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Abstract

Purpose To investigate the innervation pattern of the sacroiliac region, especially with regard to the sacroiliac joint (SIJ).
Dorsal SIJ innervation was analyzed and described. Our main hypothesis was that nerves reach the SIJ dorsally, passing
ligamental compartments, as this would explain dorsal S1J pain.

Methods To examine sacroiliac innervation, we followed the nerves in over 50 specimens over several years. Plastinated
slices were evaluated, nerves in the region were stained histologically, and the data were summarized as 3D models.
Results The Rami communicans and posterior branches of the spinal nerves and their branches that form a dorsal sacral
plexus and communicating branches, together with corresponding vessels, were observed to form neurovascular bundles
embedded by tiny fatty connectives in gaps and tunnels. Branches of L5-S1 pass the inner sacroiliac ligaments (the interos-
seous sacroiliac ligament and axial interosseous ligament). The outer sacroiliac ligaments (posterior sacroiliac ligaments,
long posterior sacroiliac ligament, sacrotuberal ligament, thoracolumbar fascia) are passed by the S1-S4 branches. However,
although the paths of these nerves are in the direction of the SIJ, they do not reach it. It is possible that impingement of the
neurovascular bundles may result in pain. Moreover, the gaps and tunnels connect to the open dorsal SIJ.

Conclusion Our findings suggest that Bogduk’s term “sacroiliac pain” correlates to “sacroiliac innervation”, which consists
of “inner-" and “outer sacroiliac ligament innervation”, and to ventral “SIJ pain”. The watery gaps and tunnels observed
could play a significant role in innervation and thus in the origins of SIJ pain.

Level of evidence Individual cross-sectional studies with consistently applied reference standard and blinding.

Keywords Impingement - Entrapment - Sacroiliac joint - Sacroiliac pain - Ligament pain - Collagen

Introduction the S1J is dorsally innervated, although it is accepted that
the dorsal SIJ may be innervated due to clinical experience

The clinical entity “sacroiliac (SI) pain” may involve a yet ~ with anesthesia, because if nerves may not reach the SI1J,

unknown innervation pattern of the SI region, and especially ~ another explanation must be found for “SI pain”.

of the dorsal SI joint (SLJ). To date, it is not known whether
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Innervation (and thus pain) should be related in general to
spinal nerves, each of which divides into an anterior branch,
a meningeal branch, and a posterior branch of the spinal
nerve (PBSN) [1]. Some anterior branches are described to
reach the ventral SIJ [1-7]; however, clinical and textbook
opinion is that the SIJ is reached dorsally also, by PBSNs
from LS5 or L4 together with sacral PBSNs from the assumed
S1-S3 segments [8].
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PBSNs are thought to innervate muscles segmentally,
not forming plexus. For the sacral muscles, this is textbook
knowledge [8]. Several groups have described that lumbar
PBSNs form plexuses [9-11]. Based on such contrary find-
ings, there is still considerable debate regarding the innerva-
tion pattern of the sacral region [12]. Anatomical textbook
knowledge often does not fit with the experiences of cli-
nicians, leading them to ask which PBSNs may reach the
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«Fig. 1 Dissection to the posterior branches of the spinal nerves (PBSNs).
The dorsal sacrum in the ventral approach, anterior views, to observed
the communicating branch (RC) between the lumbosacral PBSN. a
Case L30 (9 80, formaldehyde-fixed). The spinal canal has been opened
ventrally. On the right side, the bones have been removed to reveal
the spinal nerves. On the left side, half of the 5th vertebra body (LVB
5) remains, as the sacral vertebrae, e.g., the 1st (SVB 1). The coccyx
(COX) remains closed and attached to the sacrospinous ligament (SSL),
which is partially removed on the right side for viewing the right sac-
rotuberous ligament STL. The right SIJ is opened. Lumbar and spinal
nerves are revealed: L5-SS dividing into an anterior branch and a thin-
ner PBSN (marked yellow). During dissection, an RC came into view
(stained yellow). Some branches are directed toward the inner ligaments,
dorsal of the SIJ. Thicker branches reach caudally, directed toward the
outer ligaments, STL, and SSL. b Alternate view. This is a slightly more
caudomedial view. A probe pushes the ventral rami ventomedially (L5,
S1, S2, and S3) to enable visualization of the PBSNs. The PBSN LS5 is
connected to the adherent segment S1, forming an RC. The PBSNs S1-
S5 are also connected (marked yellow). The PBSN S4 and S5 connec-
tion is very thin and merges to the ventral side of the SSL. All branches
form plexus, giving rise to more branches. A medial cluneal nerve
(MCN) is formed, passing medially, dorsally, ventral to the SSL, and to
the medial dorsal side of the sacrum. ¢ Case L31 (9 90, formaldehyde-
fixed). Image obtained during the dissection process in ventral view. The
anterior branches of the spinal nerves are labeled as Sla, S2a, and S3a.
The segmental PBSNs are labeled accordingly: S1p, S2p, S3p, and S4p.
RCs marked by stars (¥). The yellow *** marks the RC between S3p
and S4p. While the S3a is cut, the S3p can be seen connecting. The *#%
is covered ventrally by the sacral periosteum, marked by the lower right
green arrow. This layer is seen still adhering to the not yet removed
sacral bone (part of the medial sacral crest). The *** travels dorsally to it
to reach the S3p (cannot yet be seen in this state of dissection). The yel-
low ** shows the RC between S2p and S3p. This ** is passing ventral
to a vertical layer (the lower blue arrow), a flat aponeurotic structure
for the erector (more cranial muscle fibers). A bony (periosteal) attach-
ment is marked by the lower left green arrow (attaches to the lateral
sacral crest, the remaining bone). To see the **, another aponeurotic
layer must be cut (upper blue arrow). This layer arose from the removed
bone with its periosteum and was ventral to **. The ** passes in a gap
formed by the removed bone with periosteum and the aponeurotic layer
(upper blue arrow). The fat of this region was removed to visualize
the **; however, the accompanying vessels remain. Branches of ** and
accompanying vessels pass laterally toward ligaments which arise from
the (removed) dorsal sacral periosteum: the long posterior sacroiliac
ligament (L-PSIL) connecting shorter ligaments, which results in tun-
nels for the bundles to pass the L-PSIL. The bundles come to view later-
ally, left of the image. Yellow *: This RC connects segments S1p and
S2p. However, a flat, fatty, not yet dissected block is seen immediately
after removal of bone and periosteum. The aponeurotic erector (upper
blue arrow) gives dorsal coverage to this fatty block, which bulges lat-
erally (X), surrounding yet unseen branches of * (and vessels). Smaller
branches from S2p and from * are directed toward the AIL and ISL.
d An earlier stage of dissection than in Fig. lc (same case: L31). Yel-
low *#: This RC between S2p and S3p is ventrally covered by a peri-
osteal layer (upper green arrow). A more dorsal erector layer is held by
forceps (upper blue arrow). Note the fat, in which smaller vessels are
embedded, accompanying the **. The erector layer covers the space dor-
sally to **. Yellow *** mark the path of the RC between S3p and S4p.
A probe is positioned in the fatty space containing the *** with vessels.
The origin of the erector held by forceps (upper blue arrow) now gives
ventral coverage for the gap containing the ***. This erector layer con-
nects caudally to the periosteum (lower green arrow). However, another
erector layer is seen (lower blue arrow). This gives another dorsal cov-
erage to the fat loose connectives containing ***. The ** and the ***
therefore must curve laterally and convexly to reach the gaps formed by
the erector aponeuroses and periosteum

