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Abstract

The ligament of the head of femur (LHF), or ligamentum teres, is believed to provide blood supply to the head

of femur and mechanical stability to the hip joint. But these functions in the adult are often debated. The

existence and distribution of neurovascular structures within the ligament are not widely documented. This

study examined the blood vessels and nervous tissue within the LHF to determine whether the ligament may

have a vascular and proprioceptive function at the hip joint. Histological sections from the LHF from 10

embalmed hips (six female, four male; mean age 80.4 � 8.7 years) were cut at three levels: the foveal

attachment, mid-length and its base where it attaches to the transverse acetabular ligament. Sections were

stained with haematoxylin and eosin to study general tissue architecture or with von Willebrand factor and

neurofilament to identify blood vessels and nervous tissue, respectively. The proportion of the ligament’s cross-

sectional area occupied by blood vessels was expressed as a vascularity index (VI). Nerve endings within the

ligament were identified and morphologically classified. Comparisons between the VI at the three levels, or

between the tissue layers of the ligament, were made using 95% confidence intervals; statistical significance

was set P < 0.05. The ligament tissue comprised three distinct layers: a synovial lining with cuboidal cells, a sub-

synovial zone formed of loose connective tissue and the ligament proper composed of dense collagen bundles.

Patent blood vessels and nerve fibres were present both in the sub-synovial zone and the ligament proper;

Pacinian corpuscles and free nerve endings were found scattered only in the sub-synovial zone. The VI of the

ligament proper at the fovea was significantly higher than its middle (P = 0.01) and basal levels (P = 0.04); it

was also higher than that of the sub-synovial layer (P = 0.04). The LHF has three histologically distinct zones,

and blood vessels and nerves are distributed both in the sub-synovial layer and ligament proper. Higher

vascularity within the ligament proper at its foveal insertion suggests a possible nutritive role of the LHF to the

adult head of femur. The presence of nerves and nerve receptors indicates the ligament is involved in the

perception of pain and proprioception, thereby contributing to mechanical stability of the joint.
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Introduction

The ligament of the head of femur (LHF), often referred to

as the ligamentum teres in clinical literature, is an intra-

articular structure which runs between the acetabulum and

fovea capitis femoris (FCF) of the head of femur (HOF). The

ligament is believed partly to provide mechanical stability

to the hip joint (Crelin, 1976; Rao et al. 2001; Sierra & Trous-

dale, 2009) and to carry blood vessels to the HOF (Werthei-

mer & Fernandes, 1971; Chung, 1976; Byrd & Jones, 2004;

Kirici et al. 2010).

The presence of blood vessels within the ligament was

first reported in the 19th century (Paletta, 1820, cited in

Chandler & Kreuscher, 1932). The ligamental arteries usually

arise from the obturator or the medial circumflex femoral

artery (Weathersby, 1959; Crock, 1965; Standring, 2016;

Perumal et al. 2018), branch in the sub-synovial connective

tissue of the acetabular fossa and supply fibrofatty tissues in

that region, with some vessels reaching the femoral head

along the LHF (Standring, 2016). There is agreement on the

ligament’s vascular contribution to the developing and juve-

nile HOF (Gardner & Gray, 1950; Crelin, 1976; Brewster,

1991; Bardakos & Villar, 2009). However, in adults, although

vascular foramina are clearly visible on the foveal floor

(Perumal et al. 2017), it is less clear whether the blood

vessels directly contribute to the supply of the HOF

(Garcia et al. 1956; Catto, 1965; Wertheimer & Fernandes,

1971; Chung, 1976; Ganz et al. 2001; Notzli et al. 2002;

Zlotorowicz & Czubak, 2014).
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Recently, the LHF has attracted attention from clinicians

interested in ligament reconstruction (Chandrasekaran

et al. 2016; Garabekyan et al. 2016; Pergaminelis et al.

2017; White et al. 2018) or in using the LHF as a graft (Sierra

& Trousdale, 2009; Weidner et al. 2018). Clinical studies

have also reported a higher prevalence of injuries in

females and on the right side (Byrd & Jones, 2004; Haviv &

O’Donnell, 2011; Amenabar & O’Donnell, 2013; Domb et al.

