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Abstract

Although the plantar fascia (PF) has been studied quite well from a biomechanical viewpoint, its microscopic

properties have been overlooked: nothing is known about its content of elastic fibers, the features of the

extracellular matrix or the extent of innervation. From a functional and clinical standpoint, the PF is often

correlated with the triceps surae muscle, but the anatomical grounds for this link are not clear. The aim of this

work was to focus on the PF macroscopic and microscopic properties and study how Achilles tendon diseases

might affect it. Twelve feet from unembalmed human cadavers were dissected to isolate the PF. Specimens

from each PF were tested with various histological and immunohistochemical stains. In a second stage, 52

magnetic resonance images (MRI) obtained from patients complaining of aspecific ankle or foot pain were

analyzed, dividing the cases into two groups based on the presence or absence of signs of degeneration and/or

inflammation of the Achilles tendon. The thickness of PF and paratenon was assessed in the two groups and

statistical analyses were conducted. The PF is a tissue firmly joined to plantar muscles and skin. Analyzing its

possible connections to the sural structures showed that this fascia is more closely connected to the paratenon

of Achilles tendon than to the Achilles tendon, through the periosteum of the heel. The PF extended medially

and laterally, continuing into the deep fasciae enveloping the abductor hallucis and abductor digiti minimi

muscles, respectively. The PF was rich in hyaluronan, probably produced by fibroblastic-like cells described as

‘fasciacytes’. Nerve endings and Pacini and Ruffini corpuscles were present, particularly in the medial and

lateral portions, and on the surface of the muscles, suggesting a role for the PF in the proprioception of foot.

In the radiological study, 27 of the 52 MRI showed signs of Achilles tendon inflammation and/or degeneration,

and the PF was 3.43 � 0.48 mm thick (99%CI and SD = 0.95), as opposed to 2.09 � 0.24 mm (99%CI, SD = 0.47)

in the patients in which the MRI revealed no Achilles tendon diseases; this difference in thickness of

1.29 � 0.57 mm (99%CI) was statistically significant (P < 0.001). In the group of 27/52 patients with

tendinopathies, the PF was more than 4.5 mm thick in 5, i.e. they exceeded the threshold for a diagnosis of

plantar fasciitis. None of the other 25/52 paitents had a PF more than 4 mm thick. There was a statistically

significant correlation between the thicknesses of the PF and the paratenon. These findings suggest that the

plantar fascia has a role not only in supporting the longitudinal arch of the foot, but also in its proprioception

and peripheral motor coordination. Its relationship with the paratenon of the Achilles tendon is consistent with

the idea of triceps surae structures being involved in the PF pathology, so their rehabilitation can be

considered appropriate. Finally, the high concentration of hyaluronan in the PF points to the feasibility of

using hyaluronan injections in the fascia to treat plantar fasciitis.

Key words: Achilles tendon; fasciacyte; hyaluronan; paratenon; plantar aponeurosis; plantar fascia; plantar

fasciitis.

Introduction

The plantar fascia (PF) can undergo a form of pathological

degeneration called plantar fasciitis (Lemont et al. 2003;

Benjamin, 2009) that is one of the most common causes of

heel pain. It accounts for 1% of all orthopedic visits (Riddle
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& Schappert, 2004). It afflicts 10% of runners and is also

common among workers and athletes whose activities have

a high impact on the foot (Chandler & Kibler, 1993). There

is no broad consensus among orthopedic surgeons, or any

acknowledged guidelines on the management of plantar

fasciitis (Di Giovanni et al. 2012). In 90–95% of patients,

pain relief is achieved with conservative treatments that

include rest, ice packs, specific exercises and stretching, anti-

inflammatory medication, shoe inserts, and night splints,

but they can often take from 6 months to a year to take

effect (Cornwall & McPoil, 1999). Other long-lasting plantar

fasciitis treatment options include extracorporeal shock

wave therapy, which proved effective in 35% of patients

involved in a randomized controlled multicenter trial, but

placebo was also effective in 30% of patients (Haake et al.

2003). Another solution is corticosteroid injections, but this

treatment has caused rupture of the fascia in 2–10% of

patients (Acevedo& Beskin, 1998; Kim et al. 2010a;McMillan

et al. 2012). Total or partial surgical release of the PF

should only be an option when all else has failed (Tweed

Barnes & Allen, 2009), the consequences of plantar fasciot-

omy being a 7.4 � 4.1 mm reduction of the plantar arch

(Kitaoka et al. 1997) and a 15% elongation of the sole

(Arangio et al. 1997). In the long term, after fasciotomy,

foot pain may also recur due to overpronation of the foot

(Tweed Barnes & Allen, 2009).

