comprehensive anatomical measurements of the spinal cord from cervical to lumbar segments,
dorsal and ventral roots, their dimensions, and orientation in relation to other spinal cord
structures and to vertebral bone marks in humans.

Dorsal and ventral roots and rootlets neuroanatomy: Anatomical measurements of the human
spinal cord have been partially presented in previous works (14-22). Similar to these studies, we
found that length of the dorsal roots, measured as a distance between intervertebral foramen to
rostral/caudal rootlet, at cervical segments was shorter compare to thoracic and lumbar (p<0.001)
(Fig. 11). Also, dorsal roots at cervical segments had more perpendicular orientation compared to
thoracic and lumbar segments (p<0.001) (Fig. 2F). The largest spinal cord transverse diameter
was found at cervical segments (p<0.05) with the maximum at C6 (1.39 + 0.08 cm) (p<0.05).
Similarly, dorsal columns width was the greatest at cervical segments (p<0.001) and smallest at
thoracic segments (p<0.05). In opposite, ventral column width was the greatest at the thoracic
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segments and the smallest at the lumbar segments (p<0.001). Previous studies have analyzed
dorsal widths separately for cervical (17, 18), thoracic (19), and lumbar segments (22) and
ventral column width was described only for lumbar segments (22) and to our knowledge, this is
the first attempt to measure and compare the dorsal and ventral columns widths across cervical,
thoracic, and lumbar segments on the same subjects.

Variation in spinal cord gross anatomy: In this study we observed a bimodal distribution of
transverse spinal cord diameter and dorsal column width and inverse bimodal distribution of
ventral column width. Thus, dorsal columns at cervical and lumbar segments have a higher width
that was the opposite for ventral column width (Fig. 2M). This specific distribution could be
related with a number of the dorsal root fibers entering the spinal cord at cervical and lumbar
segments responsible for sensory information coming from the lower and upper extremities. This
distribution could be also related with the number of roots fibers and was correlated with the
highest number of rootlets and root diameter at cervical and lumbar segments (Fig. 21, P). We
also found that DREZ was always presented as a clear demarcation line, while VREZ forms an
irregular area (Fig. 1A, 4) related with variations in ventral roots branches that could contribute
to the narrowing of the ventral column width, which was also mentioned in previous studies (26).
The most extensive spinal cord linear growth up to adulthood was previously found at the
thoracic segments (27) and could explain observed in our study bell-type distribution of
segments/DREZ length with the longest DREZ length at the thoracic segments (Fig. 1E)
(p<0.001). The extensive growth at the thoracic segments could be also related with a minimal
number of anastomoses between roots and rootlets at the thoracic segments (27). In this study, at
the thoracic segments we did not observe any inter-root anastomoses and only a few inter-rootlet
anastomoses (Fig. 5). Formation of inter-root anastomoses, which represent myelinated fibers
connecting dorsal roots, has been related to undivided neural crest tissue along the spinal cord
(27-29). This anatomical connectivity may explain overlapping of the sensory symptoms caused
by nerve root compression (29). As previously described, dorsal roots generally form slower
compare to the ventral roots and do not start to separate until approximately the 30th day of
gestation (28). This could explain the absence of anastomoses between ventral roots, as observed
in this and in other studies (28-31). Our results also show that the greatest number of dorsal inter-
root anastomoses at cervical segments (90.58%) compared to other segments (Fig. 5), which may
indicate the functional role of these anastomoses in processing the information to the upper
extremities (28, 32). Interestingly, we found the greater number of inter-root anastomoses on the
left (58.8%) compared to the right side, which has been hypothesized to be related to Lefty-1
gene expression on the left of the neural tube (29). Inter-rootlet anastomoses have been identified
in the past as connections between rootlets located posterior to dorsal ganglions and connect
nerve bundles before they enter the spinal cord (21). In this study, we found inter-rootlet
anastomoses only within dorsal cervical and lumbar segments varied in shape, size, and number

(Fig. 5).
Dorsal and ventral roots orientation: Only a few anatomy studies describe the segment-specific
orientation of the dorsal roots and mainly for cervical segments (14-17) (Table 1).