2013), the explanation for which is uncertain. The evolving

clinical procedures for the LHF have resulted in the need for

a detailed analysis of both gross and microscopic structure

of the ligament that could help understand its potential

functions in the hip joint (Chen et al. 1996; Leunig et al.

2000; Kirici et al. 2010; Philippon et al. 2014).

Current literature addressing the microstructure of the

LHF provides information on general tissue architecture,

the presence of blood vessels and nerve fibres within the

ligament, and their role in the ligament’s mechanical and

vascular functions (Leunig et al. 2000; Sarban et al. 2007;

Kirici et al. 2010; Shinohara et al. 2014; Dehao et al. 2015).

However, the exact location of the neurovascular structures

is unknown, and it is not clear whether the vessels solely

supply the synovial tissue or run through the connective tis-

sue core of the ligament to supply the adult HOF. The aims

of this histological study were (1) to define the general

microarchitecture of the LHF, (2) to quantify the distribu-

tion of blood vessels within the ligament, thereby providing

evidence of the ligament’s potential vascular contribution

to the HOF, and (3) to describe the types of nerve endings

present in the tissues of the LHF.

Methods

Specimen selection

Ten paired hip joints (five left, five right) from five embalmed

cadavers (three female and two male cadavers; mean age

80.4 � 8.7 years) were used. All cadavers were from a New Zeal-

and European population and bequeathed to the Department

of Anatomy, in accordance with the New Zealand Human Tis-

sues Act (2008). Departmental ethical approval was received for

this study.

Harvesting of tissue and sectioning

Dissection of the hip joint included sequentially removing the sur-

rounding soft tissues and articular capsule. The LHF, with its intact

synovial covering, was then removed en bloc from its attachment

sites: the fovea capitis, transverse acetabular ligament (TAL), acetab-

ular notch and the acetabular fossa. For the purpose of orientating

and sectioning the ligament, horizontal lines were marked along its

apex (foveal attachment), at its mid-length and base (TAL attach-

ment) using permanent tissue marking ink (Davidson Marking sys-

tems, Bardley Products Inc., Minneapolis, MN, USA). The ligaments

were post-fixed in 10% neutral buffered formalin and embedded

in paraffin wax; they were then sectioned (4 lm thick) at each of

the three marked levels of interest mentioned above.

Histology and immunohistochemistry

The tissues were stained with haematoxylin and eosin (H&E) to

enable examination of general histological features of the ligament

and its attachment sites; a Verhoeff–van Gieson’s (VVG) stain was

used to identify the presence of elastin and collagen fibres (Kazlous-

kaya et al. 2013). Immunohistochemistry was then undertaken to

facilitate identification of vascular and nervous tissues within the LHF.

To identify selectively the blood vessels within the ligament,

immunohistochemistry for vonWillebrand factor (vWF) was per-

formed. vWF is a glycoprotein present in the endothelial cells of

blood vessels but not lymphatic vessels (Jiang et al. 2008). A heat-

mediated antigen retrieval method (microwave heating at 95 °C for

25 min) was performed using Tris ethylenediaminetetraacetic acid

(EDTA) buffer (pH 9.0). Immunohistochemistry was undertaken

using a polyclonal antibody raised to vWF in rabbits (Covance SM1-

312R;; 1/600 dilution), which was replaced with 2% bovine serum

antibody in the negative control. Cell Marque DAB chromagen was

used with Mayer’s Dako Agilent haematoxylin as a counterstain.

A similar technique of antigen retrieval (stove heating at 95° for

25 min) using citrate buffer (pH 6.0) was undertaken to enable

identification of both myelinated and unmyelinated nerve fibres

within the ligament. A polyclonal antibody raised to neurofilament

in rabbits (pan-neuronal, cocktail; BioLegend; 1/3000 dilution) was

used, alongside the same negative control and counterstain applied

to identify VWF. Sections of sciatic nerve with its intrinsic blood ves-

sels served as control tissues for both vascular and nervous tissues.

From the H&E stained sections, the general histological features

and different tissue layers of the LHF and the attachment sites were

observed using an Olympus CX21 light microscope (Olympus Corpo-

ration, Tokyo, Japan). In each immunohistochemistry slide, five ran-

dom rectangular fields from both the sub-synovial layer and the

ligament proper were photographed under a 209 objective using

the random points imaging feature in the BX61 montaging micro-

scope (Olympus Corporation).

