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Innervation of pathologies in the lumbar vertebral endplate and
intervertebral disc

Aaron J. Fields, Ph.D., Ellen C. Liebenberg, B.S., and Jeffrey C. Lotz, Ph.D.
Orthopaedic Bioengineering Laboratory, Department of Orthopaedic Surgery, University of
California, San Francisco, CA, United States

Introduction
Chronic low back pain (CLBP) is a spinal condition with a substantial socioeconomic
burden [1]. Magnetic resonance imaging (MRI) is a powerful diagnostic tool for many
spinal conditions, but MRI findings have limited diagnostic value for CLBP because of the
unclear relationship between any anatomic abnormalities seen on MRI and symptoms
reported by the patient [2–4]. Although symptoms can have many causes [5], one important
cause is thought to be the presence of innervated pathologies of the vertebral endplate and
intervertebral disc, since nerves in these pathologies may become sensitized by chemical [6]
or mechanical [7] stimuli. Assessing the innervation of endplate and disc pathologies — and
determining the relationship between these pathologies and any abnormalities seen on MRI
— may therefore clarify the tissue sources of back pain and help to identify abnormalities
with enhanced diagnostic value.

Innervated pathologies of the endplate and disc are thought to underlie many cases of
chronic low back pain. In symptomatic patients, innervation is greater in endplates with
cartilage and subchondral bone damage [8, 9], perhaps as a chemotactic response to
neurotrophin production by disc cells [10] and new blood vessels [11]. Innervation is also
greater in painful discs with annulus fissures [12, 13], which may provide a chemically and
mechanically favorable environment for perivascular nerve growth [12, 14]. While these
findings suggest that endplate damage and internal disc disruption can cause pain, the
diagnostic value of these observations is limited because it is unknown how endplate and
disc pathologies are innervated in general, and whether MRI is capable of detecting features
that associate with neoinnervation. Thus, we sought to quantify innervation in the vertebral
endplate and intervertebral disc, and to relate variation in innervation to the presence of
pathologic features observed by histology and conventional MRI.
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Methods
Cadaver materials and MRI

Ninety-two vertebral endplates (from T11 to S1) and 46 corresponding intervertebral discs
(from T11/T12 to L5/S1) were obtained from seven human thoracolumbar spines (donor
ages 51–67 years; two females and five males). All spines were scanned in-situ using MRI
(GE 3T Signa HDx scanner; GE Healthcare, Waukesha, WI) with sagittal T1- and T2-
weighted fast spin-echo sequences. The T1-weighted sequence comprised the following: TE
15.6 ms, TR 516 ms, echo train length 2, acquisition matrix 256 × 256, slice thickness 3
mm. The T2-weighted sequence comprised the following: TE 61.6 ms, TR 2500 ms, echo
train length 8, acquisition matrix 256 × 256, slice thickness 3 mm.

Endplate and disc abnormalities on MRI
After scanning the spines, we rated the images for endplate and disc abnormalities using
established criteria. Endplate signal intensity changes, or Modic changes [15], are related to
pathologies of the endplate and bone marrow, and have two main types: Type 1 changes are
hypointense on T1-weighted images and hyperintense on T2-weighted images, and Type 2
changes are hyperintense on T1-weighted images and either iso- or hyperintense on T2-
weighted images. Both types of Modic changes collocate with endplate damage on
histology, but Type 1 changes reflect fibrovascular replacement of the normal marrow
elements, whereas Type 2 changes reflect fatty replacement of the marrow elements [15].
Two raters classified the endplates as ‘normal’, ‘Modic Type 1’, or ‘Modic Type 2’ (inter-
rater reliability, κ = 0.89).

For the disc, we rated the MR images for high-intensity zones (HIZ), which are related to
internal disc disruption. HIZ appear more hyperintense on T2-weighted images than does the
adjacent nucleus pulposus [16, 17], and are thought to reflect neovascularized granulation
tissue that occurs secondary to an annulus tear [18]. Two raters classified the discs as
‘normal’, ‘low-intensity’, or ‘high-intensity’ (inter-rater reliability, κ = 0.67). Also, we
assessed disc degeneration using the Pfirrmann grading scheme [19] (inter-rater reliability, κ
= 0.74).