Table 1 is about here

In this study, variation in root angles across spinal segments was consistent with progressive
widening of the rostral angles for both dorsal and ventral roots throughout spinal segments, while
caudal angles demonstrated progressive narrowing (Fig. 2). Cuellar et al., 2017, demonstrated on
a swine model a significant narrowing (< 80°) of caudal angles from proximal lumbar (L1-L3) to
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the distal lumbar segments (L4-L6), and variation of the proximity of dorsal roots in the same
fashion (13). As these were the main variation in dorsal roots, they were considered to be related
to variation in motor responses amplitude observed with SCS at the most caudal compared to the
rostral segments. These variations to some extent resemble the morphologic aspects of lower
thoracic and lumbar roots in humans as observed in this study: wide rostral root angles (> 150°),
narrow caudal root angles (< 30°), and proximity of dorsal roots (shortening of segments).

Correlation between neuroanatomy of the spinal roots, spinal cord, and vertebrae and clinical
applications: The importance of the location of epidural electrodes during SCS has been
described in several studies where EES was beneficial in reducing the muscle tone (33) or in
activation of the spinal cord locomotor networks in humans (34). Most of the currently available
surgical procedures on the spinal cord involve implantation of the electrodes based on bony
landmarks visualized with fluoroscopy, CT, or ultrasound, in order to locate a point of the
needle/electrode insertion. This approach, however, could not provide precise location of the
electrode in relation to the spinal cord structures, which are the main targets of neuromodulation.
Several attempts to correlate spinal cord and vertebrae structures have been made in the past by
correlating spinal segments with vertebral bodies, although they did not lead to practical
application (13, 20, 35). In this study, we correlated spinal structures and bone landmarks
recognizable on fluoroscopy to improve electrode placement during surgical implantations and
surgical procedures related to the dorsal or ventral spinal roots. Correlation conducted based on
collected in this study data showed the strongest relationship between intervertebral foramen to
rostral rootlet distance and vertebral bone length (R = 0.82, p < 0.001). By using multiple
measurements collected in this study, we have reconstructed C2-L5 spinal segments and roots
with corresponding vertebras and their variations presented on Fig. 1A, and specifically for
lower thoracic and lumbar segments on Fig. 6, the common target for SCS after SCI. Previously,
Lang et al., 1983, used segments length for spinal cord mapping and found that L1 and partial L2
segments at T11 vertebral level and L3-L5 segments at T12 vertebral level can be used for
correlation between vertebrae and spinal cord structures (35). In another study, authors marked
intervertebral disks between T10 to L2 vertebras and performed cross-sections of the roots above
each intervertebral disk to map corresponding segments and found that L1-L3 spinal cord
segments at T11 vertebral level, L4-L5 at T12 vertebral level, and sacral segments at L1
vertebral level could be used for correlation (7, 36). In our study, we were able to, for the first
time reconstruct spinal cord segments from C2 to L5 using correlations between intervertebral
foramen and rostral rootlet distance and vertebral bone length, along with segments lengths (Fig.
1A). With this approach, a potential implantation location of electrode array on spinal cord can
be determined by mapping individual segments and related roots, using available imaging
techniques, and later determine the optimal combination of the electrode leads for EES (Fig. 6).
Previously, we used a similar approach on a swine model where segment lengths and vertebral
bone lengths were found to have the strongest correlation at L2 level. This was translated into
procedural electrode placement and further helped to optimize the electrode placement,
demonstrating higher evoked motor responses while stimulating DREZ within segments
compared to stimulating between the segments (13). Although variations in vertebral column and
spinal cord anatomy between swine and human have to be considered, our present study
demonstrates similar results and provides a fast and precise navigation approach, as only two
parameters need to be correlated to reconstruct the entire spinal cord neuroanatomy. As bone
structures grow more rapidly than the spinal cord during development after birth (20), which is


http://dx.doi.org/10.1101/2020.01.31.928804

bioRxiv preprint first posted online Feb. 2, 2020; doi: http://dx.doi.org/10.1101/2020.01.31.928804. The copyright holder for this
preprint (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

more relevant for bipedal human that quadrupedal animals, adjustment based on the roots length
(intervertebral foramen to rostral and caudal rootlet distances) helped to cover this variation.