These photomicrograph images were then exported to IMAGEJ soft-

ware (National Institute of Health, Bethesda, MD, USA) to quantify

the number, diameter, cross-sectional area (CSA) and distribution of

the vascular structures. All measurements were carried out by the first

author and the mean of three separate measurements was used for

calculations. Smaller vessels and those with completely collapsedwalls

that did not show the lumen were included in the number count but

were excluded from measurements of luminal CSA. To quantify the

regional vascular distribution, the total luminal CSA of the blood ves-

sels in each image was measured. A vascularity index (VI) of the LHF

was then calculated as a percentage of that LHF area occupied by the

blood vessels in the image (Perumal & Stringer, 2014).

Vascularity Index ¼
ðCSA of blood vessels=CSA of LHF tissue in the imageÞ � 100:

The nerve fibres within the ligament were identified using

immunoreactivity to neurofilament. The location and size of the

nerve bundles were documented and any nerve endings present

were classified (Rein et al. 2013, 2015; Stecco et al. 2018).

Statistical analysis

The mean and standard deviation of each parameter was calcu-

lated in Microsoft EXCEL (Version 16.16.5, Microsoft Corporation.,

Redmond, WA, USA), after which GraphPad PRISM (Version 7.0b,
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GraphPad software Inc., CA, USA) was used for further calcula-

tions. Considering the small sample size, non-parametric tests

were performed to compare the variables. Comparisons between

the VI of the sub-synovial layer and the ligament proper at three

levels (apex, mid-length and base of the ligament) and between

the left and right sides, were made using a Wilcoxon matched-

pair signed ranks test. A Mann–Whitney U-test was undertaken to

determine sex differences in the vascular indices at the three

selected levels, and a Friedman test used to examine whether

there was significant variation in the vascular distribution along

the length of the ligament. For all statistical tests, 95% confidence

intervals were reported; statistical significance was set at P < 0.05.

Where the mean of three measurements was used for calcula-

tions, the intra-class correlation coefficient (ICC) was calculated to

determine intra-rater reliability, assessed using the criteria of

Portney & Watkins (2015).

Results

General microarchitecture of the LHF

At all three levels of the LHF, the ligament showed three

histologically distinct layers: (1) a synovial lining, (2)

sub-synovial tissue (loose connective tissue layer beneath

the synovial membrane) and (3) the ligament proper (dense

connective tissue core).

Synovial lining

The synovial lining uniformly covered the surface of the

ligament and was composed of a continuous epithelium of

cuboidal cells, one or two cells thick. The synovial mem-

brane covered the basal regions of the ligament very

loosely, whereas it was closely applied to the connective

tissue core towards the apical regions. Sections of synovial

plicae (folds) were also seen; connective tissue of these folds

was continuous with the loose connective tissue of the

sub-synovial layer (Fig. 1).

Sub-synovial tissue

The sub-synovial tissue layer contained loose connective

and adipose tissue, with scattered fibroblasts (Fig. 2). Fine

elastic fibres were observed, being randomly dispersed in

this layer. Larger blood vessels and nerve bundles were evi-

dent in all specimens and usually co-located to form neu-

rovascular bundles. The mean (� standard deviation, SD)

diameter of the larger arteries was 476 � 156 lm (range:

201–733 lm), and the nerve bundles were 89 � 46 lm

(range: 37–196 lm). A few diseased blood vessels (showing

occlusion, hyalinization, medial thickening) and recanaliza-

tion of previously occluded vessels were seen; otherwise,

the vessels appeared patent with a normal morphology.

The ligament proper

The connective tissue core of the ligament was composed

of bundles of dense collagen fibres. These bundles origi-

nated from various parts of the acetabular fossa, being dis-

persed at the base of the ligament and converging towards

its apex. Loose connective tissue from the sub-synovial layer

extended into the spaces between the bundles. Small blood

vessels were contained between, and within, the collagen

bundles, along with scattered fibroblasts. Fine elastin fibres

running parallel to the collagen fibres arranged along the

length of the ligament were also identified.

Ligament attachment sites

The acetabular and foveal attachment sites of the LHF

showed a zonal transition of connective tissue from bone,

fibrocartilage and collagen fascicles. A tidemark separated

the bony and fibrocartilaginous tissue zones. Distally these

features were apparent only at the ligament attachment

zone of the fovea capitis; the receptacle zone devoid of

articular cartilage was covered by fatty and synovial tissue.

