
Abstract While there is consensus in the literature that

blood vessels are confined to the outer anulus fibrosus of

normal adult intervertebral disc, debate continues

whether there is a vascular in-growths into inner parts of

the intervertebral disc during degeneration. We there-

fore tested the hypothesis that vascular in-growth is not

a distinct feature of disc degeneration. The specific

endothelial cell marker CD 31 (PECAM) was used to

immunohistochemically investigate 42 paraffin-embed-

ded complete mid-sagittal human intervertebral disc

sections of various ages (0–86 years) and varying extent

of histomorphological degeneration. Additionally, 20

surgical disc samples from individuals (26–69 years)

were included in this study. In discs of fetal to infantile

age, blood vessels perforated the cartilaginous end plate

and extended into the inner and outer anulus fibrosus,

but not into the nucleus pulposus. In adolescents and

adults, no blood vessels were seen except for the outer

zone of the anulus fibrosus adjacent to the insertion to

ligaments. The cartilaginous end plate remained free of

vessels, except for areas with circumscribed destruction

of the end plate. In advanced disc degeneration, no

vessels were observed except for those few cases with

complete, scar-like disc destruction. However, some rim

lesions and occasionally major clefts were surrounded

by a small network of capillary blood vessels extending

into deeper zones of the anulus fibrosus. A subsequent

morphometric analysis, revealed slightly ‘‘deeper’’

blood vessel extension in juvenile/adolescent discs when

compared to young, mature and senile adult individuals

with significantly ‘‘deeper’’ extension in the posterior

than anterior anulus. The analysis of the surgical spec-

imens showed that only sparse capillary blood vessels

which did not extend into the nucleus pulposus even in

major disc disruption. Our results show that vascular

invasion deeper than the periphery was not observed

during disc degeneration, which supports the hypothesis

that vascular in-growth is not a distinct feature of disc

degeneration.
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Introduction

The adult intervertebral disc is the largest avascular

structure of the human body resulting in long diffusion

distances for the nutritional supply of disc cells. This

significantly reduces the cellular capacity to survive

under critical nutritional/metabolic conditions and may

also explain the low potential of disc tissues to restore

its structure and function during aging. The poor

nutritional situation of disc cells particularly those in

the nucleus pulposus has been assumed to play a piv-

otal role in disc degeneration [10]. Locally synthesized

mediators, e.g., pro-inflammatory cytokines would
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consequently need long diffusion ways in order to

reach the peripheral neural innervation of the anulus

fibrosus or the systemic blood flow. Recently, it has

been hypothesized that there is a relationship between

neo-vascularization and innervation of the usually

avascular and aneural intervertebral disc at the sites of

discogenic back pain [7]. While there is consensus in

the literature that blood vessels are confined to the

outer anulus fibrosus of normal adult intervertebral

disc, debate continues whether there is a vascular in-

growths into inner parts of the intervertebral disc

during degeneration [4, 7, 8, 11, 12, 15, 16]. So far, neo-

vascularization has predominantly been studied using

surgical disc specimens (i.e., mostly herniated disc

material) [4, 11, 15, 19, 20, 23]. However, a precise

spatial exploration of vascular in-growth into the disc

during disc degeneration is difficult to perform in sur-

gical specimens. In a histologic study investigating

complete sagittal sections of lumbar motion segments,

Boos et al. found that blood vessels regress from the

intervertebral disc during growth and can only be

found in the outer anulus fibrosus of normal adult discs

[3]. No neo-vascularization of the inner parts of the

intervertebral discs was observed during disc degen-

eration [3]. Since these observations were only based

on histological findings, a reliable exclusion of disc

neo-vascularization was not possible.

The objective therefore was to perform an immuno-

histochemical study using the specific endothelial cell

marker CD 31 (PECAM) [1, 18] to investigate the

temporo-spatial distribution of blood vessels during

growth and degeneration on autopsy as well as surgical

specimens. The rationale for the use of sagittal sections

of complete lumbar motion segments was to allow for a

precise spatial allocation of disc vascularization. Surgi-

cal specimens were included with the rationale to ex-

plore disc specimens from patients undergoing surgery

for putative discogenic back pain and disc herniation.