dorsal SIJ, which dorsal SI ligaments they may pass, and
why segmental pain is not seen in patients.

In a major study on sacral PBSNs conducted 20 years ago
[13], Fortin et al. proposed an anatomical explanation for SI
pain based on a dorsal SIJ innervation using clinical experi-
ments, histological probes and fluoroscopically guided SLJ
arthrography [14, 15], later followed by anatomical findings
[16—18]. This aspect supports our hypothesis that nerves
(and vessels) pass through gaps or tunnels inside dorsal
ligaments, and that this may be of clinical importance for
innervation, and thus for pain.

In this study, we investigated which branches of the
PBSNs may play a role in this regard, which ligaments
behind the S1J they may reach or pass, and whether the SIJ
itself is reached by any RCs or PBSN branches, all of which
are aspects that have rarely been discussed in the literature.

A further question of this work is to think about the loose
connective tissues and fluids in the gaps and tunnels behind
the SIJ as described by Fortin, to find a possible explana-
tion of why the application of anesthetics in these gaps is
effective as a clinical treatment for “SIJ pain” [14, 15, 19].

Material and methods

51 human bodies were dissected either with a ventral or dor-
sal approach, at the University of Leipzig and the University
of Tokyo. Online Resource 1 shows specific data of the body
donors (e.g., age, weight). While alive, the donor had given
consent for the use of body parts for scientific purposes at
the respected Institute of Anatomy.

Dissection in the ventral approach

In total, 48 human specimens were dissected in ventral
approach (Fig. 1; Online Resource 1). Forty-three fixed Ger-
man human specimens (Institute of Anatomy, of Leipzig
University; nine alcohol fixed [20, 21], 25 fixed using 1.85%
aqueous formalin solution) and five formaldehyde-fixed
Japanese human specimens (Department of anatomy, Uni-
versity Tokyo; all fixed using 1.85% aqueous formalin solu-
tion) were dissected to locate the PBSNs from the root to the
periphery (Online Resource 1: number L1-1.43 and T1-T5).
10 cases were dissected in the fresh post mortem situation,
and one case after Thiel’s fixation [22]. After opening the
spinal canal, the fourth and fifth vertebral body and the
sacral bone were removed until the branching PBSNs were
found. Following these branches, the bone was consequently
removed, and the posterior and interosseous sacroiliac liga-
ments (ISLs) were cut when necessary to follow the nerves,
their connections, and further branching.
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Dissection in dorsal approach

Having identified the location of the nerves, we dissected six
specimens dorsally in order to validate our findings (Fig. 2;
Online Resource 1). This included two unfixed, two Thiel-
fixed [22], and two alcohol-fixed [20, 21] specimens. The
long posterior sacroiliac ligament (L-PSIL) proved to
be a key structure in quickly finding the PBSNs and their
branches.

Plastination and histology

To ensure that the structures identified as communicating
nerves per layout were actually nerves, we also evaluated

them histologically. After treatment with alcohol and
paraffin, the slices were stained for neurofilament (MAB
5262, Merck; 1:500) following standard procedures as HE
and connective staining techniques (Online Resource 1).
The slices were examined using a Zeiss AxioPhot 5 micro-
scope (Zeiss, Oberkochen, Germany). Case L51 was an
S1J evaluation in a previous study [23] where PAS reac-
tion was used [24]. For case 52, additional oblique slices
were cut from a plastination block using metachromatic
dye staining [25]. The serial sections of L51-L52 were
evaluated macroscopically using polarized light micros-
copy (Zeiss AxioPhot) and scanned (Epson V750 pro,
Epson, Seiko Epson Corp. 3-3-5 Owa, Suwa-shi, Nagano,
Japan; Figs. 3 and 4).