Patent blood vessels entered the fovea at the ligament

attachment zone only (Fig. 3).

Distribution of blood vessels in the LHF

The endothelial cells of arteries, veins, arterioles and

venules demonstrated immunoreactivity for vWF. Blood ves-

sels of varying sizes were identified in both the sub-synovial

zone and the ligament proper; the largest vessels were usu-

ally in the sub-synovial tissue (Fig. 4). The total number of

vessels present and their CSA at each level is documented in

Table 1. There was a significant increase in the luminal CSA

of the blood vessels of the ligament proper between the

base and apex of the LHF (P = 0.04); however, this differ-

ence in CSA did not reach significance between the base

Fig. 1 Transverse profile of the LHF mid-way along its length. H&E stain. The full profile of the ligament is lined in synovial membrane, sections

through synovial plicae are also evident. Scattered blood vessels (arrows) are visible both in the sub-synovial layer and connective tissue of the

ligament proper (arrowheads).
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and the mid-length or the mid-length and the apex

(P = 0.26 and 0.11, respectively).

There was a significant difference between the VI of the

sub-synovial tissue and the ligament proper (Fig. 5). At the

base andmid-length of the ligament, the indexwas higher in

the sub-synovial connective tissue compared with the liga-

ment proper (P = 0.002 and 0.037, respectively). This distribu-

tionwas reversed at the apex of the ligament (P = 0.037).

The distribution of blood vessels differed along the

length of the ligament. The VI in the sub-synovial tissue was

significantly reduced towards the foveal attachment com-

pared with the basal and mid-length levels (P = 0.04 and

0.08, respectively). In contrast, in the ligament proper, there

was a marked increase in the index towards the fovea

(P = 0.002 and 0.02, respectively). There was no significant

difference in the total VI of the LHF at any of the three

Fig. 2 Tissue layers of the LHF. (A) H&E stain.

Cuboidal synovial cells are visible on the

surface (synovial layer); fibroblasts

(arrowheads) and blood vessels (arrows) are

present both in the sub-synovial tissue and

ligament proper. (B) VVG stain. Collagen

fibres are stained in red and elastin in black.

A B

Fig. 3 Histology of the LHF at its foveal attachment (H&E stain). (A) Ligamental blood vessels near the fovea capitis (small arrowheads). Patent ves-

sels seen entering the foveal floor (large arrowhead). Section shows synovial plicae (arrow) and a prominent osteophyte (x). (B) Magnified view of

the boxed area in (A): The enthesis shows a transition of collagen bundles (x) to fibrocartilage and to bone tissue at the foveal insertion. Chondro-

cytes are visible in the fibrocartilage (arrowheads). The tidemark (arrows) separates the fibrocartilage from bone.

A B C

Fig. 4 Immunoreactivity for vWF showing blood vessels (arrowheads) in the LHF and the positive control tissue. (A) LHF tissue; (B) positive and (C)

negative control using blood vessels within sciatic nerve.
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levels for sex or side (P > 0.05). The ICC for these measure-

ments was between 0.82 and 1.0, meaning the intra-rater

reliability was good (0.76–0.9) to excellent (> 0.9).

Distribution of nervous tissue in the LHF

Antibodies against neurofilament identified scattered ner-

vous tissue throughout the ligament. Large nerve bundles

were embedded in the sub-synovial connective tissue, some

close to the synovial membrane (Fig. 6A). Fine nerve fibres

were located within the ligament proper and also associ-

ated with the walls of larger blood vessels. Several encapsu-

lated Pacinian corpuscles (Fig. 6B,C) and free nerve endings

(Fig. 6D) were identified, being confined to the

sub-synovial layer.

Discussion

This study identifies patent blood vessels throughout the

LHF tissue in elderly cadavers. It demonstrates differences in

the cross-sectional area of the lumen of blood vessels at dif-

ferent levels of the ligament, and the presence of nerve

endings including mechanoreceptors that are mainly situ-

ated in the sub-synovial layer of the ligament. The deeper

vessels and nerves appear to run within a well-protected

elastin and collagenous core before they penetrate the

foveal floor. In addition to the neurovascular structures,

identification of fibrocartilage at both the proximal and dis-

tal attachment sites of the ligament suggests a weight-

transmitting role of the ligament (Shinohara et al. 2014).

