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Abstract BACKGROUND CONTEXT: The lumbar sinuvertebral nerve (SVN) innervates the outer poste-
rior intervertebral disc (IVD); it is thought to mediate discogenic low-back pain (LBP). Contro-
versy, however, exists on its origins at higher (L1—L2) versus lower (L3—L5) lumbar levels.
Additionally, lack of knowledge regarding its foraminal and intraspinal branching patterns and
extensions may lead to iatrogenic damage.

PURPOSE: To systematically describe the origins of the L2 and L5 SVNs, their morphological
variation in the intervertebral foramen (IVF) and intraspinal distribution.

STUDY DESIGN: Dissection-based study of 20 SVNs with histological confirmation in five
embalmed human cadavers.

METHODS: The origin, branching pattern and distribution of the L2 and L5 SVNs was investi-
gated bilaterally in five human cadavers using dorsal and anterolateral dissection approaches.
Parameters studied included somatic and/or autonomic SVN root contributions, foraminal SVN
morphology and course, diameter, branching point, intraspinal distribution and IVD innervation
pattern. Nerve tissue was confirmed by immunostaining for neurofilament and S100 proteins.
RESULTS: The SVN and its origins was identified in all except one IVF at L2 and in all foramina
at L5. At L2, the SVN arose in nearly 90% of sides from both somatic and autonomic roots and at
L5 in 40% of sides. The remaining SVNs were formed by purely autonomic roots. The SVN arose
from significantly more roots at L2 than L5 (3.1 & 0.3 vs. 1.9 £ 0.3, respectively; p=.022). Four
different SVN morphologies could be discerned in the L2 IVF: single filament (22%), multiple
(parallel or diverging) filament (33%), immediate splitting (22%) and plexiform (22%) types,
whereas the L5 SVN consisted of single (90%) and multiple (10%) filament types. SVN filaments
were significantly thicker at L2 than L5 (0.48 £ 0.06 mm vs. 0.33 £+ 0.02 mm, respectively;
p=-043). Ascending SVN filaments coursed roughly parallel to the exiting spinal nerve root trajec-
tory at L2 and L5. Branching of the SVN into ascending and descending branches occurred mostly
intraspinal both at L2 and LS. Spinal canal distribution was also similar for L2 and L5 SVNs. Lum-
bar posterior IVDs were innervated by the descending branch of the parent SVN and ascending
branch of the subjacent SVN.

CONCLUSIONS: The SVN at L2 originates from both somatic and autonomic roots in 90% of
cases and at L5 in 40% of cases. The remaining SVNs are purely autonomic. In the IVF, the L2
SVN is morphologically heterogeneous, but generally consists of numerous filaments, whereas at
L5 90% contains a single SVN filament. The L2 SVN is formed by more roots and is thicker than
the L5 SVN. Intraspinal SVN distribution is confined to its level of origin; lumbar posterior IVDs
are innervated by corresponding and subjacent SVNSs (ie, two spinal levels).

CLINICAL SIGNIFICANCE: Our findings indicate that LS discogenic LBP may be mediated
both segmentally and nonsegmentally in 40% of cases and nonsegmentally in 60% of cases. Failure
of lower lumbar discogenic pain treatment may be the result of only interrupting the nonsegmental
pathway, but not the segmental one as well. Relating SVN anatomy to microsurgical spinal
approaches may prevent iatrogenic damage to the SVN and the formation of postsurgical back
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Introduction

The sinuvertebral or recurrent meningeal nerve of
Luschka (ramus meningeus nervi spinalis) [1] is located
bilaterally on every vertebral level, innervating the poste-
rior intervertebral disc (IVD) and posterior longitudinal lig-
ament (PLL), vertebral body and pedicles, and associated
soft tissues in the intervertebral foramen (IVF) and anterior
spinal canal. In humans, the sinuvertebral nerve (SVN) has
been described at cervical [2—7], thoracic [2,3,6,8,9], lum-
bar [3,6,8—14] and sacral [2,6,9,11] levels, but in greatest
detail in the lumbar region (for a recent review, see [15]).

In the classic pattern, the SVN receives a somatic contri-
bution from the spinal nerve or its ventral ramus and an
autonomic contribution from the gray ramus communicans,
which unite to form a single SVN proper that continues
medially in the IVF [8,12]. The SVN is located ventral to
the dorsal root ganglion (DRG) in the ventral portion of the
IVF, and generally travels alongside the spinal branch of
the lumbar artery. Lateral to the PLL, the SVN splits into
an ascending and a lesser descending branch, which may or
may not have multisegmental ramifications and intercon-
nect with sub- and superjacent SVNs [3,6,9].

Clinically, the SVN is important because it is the most
likely mediator of discogenic low-back pain (LBP). In
Western countries, chronic LBP is the leading cause of dis-
ability, with a large individual and societal burden; its costs
are estimated to be 1%-2% of the gross national product
[16,17]. The intervertebral disc is the primary pain genera-
tor in approximately 25% of chronic LBP cases [18]. The
exact role of the SVN in the generation of (discogenic)
LBP is not yet fully determined. Surgery in the lumbosacral
spinal region frequently leads to LBP [19], which may be
caused by unintentional SVN damage during exploration.