Fig.2 Case 46 (&, 90 years old, Thiel-fixed). Posterior branches of
the spinal nerves PBSNs and their Communicating branches RCs
in a dorsal approach. The erector origins are mainly cut off. The long
posterior sacroiliac ligament L-PSIL is partly cut to see the nerves
branching. The thoracolumbar fascia TLF was detached from the
sacrum. Caudally, a sacral origin of the sacrotuberous ligament
STL comes into view. It is also cut into parts. After removal of fat,
the PBSNs are seen arising from the dorsal sacral foramina and are
named according to their segments: S1p, S2p, S3p. a The RC S1p-
S2p and its accompanying vessels are marked with yellow stars (¥).
Some fatty loose connectives remain. The ligaments are cut to visu-
alize the *, vessels, and embedding fatty loose connectives. Dorsally
the dissected L-PSIL is seen. Two branches of * with accompany-
ing vessels pass dorsal to the periosteum and ventral to the cut short
PSILs. Neurovascular bundles pass here (L5-S1). A more dorsal
layer touches the ventral side of the TLF, opened, flipped caudally.
The upper branch of the * reaches laterally ventral to the TLF. One
branch travels deeper, toward the interosseous sacroiliac ligaments
ISL and axial interosseous ligament AIL, which however is still
covering the hidden SIJ. The lower branch finds another connection
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to a direct branch of S2p, and a plexus is formed. The S2p and S3p
form another RC, accompanied by vessels, marked with **. Again,
parts of the L-PSIL and the TLF are partly cut to visualize parts of
*% The STL remains intact, still dorsally covering parts of **. From
S3p, another RC reaches caudally along with vessels, *** (to S4p;
not seen). To see this branch, lamellas of the STL (or of the gluteal
aponeurosis, which would be the same) are additionally removed.
These are all perforated by tunnels for RCs, of which some are open
and some are yet unseen. b At the region of the palpable posterior
inferior iliac spine PIIS (#), the L-PSIL, STL, and TLF merge.
Nerves derived from communicating branches came into view after
the gluteus maximus was removed from the STL, together with layers
from which this muscle arises (the gluteal aponeurosis). These nerves
are labeled as (S2p) and (S3p) according to the nearest segments.
The (S2p) reaches more caudal than the (S3p). (S3p) passes deep to
(S2p). Both branches reach caudally to the depth, then ventrally, and
not to the dorsal surface, thus not forming the medial cluneal nerves.
The target of both branches is the dorsal cranial COX, the ventral
SSL (hidden), and the visible coccygeus muscle
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Segmentation

For creating a 3D-model, CT images of cases L13, L24 and
L51 were used for the segmentation of the pelvic ring and
lower lumbar spine bones using the Materialise Mimics soft-
ware (Materialise HQ, Technologielaan Belgium). Plastinated
specimen were used for the spatial orientation (cases L50 and
L52), as an MRI/CT/Plastinaton case (L51; Fig. 5; Online
Resource 1). We introduced the data to Mimics as recently

cranial

)
- Sacrum

®
-
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>

Fig.3 Stained plastinated specimen cut through the region of the
S1J, L-PSIL, PSIL (x), the TLF, and the sacral origin of the STL.
The gluteus maximus (GM) gives dorsal coverage. The ISL and
AIL are marked dorsal of the SIJ. The periosteal layers are marked
with green arrows and layers of the erector aponeuroses with blue
arrows. Branches of the PBSN are passing between these layers and
are marked with yellow arrows. a Case L51 (9, 65). A serial sec-
tion of a sagittal plastinated specimen near the PIIS stained by PAS
reaction shows the distribution of sugars. This may indicate a colla-
gen-type distribution [24]. The violet-stained cartilage of the SIJ can
be seen cranially. No vessel or nerve is seen near the SIJ. The near-
est vessel (with a nerve) is marked as the upper left yellow arrow.
Dorsally the AIL, ISL, PSIL, and L-PSIL come into view. Blood
filled vessels (brown) pass in the gaps between the sacrum and ilium,
merged to the ISL with the AIL, ventrally and cranially to the PSIL,
and to the L-PSIL. Accompanying nerves of these vessels can be
anticipated due to their higher light refraction index and due to the
bright color (two left upper yellow arrows) forming neurovascu-
lar bundles. Such bundles (two right yellow arrows) pass in gaps
between the ventral periosteal layers, stained slightly orange (the
green arrows). Layers of thinner and longer ligaments, such as the
L-PSIL, are stained red. Some bundles pass between layers of the
L-PSIL and TLF (lower right yellow arrow). Shorter ligaments
near the periosteum form a common origin of the L-PSIL, STL, and
TLF: x. The L-PSIL is interwoven with an aponeurotic origin for
the TLF (the upper blue arrow), distinguishable after PAS reaction.

described [26, 27]. To create a virtual model of the dissected
nerves, we chose five specimens representing the courses of
nerves and their main variations (L18, L25, L29, L30, and
L31) and measured the nerve branch lengths, the distances
between branches as well as those between nerve connections
and key structures. Using dissection images and the software’s
immediate 3D-preview in correlation to the plastinated speci-
men, we added the nerve structures to the CT slices.