With this approach, we hypothesized that vascular

invasion deeper than the disc periphery does not occur

during disc degeneration and that neo-vascularization is

not a distinct feature of disc degeneration.

Material and methods

Study population

Autopsy group

A total of 42 complete mid-sagittal intervertebral disc

specimens including the adjacent cartilaginous end

plates were investigated in this study. The age of the

specimens ranges from 35 weeks of gestation to 86 years:

eight fetal/infantile (27 weeks to 2 years), eight juvenile

(2–10 years), six adolescent (13–21 years), six young

adults (22–25 years), six adults (31–47 years), and eight

senile specimens (58–85 years). The specimen were ob-

tained from 19 female and 23 male individuals. The disc

levels investigated covered all lumbar discs with the

following distribution: L1/2 (n = 8), L2/3 (n = 9), L3/4

(n = 9), L4/5 (n = 8), and L5/S1 (n = 8). All individuals

had died of an acute death. The clinical notes available at

autopsy did not reveal a chronic back problem in any of

the individuals investigated.

Surgical group

In addition to the autopsy samples, we used a series of

surgical tissue samples obtained from 20 individuals

undergoing spinal surgery for disc degeneration, pro-

trusion and disc extrusion. The distribution of the disc

levels was as follows: T11/12 (n = 1), T12/L1 (n = 3),

L1/2 (n = 3), L2/3 (n = 2), L4/5 (n = 3), and L5/S1

(n = 8). Clinical data on low back pain history, related

disability and imaging findings (radiographs, magnetic

resonance images) were available for all cases.

Tissue processing

During routine autopsy, the lumbar spines were ex-

posed by an anterior approach and osteotomized at

each pedicle level (L1 to S1) to obtain the anterior

column with the anterior and posterior longitudinal

ligament remaining intact without mutilation of the

cadaver. The specimens were frozen at –20�C and then

cut into motion segments with a band saw. A 5 mm

mid-sagittal slice of each motion segment (interverte-

bral disc with adjacent vertebral bodies) was obtained.

Fetal and infantile spine were cut in half and processed

in total. The surgical material was particularly selected

to provide a cake-piece-like shape with orientation of

the anulus fibrosus and nucleus pulposus (anterior

spinal fusion operations). In the case of disc hernia-

tions, disc samples (protrusions and extrusions) were

harvested including the posterior anulus in the area of

the herniation. In cases of a sequester, the complete

fragment was processed.

Subsequently, all slices were fixed in 4% buffered

formaldehyde for 24 h and decalcified (autopsy group)

in 0.1 M EDTA (pH 7.2) and embedded into paraffin

wax. From the resulting tissue blocks, serial paraffin

sections (2–4 lm) were cut and placed on glass slides

for routine stainings (hematoxylin-eosin (HE), Mas-

son-Goldner (MG), alcian blue stain with periodic
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acid-Schiff (Alc-PAS) and immunohistochemistry as

previously described [2, 3, 14].

Determination of histological tissue degeneration

In order to correlate the immunohistochemical findings

with the histologic degree of age-related disc degener-

ation the routine histologic staining results were used to

calculate the histological degeneration score (HDS) as

described previously in detail [3]. Briefly, the extent of

chondrocyte clustering, cleft and tear formation, gran-

ular matrix changes and mucoid tissue transformation

were evaluated and ranked according to the evaluation

protocol [3]. The resulting values were used for corre-

lation with the penetration depths of blood vessels.

Immunohistochemistry

Randomly selected tissue sections were deparaffinized

and subsequently enzymatically pre-treated to enhance

immunoreactivity. All immunostainings were per-

formed as previously described in detail [2, 13, 14].

Briefly, the appropriate sections were pre-treated with

0.2% pepsin (Sigma Chem., Deisenhofen, Germany)

and subsequently incubated with the specific mono-

clonal primary antibody directed against CD 31

(DAKO, Hamburg, Germany). After several washings,

the antigen-antibody complex was visualized by a

biotinylated secondary antibody and a streptavidin-

enzyme conjugate (LSAB-technique) with diam-

inobenzidine (Biogenex/DCS, Heidelberg, Germany)

as chromogene. All sections were then evaluated under

light microscopy.