Murine studies indicate that lower lumbar discogenic
pain is mediated by two separate pain pathways: segmen-
tally via the somatic SVN root to its corresponding level
DRG neurons, and nonsegmentally via the autonomic SVN
root, with nociceptive fibers ascending through gray rami
communicantes and the sympathetic trunk to L1-L2 DRG
neurons [20—24]. It is not known whether L5 LBP in
humans is similarly transmitted nonsegmentally to L1—L2
DRGs. Remarkably, the murine model is used to justify
several therapies, which presumably target the nonsegmen-
tal pathway, frequently with disappointing results [25,26].

Thus far, cadaver studies on the origin of the human
lumbar SVNs have produced conflicting results, with some
studies finding exclusively autonomic SVN origins at all
lumbar levels [6] and others indicating a classic dual root
SVN origin at higher lumbar (L1—L2) levels, but a purely

autonomic one at lower lumbar (L3—L5) levels [13]. More
recently, Zhao et al. [14] reported both origins, but their
study does not indicate if a dual root lumbar origin co-
exists, nor if the somatic and/or autonomic root contribu-
tions differ per lumbar level.

Precise knowledge of lumbar SVN origins is, however,
crucial to unraveling discogenic LBP pathways and in treat-
ing it. We therefore studied the lumbar anatomy of the SVN
and specifically focused on its somatic and/or autonomic
origins at higher (L2) vs lower (L5) lumbar levels. Addi-
tionally, we provide a detailed description of its foraminal
and intraspinal branching pattern and distribution at these
lumbar levels.

Materials and methods

Anatomic dissection

Microanatomic dissections of the lumbar SVNs were
performed in 5 embalmed human Caucasian cadavers (2
male, 3 female; mean age, 70.0 & 8.5 years [range, 37—85
years]) obtained from body donation. All donors signed
Donor Consent forms in accordance with institutional
guidelines and the Dutch Burial and Cremation Act. None
of the cadavers had externally visible lumbar abnormalities.
Embalmment was within 36 hours after death by femoral
artery perfusion with a 2%—4% formaldehyde fixation solu-
tion.

Dissections were performed using a Zeiss Universal S2
operating microscope (Carl Zeiss AG, Oberkochen, Ger-
many) at 4—40x magnification. The L2 and L5 SVNs were
dissected bilaterally. Photographs were taken with a Sony
Cybershot DSC-H50 (Tokyo, Japan) or a Canon EOS 10D
(Tokyo, Japan) camera.

Dorsal and anterolateral approaches were used. In the
dorsal approach, after removal of the skin and paravertebral
muscles, laminectomies, facetectomies and pediculecto-
mies were performed bilaterally from L1—S1. The anterior
L2 and L5 spinal canal and IVF was exposed by resection
of the spinal cord and dura mater, and retraction of the dural
root sleeve and DRG. The SVN was meticulously dissected
and freed from the surrounding adipose tissue and vascula-
ture to reveal its ramifications and to note its anatomical
relationships. The ascending and descending SVN branches
were isolated from the extensive anterior internal vertebral
venous plexus and traced as far as possible cranially, cau-
dally and medially. Dural branches were not traced further.
Careful dissection at high magnification was performed lat-
erally in the IVF to trace the somatic and autonomic SVN
origins.
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An anterolateral approach to the lateral IVF was used to
further trace the SVN roots. After removal of the viscera
and identification of the sympathetic trunk and rami com-
municantes, the psoas major muscle was resected from its
vertebral origins to trace the communicating rami to their
junction with the ventral spinal ramus, just lateral to the
IVF. Transforaminal ligaments [27] were identified, and
where possible, conserved.

SVN roots were counted and designated somatic if they
macroscopically originated from the ventral ramus, spinal
nerve or DRG, autonomic if they arose from the gray ramus
communicans, and typed as junctional if they exited at the
ramus communicans-spinal nerve junction. No macroscopic
distinction between somatic and autonomic could be made
in the latter. The distances between the somatic SVN root
exit and the distal DRG pole were measured, and between
the autonomic SVN root exit and the gray ramus communi-
cans-spinal nerve junction (Fig. 1). The distal DRG pole
was determined using its lateral convexity margin and gray
coloration relative to the spinal nerve. Other measurements
included thickest (foraminal) SVN filament diameter, angle
between the longitudinal axis of the SVN and the transverse
anatomical plane, and the SVN branching point; distance of
SVN splitting into an ascending and descending branch, rel-
ative to the superjacent medial pedicle border (ie, central

foraminal intraspinal

Fig. 1. Schematic illustration of the parameters measured. Dorsal view of
anterior vertebral canal after removal of posterior arches, zygapophyseal
joints and spinal cord with dura, and clockwise rotation of the spinal roots-
dorsal root ganglion (DRG)-spinal nerve complex. Measurements
included: (a) distance between the somatic root exit of the sinuvertebral
nerve (SVN) and the distal DRG pole, (b) distance between the autonomic
SVN root exit and the gray ramus communicans-spinal nerve junction, (c)
related acute angle between the longitudinal axis of SVN and the trans-
verse anatomical plane, and (d) branching point as defined by the distance
of SVN splitting into an ascending and descending branch, relative to the
superjacent medial pedicle border. Foraminal indicates foraminal zone
(shaded dark red) and intraspinal denotes subarticular and central canal
zones (shaded light red). ar, autonomic SVN root; drg, dorsal root gan-
glion; gre, gray ramus communicans; ivd, intervertebral disc; ped, pedicle;
ped', subjacent pedicle; pll, posterior longitudinal ligament; svn, sinuverte-
bral nerve; sr, somatic SVN root; sla, spinal branch of the lumbar artery.
(Color version of figure is available online.)

canal, subarticular or foraminal zone branching) (Fig. 1).
Foraminal SVN distribution types and IVD (SVN) innerva-
tion patterns were noted. When multiple SVN filaments
were present, the diameter of the thickest filament was mea-
sured. Filament thickness and distances were measured with
a half-millimeter ruler; values for filament thickness were
determined at 10x magnification and rounded to the nearest
0.1 mm. Angles were measured with a protractor. Axial
lumbar zonal terminology adhered to the nomenclature by
Fardon et al. [28]; intraspinal denotes both the central canal
and subarticular zones.