Histology
Complete bone-disc-bone motion segments were prepared from the intact spines and
processed for histology. First, the surrounding musculature and posterior elements were
removed from the spines. Next, the spines were cut into four, 5–7 mm-thick para-sagittal
slabs. One medial slab was chosen at random from each spine, and was fixed in formalin,
radiographed, and then decalcified in a mild ion-exchange decalcifying agent (IED; Biocare
Medical, Concord, CA). Radiographic assessment was used to monitor the decalcification
process, which typically required 1 week to complete. After decalcification, the slabs were
cut transversely to produce motion segments containing one half of the cranial vertebral
body, the intervertebral disc, and one half of the caudal vertebral body.

The resulting bone-disc-bone motion segments were processed for paraffin histology.
Segments were first dehydrated in ethanol baths of ascending concentration, cleared in
Clearite, and then infiltrated with paraffin. Next, 7-μm thick sections were cut from the
blocks using a microtome (Microm 355 S; Thermo Fisher Scientific, Waltham, MA),
mounted on slides, and stained with Heidenhain connective tissue stain that contains aniline
blue, orange G and acid fuchsin. Adjacent slides were immuno-stained for the general
neuronal marker protein gene product 9.5 (PGP 9.5; AbD Serotec, Kidlingdon, United
Kingdom) using a polymer detection system (MACH 4 HRP; Biocare Medical, Concord,
CA). PGP 9.5 is a cytoplasmic C-terminal hydrolase present in all classes of nerves and is
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often used as a marker for spinal nerves [20, 21]. Compared to calcitonin gene-related
protein and neurofilament 200, we found that staining for PGP 9.5 provides a high
specificity for nerve tissue without confounding the background staining [20].

Histology grading
The motion segments were divided into sub-regions (Figure 1A), and each sub-region was
rated for the presence and size of pathologic features of the vertebral endplates and the
intervertebral disc. Pathologic features included the following:

1. Fibrovascular endplate marrow at the junction between the endplate and the disc
(Figure 1B) was defined according to the original description [15] as fibrous tissue
within marrow space devoid of normal hematopoietic elements. Fibrovascular
marrow was rated by its size relative to the area of the sub-region where it was
observed: ‘absent’; ‘mild’, < 25% of sub-region; ‘moderate’, 25–50% of sub-
region; and, ‘severe’, > 50% of sub-region.

2. Fatty endplate marrow at the junction between the endplate and the disc (Figure
1C) showed a decrease in hematopoietic cells and an increase in adipocytes
compared to adjacent, normal marrow elements [15, 22]. The fatty marrow was
rated by its size relative to the area of the subregion where it was observed:
‘absent’; ‘mild’, < 25% of sub-region; ‘moderate’, 25–50% of subregion; and,
‘severe’, > 50% of sub-region.

3. Endplate structural defects, or lesions, were identified using the criteria of Wang et
al. [23]. These defects included endplate cartilage erosions and avulsions with
exposed trabecular bone at the junction of the inner annulus and nucleus pulposus
(Figure 1D), nodule-like indentations (Figure 1E), and fractures with exposed
trabecular bone (Figure 1F). Endplate defects were rated by their overall size:
‘absent’; ‘small’, < 10 mm2; ‘moderate’, 10–20 mm2; and, ‘severe’, > 20 mm2. If
more than one defect was present, the largest defect was rated.

4. Annulus tears included concentric delamination and radial fissuring [24, 25], and
were distinguishable from sectioning artifacts by the in-growth of tissue.
Concentric tears (Figure 1G) were rated as follows: ‘absent’; ‘mild’, does not
extend into endplate cartilage; ‘moderate’, extends into endplate cartilage; and,
‘severe’, extends through endplate cartilage. Radial tears (Figure 1H) were rated as
follows: ‘absent’; ‘mild’, extends into inner annulus; ‘moderate’, extends into mid-
annulus; and, ‘severe’, extends into outer annulus. If more than one of either type
of tear was present, the most severe was rated.