Plantar fasciitis is diagnosed on clinical grounds, possibly

with the support of imaging to rule out any other diseases

and confirm a thickening of the PF. The issue of heel spurs

in patients with plantar fasciitis is still debated: it is not clear

whether they cause or co-exist with plantar fasciitis (Onwu-

anyi, 2000; Johal & Milner, 2012). Other PF disorders include:

rupture, usually following corticosteroid injections to treat

plantar fasciitis (Kim et al. 2010a), although this may also

occur spontaneously (Louwers et al. 2010); and plantar

fibromatosis, or Ledderhose disease (Bardelli et al. 1991;

English et al. 2012), which resembles and is often associated

with Dupuytren’s contracture (Gudmundsson et al. 2013).

The PF has been studied quite well from a biomechanical

point of view. It has a fundamental role in the biomechan-

ics of the foot, in supporting its medial longitudinal arch

and in the mechanisms of propulsion, dissipating the forces

and stresses involving the foot during gait or in other load-

ing conditions (Hicks, 1954; Bolgla & Malone, 2004). It was

also demonstrated recently that the PF is capable of storing

strain energy and converting it into propulsive force, behav-

ing like a quasi-elastic tissue (Natali et al. 2010; Pavan et al.

2011).

In contrast, very little attention has been paid to the ana-

tomical-histological aspects of the PF, which has been con-

sidered simply as an aponeurosis because almost all of its

type 1 collagen fibers are arranged in the longitudinal

direction. Nothing is known about its elastic fiber content,

the features of its extracellular matrix or the extent of its

innervation. The relationship between the PF and the

Achilles tendon is another point of debate. According to

some authors, the embryological origin of the PF sees it uni-

ted with the Achilles tendon (Shaw et al. 2008), and this

connection comprises a layer of periosteal fibers that

declines in thickness and elastic properties with aging (Snow

et al. 1995). In an anatomical study, Kim et al. (2010b)

found that only 5% of 40 cadavers examined had a lower

calcaneal insertion of the Achilles tendon and thus retained

a connection between their Achilles tendon and their PF. In

a later study, the same authors (2011) assessed the insertion

of the Achilles tendon on magnetic resonance images (MRI)

and reported that older people had a more proximally

inserted Achilles tendon than younger people; they sug-

gested that the proportion of people in the normal popula-

tion with a PF–Achilles tendon connection would be higher

(given the older age of the cadavers used in their previous

study). These recent results indicate that, from a morpho-

logical point of view, a connection between the Achilles

tendon and the PF is more likely in younger people. From a

clinical point of view, on the other hand, many rehabilita-

tion protocols recommend always considering the Achilles

tendon and the triceps surae muscle in rehabilitation treat-

ments for plantar fasciitis, although how these structures

might influence the plantar fascia remains to be seen.

The aim of this study was to examine the macroscopic

and microscopic characteristics of the PF to shed light on

the elements and factors involved in diseases of this tissue.

A secondary aim was to verify its possible correlation with

surae structures in cadavers and the living.

Materials and methods

Macroscopic study

Anatomical studies (approved by the local ethical committee) were

conducted on 12 unembalmed leg specimens (mean age: 71.9 years;

range 67–92 years; seven males, five females; see Table 1) obtained

from the ‘body donation program’ at the Anatomy Institute of the

University of Padua (Porzionato et al. 2012). Eleven feet were dis-

sected via a longitudinal cutaneous incision along the midline from

the heel to the third toe. Initially, the skin alone was cut and raised

medially and laterally to examine the subcutaneous tissue, which

was then carefully removed to expose the PF. The fascia was iso-

lated proximally to its calcaneal origin and distally up to the inser-

tion in the metatarsophalangeal joints. The muscle insertions in the

fascia and the connections with contiguous structures were

removed to isolate the PF completely.

One foot was fixed in formalin and serial transversal sections

were obtained every 2 cm from the cutis to the interosseous mus-

cles for the purpose of microscopically examining the relationships

between the PF and the skin and muscles. One fascia was isolated

and fixed in formalin, then serial longitudinal sections were

obtained and prepared for histological examination. Specimens

from the proximal, central and distal portions were taken for histo-

logical studies on all the other fasciae.