Tissue processing and histology

Samples from all dissected SVNs were embedded in par-
affin, cut into 7-pum thick serial sections and mounted on
poly-L-lysine-coated glass slides (VWR International, Rad-
nor, PA). Tissue sections were dewaxed and either stained
with hematoxylin and eosin (HE) or immunostained with a
monoclonal mouse anti-neurofilament protein antibody
(1:400; clone 2F11; M0762; Dako Denmark A/S, Glostrup,
Denmark) (staining of axons) or a polyclonal rabbit anti-
S100 serum (1:20,000; Z0311; Dako Denmark A/S) (stain-
ing of Schwann cells) to confirm their neural tissue content.

Antibody binding was detected using the avidin-biotin
complex (ABC) method [29] with a Vectastain Elite ABC
Kit (PK-6100; Vector Laboratories, Inc., Burlingame, CA)
and 3,3’-diaminobenzidine tetrahydrochloride (0.05% in
50 mM Tris-HCI, pH 7.0, containing 0.01% H,0,; Sigma-
Aldrich, St. Louis, MO) as chromogen. Endogenous peroxi-
dase activity was quenched with 3% H,O, in methanol for
20 minutes. Primary antisera were diluted in phosphate-
buffered saline (PBS; pH 7.4) containing 1% bovine serum
albumin (BSA) and applied overnight at room temperature.
Second layer antisera included biotinylated rabbit anti-
mouse (1:200; E0354; Dako Denmark A/S) and biotiny-
lated swine anti-rabbit (1:400; E0353; Dako Denmark A/S)
IgG serum and were applied in PBS/1% BSA for 1 hour
each. After all incubations, the sections were rinsed three
times in PBS for 5 minutes. Sections were lightly counter-
stained with hematoxylin, dehydrated, mounted, and cover-
slipped.

Except for one L2 sample (left side), which appeared to
be a vascular structure surrounded by connective tissue
strands and was therefore excluded from our analyses, all
other resection tissue (n=19) was neural tissue, containing
both myelinated and nonmyelinated nerve fibers (Fig. 2).

Statistical analysis

Statistical analyses were performed with SPSS version
25 (IBM, Armonk, NY) using an independent samples # test
(parametric data) or a Mann-Whitney U test (nonparametric
data). A Kruskal-Wallis test (nonparametric data) with post
hoc Bonferroni correction was used for multiple-group
comparisons. Parametric assumptions were tested using the
Shapiro-Wilk test of normality, Z-scores and Levene’s test
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Fig. 2. Histological characterization of L2 and LS5 sinuvertebral nerves. Tissue samples from microdissected sinuvertebral nerves (SVNs) were verified for
nerve tissue using hematoxylin and eosin (HE) staining and immunostaining for neurofilament (neuronal marker) and S100 (Schwann cell marker) proteins.
(A,B) Dorsal view of L2 (A) and L5 (B) SVNs in the anterior intervertebral foramen (IVF) and vertebral canal after removal of the posterior arches, zygapo-
physeal joints and spinal cord with dura, pedicle reduction, and retraction of the dorsal root ganglion (DRG). (A) Plexiform type SVN; ascending branch (left
side). (B) Single filament type SVN; SVN proper (left side). (C—H) Tissue sections taken from the level indicated by the box in A (C—E) and B (F—H) and
stained with HE (C,F), and for S100 protein (D,G) and neurofilament protein (E,H). drg, dorsal root ganglion (retracted laterally); ivf, intervertebral foramen;
ped, pedicle; pll, posterior longitudinal ligament; svn, sinuvertebral nerve; sla, spinal branch of the lumbar artery. Scale bar: 2 mm (A and B); 50 pum (C and

F); 25 um (D,E,G and H).

of equality of variances. Because left- and right-sided data
per level (number of roots, filament diameter and branching
point) did not differ significantly, pooled data were ana-
lyzed for inter- or intra-level differences. Metric data are
presented as mean + SEM values, categorical data by fre-
quency and percentage. p Values <.05 were considered sig-
nificant. Scatter plots were computed using GraphPad
Prism version 8.4.2 (GraphPad Software, Inc., San Diego,
CA).

Results

L2 SVN origins

At L2, a SVN and its origins was identified in all IVFs.
No L2 SVN was formed purely by somatic or autonomic
roots. Six out of 9 SVNs (66.7%; 3 right sides, 3 left sides)
arose from both somatic and autonomic roots (Fig. 3A, E).
Two SVNs (22.2%; 1 right side, 1 left side) arose from
somatic, autonomic and junctional roots (Fig. 3C), and 1

SVN (11.1%; 1 right side) was formed by somatic and junc-
tional roots (summarized in Table 1). The SVN was com-
posed of up to 4 roots, on average by 3.1 £ 0.3 roots
(range, 2—4 roots; n=9 SVNs) (Table 2). The somatic con-
tribution usually arose from the spinal nerve at a distance
ranging from 1.0 to 10.0 mm (mean, 3.67 £ 0.89 mm; n=9)
to the distal DRG. Once, a somatic root exited 3.0 mm
proximal to the distal DRG (ie, from the DRG itself) (right
side). The autonomic root arose from the gray ramus com-
municans at a distance ranging from 2.0—8.0 mm (mean,
4.75 £ 0.73 mm; n=8) from the ramus communicans-spinal
nerve junction. No SVN origins from the paravertebral
sympathetic ganglia or sympathetic trunk were found.