Innervation
Nerve fibers positive for PGP 9.5 were counted in 10X fields-of-view (FOV) spanning each
subregion of the motion segments, and were expressed in units of nerves/mm2. If a sub-
region contained endplate or disc pathologies, nerves were counted separately for FOV with
and without pathologies. If two or more pathologies were present in an endplate, the total
nerve density was calculated by dividing the total number of nerves by the area of all
pathologies. Nerves were excluded if they occurred in the longitudinal ligaments.

Statistical analysis
We used Mann-Whitney U and Kruskal-Wallis tests to compare nerve density between pairs
of groups and multiple groups, respectively. Descriptive statistics were used to compare the
incidence of different endplate and disc pathologies, and to relate the incidence of
pathologies on histology to their incidence on MRI. Statistical analyses were performed
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using JMP (Version 10.0; SAS Institute, Cary, NC). All statistical tests were taken as
significant at p < 0.05.

Results
Incidence and distribution of nerves

Nerves were observed in 82.6% (76) of the 92 vertebral endplates and were encountered in
similar densities within the various anatomical regions. Nerve density was similar between
cranial and caudal endplates (Figure 2A); nerve density was also similar among anterior,
central, and posterior regions (Figure 2B). In general, nerve density ranged from 0–0.05
nerves/mm2 and followed a non-normal distribution. On histology, these PGP 9.5-positive
nerves often accompanied blood vessels that branched toward the endplates from the central
vertebral body. These nerves were observed within and adjacent to the blood vessel walls
(Figure 3A).

In the disc, nerves were observed in 30.4% (14) of the 46 levels and were highly localized to
discrete bundles within the outer third of the annulus fibrosus. On histology, these PGP 9.5-
positive nerves were sparsely distributed within the outermost layers of the annulus (Figure
3E). The absence of lumen, red blood cells, and vessel walls on the adjacent trichrome slides
suggests that nerves in the disc were unassociated with blood vessels.

Incidence, distribution, and severity of pathologies
Overall, 42.3% (39) of the 92 endplates had at least one pathology; 7.6% (7) had multiple
pathologies of the same type. Endplate defects (32.6%) were the most common pathology,
and many endplates had more than one type of pathology. For example, 76.6% of endplates
with defects were accompanied by abnormal marrow elements (Figure 1D, Figure 4).
Endplate pathologies were more common in the anterior region than in either the central or
posterior regions (Table 1). Fisher’s exact tests indicated that the probabilities of
fibrovascular marrow (p = 0.06), fatty marrow (p = 0.001), and endplate defects (p < 0.0001)
were significantly associated with disc Pfirrmann grade.

Of the 46 intervertebral discs, 56.5% (26) had an annulus tear (Table 1). The incidence of
concentric tears (39.1%) was similar to that for radial tears (34.7%), and several discs
(17.4%) had both concentric and radial tears.

Innervation of pathologies of the endplate and disc
Nerves were observed in the majority of endplate pathologies and occurred at higher
densities than did nerves in endplates without pathologies. Fibrovascular endplate marrow
had significantly greater nerve density than did normal endplate marrow (Figure 5A).
Because fibrovascular and fatty endplate marrow co-located with endplate defects (Figure
3D, Figure 4), nerve density was significantly higher in endplates with defects than in
endplates without defects (Figure 5B). Nerves were present in 90% (27/30) of endplate
defects, 88.8% (16/18) of fibrovascular endplate marrow, and 66.6% (14/21) of fatty
endplate marrow. Nerves were observed in 66.1% (35/53) of endplates with no defects or
abnormal marrow elements.

Nerves were observed in 34.6% (9/26) of the discs with annulus tears, and discs with radial
tears in particular tended to be more innervated in terms of incidence and degree. For
example, nerves were observed in 43.8% (7/16) of discs with radial tears, and the number of
nerves observed in discs with radial tears tended to be greater than that in discs with no tears
(Figure 6). By comparison, nerves were observed in 27.8% (5/18) of discs with concentric
tears, and the number of nerves observed in discs with concentric tears was similar to that in
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discs with no tears. Surprisingly, the nerves observed in discs with tears did not generally
coincide with the location of the tear (Figure 3F). Nerves were observed in 25% (5/20) of
the discs with no tears.