Data collection and qualitative analysis

The presence of CD31 positive endothelial cells out-

lining blood vessels of different size was analyzed with

regard to the histoanatomic location within the disc

(i.e., nucleus pulposus, anterior, and posterior anulus

fibrosus as well as upper and lower end plates,

respectively). Therefore, the presence/absence of

blood vessels was recorded on a qualitative level. The

assessments were done independently by three inves-

tigators (AN, RS, NB) which all possess extensive

experience in histologic examinations of the disc and

minor disagreement was resolved in conference.

Quantitative morphometric analysis of blood vessel

‘‘extension’’ into the outer anulus fibrosus

In order to evaluate the extension of blood vessels

into the outer anulus fibrosus, we performed a

morphometric analysis on the autopsy series. This was

done separately for the anterior and posterior anulus

fibrosus and the upper and lower end plate. Since the

individual dimensions of the discs were considerably

different due to age, gender, body size, and potential

concomitant disc alterations, we did not use a metric

distance from the insertion zone to the deepest

detectable blood vessel, but decided to count the

number of distinct collagen lamellae. Interestingly,

the number of clearly identifiable collagen lamellae of

the outer anulus fibrosus was only slightly different

between individuals of various age, gender and body

size. Thereby, the most inner collagen lamellae pen-

etrated by blood vessel was assessed and used for

further calculations. The correlation between age/

degeneration (HDS) and penetration depth was ex-

plored using a Spearman rank correlation test. Dif-

ferences with regard to vascular penetration between

anterior and posterio anulus was investigated by a

Wilcoxon signed rank test. The level of significance

was set at 0.05, two-tailed.

Results

Control experiments

In order to ensure the specificity of the immunoreac-

tion, we used in each batch normal serum instead of

the primary antibody. All control experiments pro-

vided negative results. In parallel, in all sections a

positive staining of regular blood vessels of the perid-

iscal connective tissue (e.g., in the longitudinal liga-

ments) or within the adjacent bone marrow served as

internal positive staining control.

Qualitative observations in the autopsy group

Blood vessels in fetal and infantile discs

In discs of fetal and infantile age (Tables 1, 2), we

observed several blood vessels perforating the carti-

laginous end plate and extending into the anulus fi-

brosus (Fig. 1a, b). This was seen both adjacent to the

inner and outer anulus fibrosus, the latter providing a

layer of cartilage which corresponds to the growth zone

of the future growth plate and which lines the outer

anulus to the vertebral bone. The nucleus pulposus

remained free of vascular structures (Fig. 2). Addi-

tionally, small blood vessels of capillary size were seen

in the transition zone of the ligamentous insertion and

the outer anulus fibrosus. However, there seemed to be
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no connection between those small-sized vessels of the

outer anulus fibrosus and those extending through the

end plate into the inner part of the anulus fibrosus. In

fantile discs, we observed focal obliteration of vascular

channels as a possible first sign of vascular regression

(Fig. 2a, b)

Blood vessels in juvenile, adolescent, and adult discs

In older individuals, no blood vessels were seen in

normal disc tissues, except for the outer zone of the

anulus fibrosus adjacent to the insertion to ligaments

(Figs. 3, 4). Here, small capillary blood vessels were

seen together with some larger, distended venous

vessels. The cartilaginous end plate was also free of

blood vessels, while the bone end plate (which is part

of the vertebral bone) contains extensive blood spaces

of the vertebral blood sinuses. However, in discs of

somewhat older individuals, small blood vessels ex-

tend deeper into the outer anulus as in younger

individuals (Fig. 5). In areas with circumscribed

destruction of the end plate, a focal blood vessel

invasion was seen also into the cartilaginous end

plate. In degenerated nuclear disc tissue, no vessels

were observed except for those few cases with com-

plete, scar-like destruction of the disc. However, in

anulus fibrosus tissue, some rim lesions and occa-

sionally major clefts were surrounded by a small

network of capillary blood vessels extending into

Table 2 Qualitative temporo-spatial distribution of blood
vessels in the cartilaginous end plate (upper and lower end
plate analyzed separately per disc)