Further anatomical evaluations were performed on specimens

from the anatomical collection of the Anatomy Institute of Padova
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University, consisting of transverse, 2- to 5-cm-thick slices of three

whole human bodies (two males and one female), preserved in

Kaiserling’s solution. In these specimens, the connection between

the plantar fascia and the Achilles tendon and paratenon was

analyzed.

Histological study

For each foot, eight specimens of the PF were taken: two samples

were taken from the proximal portion of the plantar fascia, near

the heel insertion, three samples from central portion (one from

the medial part of the PF, one from the middle part and one from

the lateral part) and three from distal portions, taking care to keep

them anatomically intact. The specimens were mounted on card-

board to avoid deformations and artifacts, then fixed in 10% for-

malin solution and embedded in paraffin. Sections 10 lm thick

were cut and stained with hematoxylin and eosin, van Gieson for

elastic fibers, Azan–Mallory for collagen fibers, and Alcian blue for

hyaluronan. Four immunohistochemical stains were also applied:

anti-S100, based on a previously described method (Stecco et al.

2007) to identify any nerve structures, hyaluronan binding protein

(HABP) as a hyaluronan marker, anti-collagen II and III antibodies

(rabbit antibodies, Abcam) to identify the presence of collagen type

II and III into the PF. The optimal dilution of the antibodies was

evaluated in the datasheet, in a series of previous studies and vari-

ous tests in our laboratory. Finally, the collagen III antibody was

used with a dilution of 1 : 1000, the collagen II antibody with a

dilution of 1 : 200 after proteinase K digestion. The sections were

incubated using the DAKO Autostainer System. All preparations

were observed under a DM4500-B light microscope (Leica Microsys-

tems, Wetzlar, Germany) and recorded in full color mode (24-bit)

with a digital camera (DFC 480, Leica Microsystems).

Radiological study

This analysis (approved by the regional ethical committee) was con-

ducted on 52 MRI of the hindfoot of patients with symptoms of

non-specific ankle and/or foot pain, randomly and anonymously

drawn from a radiology database of the Euganea Medica center (37

males, 14 females; mean age 44.2 years). Each MRI was obtained on

a 1.5 T MR system (Philips Medical Systems, Gyroscan Intera, Best,

Netherlands), acquiring the images with a standard protocol as fol-

lows: high-resolution, T1-weighted spoiled gradient-echo (FLASH)

images with a short TE (600/10), flip angle 90°, bandwidth 78 KHz,

113 9 180 mm rectangular field of view, and 211 9 152 matrix

(pixel size, 0.54 9 0.35 mm). The sagittal sections obtained were

3 mm thick, with a gap of 0.3 mm between them. The images were

analyzed in multi-planar reformatting reconstruction (MPR) mode

on the axial, sagittal and coronal planes. MR scan analysis and post-

processing were done on an Aquarius workstation TERARECON 3.6.2.3

(San Matteo, CA, USA). All images were reviewed by the same

author (C.M.) and the parameters were analyzed (Fig. 1) using

SECTRA software (Sectra Imtec AB, Link€oping, Sweden). First of all,

the MRIs were divided into homogeneous and inhomogeneous

Achilles tendon signals on axial and sagittal T1 images. If the

intense signal was inhomogeneous, the signal appearance was

classified according to Soila (Soila et al. 1999) as follows:

type 1: intratendinous intermediate signal intensity strands;

type 2: punctuate or patchy intermediate signal intensity in

intratendineous foci;

type 3: diffuse ground glass-type intermediate signal inten-

sity, not judged as punctuate.

For the Achilles tendinopathies, the presence of tendinosis, tendi-

nitis, typical tear, atypical tear, Maglund’s and bursitis retrocalca-

neal according to Pierre-Jerome (Pierre-Jerome et al. 2010). were

evaluated.

The Achilles tendinopathies were assessed using an anatomical

classification of Achilles tendonitis recently proposed by Del Buono

(Del Buono et al. 2013). i.e.

1 intramuscular

2 free tendon: (A) proximal, (B) middle, (C) distal

3 calcaneal.

For all patients, the thickness of the PF 2 cm from its calcaneal

insertion was measured on mid-sagittal T1-W images, and the thick-

ness of the paratenon on axial T1 images on a level with the pas-

sage between muscle and tendon at which muscle fibers were no

longer visible. For each patient, three measures were done, and the

mean value calculated (Fig. 1B). Mean values and standard devia-

tions of all the measurements obtained were calculated and Stu-

dent’s t-test was applied. The correlation between plantar fascia

and paratenon thickness was performed with GRAPHPAD software

(GraphPad Software, La Jolla, CA, USA). To reveal differences

between the thickness of the plantar fascia and Achilles paratenon,

statistical analysis was performed by the Kruskal–Wallis test.