The general architecture of the LHF, comprising three dis-

tinct layers, is similar to previous reports (Chen et al. 1996;

Kirici et al. 2010; Dehao et al. 2015). Numerous vessels of

variable calibre were distributed both in the sub-synovial

layer and ligament proper, a finding that has been debated

earlier (Chandler & Kreuscher, 1932; Garcia et al. 1956;

Weathersby, 1959; Calandriello & Mignani, 1962; Crelin,

1976; Byrd & Jones, 2004). Using light microscopy and

immunohistochemistry, we were able to identify these

types of vessels in all specimens, whereas other techniques

including contrast injection studies sometimes failed to

demonstrate small blood vessels within the ligament, possi-

bly due to issues with inadequate filling of contrast material

(Garcia et al. 1956; Crock, 1965; Wertheimer & Fernandes,

1971; Zlotorowicz & Czubak, 2014).

Table 1 The number of blood vessels and the total CSA of the blood

vessel lumen at each level of the LHF. All values presented are

mean � SD.

Level

of LHF

section

Sub-synovial layer Ligament proper

Number

of blood

vessels

Luminal CSA

(l2)

Number

of blood

vessels

Luminal CSA

(l2)

Apex 18 � 9 6243 � 5233 14 � 6 9134 � 8884

Mid-

length

12 � 3 9490 � 6267 10 � 3 2723 � 3809

Base 10 � 6 15 680 � 12 630 16 � 2 669 � 963

Fig. 5 Schema of blood vessel distribution

within the LHF. The ligamental vessels from

the sub-synovial tissue entering the ligament

proper are illustrated. The VI at various levels

are represented in numbers and also as

colour gradients.
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Histological observations at the level of the foveal

attachment confirmed the presence of larger patent

blood vessels, and a relatively higher VI within the liga-

ment proper. The increase in VI at this level could possibly

be due to (1) close adherence of the synovial layer to the

ligament proper towards the FCF, and/or (2) anastomosis

of these ligamental vessels with other vessels that supply

the HOF (Wertheimer & Fernandes, 1971; Chung, 1976).

At the base of the ligament, it is possible that the stem of

the ligamental blood vessels ramifying within the loose

synovial covering at the acetabular fossa (Standring, 2016)

could have resulted in a significantly higher VI in the sub-

synovial layer compared with the ligament proper. The

blood vessels enter the ligament proper along the mid-

length of the LHF (Perumal et al. 2018); this may explain

why the vascularity of the ligament proper increases

towards the apex of the ligament.

The mean data relating to luminal CSA of the ligament

proper had a large standard deviation at some levels, indi-

cating a wide range in the size of ligamental blood vessels;

this could reflect the difference in the luminal size of dis-

tended arteries and veins that are not maintained at physio-

logical pressure ex vivo. In spite of this variation, the mean

luminal CSA and VI of the vessels at the apex were

significantly higher (P = 0.04 and 0.02, respectively) than

the basal level of LHF. This significant increase in the con-

centration of vasculature towards the FCF compared with

basal levels, and larger foveal vessels might suggest that the

vessels are directed distally to supply the foveal region.

Also, with luminal patency and fine nerve filaments identi-

fied in the walls, the ligamental blood vessels seem to be

functional (Lang & Balint, 1952; Dehao et al. 2015), even

when harvested from elderly cadavers. However, as the

direction of blood flow within the ligament was not

known, clarification is required to confirm whether these

deeper vessels do vascularise the HOF.

Earlier anatomical and clinical reports have provided evi-

dence of ligamental vessels supplying the perifoveal

region of the adult HOF, and the possibility of avascular

necrosis or degenerative arthritis in this zone following

damage to these vessels (Watson-Jones, 1946; Lang & Bal-

int, 1952; Garcia et al. 1956; Wertheimer & Fernandes,

1971; Chung, 1976; Byrd & Jones, 2004; Kaya et al. 2014).

Arthroscopic diagnosis of LHF tears is often associated

with articular cartilage damage, arthritis and microtrauma

to the joint (Gray & Villar, 1997; Domb et al. 2013).