Age Number of
specimens
(upper and
lower EP)

Anterior
endplate

Central
endplate

Posterior
endplate

Fetal/infantile 16 12/16 4/16 10/16
Juvenile 16 0 0 0
Adolescent 12 0 0 0
Young adult 12 2/12a 0 2/12a

Adult 12 6/12a 4/12a 4/12a

Senile 16 6/16a 4/16a 8/16a

a With tissue defects and granulation tissue

Fig. 1 Vascular supply in
postnatal intervertebral discs
intervertebral disc using the
vascular cell marker CD-31.
The disc is invaded by large,
often ectatic and thin-walled
blood vessels that seem to
form large vascular arcades
within the disc cartilage.
Vergrößerung: Original
magnification a ·100; b ·250

Table 1 Qualitative
temporo-spatial distribution
of blood vessels within
intervertebral disc

a Within tissue defects and
granulation tissue

Age Number
of specimens

Nucleus
pulposus

Inner anulus
fibrosus

Outer anulus
fibrosus

Transitional
zone/Lig.

Fetal/infantile 8 0 5/8 8/8 8/8
Juvenile 8 0 0 0 8/8
Adolescent 6 0 0 0 8/6
Young adult 6 0 0 0 2/6
Adult 6 0 0 4/6a 4/6a

Senile 8 0 0 2/8a 2/8a
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deeper zones of the anulus fibrosus (Fig. 6a). Small

vascular invasion was also observed in the outer

anulus fibrosus (Fig. 6b).

Quantitative morphometric evaluation of the blood

vessel ‘‘extension depth’’ into the outer anulus

fibrosus in the autopsy group

In order to quantify the depth of blood vessels

extending into the outer anulus fibrosus, we performed

a morphometric analysis by counting the collagen

lamellae of the AF between the ligament insertion and

the ‘‘deepest’’ blood vessel (Table 3). The values were

evaluated separately for the anterior and the posterior

anulus fibrosus. The posterior outer anulus contained

vessels extending deeper into the disc than in the

anterior anulus. Fetal and infantile discs showed gen-

erally a deeper penetration by blood vessels into the

outer anulus fibrosus (both anterior and posterior).

The young adults had the least deepest penetration by

blood vessels. In old age discs, the extension of blood

vessels was deeper than in young adults, which was

related to the generation of granulation tissue

subsequent to tissue defects.

Fig. 2 Infantile intervertebral discs (2 years) reveal a focal
obliteration of vascular channels (a H&E, b CD31 staining).
The previous vascular channels seem to show some fibrosis,
possibly the very first signs of vascular regression (b). Original
magnification a ·250; b ·250

Fig. 3 Adolescent intervertebral discs (16 years) are free of
blood vessels (staining with CD31). There are only some vessels
in the outer AF close to the ligaments. Original magnification:
·400

Fig. 4 Young adult intervertebral discs (25 years) are also free
of vessels (staining for CD31). There are some vascular arcades
at the interface between the outer anulus fibrosus and the
ligaments (arrow). Original magnification: ·400
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Correlative analysis of blood vessel penetration

with age and degeneration

When age was correlated with the penetration depth of

blood vessels a significant inverse correlation was

found for the anterior (q = –0.634, P > 0.0001) and

posterior anulus (q = –0.618, P < 0.0001). No

significant correlation was found when the extent of

disc degeneration as assessed by the HDS [3] was

compared to blood vessel penetration depth in adult

(>21 years) anterior anulus (q = –0.043, P = 0.857) and

posterior anulus (q = 0.332, P < 0.153). In general, the

penetration depth of blood vessel was ‘‘deeper’’ within

the posterior compared to the anterior anulus

(P < 0.006).