P < 0.05 was considered to be statistically significant. Statistical cal-

culations were carried out by PRISM 3.0.3 (GraphPad Software, San

Diego, CA, USA).

Results

Macroscopic study

After the skin dissection, the firm insertion of the plantar

fascia (PF) in the cutis thanks to fibrous septae was evident

in all cases, particularly in the proximal and distal portions

of the PF. Subcutaneous fat was abundant, especially in the

area of calcaneus, where it forms the fat pad of the heel.

Table 1 Cadaver parameters and plantar fascia size.

Donor

id

Foot

left/

right Age Sex

Height

(cm)

Weight

(kg)

Size of the PF

LG

(cm)

WP

(cm)

WD

(cm)

1 L 67 M 183 136 14 3 7.5

R 14 3 7.5

2 L 76 M 172 41 13 2 5.5

R 13 2 5.5

3 R 92 F 162 50 9.5 1 4.5

4 L 67 F 167 84 11 2 6.5

R 11 2 6.5

5 L 67 M 165 79 10.5 1.5 5

R 10.5 1.5 5

6 R 81 F 185 68 13.5 3 7

7 R 67 F 160 42 11.5 1 4.5

8 R 69 M 175 73 12.5 2 6

LG, length of the PF along the main longitudinal axis; WP, prox-

imal width of the PF near the heel insertion; WD, distal width

of the PF.
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On removing this fat, the PF appeared as a pearly white,

glistening layer of fiber bundles a few millimeters thick,

tapering off in the proximal-distal direction, mainly

arranged longitudinally and with a viscous-elastic consis-

tency to the touch (Fig. 1). The PF were a mean 2 and 6 cm

crosswise at the proximal and distal ends, respectively, and

12 cm lengthwise from the medial tuberculum to the meta-

tarsophalangeal joint (Table 1).

On the inside, the PF was firmly attached to the superfi-

cial muscles of the sole, particularly in the proximal inser-

tions. Distally, some perpendicular septae were detached

from the PF and enveloped the tendons of the abductor

hallucis and the four tendons of the flexor digitorum brevis,

like the septa of Legueu and Juvara in the hand1. Various

compartments for the tendons were thus formed, closely

connected to the PF. Many inter- and intramuscular septae

originated from the inner side of the PF, extending into the

deep fascia of the foot, separating the three superficial

muscles of the sole (abductor hallucis, flexor digitorum bre-

vis, abductor digiti quinti), and being the origin of many

muscle fibers at the same time.

All dissections revealed a PF divided into three parts

(medial, central and lateral). The central portion was the

thickest, arising on the medial tuberculum of the calcaneus

and extending forward to cover the plantar surface of the

flexor digitorum brevis muscle, before dividing unevenly

into five digitations inserted each in a different metatarso-

phalangeal joint capsule. Most of the PF fibers were

arranged longitudinally and obliquely, whereas there were

some superficial fibers lying transversally, particularly on

the proximal and distal portions. In all cases the PF contin-

ued over the calcaneal bone with a thin band (approxi-

mately 1–2 mm thick) corresponding to the periosteum of

the calcaneal bone (Fig. 2). This layer surrounded the calca-

neus and was in continuity with the paratenon of the Achil-

les tendon. The lateral portion covered the plantar surface

of the abductor digiti quinti muscle, then continued with

this muscle’s fascia and laterally with the dorsal fascia. It

was distally thin and proximally thick, where it formed a

strong band in which some abductor digiti quinti muscle

fibers were inserted, and it continued onto the inferior

peroneal retinaculum. Distally, it was inserted in the fifth

metatarsal joint capsule. The medial portion was less obvi-

ous and thinner than the others. It covered the plantar sur-

face of the abductor hallucis muscle and included many

insertions of this muscle’s fibers. The medial portion of the

A B

Fig. 1 (A) Dissection of the foot, macroscopic view of the plantar fascia. The PF appeared as a pearly white, glistening layer of fiber bundles a

few millimeters thick, tapering off in a proximal-distal direction, mainly arranged longitudinally. LG, length of the PF along the main longitudinal

axis; WP, proximal width of the PF near the heel insertion; WD, distal width of the PF. (B) Axial MR image of the Achilles tendon. The thickness of

the paratenon was measured a level with the passage between muscle and tendon, where muscle fibers were no longer visible. For each case,

three measures were done, and the mean value calculated.