Vessels pass with nerves in “empty” spaces, which contain loose con-
nectives, of which the fat was dissolved by plastination. However, the
spaces are not really empty, as loose connectives still remain. Empty
(white) spaces can be seen marked with E in between the TLF and
the GM, at the plastinated specimen dorsal border, below the arti-
ficially released GM; this really empty space occurred by incor-
rect embedding during the plastination process. b Case 52 (%, 91).
A horizontal slice cut from the block and stained with Giemsa [25].
Collagen stains overall as dark blue. The erector muscle remains red-
brown, the aponeuroses are dark stained (blue arrows). Dorsally,
the erector is covered by the TLF. Periosteal layers (green arrows)
and the blue stained erector aponeuroses (blue arrows) form gaps in
which vessels and nerves pass. From such neurovascular bundles (left
yellow arrow), another bundle passes laterally to the L-PSIL (left
yellow arrow). This nerve of the RC L5/S1 and the accompanying
vessels perforate the L-PSIL, pass the ISL (dark stained, dorsal to
the gap between sacrum and ilium), and proceed toward the AIL. The
joint (the gap at the lower right corner of the picture) is not reached
by this bundle. The GM attaches to the TLF and to the STL. Due
to plastination, an artificial white gap E occurred between the erec-
tor spinae, L-PSIL with ilium, and STL (the erector normally reach
the L-PSIL). So, it is seen that the other gaps and tunnels are not
empty—they are filled with loose connectives, which are not white,
but stain pink. Neurovascular bundles pass in such spaces (yellow
arrows)
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Fig.4 Histology During dissection (Figs. 1 and 2), probes were taken
to prove evidence of nerves reaching from the PBSNs and their RCs
in the sacral region. a Removal for histology, case L18 (&, 75). The
cross of two PBSNs S2 and S3 is seen in the ventral view, held by
forceps (x), removed from the more dorsal TLF and the L-PSIL.
Branches of this cross perforate the ligaments. b Orientation, case
L18 (&, 75). The cross (x) was cut out and correctly assigned for his-
tology. Kr=cranial, kaudal=caudal. ¢ HE overview, case L29 (J,
80). HE sections show thicker and thinner nerves merging one to
another, dividing, and spreading again. A red-blue arrow indicates a
vessel near the crossing nerves. cd =caudal. d Proof for nerves using
neurofilament immunoreaction, case L29 (&, 80).Positive precipita-
tion (dark spots in the frontal cut nerve). The nerve is surrounded by
looser fatty connectives. e Microscopic evaluation, case L31 (9 90).
This specimen shows a doubled cross between L2 and L3. A bifurca-

Results

Based on the dissection, plastinated slices, histology, and
the resulting models, we observed that the PBSNs and RCs
spread in the direction of the SIJ, but do not reach it. Moreo-
ver, their paths perforate the SI ligaments.

Dissection in the ventral approach

All sacral spinal nerves could be followed in all cases
except in cases L13 and T1 (2 of 48 cases; Fig. 1a, b; Online
Resource 1). In this process, watery soft connective tissue
and smaller accompanying vessels had to be removed. In
all cases, RCs were revealed (Fig. 1b-d). The sacral PBSNs
passes through the posterior sacral foramina and caudally
reaches a fatty layer. Each PBSN was found to be connected
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tion of an RC was removed during dorsal dissection (Fig. 1c, d). It
is embedded to epoxy (E12) and investigated using polarized light.
This makes it easy to find the higher refracting nerve branching. The
nerves are seen by their curved form. Vessels are also nearby (red-
blue arrows). The surrounding space is not empty, but structured,
despite of the removed fat (due to plastination). f Auto-fluorescence,
case L31 (9 90). The collagen layers of the RC emit auto-fluores-
cence after E12 plastination. The form of the nerves allows their dif-
ferentiation from the surrounding connectives and fat, which are rec-
ognized by their lobular form. g Van Gieson staining, case L34 (@
57). The collagen layers surrounding the dark brown RC are stained
orange. The nerve passes a thicker orange lamella in order to change
direction. A small vessel accompanies nearby (red-blue arrow). The
surrounding is fat.

by an RC to the lower segment PBSN, after another connec-
tive removal. The caudal RC of PBSN LS5 to S1 pass from
the L5 root at the intervertebral foramen L5/S1 to attach to
PBSN S1 (Fig. la and b).

Thick aponeurotic lamellas arise cranially from the dorsal
sacrum, where muscle fibers of the erector find these lamel-
las, seen ventrally after bone removal (Fig. 1c and d). Each
periosteal layer gives root for a vertically aligned layer of
the erector. On the cranial path, a RC has to encompass an
aponeurotic layer laterally. The paths of the RCs result in a
medial open concave arch (Fig. 5; Online Figure).

The gap for an RC is formed cranially open, caudally
closed, open laterally for the downwards oriented part of
the S1J, and open medially for the emerging SIJ. Branches
spread out laterally toward the S1J; however, the joint itself
was never observed to be reached by any nerve.
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Fig.5 a Reconstruction of PBSNs and their RCs in case L31 (9,
90) to the bony and ligamental model of cases L 13, L24, and L51
in the dorsolateral view. The left ilium and sacrum are seen with the
ISL (light grey). The right side of the sacrum is reconstructed with
the covering masses of periosteum and short PSILs (light grey). The
L-PSIL is also marked in another shade of grey. The TLF attaches
here. The aponeurotic erector origins are visualized as a darker
semi-transparent grey. The communicating branches of case L31
are depicted as yellow arches, concave to medial, convex to lateral.
Branches perforate and undercrosss the L-PSIL. The STL gives a

Dissections in the dorsal approach

After removing the covering of the thoracolumbar fascia
(TLF) and muscle fibers of the erector, followed by the cut-
ting of the longer and shorter dorsal SI ligaments, a PBSN
and its RC become obvious, with further branches (Fig. 2).