Reports of haemorrhage following ligament injury (Bochhi

et al. 1987; Byrd & Jones, 2004; Dehao et al. 2015),

A B

C D

E F

Fig. 6 Neurofilament immunoreactivity in the

LHF. (A) Nerve bundle; Pacinian corpuscle

stained with (B) H&E and (C) neurofilament;

(D) a free nerve ending (arrowhead); (E)

positive and (F) negative control from the

sciatic nerve.
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spontaneous healing of the LHF (Schaumkel & Villar, 2009;

O’Donnell et al. 2014; Davarinos et al. 2017) and revascu-

larization of the femoral head following fracture of the

neck of femur (Catto, 1965; Chen et al. 1996) are attribu-

ted to the dense vascular distribution within the ligamen-

tal tissue. It has been suggested that surgical procedures

for LHF injuries that demand removal of ligamental tissue

should be minimised, and any ligamental remnants during

debridement should be preserved to protect any remain-

ing blood supply (Byrd & Jones, 2004; Dehao et al. 2015).

Our observations of patent ligamental vessels even in the

elderly support these clinical reports. From our results, it

appears that while superficial ligamental vessels of the

sub-synovial layer could supply the synovial tissue, those in

the deeper plane could potentially reach the HOF.

The LHF is believed to provide mechanical stability to the

hip joint, but only secondary to that of the capsular liga-

ments (Rao et al. 2001; Sierra & Trousdale, 2009; Philippon

et al. 2014; van Arkel et al. 2015); this stabilising function

could partly be due to the nervous tissue within the LHF

(Leunig et al. 2000; Dehao et al. 2015). Earlier studies have

explored the presence of free nerve endings in the LHF in

both normal and dysplastic hips (Leunig et al. 2000; Muratli

et al. 2004; Sarban et al. 2007; Haversath et al. 2013). How-

ever, no proprioceptive nerve endings in the ligament tissue

have previously been reported. The mechanoreceptors iden-

tified in this study suggest a possible proprioceptive role of

the LHF during normal hip joint movement, supporting its

mechanical function. In addition to free nerve endings sens-

ing nociception, damage to these mechanoreceptors could

alter proprioception (Leunig et al. 2000; Dehao et al. 2015),

which could predispose to minor hip instability that is noted

clinically following LHF injury (Leunig et al. 2000; Simpson

et al. 2011; Lindner et al. 2013).

Limitations

This study has some limitations which require consideration.

First, the sample size was comparatively small and the sam-

ples were collected from elderly embalmed cadavers.

Shrinkage artefact is usually reported for formalin-based

fixatives and tissues that have been embedded in paraffin

wax (Chatterjee, 2014); this could have altered the architec-

ture of the ligament and affected the CSA of blood vessels.

The blood vessels studied were not maintained at physio-

logical pressure, which means there is a chance of compres-

sion or dilation, again affecting the measurement of the

luminal CSA of these vessels. The VI provided information

about the overall vascular distribution within the ligament,

but did not separate arterial supply from venous drainage.

As the lymphatic vessels do not contain vWF, they were nei-

ther stained nor analysed in this study.

Although arteries are clearly identified at the foveal zone

of the ligament and HOF, it could not be concluded

whether they originated from the ligamental arteries or

from other vessels supplying the HOF. Identification of

valves within the ligamental veins by microdissection might

have provided information on the directional flow but,

other than a report on valves in a 14-week-old embryo

(Brewster, 1991), no other evidence exists in the literature,

and identification of valves was beyond the scope of this

study. The presence of nerve bundles and mechanorecep-

tors in the tissues of the LHF was verified, but their distribu-

tion was not quantified; this approach is warranted in

future investigations to better understand the contribution

of neural elements to joint stability.

Conclusion

This study shows that the LHF has three distinct histolog-

ical zones. Blood vessels run in the LHF both in the sub-

synovial layer and ligament proper, and are focused

towards the fovea capitis. The findings support a poten-

tial nutritive role of the ligamental vessels to the sub-

foveal zone of the adult HOF. Neural elements identified

in the ligament also suggest the LHF has a nociceptive

and proprioceptive role. These findings, in addition to

the distribution of fibrocartilage at the ligament attach-

ment zones, suggest that mechanically the LHF could

contribute to joint stability.
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