Qualitative observations in the surgical disc samples

In general, the anatomic depiction of these specimens

was compromised with regard to a clear distinction

between anulus and nucleus. Despite this limitation,

our samples allowed to evaluate presence or absence of

blood vessels in tissue regions presumably representing

nucleus pulposus tissue. All surgical samples contained

clearly identifiable parts of the anulus fibrosus. Here,

we could identify blood vessels in all 20 disc samples in

the periphery of the tissue as expected. None of the 20

disc samples from symptomatic individuals, revealed

Fig. 5 Discs of older individuals (37 years) without major
degeneration reveal some small blood vessels in the OAF, that
extend significantly deeper into this zone as in the young adult
group. Original magnification: ·400

Fig. 6 Severely disturbed
intervertebral discs of an
elderly individual (77 years)
show a focal ingrowth of
blood vessels adjacent to
degenerative lesions,
sometimes in a granulation
like pattern. An annular tear
is associated with granulation
tissue formation, which in
turn contains small blood
vessels (a). Small vascular
invasion of the outer anulus
fibrosus in the presence of a
cleft formation (b). Original
magnification: a ·400; b ·400

Table 3 Quantitative morphometric analysis of blood vessel
penetration in the anterior and posterior anulus fibrosus

Age Anterior anulusa Posterior anulus

Fetal/infantile 6.63 ± 0.92 7.12 ± 0.64
Juvenile 5.63 ± 2.72 5.87 ± 2.29
Adolescent 2.33 ± 1.75 3.83 ± 2.04
Young adult 1.50 ± 1.22 3.16 ± 0.98
Adult 2.83 ± 1.83 5.13 ± 4.02
Senile 2.00 ± 1.07 4.69 ± 2.84

a Mean ± SD of number of collagen lamellae penetrated by
blood vessels
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blood vessel in-growth in regions representing inner

anulus or nucleus pulposus. However, those samples

with annular tears and clefts or rim lesions revealed

small capillary in-growth of blood vessels along the

defects, similar to that seen in fragmented material of

herniated and/or sequestered disc material.

Discussion

This study provides clear evidence that juvenile, ado-

lescent and adult human intervertebral discs without

evidence of major disc degeneration are avascular. This

confirms a previous own histological study on this issue

without immunohistochemical analysis [3]. In contrast,

we have clearly shown that inner regions of the anulus

fibrosus and the cartilaginous end plate are vascular-

ized in the fetal and early postnatal period. In our

series, this vascular supply is seen until the age of

approximately 2 years. The only exception of this lack

of blood supply in normal discs is seen in the outermost

zone of the anulus fibrosus where we observed small

capillary vessels in all age categories. Here, the blood

vessels of the longitudinal ligaments reach into the

outer anulus fibrosus. This is seen in fetal and juvenile

disc samples, but also in adolescent and (young and

old) adult discs regardless of age.

Our quantitative morphometric data support the

notion that there exist major differences in the age-

associated extension of blood vessels into the outer

anulus fibrosus. While there is a strong negative cor-

relation of vascular penetration and age over the whole

age range, this significant correlation is lost when only

adult (>21 years) discs are considered. The ‘‘deeper’’

extension in the posterior than anterior anulus may

indicate less tight collagen network structures, which

can more easily be penetrated.

Neo-vascularization of the intervertebral discs in the

context of disc herniation has been reported in several

papers and appears to be a consistent finding [5, 6, 15,

16, 19–21, 23]. Less information is available on the

question whether vascular in-growth occurs in the

process of disc degeneration [4, 11, 16, 17]. It is as-

sumed that the in-growth of blood vessels is associated

with a concomitant in-growth of nerve fibers [7–9].

Freemont et al. [8] investigated the occurrence of

nerve fiber in-growth in surgical specimens obtained

from patients undergoing anterior fusion operations.

The authors observed deep nerve in-growth into the

inner third of the anulus fibrosus, the nucleus pulposus,

or both in 4 biopsy samples out of a total of 16 patients

(25%) from asymptomatic levels and in 17 samples out

of 30 patients (57%) from painful (based on positive

provocative discography) levels. Nerves usually

accompanied blood vessels, but in 14 of 30 samples

from back-pain patients isolated nerve fibers were

seen. In a subsequent paper, Freemont et al. [9] re-

ported that vessels entered the avascular IVD through

the discal end plates. Furthermore, the authors re-

ported that painless discs exhibited vessels within

them, which entered through the anulus fibrosus.