These are seen perforating the layers of the short poste-
rior sacroiliac ligaments and the long ligament (L-PSIL;
Fig. 2a). To observe this, the L-PSIL has to be cut. The
RC and plexus-like connections of the RC and the PBSN
were observed in all cases. In the dorsal approach, the root
of the medial cluneal nerves could be assumed as a result of
plexus formation (Fig. 2b). Branches to the sacrotuberous
ligament (STL) and the coccygeum were visible and passed
through lamellas. Even after detachment of the gluteus
maximus from the ligament, it was not clear if the branches
of the PBSN reach this muscle’s ventral surface. However,
there are different layers or lamellas below the sub-gluteal
gliding space, which may have layers covering the STL, and
a lateral cranial fascial layer, which connects cranially to
the gluteus medius. The nerves passing in these spaces with
vessels reached from segment PBSNs S2 and S3 (Fig. 2b).
They cross each other, S2 more superficially.

Distinguishing the L-PSIL from the TLF is not easy,
because both rise together from the lateral sacral crest,
deeper ligaments and the posterior inferior iliac spine
(Fig. 2a). The RC branches, however, merge to this region,
forming a plexus.

pathway for further ramifications toward the region of the COX. b
Summarized reconstruction of four cases (L18, L.29, L30, and L31)
to the bony and ligamental model of cases L 13, L24, and L51 in the
dorsolateral view. This is the same reconstruction as in Fig. 5a but
without the L-PSIL (Case L18 in green, L29 in pink, L30 in blue,
and L31 in yellow). While position and number of communicating
branches varies, the main layout is true for each RC. In a few cases a
single branch belonging to segment S1 runs close to the PSIS (pass-
ing the L-PSIL) dorsal to the SIJ. This case is marked brown (case
L25)

Plastination

Using plastination (3 cases; Fig. 3) compared to dissection
data (49 cases Leipzig, 5 cases Tokyo =54 cases; Figs. 1 and
2), the nerve branch pathways could be traced by looking for
the always accompanying blood vessels. Nerves are visible
as lesser brown structures and are distinguishable due to
their higher refractive index (Fig. 3a). The vessels and the
anticipated nerves pass in the gap between the ilium and the
sacrum near the periosteum and in between the gaps of the
periosteal layers and ligaments (Fig. 3a and b). Although
the inner gaps seem to be empty at first, they are filled with
looser connectives and fat (Fig. 3a, right bottom; Fig. 3b,
artificial space between the STL and L-PSIL).

The RC of the sacral PBSN and their branching in
between the sacral erector origins (Online Resource 1,
Fig. 5).

RCL5/51

In 27 of 57 cases (47%), in ventral approach 22 of 48 cases
(52%), dorsal 2 of 6 (33%), seen in all plastinations. No
doubled RCs.

Landmark PBSN L5: dorsocaudally, lateral to the
superior articular processes of the sacral bone passing the
iliolumbar ligament (not shown). Horizontal distance to
the median line: 3-3.5 cm. RC to S1: directly caudola-
teral to the first posterior sacral foramen, 2.5-3 cm to the
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median line toward the SIJ passing the interosseous sac-
roiliac ligament (ISL) and reaching the axial interosse-
ous ligament (AIL).

RCS1/52

52 of 57 cases (91%), ventral approach 45 of 48 (94%),
dorsal approach 4 of 6 (67%; L44, L46, L.47, L49), seen
in all plastinates. A second (parallel) connection was seen
in 13 of 54 dissections (24%; Fig. 2a).

Landmark PBSN S1: 2-5 mm caudal of the cau-
dal parts of the posterior superior iliac spine (PSIS)
at height of posterior sacral foramen II, ventral to the
L-PSIL. Spread some millimeters caudally, 1 cm caudal
to the most caudal part of the PSIS, ventral of the L-PSIL,
approximately 1 cm caudal to the posterior inferior iliac
spine (PIIS). Looping to the STL. The most lateral part
is on a vertical line from PIIS to 1 cm lateral. Distance to
the PSIS: 4-5 cm. Connection to RC S1 mostly caudal of
the medial border of the L-PSIL, rarely laterally.

RCS2/S3

41 of 57 cases (72%), ventral approach 37 of 48 (77%),
dorsal 4 of 6 (67%; L44, 145, 148, 1.49), seen in all plas-
tinates. Parallel connection: 5 of 54 cases (9%).
Landmark PBSN S2: Divides early inside the 2nd
posterior sacral foramen. RC S2/S3: 3rd posterior sacral
foramen laterocranially, medial to the L-PSIL. Crossing
RC S2 to RC S3: a field 2-3 cm caudal to the PIIS, i.e.,
4-6 cm laterocaudal to the caudal parts of the PSIS (in two
cases at PIIS height). Looping first medially, then dorsally
toward the STL, level 5™ sacral vertebra and coccygeum.

RCS3/54

32 of 57 cases (56%), ventral approach 29 of 48 (60%)
dorsal 3 of 6 (50%; L45, L46 and L.48), in all plastinates.
Three parallel aligned RC (6%).

Landmark PBSN S3: Divides inside the 3rd posterior
sacral foramen ventrally to the L-PSIL and to the more
superficial ligaments, crossing other nerves, dorsal near to
the origin of the STL (Fig. 2b, Online Resource 2).

RC S4/S5
29 of 57 cases (51%), ventral approach 23 (48%) dorsal 3
(50%; 146, 148, and L.49), in all plastinates. Small branches,

thicker accompanying vessels. RC at a line 4th, 1 cm latero-
caudally to the 3rd foramen.

@ Springer

Landmark PBSN S4: 3rd and 4th foramina vertically
2-2.5 cm to the median line. Branches superficially crossed
by branches and plexuses from upper segments.