Compared to the most innervated endplate pathologies, i.e. fibrovascular endplate marrow
and endplate defects, discs with radial tears were significantly less innervated (Figure 7).

Relationship between innervation and pathology size
Nerve density did not associate with the size of the fibrovascular marrow region (p = 0.15),
the size of the fatty marrow region (p = 0.97), or the size of the endplate defect (p = 0.20).
Furthermore, there was no association between the number of nerve fibers and tear size for
either concentric tears (p = 0.75) or radial tears (p = 0.33).

Relationship between pathologies on histology and abnormalities on MRI
The majority of pathologies on histology were not detected on MRI. Type 1 Modic changes
were observed in 11.1% (2/18) of endplates with fibrovascular marrow, and Type 2 Modic
changes were observed in 61.9% (13/21) of endplates with fatty marrow. For the disc, high-
intensity zones on T2 MRI were observed in 12.5% (2/16) of the discs with radial tears.

Discussion
These results indicate that vertebral endplate pathologies are more innervated than
intervertebral disc pathologies, both in terms of the incidence and extent of innervation. In
the endplate, nerves were evenly distributed in the hematopoietic bone marrow contiguous
with the endplate. However, in areas with structural defects or endplate lesions, the marrow
was often fibrovascular or fatty, and in such areas we observed a significant aggregation of
nerves. Moreover, innervation in these endplate defects was greater than in discs with radial
tears. This finding is surprising given the prevailing view that internal disc disruption causes
CLBP. To diagnose internal disc disruption, clinicians must inject a contrast agent during
discography [26], as internal disruption is not well visualized on standard MRI [27].
However, no such enhancing technique is used for improving visualization of endplate
pathologies, which were often undetectable on MRI in our study. This discrepancy could
lead to clinical bias in the perception of association between MRI findings and patient
symptoms. We conclude that improved visualization of endplate pathologies may enhance
the diagnostic value of MRI for CLBP.

Pathologies of the endplate bone marrow, i.e. Modic changes, are one of the most specific
predictors of CLBP [28–31], and our findings indicate that these marrow pathologies are
densely innervated by nociceptive fibers. The precise etiology of these marrow pathologies
is not well understood, but it appears to involve autoimmune and inflammatory reactions to
toxic chemicals produced by the disc [6]. For example, repeated trauma to the disc increases
production of inflammatory cytokines such as interleukin (IL)-1, IL-6, IL-8, and tumor
necrosis factor (TNF)-α [32–35]. In particular, IL-1 secretion by nucleus pulposus cells may
stimulate the expression of angiogenic and neurotrophic factors [36], the latter of which can
trigger nociceptive nerve ingrowth into the endplates [11]. A predisposing factor for the
inflammatory reaction may be structural defects in the endplate cartilage and bone that
enhance communication between the inflammatogenic nucleus and the vertebral bone
marrow. In support of this notion, innervated marrow pathologies collocated with over 75%
of the avulsion-, fracture-, and node-like endplate defects. This could also explain why those
same types of endplate defects were highly predictive of back pain history in a recent study
[37], and together, these findings underscore the relevance of neoinnervation and the clinical
significance of endplate defects in CLBP.
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Annulus high-intensity zones (HIZ) are also highly specific predictors of CLBP [16, 18, 26,
38], yet the underlying source of the pain is unclear. Inflammation and neoinnervation at the
periphery of a radial tear is one potential source, as others have reported ingrowth of
vascularized granulation tissue along fissures [13]. Yet, we observed nerves in only 35% of
the discs with radial tears, and of the innervated cases, the location of the nerves did not
actually coincide with the tear. One possible explanation for this finding is that nerve
ingrowth into the disc is resisted by intradiscal pressure, proteoglycan content, and tissue
impermeability [14]. Hence, although we observed radial fissures in this study comprising of
discs with moderate stages of degeneration (Pfirrmann Grades 2–4), fissures may only
support nerve ingrowth in discs with extreme degeneration (Pfirrmann Grade 5).
Alternatively, the pain source in some patients with disc pathologies could be nerves in the
adjacent endplate rather than in the disc. Of the discs with radial tears in the current study,
63% bordered at least one defected endplate, and endplate defects were more frequently
innervated — and to a greater degree — than were radial tears. Consistent with this view,
Hsu et al. report that the probability of reproducing patient symptoms during discography
was significantly greater in cases with endplate damage [39]. Hence, the existence of highly
innervated endplate pathologies along with annulus tears makes it difficult to discern the
pain source.