L2 foraminal SVN morphology

Four SVN types were found in the IVF after its roots
conjoined (summarized in Fig. 4): single filament on 2 of 9
sides (22.2%; 1 right side, 1 left side) (Fig. 4A; cf. Fig. 3A),
multiple filament (up to 3; parallel or diverging) on 3 of 9
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Fig. 3. Origin and course of the L2 and LS5 sinuvertebral nerve. (A,B) Ventrolateral, (C,D) dorsolateral and (E,F) dorsal views of L2 (A,C,E) and L5 (B,D,F).
(A) Dual (somatic and autonomic) L2 sinuvertebral nerve (SVN) origin. Ventrolateral view of the L2 intervertebral foramen (IVF) after resection of the psoas
major muscle; the gray ramus communicans is retracted. Single filament type SVN (arrow) formed by two somatic roots and one autonomic root. (B) Dual
(somatic and autonomic) L5 SVN origin, found in 40% of sides. Ventrolateral view of the L5 IVF after resection of the psoas major muscle; outer somatic
SVN roots pulled apart and gray ramus communicans partly retracted. Single filament type SVN (arrow) formed by three somatic roots and one autonomic
root. (C) Classic dual (somatic and autonomic) L2 SVN origin, found in 88.9% of sides. Dorsolateral view of the right L2 IVF from within the spinal canal
with the dorsal root ganglion (DRG) and somatic SVN root retracted with monofilament suture, and the spinal branch of the lumbar artery reflected onto the
DRG. Immediate splitting type SVN (arrows). After root convergence into SVN proper, immediate splitting into an ascending and descending branch. Note
additional junctional root emerging from the ramus communicans-spinal nerve junction. (D) Pure autonomic L5 SVN origin, found in 60% of sides. Dorsolat-
eral view of the left L5 IVF from within the spinal canal with the DRG retracted. The autonomic root continues as a single filament type SVN (arrow). (E)
Foraminal and intraspinal distribution of the L2 SVN. Dorsal view of the L2—L3 anterior epidural space. Immediate splitting (left side) and plexiform (right
side) type SVNs (arrows). The SVN courses in the superior or middle anterior portion of the IVF, ramifies around the spinal branch of the lumbar artery and
forms a plexus lateral to the posterior longitudinal ligament (PLL), innervating both the PLL and sub-/superjacent intervertebral discs (IVDs). (F) Foraminal
and intraspinal distribution of the L5 SVN. Dorsal view of the L5—S1 anterior epidural space. Single filament type SVNs (left and right side; arrows). Bilat-
eral intraspinal branching points, located deep to the anterior internal vertebral venous plexus. Asterisk in A, C and D indicates IVD nerve branches from
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Table 1

Sinuvertebral nerve root origins (%) at L2 and L5
Root origin(s) L2 L5

(n=9) (n=10)

Somatic only np np
Autonomic only np 60
Somatic and autonomic 66.7 30
Somatic and junctional 11.1 10
Somatic, autonomic and junctional * 22.2 np

* Roots were typed as junctional if they exited at the gray ramus
communicans-spinal nerve junction. np, not present.

Table 2
Sinuvertebral nerve characteristics at L2 and LS
Parameter L2 L5
Mean = SEM  Mean £+ SEM p Value*
(Range) n (Range) n
Number of roots 3.1+£0.3 1.9+0.3 022
2to4)9 (1to4) 10
Somatic roots’ 14402 07403 053
(1t02)9 (0to3) 10
Autonomic roots’ 1.3+£0.3 1.1£0.2 .661
0to3)9 (0to2) 10
Junctional roots’ 03402 0.140.1 400
Oto1)9 (Oto 1) 10
Diameter thickest filament 0.48 £+ 0.06 0.33 £0.02 .043

(mm) (02t00.8)9 (0.2t0 0.4) 10
Foraminal filament angle (*)

Ascending filament 36.0 £ 4.8 22.0+3.5 040
(20t045) 5 (10to 35) 10
Descending filament —-16.7£ 1.7 np NA
(—20to —15)3
Branching point (mm)* 0.57 £ 1.63 4.63 £1.22 .065

(=6.0t05.0)7 (0.0t010.0) 8

NA, not applicable; np, not present.

* p Values <.05 were considered significant; independent samples ¢
test (branching point) or Mann-Whitney U test (number of roots and root
types, diameter, ascending filament angle).

T The number of somatic vs autonomic roots at L2 or L5 did not dif-
fer (p=1.000 and p=.227, respectively; Kruskal-Wallis test with post hoc
Bonferroni correction).

¥ Roots were typed as junctional if they exited at the gray ramus
communicans-spinal nerve junction.

§ Relative to superjacent medial pedicle border.

sides (33.3%; 2 right sides, 1 left side) (Fig. 4B), immediate
splitting after union of roots on 2 of 9 sides (22.2%; 1 right
side, 1 left side) (Fig. 4C; cf. Fig. 3C, E, left side), and plex-
iform configurations on 2 of 9 sides (22.2%; 1 right side, 1
left side) (Fig. 4D; cf. Fig. 3E, right side).