RCS5/Cocc

11 of 57 cases (19%), ventrally 9 (19%) dorsally one case
(17%; L44), once seen in the plastinates (L56, Fig. 3a). Thin
branch, thick vessels.

Landmark RBSN S5: 5th posterior sacral foramen al
line 1.5 cm to median. Branches crossed by upper segments.
Run caudally along the coccygeum.

Ramifications of the RC/PBSN

Further distal spreading seen in between the periosteal layers
or ligaments, in gaps (Fig. 1b). There are ligamentous com-
partments (Fig. 1c, d) behind the SIJ that are in contact with
the connectives in the wide gaps and thus indirectly with the
nerve branches and accompanying vessels within. These are
the AIL and ISL, reached by the RC/PBSN branches from
L5-S1, in terms of an upward orientation of the branches
perhaps coming from S2 (Fig. 3, Online Resource 2).
Other branches (S1-S4/5) pass from the gaps to tunnels
which perforate the L-PSIL, posterior sacroiliac ligaments
(PSILs), breves et longi, the TLF, and final layers of the
STL (Fig. 1c). From these, the nerves spread out distally and
form other nerves, e.g., the medial cluneal nerves (Fig. 2b).
On their different paths, they also find others and form
various types of plexuses (Figs. 1c, 4a and 5), with the final
branches often crossing those from other segments (Fig. 2b).

Histology

To validate the dissection- and plastination-based find-
ings, crossing branches of RCs were dissected and removed
(Fig. 4a, b), and HE and immunostaining (Fig. 4c). We did
not see cells at the PBSN/RC intersection. Immunostaining
for neurofilament revealed the nerves (Fig. 4d). In slices,
nerves are indirectly verified by their analog layout in dis-
sections, and by their accompanying vessels, as seen sub-
macroscopically (Fig. 3) or macroscopically (Figs. 1c, 2
and 3). Vessels accompany the RCs in spaces with looser
connectives (Fig. 4e), connected by collagenous structures
revealed by the auto-fluorescence of the outer looser connec-
tives (Fig. 4f). The nerves were never free of vessels; neuro-
vascular bundles were formed by such loose connectives in
wider spaces (Fig. 4e, f, g). These bundles pass fatty connec-
tives (Fig. 4c, e—g) that are structured, as the neurovascular
bundles curve lateral to such connective lamella which are
all embedded in fat (Fig. 4g).
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3D segmentation

The findings were summarized in the form of a 3D model
(Fig. 5).

Discussion

We follow Bogduk’s clinical experience and his rea-
soning regarding the two entities that explain pain and
innervation of the sacral region: “SIJ pain”, and “liga-
ment (lumbosacral) pain” [28]. Bogduk stated that “sac-
roiliac pain” encompasses both terms, an insight he
gained from observations regarding anesthesia:” Lateral
branch blocks relieve pain from the posterior ligaments;
they cannot block pain from the sacroiliac joint. Intra-
articular blocks relieve joint pain; they do not relieve
ligament pain” [28].

We see the anatomical background for such clinical phe-
nomenon in the form of gaps through which the nerves pass.
More knowledge on what “SI innervation” means anatomi-
cally would allow clinicians to understand normal (painless)
function. This was the intention of this study—to enable
clinicians to address anatomical structures during their
treatment.

To demonstrate the “innervation” of the sacro-iliac joint
(S1J) and the ligaments behind it, we first show nerves by
dissections (Figs. 1, 2, 3, 4 and 5) and prove their existence
(Fig. 4d).

However, for definitive proof of the term “SIJ innerva-
tion”, it must be shown that nerve endings or synapses reach
the joint, and this must also be true for a final proof of “SI
ligament innervation”. However, as in previous studies, this
was not observed.

For the ventral parts of the SIJ, the term “innervation”
is conducted by the research of Szadek’s group [5, 6]. Their
term “SIJ innervation” may be correct for the ventral side
of the S1J, despite even Szadek’s experiments failed to dem-
onstrate free nerve endings or synapses.

For the dorsal side of the SIJ, however, we refer here in
regards to “innervation” to the viewpoint that the nerves
and the structures they pass are not related to each other,
since they are separated by connectives or fat (Figs. 1d and
2b), i.e., by the “empty” spaces observed histologically
(Fig. 4f-d) or in plastinated specimen (Fig. 3). In this study,
we found these spaces surrounding each branch, accompa-
nied by vessels, thus forming neurovascular bundles. This
is, thus, the anatomically “healthy” situation. The nerves
pass in the gaps and tunnels, and may end there: The SIJ
itself is not reached.

Approach

In dorsolateral approach, Fortin macroscopically observed
branches of a communicating branch RC and of PBSN S1 to
S4 [13]. These observations were already published [1, 29].
In our opinion, compared to the ventral approach (Fig. 1),
the dorsolateral approach used by Fortin (Fig. 2) showed the
nerve from the origin to the periphery, approaching dorso-
laterally but not reaching the SIJ. By following the nerves,
we can determine their relation to the ligaments in the 57
dissected cases using different approaches and in three serial
plastination sectioning (Figs. 1, 2, 3,4 and 5).

Existence of the sacral RC

We observed the RC in the sacral region as Fortin and oth-
ers reported [1, 13, 29]. Despite high topographical varia-
tion (Fig. 5b), the general layout was consistent in all cases
(Figs. 1, 2 and 3; Online Resource 2). In 30 cases, we could
not see the RC L5/S1 (Online Resource 1). The sacral RCs
are, however, continuations of the described lumbar RC [1,
9,11, 12, 29]. The RC L5/S1 was not in main focus here and
may be an anatomical structure like the sacral and lumbar
RCs. We also have hints for RCs connecting the PBSN in
coccygeal region (11 of 57 cases, 19%).