1In 1892, two French anatomists, Legueu and Juvara, published

an article which described multiple septa originating from the

palmar aponeurosis and attached deeply into the anterior inter-

osseous muscle fascia and metacarpal bone. Eight well-defined

septa could be encountered in each hand. A septum is located

on either side of each flexor digitorum profundus and superfi-

cialis tendons of the index through the small fingers. These

septa formed seven compartments or septal canals, four con-

taining the flexor tendons and three containing the common

digital nerves and arteries and the lumbrical muscles (Bilderback

& Rayan, 2004).
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PF extended to the flexor retinaculum of the foot and

medially to the dorsal fascia of the foot. It was ultimately

inserted in the first metatarsal joint.

Microscopic study

On full-thickness specimens obtained 2 cm from the calca-

neal origin, the PF was 3.15 mm thick in the central portion

and 1.56 mm laterally; 10 cm from the calcaneal origin, it

was thinner, the central portion differing less in size from

the lateral part, 1.41 mm and 0.66 mm, respectively

(Fig. 3).

The PF is composed mostly of type I collagen fibers

arranged in a proximal-distal direction, with a few transver-

sal and vertical collagen fibers. The anti-collagen III immu-

nohistochemical study revealed the presence of type III

collagen only in the loose connective tissue and, above all,

where the large fibrous bundles are in different directions.

This type of collagen is richly represented also in the peri-

mysium of the plantar muscles (Fig. 4A,B). The anti-collagen

II immunohistochemical study highlighted the type II colla-

gen only in the samples near the heel, both in the extracel-

lular matrix and around some cells with chondrocyte

features (Fig. 4C,D).

Loose connective tissue visible among the various fibrous

bundles revealed a few very thin elastic fibers on van

Gieson staining (Fig. 5) and the presence of hyaluronan on

Alcian blue staining (Fig. 6). The immunohistochemical

anti-HABP stain specific for hyaluronan showed that this

glycosaminoglycan is located among collagen fibers. Using

the Alcian blue stain, many cells stained very intensely in

the proximal part of the PF, near the heel insertion, and

the cells were large with a basophilic cytoplasm (typical of

chondrocytes), whereas the cells staining strongly with

Alcian blue in other parts of the PF were completely dif-

ferent: they were tiny fusiform fibroblast-like cells

arranged singly or in rows in the direction of the collagen

fibers.

Using the anti-S100 immunohistochemical stain revealed

numerous nerve endings and Ruffini and Pacini corpuscles

inside the PF. They were particularly evident in the medial,

lateral and distal parts of the PF, where the PF is thinner

and joins the abductor hallucis and digiti minimi fasciae, or

where it is connected to the metatarsophalangeal joints.

The inner surface of the PF (in which many fibers of the

muscles of the sole of the foot are inserted) is innervated

more than the outer surface (Fig. 7).

Radiological study

The Achilles tendon showed signs of tendinitis in 27 of the

52 MRIs considered. In the other 25/52 patients, the Achilles

A B

C D

Fig. 2 Continuity of the plantar fascia with the paratenon of the Achilles tendon. (A,B) Dissection of fresh cadaver. In (B) the fibrous tissue over

the heel is evident. (C,D) Slice of foot preserved in Kaiserling’s solution coming from the anatomical collection of Padova university. The arrows

highlight the continuity between plantar fascia and Achilles paratenon.

© 2013 Anatomical Society
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Fig. 3 Transversal sections of the plantar fascia at the proximal, intermediate and distal level, Azan–Mallory stain.

A B

C D

Fig. 4 Immunohistochemical stains type III (A,B) and type II anti-collagen (C,D) of the plantar fascia. (A) The collagen type III is well represented in

the vessel walls (*) and in the perimysium of the plantar muscles (#), whereas in the plantar fascia it is present only in the loose connective tissue

(arrows) among the large collagen fibrous bundles. (B) Type III collagen is evident above all the point at which the large collagen fibrous bundles

change direction. (C,D) Samples of the plantar fascia near the heel; type II collagen is evident in the extracellular matrix and around some large

cells (chondrocytes).