Most commonly (6 of 9 sides), the SVN was located in
the superior portion of the IVF (66.7%; 4 right sides, 2 left
sides) and ran predominantly superior to the spinal branch

of the lumbar artery. All SVNs and their branches were
located ventral to the DRG; none were found in the dorsal
IVF. The mean diameter of the thickest SVN filament was
0.48 £+ 0.06 mm (range, 0.2—0.8 mm; n=9) (Table 2;
Fig. 5A). Ascending foraminal SVN filaments (5 of 9 sides,
55.6%; 3 right sides, 2 left sides) coursed roughly parallel
but recurrent to the exiting spinal nerve root trajectory at a
mean angle of 36.0°+4.8° (range, 20°—45°; n=5) relative to
the transverse anatomical plane (Table 2). Descending L2
SVN filaments (3 of 9 sides, 33.3%; 3 right sides) coursed
at a mean angle of —16.7°£1.7° (range, —20° to —15°; n=3)
(Table 2). Ascending and descending filaments included
single filament, multiple filament (parallel and diverging)
and immediate splitting SVN types.

L2 SVN branches to the posterolateral L2/3 IVD were
found on 1 of 9 sides (11.1%; right side) (Fig. 3C). Three
other sources innervated the posterolateral L2/3 IVD: the
gray ramus communicans on 3 of 9 sides (33.3%; 1 right
side, 2 left sides), the ventral spinal ramus on 3 of 9 sides
(33.3%; 1 right side, 2 left sides) (Fig. 3A) and the spinal
nerve on 1 of 9 sides (11.1%; left side). The posterolateral
L2 vertebral body and its periosteum received L2 SVN
branches on 2 of 9 sides (22.2%; 2 left sides) and from two
other sources: the gray ramus communicans on 3 of 9 sides
(33.3%; 1 right side, 2 left sides) and the spinal nerve on 1
of 9 sides (11.1%; left side). Of these, one side (11.1%; left
side) contained branches from all three sources.

L2 SVN spinal canal distribution

Branching of the L2 SVN into ascending, descending
and transverse branches occurred in the foraminal zone on
3 of 7 sides (42.9%; 1 right side, 2 left sides) and intraspinal
on 4 of 7 sides (57.1%; 3 right sides, 1 left side) (Fig. 5B).
On average, branching occurred 0.57 + 1.63 mm (range,
—6.0 to 5.0 mm; n=7 SVN5) intraspinal to the superjacent
medial pedicle border (Table 2; Fig. 5B). These SVN
branches formed a plexus lateral to the PLL, ran perivascu-
lar to ramifications of the spinal branch of the lumbar artery
and either intertwined with or coursed mostly ventral to the
anterior internal vertebral venous plexus (Fig. 3E). Ascend-
ing, transverse, and descending SVN branches disappeared
under the PLL (Fig. 3E), and occasionally entered the basi-
vertebral foramen or into separate small paramedian foram-
ina, together with the basivertebral vein and branches of the
spinal branch of the lumbar artery. Small non SVN-derived
nerve fibers (cf. [30]) were not found in the IVF or spinal
canal.

When present, the ascending SVN branch was generally
directed superiorly (8 of 9 sides; 88.9%, 5 right sides, 3 left
sides), running to the posterior aspect of the L1/2 IVD on 3

ventral ramus of spinal nerve, SVN, and gray ramus communicans, respectively. ar, autonomic SVN root; dr, dorsal ramus of spinal nerve; drg, dorsal root
ganglion (retracted laterally); grc, gray ramus communicans; iv, intervertebral vein; ivd, intervertebral disc; jr, junctional SVN root; Ip, lumbar plexus; ped,
pedicle; ped', subjacent pedicle; pll, posterior longitudinal ligament; sr, somatic SVN root; sla, spinal branch of the lumbar artery; st, sympathetic trunk; vr,
ventral ramus of spinal nerve; vvp, anterior internal vertebral venous plexus; wrc, white ramus communicans. Double sideways chevrons indicate cranial

direction. Scale bar=5 mm.



M.C. Breemer et al. / The Spine Journal 00 (2021) 1—11 7

Single filament SVN Multiple filament SVN

Immediate splitting SVN

I

B

C D

Plexiform SVN
|
N

M
.
7

N

L2: 22% — L5: 90% L2: 33% — L5: 10%

L2: 22% — L5: np L2: 22% — L5: np

Fig. 4. Foraminal sinuvertebral nerve types and frequencies (%) at L2 and LS. Dorsal view of anterior vertebral canal after removal of posterior arches, zyga-
pophyseal joints and spinal cord with dura, and removal of the spinal roots-dorsal root ganglion-spinal nerve complex. Four distinct foraminal sinuvertebral
nerve (SVN) types are recognized: (A) single filament, (B) multiple filament (parallel or diverging), (C) immediate splitting, and (D) plexiform types. At L2,
all four SVN types (A—D) are found, whereas at L5 only single (A) or multiple filament (B) type SVNs are present. Note that the descending SVN branch
(closed arrowhead) innervates the corresponding (L2/3 or L5/S1) intervertebral disc (IVD), whereas the ascending branch (open arrowhead) innervates the
superjacent IVD. ivd, intervertebral disc; ped, pedicle; ped', subjacent pedicle; pll, posterior longitudinal ligament; svn, sinuvertebral nerve.