Segmental (autochthonic) innervation is unlikely
in the sacral region

The lumbar PBSN have recently been described to form a
plexus [10, 11, 30]. In the sacral region, we also observed
the RC/PBSN branches forming a plexus and connecting to
the coccygeal branches (Figs. 1, 2, 4a, 5; Online Resource
2). Consequently, distinct segmental innervation of the dor-
sal sacral region also seems unlikely. The lumbo-sacral mus-
culature of the erector, the ligaments seen here, and the skin
can rarely be described as segmentally arranged (i.e., strictly
“autochthonic” innervation).

Hungerfold’s group reported delayed erector onset in
patients with pain in the SIJ and muscles such as the glu-
teus maximus [31], and give a biomechanical explanation
for this reactive onset.

We observed gaps of the erector (Figs. 1c, 3a) and layers
of gluteal aponeurosis, as McGrath also have noticed [32],
embedded in tunnels (Figs. 2b and 3b). Hungerfold’s onset
can be seen as a reactive change of the erector resulting in
pressing or narrowing of the gaps seen here (Fig. 3b) result-
ing in a kind of entrapment. Interestingly, any widening of
these gaps may be helpful, as yoga may help in SI pain [33].

@ Springer
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Branches of RC/PBSN directing to the SlJ passing
ligaments

A continuous gap without any capsule was observed dorsal
to the joint cartilage and ventral to the axial interosseous
ligament (AIL; Fig. 3). Fortin et al. described tunnel-like
gap connections as follows: “Dissections revealed nerve
branches derived from the loops connecting S1 to S4 dorsal
rami to the dorsal ligaments” [13]. They did not observe
branches to the joint, but to the ligaments; however, based
on these data and the literature, the authors concluded that
“... the S1]...is innervated [dorsally, HS]” [13].

Our macroscopic findings cannot exclude dorsal innerva-
tion of the joint by branches of the S2 or S3; our data on the
path of the sacral RC branches also leave open the question
of whether smaller S2 and S3 branches may reach the joint
cartilage. The RC S1/S2 and RC S2/S3 were observed in 52
and 41 of the 57 cases, respectively, not ending to the SIJ
(Online Resource 1).

Branches of RC/PBSN to “inner Sl ligaments” ISL
and AlL: segments L5-S1

Japanese literature describes a branch from the lumbar
PBSN L4 and L5, a branch reaching the SIJ region crani-
ally, quoted, but not seen by Fortin [13]. We observed the LS
branch connecting to S1 in approximately half of the cases
(47%, Fig. 1b, Online Resource 1; [12]). This branch passes
the iliolumbar ligament [34], before possibly branching else-
where near to the cranial SIJ. Dorsal of the joint, we see
smaller nerves of RC/PBSN segments L5 and S1 passing
the interosseous sacroiliac ligament (ISL) and targeting
the AIL (Fig. 3). Based on our dissections, compared to the
plastinated specimen (Figs. 1, 2, 3, 4 and 5), we underline
Fortin’s description of these RC branches reaching the AIL,
a relatively weak and small part of the ISL near the joint
[13, 35]. The nerve fibers in the gaps could explain ISL/
AIL pain due to LS and S1, referred as sciatic pain, and not
“innervation of the SIJ” as Vilensky and Fortin claim [16,
17]. Our findings provide however a hint for “inner SI liga-
ment innervation” of the region near the joint cartilage, as
of the ISL and AIL; arguments for “ligament innervation”
with referred sciatic pain as an anatomical explanation for
Bogduk’s clinical term “ligament pain” [28].

Branches of RC/PBSN directing “outer Sl ligaments”
L-PSIL, the PSILs, TLF, and STL: segments S1-S4

Neurovascular bundles are seen passing through fat-filled

flat tunnels inside the voluminous ligamentous complex
behind the SIJ and medial to the long posterior sacro iliac

@ Springer

ligament (L-PSIL), grouped together to form the shorter
ligaments, PSIL (Figs. 1c, 2, 3, 4a, 5; [27]).

McGrath’s group reported that these nerves run from
gaps to small holes that perforate the PSIL and branch to
the L-PSIL [32]. We also observed PBSN/RC S1, S2, and
S3 branches that perforate the L-PSIL laterally (Figs. 1,
2,3 and 5).

The L-PSIL as part of the PSIL [27] has been proposed
as pain generator [7, 32]. As McGrath et al. described
three layers [32], we see these main layers with their neu-
rovascular bundles passing in small fatty gaps in between
the L-PSIL/PSIL compartment, identifiable by their
accompanying vessels (Figs. 1c, d, 2, and 3).

The neurovascular bundles cross and twist (Fig. 2b,
Online Resource 2). We have reported that the sacrotu-
berous ligament STL twists for some functional reasons
[26]. However, both the twisted nerves arise earlier from
the plexus, which makes more precise segmental assign-
ment very difficult, except for the general statement of
their main origin from S1-S4 and their targeting of such
“outer” SI ligaments”.

“SlJ innervation” and “Sl ligament innervation”
correlates to “SlJ pain” and “Sl ligament pain”

Ventral branches of the SIJ are emphasized to reach and
thus innerve the ventral S1J, i.e., the ventral capsule, near
the cartilage, along with branches of the anterior branch of
the spinal nerve S2 [1, 6, 17, 36]. Cranially, the joint may
be reached by PBSN L5 [1, 9, 10, 12, 13].