Conclusion

Understanding the spinal cord neuroanatomy and variations in basic anatomical measurements is
critical for further development of SCS paradigms and for variety of surgical procedures. DREZ
surgery has proven to be an effective intervention for relieving intractable pain of diverse
etiologies (19) and SCS of the DREZ demonstrated capacity to alleviate chronic pain (5) and
improved motor functions after SCI (3). Although, known fact that variation in spinal roots
orientation has impact on outcome of EES (8), until now, there was no anatomy-based
information available for human. Results of this study are important for performing surgical
procedures on the spinal cord (28, 29) and for implantation of epidural electrodes with later
selection of optimal electrode contacts. Another finding of this study is that inter-root and inter-
rootlet anastomoses could be considered for surgical and for neuromodulation procedures as they
can be implicated in clinical sensory variations in nerve injury. Particular anatomic differences
described in this study may help to further optimize spinal surgical procedures such as rhizotomy
and drezotomy, improve the guidance when introducing the lesion-making device and for the
location of spinal segments after laminectomy (16). These results may also facilitate a better
understanding and management of postoperative complications (14-17).

Materials and Methods
Study Design

All study procedures were conducted with the approval of the Mayo Clinic Institutional Review
Board (IRB) and in accordance with the National Institutes of Health (NIH) guidelines. Nine
adult cadavers (5 males and 4 females) were used for this study with a mean age of 90.1 years
(range 86-94), mean weight 63.1 kg (range 45.3-85.2), mean height 162.9 cm (range 150-192),
and all of Caucasian ethnicity. The cadavers were fixed in a mixture of alcohol and
formaldehyde before dissection.

Spine Dissection and Anatomical Measurements: All cadavers were placed in prone position
and intrinsic back muscles and ligaments of cervical, thoracic, and lumbar spine were carefully
dissected. The vertebral column was harvested en bloc between C2-L5 in each cadaver. Once
extracted, anatomical landmarks for vertebral bone were established (Table 1) and were
measured manually using slide calipers. Then laminectomy was performed across all vertebrae to
expose the spinal cord. The dura was incised to expose the spinal cord and main landmarks were
determined and measured with slide calipers (Table 2). Next, high resolution pictures of each
segment were taken with a surgical microscope (Leica M20, 4 x objective). Afterwards, the full
bone dissection was performed and complete spinal cord was detached from the bone.
Macroscopic pictures of entire spinal cord and at cervical, thoracic, and lumbar levels were taken
followed by microscopic images of each spinal segment. The spinal cord was turned to its ventral
side and dura was incised. Macroscopic pictures of ventral spinal cord were also taken similarly
for cervical, thoracic, and lumbar levels, followed by microscopic image of each ventral
segment. Dorsal and ventral microscopic images were analyzed using GeoGebra open source
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software to measure main spinal cord landmarks as well as rostral and caudal root angles.
Number of dorsal and ventral rootlets were also counted using microscope.

Table 2 is around here

Schematic representation of dorsal segments mapping: A schematic representation of the spine
and spinal cord for all measured segments (means of C2-L5) was done by plotting the following
anatomic parameters to reconstruct a spine and spinal cord design to map specific segments: a)
vertebral bone length, b) intervertebral foramen diameter, c) intervertebral foramen to rostral
rootlet distance, d) intervertebral foramen to caudal rootlet distance, e) rostral root angle, f)
caudal root angle, g) spinal cord transverse diameter, h) width across dorsal columns, i) DREZ
length, and j) segment lengths at bone entry (Fig. 6C). Highest spinal cord correlation
(intervertebral foramen distance to rostral rootlet distance to vertebral bone length) was used to
stablish segmental relationship between vertebral bone landmarks and spinal cord (Fig. 6C, D).