of 9 sides (33.3%; 1 right side, 2 left sides). It could not be
traced beyond this level. The posterior surface of the L.2/3
IVD received ramifications from the descending SVN
branch on 5 of 9 sides (55.6%; 3 right sides, 2 left sides)
(Fig. 3E, C). Sometimes a descending branch coursed
between the lateral PLL expansion and L2/3 IVD (Fig. 3E,
right side, C), but this could not be traced further caudally.
Once, an intersegmental connection between the L2
descending and L3 ascending branch of the SVN was
observed. In one specimen, the L2 ascending branch ran at
both sides to the L2 basivertebral foramen and the descend-
ing L2 branch to the L3 basivertebral foramen. Ascending
and descending SVN branches appeared roughly equal in
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thickness (cf. [12]), although in one specimen the ascending
branch seemed markedly thicker.

The cranio- and caudolateral PLL extensions overlaying
the IVD received inputs from the parent and superjacent
SVN and the parent and subjacent SVN, respectively. The
PLL overlaying the vertebral body was innervated by the
parent SVN.

L5 SVN origins

AtLS5, a SVN and its origins was identified in all IVFs. It
had purely autonomic origins on 6 of 10 sides (60%; 2 right
sides, 4 left sides), usually arising from 1 root (Fig. 3D). On
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Fig. 5. Scatter plots of (A) sinuvertebral nerve filament thickness (diameter of the thickest filament) and (B) foraminal or intraspinal branching (distance of
sinuvertebral nerve splitting into an ascending and descending branch, relative to the superjacent medial pedicle border). Negative values in B indicate
foraminal sinuvertebral (SVN) branching; ie, splitting lateral to the medial superjacent pedicle border. Open squares, left-sided L2 SVN; closed squares,
right-sided L2 SVN; open triangles, left-sided L5 SVN; closed triangles, right-sided L5 SVN. *p Value <.05; ns, not significant.
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3 of 10 sides (30%; 2 right sides, 1 left side), the SVN arose
from both somatic and autonomic roots (Fig. 3B); these
sides contained more roots than pure autonomic origins: up
to 4 (2, 3 and 4, respectively). One side (10%; right side)
contained somatic and junctional roots. No SVN had a
purely somatic origin at L5. The SVN origins at LS are
summarized in Table 1. On average, the L5 SVN was com-
posed of 1.9 &+ 0.3 roots (range, 1—4 roots; n=10 SVNs)
(Table 2). The somatic contribution usually arose from the
spinal nerve at a distance ranging from 2.0 to 5.0 mm
(mean, 2.71 & 0.42 mm; n=7) to the distal DRG. The auto-
nomic root arose from the gray ramus communicans at a
distance ranging from 1.0—6.0 mm (mean, 3.41 £ 0.41
mm; n=11) from the ramus communicans-spinal nerve
junction. No SVN origins from the paravertebral sympa-
thetic ganglia or sympathetic trunk were found.

L5 foraminal SVN morphology

A single filament SVN type was found on 9 of 10 sides
(90%; 4 right sides, 5 left sides) (Figs. 3B, D, F and 4A),
one of which split and reunited while still in the IVF.
Except for a multiple filament type SVN (Fig. 4B) on 1 of
10 sides (10%; right side), no other SVN types were found.
The SVN ran ventral to the DRG, was usually located supe-
rior to the spinal branch of the lumbar artery, and ran in the
middle IVF portion on 7 of 10 sides (70%; 4 right sides, 3
left sides). No SVN or its branches was found in the dorsal
IVF. The mean diameter of the thickest SVN filament was
0.33 &+ 0.02 mm (range, 0.2—0.4 mm; n=10) (Table 2;
Fig. 5A). All L5 SVN filaments followed an ascending
foraminal course (roughly parallel but recurrent to the exit-
ing spinal nerve root trajectory) at a mean angle of 22.0°+
3.5° (range, 10°—35°; n=10) relative to the transverse ana-
tomical plane (Table 2).

L5 SVN spinal canal distribution

Branching of the LS SVN into ascending, descending
and transverse branches occurred intraspinal on 6 of 10
sides (60%; 4 right sides, 2 left sides) and at the foraminal
zone-intraspinal border on 2 of 10 sides (20%; 1 right side,
1 left side). No branching was observed on 2 of 10 sides
(20%; 2 left sides). On average, branching occurred 4.63 +
1.22 mm (range, 0.0—10.0 mm; n=8) intraspinal to the
superjacent medial pedicle border (Table 2; Fig. 5B).

No differences in intraspinal SVN distribution were
found compared with L2. Transverse branches were traced
over the midline multiple times. The ascending branch of
the SVN was traced to the posterior L4/5 IVD on 4 of 10
sides (40%; 3 right sides, 1 left side); they could not be
traced further than this level with confidence. Ramifications
from the descending SVN branch over the L5/S1 IVD were
seen on 6 of 10 sides (60%; 4 right sides, 2 left sides)
(Fig. 3F). Intersegmental SVN communications were not
found. Only once were posterolateral L5/S1 IVD nerve
branches seen, originating from the adjacent gray ramus

communicans (Fig. 3D). (Peri)osteal L5 nerve branches
were found posterolaterally and in the lateral recess, origi-
nating from the L5 SVN on 5 of 10 sides (50%; 3 right
sides, 2 left sides) or from the DRG on 1 of 10 sides (10%;
left side). Osteal branches entered the L5 vertebra via small
foramina, sometimes alongside a small arterial branch.