Many factors influence the diagnostic performance of MRI. Low inter-rater reliability for
HIZ (κ = 0.67) reduced its diagnostic performance for identifying annulus tears. Had rater
agreement been perfect in this study, HIZ would have been observed in 31.3% (5/16) of
discs with radial tears, not 12.5% (2/16). Despite this improvement, MRI still misses many
tears. However, given that so few tears were innervated, any potential clinical benefits of
improving visualization of annulus tears on MRI — without consideration for innervation —
are not obvious.

Similarly, we detected only a small fraction of the endplate pathologies on MRI. This is
consistent with trends from cadaveric studies using MRI [40], radiography [41–43], and
discography [42], and is especially noteworthy because our findings indicate that the
majority of these endplate pathologies were highly innervated. These data also help explain
observations that Modic changes, while quite specific, have only modest sensitivity for
predicting discography-confirmed CLBP [5, 28, 29, 31, 44–46]. A key aspect of increasing
MRI sensitivity, therefore, may be improving visualization of innervated endplate
pathologies. For example, innervated fibrovascular and fatty marrow may be more apparent
with fat suppression T2 sequences [47]. Also, since marrow abnormalities bordered endplate
defects such as fractures (Figure 1F) and cartilage avulsions/erosions (Figures 1D, 3D, 4),
this motivates the use of diagnostic techniques that improve endplate visualization, such as
ultra-short time-to-echo (UTE) MRI sequences [48] or pharmacological enhancement of
endplate diffusion [49].

The coexistence of endplate and annulus defects on histology, combined with the difficulty
of visualizing these defects on MRI, could confound attempts to sub-classify CLBP patients
for predictive or prognostic purposes. In particular, clinical studies involving 120 and 736
CLBP patients reported that Modic changes and HIZ rarely coexist [46, 50], which suggests
that patients have distinct vertebrogenic or annulogenic pain phenotypes. However, our data
indicate that the coexistence of Modic- and HIZ-like pathologies could be missed on MRI.
Increasing MRI sensitivity could therefore clarify the relationship between endplate and
annulus defects, including whether vertebrogenic or annulogenic phenotypes influence
treatment outcomes.

This study had several unique features compared with previous studies that investigated
endplate or disc innervation [12, 21, 51, 52]. Most notably, we mapped the spatial
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distribution of nerves in endplate and disc pathologies from a modest number of spine
segments, which enabled us to compare innervation amongst the different pathologies. We
also related the incidence of histologic pathologies to abnormalities seen on MRI. This is
beyond the capability of biopsy studies, wherein it can be difficult to obtain intact segments
for histologic evaluation. A limitation of this study was that we evaluated only a few mid-
sagittal slides per level, which could lead to underestimation of pathology incidence [24]. A
second limitation was the lack of medical history, which prevents us from concluding that
any of the observed defects were symptomatic. Nerve density alone is insufficient to infer
symptoms, which depend also on nociceptor threshold, mechanical factors, and psychosocial
influences [53]. The smallest nerve fibers in the endplate and disc were between 1–5 μm in
diameter, which suggests they were either myelinated (A-δ) fibers that transmit sharp pain or
large unmyelinated (C) fibers that transmit dull pain [53], although these types of nerves can
serve other functions including temperature, pressure, or touch sensations. Nevertheless, the
trend of increased innervation in endplate and disc pathologies correlates with findings in
CLBP patients [8, 9, 12, 13], and is also consistent with the relationship between these types
of endplate pathologies and back pain history [37], lending confidence to the clinical
validity of our findings.