Similarly, Johnson et al. [11] investigated disc speci-

mens obtained during anterior fusion operations and

found that blood vessels were observed furthermost

into the disc than nerves or Schwann cells. Much of the

nerve and Schwann cell in-growth was found in vas-

cularized areas of the disc, where the lamellar structure

of the anulus fibrosus was disrupted. However, nerves

were not observed in the nucleus pulposus of any discs

examined.

In the present study on autopsy material without a

known history of back pain, even samples showing

significant age-related histological changes did not

exhibit blood vessels in the inner anulus fibrosus and

nucleus pulposus. The only exception is in cases of a

complete destruction of the disc with replacement by

scar-like tissue, which contains some blood vessels.

However, disc degeneration was associated with two

important alterations of blood vessel supply: (1)

Annular tears were frequently associated with a small

capillary network running concomitant with clefts and

tears. This feature of vascular proliferation parallels

that of granulation tissue. (2) Degenerative lesions of

the cartilaginous end plate were often associated with

an in-growth of capillary buds into the cartilage tissue.

Thereby, degeneration seems to be associated with

enhanced vascularization of the more peripheral

zones of the discs. In this setting, our observations are

well in line with the few previous studies, particularly

with those from Freemont et al. [8]. Additionally,

there is extensive agreement with the observations by

Johnson et al. [11]. However, we were not able to

reproduce the findings by Freemont et al. [8] who

described enhanced vascularization of surgical disc

tissue samples including a relatively high frequency of

vascularized nucleus pulposus. We acknowledge that

substantial differences can be related to the source of

the disc material. In our study, we used autopsy

material for which we do not have conclusive infor-

mation on the patients’ back pain history. However,

none of our patients had a reported back problem

mentioned in the clinical notes available at autopsy.

In our surgical sample group, the spatial depiction

was less clear than in the autopsy group. However, we

could identify the annular region in all 20 disc

samples. In none of the cases, we have observed a
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vascular in-growth from the periphery to the more

central part of the disc.

The clinical relevance of the study of blood vessels

and innervation is related to the potential explanation of

discogenic pain pathogenesis. Freemont et al. [8, 9]

hypothesized that nociception is caused by direct stim-

ulation of nerve fibers (neoneuralization) via nocicep-

tive pain mediators (e.g., substance P) within the

intervertebral disc. However, the induction of disco-

genic pain must not merely be linked to disc innervation,

but is even more likely to be induced or promoted by the

liberation of pro-inflammatory cytokines or other pain-

inducing factors. In this context, it is of interest that we

recently observed an association between the synthesis

of TNF-a, one of the most potent pro-inflammatory

cytokines, and the formation of tissue clefts [22]. This

indicates that potentially pain-inducing factors can be

synthesized within the disc and then rapidly transported

through those clefts to blood vessels (and thereby to

distant neuroceptive structures, e.g., in the perispinal

space) and/or directly to nociceptive structures in the

outer anulus fibrosus or the peridiscal tissue. This may

especially be valid for those discs with extensive clefts as

seen in advanced degeneration. Since the disruption was

seen increasingly with age the rapid spread of intradiscal

substances to the peridiscal space is an interesting con-

cept of disc pathophysiology and pain induction.

Limitation of this study are predominately related to

the study population. While autopsy specimens allow

for a precise anatomical analysis of the penetration of

blood vessels; we have only investigate mid-sagittal

sections. We cannot rule out that other, e.g., more

lateral regions of the anulus fibrosus may contain more

or ‘‘deeper’’ penetrating vessels. Surgical specimen

have the limitation of an impaired spatial resolution of

the disc compartments as outlined above. Furthermore,

we have no absolute proof that a specific disc is really

the source for the patient’s symptoms despite a positive

provocative discography.

In summary, our findings on complete cross-sections

of whole motion segments of human lumbar discs and

surgical samples show that vascular invasion deeper

than the periphery was not observed during disc

degeneration which supports the hypothesis that

vascular in-growth is not a distinct feature of disc

degeneration.
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