Discussion

In the present study, we examined the anatomy of the
SVN at high (L2) and low (L5) lumbar levels, with special
focus on its somatic and autonomic origins. This knowledge
is important for unraveling the ‘wiring diagram’ of disco-
genic LBP, and hence, to improve targeting of treatment
modalities. Furthermore, it may contribute to preventing
iatrogenic damage to the SVN during (transforaminal) sur-
gical approaches to the lumbar spine. Our data show that a
dual root origin is common at L2 and that at L5 there is
autonomic root predominance but not exclusivity (Table 1).
The finding that about half of L5 SVNs are formed by a
dual root origin suggests that lower lumbar discogenic pain
may not only be transmitted by nonsegmental neural path-
ways as is widely accepted in clinical practice [31], but also
segmentally.

Origin of the SVN

In our study, nearly 90% of SVNs at L2 arose from both
somatic and autonomic roots, confirming findings of most
authors [3,8,11—13]. At L5, our results confirm an auto-
nomic root predominance, but not exclusivity, as 40% of
L5 SVNs contained an additional somatic component. Mac-
roscopically, the SVN at L5 is thus not always purely auto-
nomic as previously reported [6,13].

These discrepancies in previously reported SVN origins
might be explained by differences in methodology or dis-
section techniques to study the SVN; notably lower lumbar
SVN roots are difficult to visualize. In human fetuses,
Groen et al. [6] using an acetylcholinesterase whole-mount
method found that except for the cervical region, all SVNs
are exclusively derived from gray rami communicantes.
Expression of acetylcholinesterase in somatic SVN roots,
however, might well be a later event during fetal develop-
ment than in autonomic roots. Furthermore, while we have
found a similar plexiform arrangement in the ramus
communicans’ termination area as Groen et al. [6], and also
what appeared macroscopically as “crossing” fiber bundles
to the dorsal ramus, the latter did not contribute to the SVN
(cf. [32]). Misidentification by others of these “crossing”
fibers as originating from the spinal nerve or ventral ramus
has, however, been put forward by Groen et al. [6] as a pos-
sible explanation for their finding of an exclusive auto-
nomic SVN origin. Groen et al. [6] also contend that the
posterolateral retraction of the DRG-dorsal-ventral rami
complex, exposing the anterior IVF, might give the impres-
sion that the SVN roots originate from the spinal nerve, but
that these are actually autonomic in origin. While individual
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root identification is difficult, we have clearly demonstrated
somatic contributions to the SVN from the ventral ramus,
spinal nerve and DRG both at L2 and L5 (Fig. 3).

In agreement with previous studies [13], the SVN arose
from significantly more roots at L2 than L5 (Table 2). The
number of somatic vs autonomic roots at L2 did not differ
(p=1.000, post hoc Bonferroni correction), nor did it at L5
(post hoc p=.227) (Table 2).

Foraminal SVN morphology

Four different foraminal SVN types could be discerned:
single filament, multiple filament, immediate splitting and
plexiform types (Fig. 4). Configurations with numerous
SVN filaments (multiple filament, immediate splitting and
plexiform types) are common at L2 (77.8% of sides),
whereas at L5, 90% of sides contained a single SVN fila-
ment. Lazorthes et al. [10] described two SVN types: single
nerve and multiple independent or interconnecting nerves
(corresponding to our multiple filament and plexiform
types) without reporting regional variation.

Our results indicate that the SVN is significantly thicker
at L2 than L5 (Table 2; Fig. 5A). Since only the thickest fil-
ament was measured for all SVN types, we performed a
subgroup analysis for single filament SVN types, which
confirmed this finding. The difference both in the number
of SVN roots and the SVN diameter at L2 vs L5, suggests
that level-related differences might exist in SVN nerve fiber
count and/or composition (small nociceptive C fibers vs
larger proprioceptive A« fibers). It might also indicate that
the L5/S1 IVD is innervated more sparsely than higher lum-
bar IVDs.

The course of the SVN in the IVF matches existing liter-
ature: ventral to the DRG and roughly parallel but recurrent
to the exiting spinal nerve root trajectory. SVN filaments
generally run superior to the spinal branch of the lumbar
artery at L2 and LS5, occasionally forming a perivascular
nerve plexus. This plexus is different from the previously
reported nerve plexus around the radicular branch of the
lumbar artery, that arises from the gray ramus communi-
cans at the point of SVN origin [6].

Posterolateral IVD branches from the adjacent SVN
were uncommon (1 of 9 sides at L2, none at L5). Posterolat-
eral IVD nerve branches derived predominantly from the
adjacent ramus communicans and spinal ventral ramus as
previously described by Bogduk et al. [12] and Zhao et al.
[14]. Zhao et al. [14] classified these branches as SVNs
(type I, “SVN deputy branches”), however, the present
study did not, in accordance with Bogduk et al. [12]. More
numerous posterolateral IVD nerve branches were found at
L2/3 than L5/S1; this too could signify a sparser lower lum-
bar innervation but might also represent dissection arte-
facts, as this disc region is difficult to dissect with neural
structures in situ. The lateral IVD received branches from
the adjacent ramus communicans. SVN branches to the
anterior longitudinal ligament (cf. [33]) were not found.