In summary, we determined that vertebral endplate pathologies are more innervated than
intervertebral disc pathologies, both in terms of the incidence and degree of innervation.
Additionally, we found that many innervated endplate pathologies were not detectable on
MRI. MRI findings have limited diagnostic value for CLBP, in part because of the unclear
relationship between anatomic abnormalities seen on MRI and symptoms reported by the
patient. Taken together, our findings indicate that improved visualization of endplate
pathologies may enhance the diagnostic value of MRI for CLBP.
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Figure 1.
Sub-regions of motion segments and various types of endplate and disc pathologies (see
Methods for histological descriptions). (A) Sub-regions used to classify the location of
endplate nerves and pathologies. (B) Fibrovascular endplate marrow. (C) Fatty endplate
marrow. (D) Avulsion-type endplate defect. (E) Nodule-type endplate defect. (F) Fracture-
type endplate defect. (G) Concentric annulus tear. (H) Radial annulus tear. Note: arrows
indicate specified pathology in images where multiple pathologies are present; Heidenhain
trichrome stain.
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Figure 2.
Comparison of nerve density between cranial and caudal endplates and among anterior,
central, and posterior regions. (A) Cranial and caudal endplates had similar nerve density (p
= 0.30, Mann-Whitney U test). (B) Anterior, central, and posterior endplate regions had
similar nerve density (p = 0.60, Kruskal-Wallis test). However, the nerve density in the
anterior endplate region was significantly greater than that of the central endplate region
when the nerve densities of the regions were compared pair-wise for each endplate (p =
0.01, Wilcoxon signed rank test). Note: data points in (B) represent the combined densities
of cranial and caudal endplates for a given region. Horizontal lines indicate group means.
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Figure 3.
Examples of PGP 9.5-positive nerves in the vertebral endplate and intervertebral disc. (A)
Typical perivascular nerve in hematopoietic marrow adjacent to the endplate. (B) Nerves
within fibrovascular endplate marrow. (C) Nerves within fatty endplate marrow. (D) Nerves
in avulsion-type endplate defect. (E) Typical nerves in outer annulus of the disc. (F) Nerves
in the outer annulus of a disc with a radial tear. Note: red box indicates location of high-
magnification region of interest; arrows indicate PGP 9.5-positive nerve fibers.
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Figure 4.
Endplate cartilage avulsion with fibrovascular marrow (left) and corresponding MR images
(right). Donor information: 63-year-old woman; L3–L4 disc.
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Figure 5.
Comparison of nerve density among endplates with abnormal marrow and between
endplates with and without endplate defects (see Methods for classification). (A) Abnormal
endplate marrow had significantly greater nerve density than did normal endplate marrow (p
< 0.005, Kruskal-Wallis test). The nerve density in fibrovascular marrow (p < 0.001), but
not fatty marrow (p = 0.15), was significantly higher than that in normal marrow (Mann-
Whitney U post-hoc tests). (B) The nerve density in and adjacent to endplate defects was
significantly greater than that of normal endplates (p < 0.0001, Mann-Whitney U test). Note:
darkened circles indicate the defected endplates that also contained either fibrovascular or
fatty endplate marrow. Horizontal lines indicate group means.
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Figure 6.
Comparison of the number of nerve fibers between discs with and without annulus tears.
The number of nerve fibers tended to be greater in discs with radial tears than in discs
without tears (p = 0.07) and was similar between discs with concentric tears and discs with
no tears (p = 0.94, Mann Whitney U tests). Note: darkened circles indicate discs with both
radial and concentric tears. Horizontal lines indicate group means.
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Figure 7.
Comparison of nerve fibers between discs with radial tears and endplates with pathologies.
(A) The number of nerve fibers was significantly lower in discs with radial tears than in
endplates with fibrovascular marrow (p = 0.05, Mann-Whitney U test). (B) The number of
nerve fibers was significantly lower in discs with radial tears than in defected endplates (p =
0.02, Mann-Whitney U test). Note: darkened circles indicate the defected endplates that also
contained either fibrovascular or fatty endplate marrow. Horizontal lines indicate group
means.
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