When nerves may not reach the dorsal SIJ, as we
describe here, pain described by Bogduk as “ligament
pain” could arise from ligaments or from the nearby con-
nectives. These connectives are initially seen as to be “fill-
ing” the ligament gaps, due to the gliding and rotational
movements involving the ISL, L-PSIL, and PSIL [28, 37,
38]. During these movements (of less than 0.5 mm and 1°,
respectively), the RC passes in a nearly motionless region
medial to the L-PSIL under normal conditions (Figs. lc,
d; 3).

The neurovascular bundles are located like an eye of
cyclone inside these loaded ligaments. The arising medial
cluneal nerves, for example, could become entrapped as they
pass through the ISL/AIL compartments, as described by
Konno et al., resulting in multiple type of pain (Fig. 1¢c) [39].

Also the S1J itself is described to be a main pain genera-
tor [19, 40]. The data from the literature and our research
suggest that not only the (ventral and cranial) joint itself,
but also the dorsal compartments of the SI region seen here
could be such generators, as McGrath, Vleeming, and oth-
ers have suggested for the L-PSIL [7, 32]. We think that the
inner and outer ligaments may be considered as dorsal parts
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of the SI region, due to the open dorsal anatomy; there is no
dorsal synovial ending of the joint.

Neurovascular bundles in the gaps and tunnels
behind the S1J

A correlation between the width of the gaps and adequate
anesthesia has already been established [41]. Thus, the
gap itself may provide information about the fat-embedded
PBSN/RC branches (Fig. 4d). Comparable nerve entrap-
ment syndromes are thought to occur for the medianus and
ulnar nerves, as well as for nerves of the size seen here,
perforating the abdominal wall [42, 43].

Ischemic endoneural vascularity damage may also apply
to the nerves seen here, passing the “inner” and “outer SI
ligaments”.

The RC/PBSN branches with their vessels and loose
connectives are surrounded by thicker masses of collagen
(Figs. 3a, 4f; Online Resource 2) [23, 44, 45]. We know
that collagen induces piezoelectrical potentials [46], and
that collagen consists mainly water, not protein—a tendon
consists of 62% water [47]. Highly structured water may
explain this piezoelectric effect of collagen, which may
have an impact on the RC/PBSN (Fig. 3). In the healthy
anatomical state, no pain is induced because the bundles
are freely embedded.

These structural masses of collagen surrounding the
RC/PBSN bundles have another general but unexplained
property. Ott’s group, and others, have shown that a “dead”,
watery, cell-free collagenous matrix can be made functional
by foreign blood [48, 49]. This “matrix” has a defined anat-
omy, which we see here poor in cell number (bradytrophic)
surrounding and even building the RC/PBSN bundles with
collagen, fat, and (synovial) water (Figs. 3a, 4). With Ott’s
experiments in the background of our thinking, the collagen,
and water (which synovia and collagen mainly consists of)
should be considered regarding “‘SI innervation” [48, 49].

If we are correct, the synovial milieu—the soft, fluid mat-
ter surrounding the PBSN/RC near the “inner ligaments”—
plays a role in joint homeostasis and resultant symptoms
(Fig. 3a). This has recently been discussed for the hip—
synovial change is an early sign for hip pain [50]. Com-
paratively, changes to the open gaps behind the SIJ may be
predictive of “SIJ pain” or more specifically, “inner SI liga-
ment pain”. This has been demonstrated daily for 30 years
with the clinical application of anesthetics to neurovascular
bundles in the gaps, to inner ligaments, and also to the S1J
(Figs. 2a, 3a) [14, 15, 28, 41, 51].

Involvement of watery fluids in SI pain (or “SIJ pain”)
is also suggested by Weber’s group [52]. Background noise
on MRI is seen as early evidence of S1J disease beneath the
joint in elite athletes. Fittingly, we see the RC/PBSN nerves
very near to the sacral bone (Fig. 3).

Further proof regarding the possible importance of the
watery gaps seen here could be the higher substance P con-
tent, which for the hip has been measured in patients with
pain [53], although there appears to be no such study regard-
ing the SIJ.

A main conclusion of our research would be to bring
these watery gaps of the SIJ region to clinical thinking on
what is “SI innervation” and thus what “SI pain” may be
related to. Any hypothetical change of fluids, generally, and
in the gaps surrounding the nerves seen here, in our case,
may explain, why sacroiliitis (and pain) is related to signs of
(painful) ankylosing spondylitis and non-radiographic axial
spondyloarthritis, and also to diseases distant from the SI
region, such as arthritis, enthesitis, and dactylitis and extra-
articular diseases such as uveitis, psoriasis, and inflamma-
tory bowel disease—topics on which Winter et al. recently
performed an interesting meta-analysis [54].

Conversely, asymptomatic radiological involvement of
the S1J is reported to occur in up to 50% of patients with
inflammatory bowel disease [55].

Bogduk stated the term “SI pain” to be either “ligament
pain” or “S1J pain” [28]. Based on our data, we suggest that
“SI innervation” involves “inner SI ligament innervation”
and “outer SI ligament innervation”. In conclusion, while
ventral and cranial “SILJ innervation” has been discussed
[12, 13], dorsal SIJ innervation, i.e., innervation of the
joint’s cartilage, remains unproven.

BIAS and outlook

Possible autonomic involvement by the periarterial plexus of
the vessels in the gaps behind the SIJ was not investigated,
as anticipated by Fortin [13]. Our description of the RCs/
PBSNs and their branches passing in gaps behind the SLJ
could be pathological to some extent due to the advanced
age of the subjects dissected (median age, 81 years). 61% of
German adults have had “back pain” one year ago, of which
15% had chronic pain [56]. Whether the gaps observed are
also present in the younger population needs to be reviewed
in future studies.
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