© 2013 Anatomical Society
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tendon appeared on MRI as a homogeneous structure of

low signal intensity and rounded shape, characterized by a

hyperintense signal representing small vessels, and with no

signs of inflammation or degeneration (Tables 2 and 3).

This latter group showed signs of other pathological

conditions, such as cysts, foot ligament disorders or osteo-

arthritis.

Based on the Del Buono classification (Del Buono et al.

2013), the tendinopathies in 9/27 patients were located in

the calcaneal region, four on the distal, eight on the med-

ial, and five on the proximal free tendon, and one was

intramuscular.

The thickness of the PF was compared between the two

groups: in the group of patients with evidence of tendinop-

athy, the PF was 3.43 � 0.48 mm thick (99%CI and SD: 0.95;

range 1.71–5.6 mm), whereas in patients with no signs of

Achilles tendon inflammation or degeneration, the PF was

2.09 � 0.24 mm thick (99%CI and SD: 0.47). The difference

A B

Fig. 5 Samples of the plantar fascia, van Gieson stain. The elastic fibers are present only in the loose connective tissue among the various collagen

fibrous bundles (arrows), not in the fibrous component of the plantar fascia (A). The elastic fibers form a thin, irregular mesh (B).

A B

C D

Fig. 6 Alcian blue stain (A,B) in the proximal portion near the heel (A) and in the distal portion (B). In (A) the chondrocytes are evident and in (B)

the fasciacytes. (C,D) Immunohistochemical anti-HABP stain specific for hyaluronan showed that this glycosaminoglycans is in the cytoplasm of the

fasciocytes (C) and disposed among collagen fibers (D).

© 2013 Anatomical Society
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of 1.29 � 0.57 mm (99%CI) was statistically significant

(P < 0.001) (Fig. 8).

In patients with tendinopathies, 14/27 had a PF more than

3.5 mm thick, and in five of these it was more than 4.5 mm

(considered the threshold for a diagnosis of PF). In these last

five cases, the tendinopathy involved the calcaneal region

in three, the distal free tendon in one, and the medial free

tendon in one. In patients with no signs of Achilles tendon

disease, none had a PF more than 4 mm thick.

Discussion

In the past, the plantar fascia has received more attention

from the biomechanical engineers and clinicians than from

anatomists. This is evident also analyzing the anatomical

terminology. In the Nomina Anatomica (1998) only the term

plantar aponeurosis is used to indicate this structure, but it

is inserted in the chapter ‘fasciae’. In the various anatomical

textbooks, the terms ‘plantar fascia’ and ‘plantar aponeuro-

sis’ are used interchangeably. In fact, the term ‘aponeurosis’

is generally used to indicate a tissue with a unidirectional

arrangement of collagen fibers, whereas a fascia is a struc-

ture with a multidirectional arrangement of the fibers

(Langevin & Huijing, 2009). No published works have dis-

cussed which term is more appropriate for this tissue and

it is not clear whether the PF contains only longitudinal

or also multidirectional fibers. In our microscopic study,

different stains were used to reveal the arrangement and

composition of the plantar fascia: the collagen fibers were

found arranged mainly in a proximal-to-distal longitudinal

A B

C D

E F

Fig. 7 Innervation of the plantar fascia, anti-S100 immunohistochemical stain. (A,C,E) Pacini corpuscles. (B,D,F) Ruffini corpuscles.

© 2013 Anatomical Society
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direction, but there were also various fibers lying in vertical,

transverse and oblique directions. This multilayer configura-

tion of the collagen fibers is a typical feature of fasciae

rather than aponeurosis, so we suggest that the term ‘plan-

tar fascia’ would be a more appropriate name for this tis-

sue. With the immunohistochemical stains it was possible to

affirm that almost all the tissue is formed of type I collagen;

only in the loose connective tissue where the large fibrous

bundles change directions is there also type III collagen.

Few elastic fibers could be revealed in the loose connective

tissue, but generally we can affirm that the plantar fascia is

not an elastic tissue.

The PF was foundwell innervated, especially where it joins

with the fasciae of the abductor hallucis and abductor digiti

minimi muscles, and where the sole muscles are inserted.

The presence of Pacini and Ruffini corpuscles – usually

considered responsible for mechanoreception (Moraes et al.