SVN distribution in the spinal canal

The present findings that the intraspinal SVN distribu-
tion does not differ at L2 and L5 and that the SVN does not
extend beyond its level of origin are in accordance with
Luschka’s original description [8], Lazorthes et al. [10],
and Bogduk et al. [12]. Although branching of the SVN
into ascending, descending and transverse branches has
been described [6,12], its precise branching point has not
been further detailed. Branching occurred intraspinal in the
subarticular or central canal zone, and generally more medi-
ally at LS than L2 (Table 2; Fig. 5B), irrespective of SVN
type.

The posterior L2/3 and L5/S1 IVDs were innervated
ipsilaterally by the descending branch of the parent SVN
and ascending branch of the subjacent SVN, that is by two
spinal levels. This is in accordance with Lazorthes et al.
[10] and Bogduk et al. [12], but in contrast to Groen et al.
[6], who found that lumbar posterior IVDs were innervated
by the parent, sub- and superjacent SVNs, that is by three
levels. Such an arrangement could only be valid if a long
descending SVN branch extended to the IVD one level
lower, but these were not found in the present study. In one
specimen, a L2 descending SVN branch ran to the L3 basi-
vertebral foramen, but this did not extend further caudally,
although it could theoretically give off thin branches to the
L3/4 IVD. Descending SVN branches passing between the
lateral PLL extension and IVD were not traced further, but
descending SVN branches from superjacent levels were not
found at L2 and LS, neither free lying nor appearing from
between the superjacent lateral extension of the PLL and its
associated IVD.

Clinical implications

Our results indicate that 60% of L5 SVNs are formed
purely by autonomic roots. In the absence of a somatic root
contribution, discogenic pain transmission can occur via
the subjacent SVN, as an IVD is innervated by two spinal
levels (this study). Alternatively, it might be mediated non-
segmentally through the previously described autonomic
inflow diversion [20—24], whereby nociceptive fibers from
lower lumbar IVDs ascend via the autonomic SVN root
through gray rami communicantes and the sympathetic
trunk to L1—L2 DRG neurons. So far, however, this neural
pathway has only been described in rats and awaits further
human study.

Remarkably, current therapies for discogenic LBP spe-
cifically aim to target this nonsegmental pathway by inter-
rupting pain transmission through nerve blocks, transection,
or radiofrequency lesioning of the L2 DRG, spinal nerve or
ramus communicans [25,26,31,34—37]. These interventions
are not always effective [25,26]. Since we have found that
40% of SVNs at L5 are formed also by somatic roots, which
are presumed to contain segmental nociceptive fibers, inter-
ruption of the nonsegmental pathway alone is expected to
provide only partial pain reduction and may explain some
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of the disappointing results in the aforementioned studies.
Interindividual “wiring diagram” variations may thus call
for different therapeutic approaches to pain reduction in
patients with discogenic LBP.

Although the precise role of the SVN in discogenic LBP
has not been fully established yet, data from immunohisto-
chemical studies have clearly revealed that healthy and
painful lumbar posterior IVDs are innervated by nocicep-
tive fibers from the SVN, indicating a function in pain per-
ception (reviewed in [15,24,38]). Whether these
nociceptive fibers indeed mediate painful stimuli both seg-
mentally and nonsegmentally awaits further (functional)
studies. Although performing experiments in humans limits
research, with the emergence of novel dyes, such as Neuro-
Vue dyes, histological methods for ex vivo axon tracing
have also become available for human postmortem tissue
(reviewed in [39]).

The spectrum of transforaminal ligaments found in our
study matches previous observations [27]. Amonoo-Kuofi
et al. [40] have reported that the SVN is constantly trans-
mitted into the IVF through the compartment created by the
deep anterior intraforaminal ligament. In the present study,
the SVN proper was not transmitted through a compartment
created by trans- or intraforaminal ligaments, although the
compartment formed by a superior transforaminal ligament
did transmit an autonomic SVN root once at L5. The incon-
stancy of these ligaments indicates they cannot be used reli-
ably as landmarks for the location of the SVN at the
foraminal-extraforaminal border.

The anatomy described in this study also has implica-
tions for Kambin’s triangular safe zone (described in [41])
and Harms’ transforaminal corridor [42], used in (mini-
mally invasive and endoscopic) transforaminal spinal
approaches (reviewed in [43]). As the SVN generally
courses through the superior part of these triangular safe
zones, it effectively truncates them into quadrangular safe
zones, if a nerve-sparing approach is sought. Unfamiliarity
with these neural relations may lead to iatrogenic SVN
damage.

Our results are based on a relatively limited sample size
(n=5 cadavers), as is not uncommon in this type of labor-
intensive anatomical research [3,6,9,12—14]. Nevertheless,
our findings are relevant to spinal surgeons who strive to
keep the SVN intact during minimally invasive (foraminal)
approaches. Future studies will further determine the full
extent of foraminal SVN subtypes and distributions.

Conclusions

At L2, the SVN arises in nearly 90% of sides from both
somatic and autonomic roots and at LS5 in 40% of sides.
The remaining SVNSs are formed by purely autonomic roots.
Lower lumbar discogenic pain is presumably mediated seg-
mentally via the somatic SVN root and nonsegmentally
through the autonomic SVN root; targeting only the non-
segmental pathway may provide incomplete pain reduction.

In the IVF, the L2 SVN generally consists of numerous fila-
ments, whereas at L5 90% contains a single SVN filament.
Relating SVN anatomy to microsurgical spinal approaches
may prevent iatrogenic damage to the SVN and the forma-
tion of postsurgical back pain.
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