Data Analysis: Data Analysis: SigmaPlot (Systat Software, San Jose, CA, USA) was used to
perform statistical analysis. The Shapiro-Wilk method was used to determine if the data were
normally distributed. If so, an Equal Variance Test was performed using the Brown-Forsythe
method. Significant differences were determined by one-way repeated-measures analysis of
variance (ANOVA). If significance differences were detected pairwise multiple comparisons
(Holm-Sidak) were performed to compare spinal segments. Data that was not normally
distributed or variances that were not equal were analyzed using Kruskal-Wallis method based
on ranks and pairwise multiple comparisons were done using Dunn’s method. Nine cadavers
used for this study were acquired post-mortem following unrelated experimental studies in which
the spinal column and cord remained intact. Correlation: Correlation analysis between spinal
and spinal cord was done via Spearman correlation between the following spinal cord
parameters: intervertebral foramen to rostral/caudal rootlet distance, mid-vertebral foramen
length, vertebral bone length, and intervertebral foramen distance for all measured spinal cord
segments C2-L5 (Fig. 6), in order to establish an anatomical segmental relationship in order to
target dorsal spinal structures based on vertebral bone landmarks.
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Tables:

Table 1. Dorsal and ventral rostral root angles comparison

Author Cadaver Count Spinal Segments | Angle Measurement Statistical Difference
Analyzed
Rostral root angle for dorsal segments
Alleyne et al., 1998 (15) | 10 C3-T1 Smallest: C5 (116°) P<0.01
Greatest: T1 (156°) P<0.01
Kumar et al., 2014 (17) | 25 C1-T1 Smallest: C1 (110.2 £8.2°) | -
Greatest: C5 (144.2+£5.3°) | -
Present Study 9 C2-L5 Smallest: C2 (119.0 £1.2°) | p<0.001

Greatest: T12 (171.8 +1.5°) | -

Rostral root angle for ventral segments

Shinomiya et al., 1994 | 36 C5-C8 *Greatest: C5(30.9+7.6°) | p<0.05
(14)
Present Study 9 C2-L5 Greatest: T4 (172.8+3.0°) | P<0.05

*Measured at inferior margin of most superior rootlet

Table 2. Anatomical measurements

Dorsal and ventral roots Spinal cord structures Vertebral landmarks

Rostral root angle Transverse diameter

DREZ length (rostral to caudal Mid-vertebral foramen length

Caudal root angle rootlet length)
Segment length at dorsal column Vertebral bone length
Number of rootlets and bone entry

Inferior articular facet to caudal Intervertebral foramen distance
Width across columns rootlet distance
Intervertebral foramen to rostral | Intervertebral foramen diameter