2008) – suggests that plantar fascia innervations have a role

in proprioception and in the stability and control of foot

movements. In the last years there has been increasing

interest within therapeutic communities concerning the role

that fascia plays in musculoskeletal strain disorders such

myofascial pain, postural strain patterns and proprioception

(Findley, 2009) but nothing has been published about the

possible proprioceptive role of the plantar fascia. However,

our findings reinforce previous studies about the antebra-

chial fascia (Stecco et al. 2007), the thoracolumbar fascia

(Tesarz et al. 2011), crural fascia and ankle retinacula

(Benjamin, 2009). Thanks to the many muscle insertions, the

plantar fascia is capable of perceiving both the foot’s

position and the state of contraction of the various intrinsic

muscles of the foot. If these muscles contract excessively, the

PF (and the nerve endings it contains) might be over-

stretched. These properties of the plantar fascia shed new

light on this complex tissue. The fascia could be seen as a

coachman guiding the muscles in the sole of the foot and

helping to coordinate all these structures during movement.

Besides, the presence of septa similar to those of Legueu and

Juvara in the hand also suggest a strong relation of the PF

with the flexor tendons and lumbricalmuscles of the foot.

The ubiquitous presence of hyaluronan (HA) inside the

plantar fascia is a novel, intriguing finding. It enables the

different fibrous bundles to glide, as well as being an effi-

cient shock absorber and possibly also serving an

anti-inflammatory purpose (Neuman et al. 2011). HA is

Table 2 Parameters of MRI without signs of Achilles tendinosis.

MRI Age Sex

PF thickness

(mm)

Paratenon

thickness (mm)

1 30 F 1.39 0.91

2 41 F 1.76 1.12

3 65 F 2.1 0.88

4 18 M 2.11 1.49

5 39 F 1.74 0.91

6 40 F 1.39 0.92

7 34 M 2.4 0.87

8 47 F 2.08 1.34

9 48 M 3.1 0.9

10 25 M 2.8 1.12

11 23 F 1.66 0.62

12 37 M 2.8 1

13 48 M 2.8 0.71

14 18 F 2.08 0.63

15 23 M 2.43 0.63

16 19 M 2.1 0.54

17 25 M 1.74 0.59

18 27 M 2 0.55

19 26 M 1.7 0.78

20 76 F 2.46 0.75

21 76 F 1.78 0.7

22 28 M 1.74 0.56

23 53 M 2.43 0.62

24 31 M 1.4 0.66

25 23 M 2.2 0.74

Mean

value

(� SD)

36.8 (� 16.79) 2.09 (� 0.47) 0.82 (� 0.25)

Table 3 Parameters of MRI with signs of Achilles tendinosis.

MRI Age Sex

PF

thickness (mm)

Paratenon

thickness (mm)

1 75 F 2.2 1.1

2 40 F 1.7 1.2

3 31 M 2.8 1.3

4 30 M 3.1 1.4

5 44 M 3.6 1.3

6 40 M 4.6 1.3

7 40 M 5.6 1.3

8 40 M 4.3 1.4

9 40 M 3.4 1.4

10 53 M 3.5 1.4

11 53 M 3.5 2

12 46 M 2.7 1.1

13 41 M 3.5 1.3

14 41 M 4 1.1

15 46 M 4.6 1.6

16 40 M 2.4 1.4

17 60 M 5.3 1.1

18 44 F 4.6 1.4

19 48 M 3.2 1.4

20 67 M 2.2 1.5

21 88 M 3.5 1.1

22 71 M 2.8 1.1

23 81 M 2.4 1.2

24 73 M 3.5 1.6

25 59 M 3.7 1.4

26 81 F 2.7 1.4

27 57 M 3.2 1.1

Mean

value

(� SD)

52.9 (� 16.3) 3.42 (� 0.95) 1.34 (� 0.20)
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known to be particularly prominent during embryogenesis,