Root diameter and caudal rootlet distance
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Fig. 1. Spinal cord anatomic parameters (A). Schematic representation of vertebrae and spinal
cord with measured parameters. Examples of dorsal segments correspond to cervical C4, C5, C6;
thoracic T6, T7; and lumbar L1, L2 L3, segments. (B-D) Bar graphs of DREZ and segments
lengths for cervical (black), thoracic (gray), and lumbar (white) segments. (E) Segmental
description of DREZ and segments length across C2-L5 segments. Note the similar trend in
DREZ length (green line) and segment length at dorsal column entry (blue line), although,
segment length was overall higher across all segments except the lower lumbar segments (L3-
L5), where no intersegmental space was observed. Segment length at bone entry (orange line)
demonstrates consistent increase across all segments. (F-H) Bar graphs for inferior articular to
caudal rootlet distance and intervertebral foramen to rostral/caudal rootlet distances for cervical
(black), thoracic (gray), and lumbar (white) segments. (I) Segmental description of inferior
articular facet to caudal rootlet distance (light blue line), intervertebral foramen to rostral rootlet
distance (purple line), and intervertebral foramen to caudal rootlet distance (red line) for C2-L5
segments show a similar trend across all segments. Data represent mean+/- STD, n=9, One-way
ANOVA followed by Kruskal-Wallis, (*p<0.05, **p<0.01 & ***p<0.001)
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Fig. 2. Roots and rootlets anatomic parameters (A) Dorsal and ventral roots and rootlets
anatomic measurements. Scales in images represent millimeters. (B-E) Bar graphs for dorsal and
ventral roots orientation (angles) for cervical (black), thoracic (gray), and lumbar (white)
segments. (F) Segmental description of dorsal and ventral roots angles for C2-L5 segments.
Dorsal and ventral roots angles follow the same orientation when entering the spinal cord. Note
the trend of increase from dorsal rostral (blue line) and ventral rostral (red line) angles; opposed
to the decrease in dorsal caudal (green line) and ventral caudal (purple line) angles. (G-H) Bar
graphs for dorsal and ventral number of rootlets for cervical (black), thoracic (gray), and lumbar
(white) segments. (1) Segmental description of number of dorsal (dark blue line) and ventral
(orange line) rootlets. (J-L) Bar graphs for spinal cord transverse diameter, and dorsal and
ventral widths across columns for cervical (black), thoracic (gray) and lumbar (white) segments.
(M) Segmental description of spinal cord transverse diameter (yellow line), and dorsal (pink
line) and ventral (dark green line) widths across columns for C2-L5 segments. (N-O) Bar graphs
for dorsal and ventral roots diameter for cervical (black), thoracic (gray) and lumbar (white)
segments. (P) Segmental description of dorsal (cyan line) and ventral (brown line) roots diameter
for C2-L5 segments. (Data represent mean+/- STD, n=9, One-way ANOVA followed by
Kruskal-Wallis, *p<0.05, **p<0.01 & ***p<0.001)
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Fig. 3. Vertebral anatomic landmarks (A) Spine anatomic landmarks (postero-anterior and lateral
view). (B-E) Bar graphs for mid-vertebrae foramen length, vertebral bone length, intervertebral
foramen distance and intervertebral foramen diameter for cervical (black), thoracic (gray), and
lumbar (white) segments. (F) Mid-vertebrae foramen length (blue line), vertebral bone length
(red line), intervertebral foramen distance (green line) and intervertebral foramen diameter
(yellow line) for C2-L5 segments. Note the trend equivalence in mid-vertebral foramen length,
vertebrae bone length and intervertebral foramen distances as intervertebral measurements and
vertebral size increase towards lower levels in a gradual pattern. (Data represent mean+/- STD,
n=9, One-way ANOVA followed by Kruskalwalis, *p<0.05, **p<0.01 & ***p<0.001)
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Fig. 4. Dorsal and ventral root emergence. Dorsal roots nerve fibers enter dorsal columns in a
well demarcated, organized, singular linear fashion (red arrow), following the same pattern
through the all spinal cord segments. On the contrary, Ventral root nerve fibers exit ventral
columns in a less organized, irregular fashion with multiple branching (yellow arrow). Both
images correspond to the dorsal and ventral aspects of C6 and C7 segments, a difference
consistent for all levels from cervical to lumbar spinal segments.
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Fig. 5. Dorsal inter-root and inter-rootlet anastomoses (A) Dorsal inter-root anastomoses (red
arrows) corresponds to left dorsal C3-C4, T2-T3, L4-L5 roots. (B) Table shows the frequency of
left and right inter-root anastomoses for 9 cadavers. Dorsal inter-rootlet anastomoses marked by
yellow lines. (C-H) Examples correspond to segments at cervical (C3, C5), thoracic (T1), and
lumbar (L4, L5) levels.
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Fig. 6. Vertebral spine and spinal cord anatomic relationship for segment mapping and spinal
array navigation. (A) Fluoroscopy image of T11, T12, L1 and L2 vertebras with related spinal
segments (image adapted from Calvert el al. (24)). (B) Diagram of vertebras (T12-L2) and
corresponding spinal cord segments (L2-S2) with array location based on segment mapping. (C)
Diagram of vertebras (T10-L5) and corresponding spinal cord segments (T11-S2); dotted lines
mark L2 intervertebral foramen to rostral rootlet distance and vertebral bone size, parameters that
showed strongest correlation. (D) Scatter plot of vertebral bone length vs intervertebral foramen
to rostral rootlet distance. Spearman coefficient of correlation value was found to be 0.82 with
P<0.001. The equation used to fit the curve was, f= 8.5/(1+exp(-(x-2.4)/0.75)). (E) Scatter plot of
vertebral bone length vs intervertebral foramen to caudal rootlet distance. Spearman coefficient

of correlation value was found to be 0.75 with P<0.001. The equation used to fit the curve was,
f=7.5/(1+exp(-(x-2.88)/0.54)).


http://dx.doi.org/10.1101/2020.01.31.928804