in tissues undergoing rapid growth, and whenever repair

and regeneration occur (Lee & Spicer, 2000; Spicer & Tien,

2004). Fragmented HA seems to have highly angiogenic,

inflammatory and immunostimulatory (Noble, 2002;Walton,

2008) effects, and reflects tissue stress. Based on these

anatomical findings, it would seem pertinent to consider

the medical use of hyaluronan injection as an alternative to

corticosteroid injections for plantar fasciitis, since HA is

physiologically better suited to the composition of the nor-

mal PF. Such injections could increase the visco-supplemen-

tation of the PF, reduce stress and friction between

collagen fibers, and contain PF inflammation and degenera-

tion. There are reports in the literature of a positive effect of

hyaluronan injection in Achilles, rotator cuff and patellar

tendonitis (Coombes et al. 2010). In animal studies, hyaluro-

nan has revealed the capacity to reduce nociception (Gomis

et al. 2009). Further research will also focus on the potential

role of the tiny fusiform fibroblast-like cells staining strongly

for Alcian blue: similar cells – named as ‘fasciacytes’ – have

recently been found in the deep fasciae of the limbs (Stecco

et al. 2011). These cells are probably responsible for the pro-

duction and secretion of hyaluronan as synoviocytes on the

internal surface of joint capsules (Chang et al. 2010) or as

hyalocytes in the vitreous chamber of the eye (Sakamoto &

Ishibashi, 2011). The chondrocytes found near the heel

insertion would have a totally different meaning: they are

the expression of a cartilagineous metaplasia that gradually

reduces the connection between the Achilles tendon and the

plantar fascia (Kim et al. 2011), reducing PF elasticity as a

consequence. Mechanical stress is considered one of the

important factors in cartilagineous metaplasia, and in liga-

ment ossification, too (Tsukamoto et al. 2006). The accumu-

lation of tensile stress in the PF is probably responsible for

the progressive chondroplasia of the calcaneal entheses

of the PF, and it could be seen as an adaptive mechanism to

ensure the integrity of the interface in response to greater

mechanical loads (Benjamin et al. 2000). Our findings thus

confirm the gradual shrinking of the anatomical connection

between the PF and the Achilles tendon, but this connec-

tion seems to persist with the paratenon of the Achilles

tendon, thanks to a thin layer of periosteal fibers in the

heel. The relationship between the PF and the Achilles

paratenon was also confirmed by our MRI data showing a

statistically significant correlation between their thicknesses.

Various authors (Kvist et al. 1987; Graf et al. 1990; Sharma

& Maffulli, 2005; Van Sterkenburg & van Dijk, 2011) have

recently emphasized the role of the paratenon in the etiol-

ogy of tendinopathy. In our setting, five of 27 patients with

Achilles tendinitis had a PF more than 4.5 mm thick,

whereas none of the patients whose MRIs showed no signs

of tendinitis had a PF more than 4 mm thick (Fig. 9). The

thickness of more than 4.5 mm using MR and ultrasound

represent fasciitis (McNally & Shetty, 2010) and in a systemic

review it was found that patients with chronic plantar heel

pain are likely to have a thickened plantar fascia (McMillan

et al. 2009). MR is also very sensitive for highlighting patho-

logical changes around the plantar fascia (Pierre-Jerome

et al. 2010), as perifascial edema, bone marrow edema of

the calcaneus at the insertion of the plantar fascia, and

high signal intensity within the plantar fascia. Moreover, in

the case of aponeurotic thickening on T1 sequences the

A

B

Fig. 8 MRI of healthy patients (B) and patients with Achilles tendon

pathology (A). The thickness of plantar fascia is highlighted.

Fig. 9 Correlation between plantar fascia thickness and thickness of

Achilles tendon paratenon in patients with Achilles tendonitis and

healthy people.
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presence of intermediate signal intensity within the plantar

fascia has been suggested (Healey & Chen, 2010). On the

other hand, MRI is not usually used to diagnose plantar

fasciitis (Healey & Chen, 2010) because of its high costs, and

ultrasound (US) is often preferred. US is highly operator-

dependent in that it requires a long learning curve and

there is also a lack of standardization (Kane et al. 2004).

Nevertheless, US evaluation of the thickness of the plantar

fascia showed high reliability for both intra- and inter-rater

evaluations (Cheng et al. 2012), and fascial thickening and

hypoechoic echotexture were correlated with heel pain

score at real-time sonoelastography of the plantar fascia

(Sconfienza et al. 2013). The strong correlation between

the thickness of PF and Achilles paratenon suggest in the

case of plantar fascia thickening the characteristics of Achil-

les tendon and paratenon should also be evaluate, but it is

probable that the reverse could happen, that is, that in the

case of chronic Achilles tendinitis, the plantar fascia could

be damaged. Indeed Warren (1990) reported a positive cor-

relation between Achilles tendon loading and plantar fascia

tension, and Carlson et al. (2000) demonstrated that exces-

sive stretching and tightness of the Achilles tendon are risk

factors of plantar fasciitis. Finally, these findings support the

results reported by Bol�ıvar et al. (2013), who identified a

greater tightness of the posterior leg muscles in individuals

with plantar fasciitis, and suggested that therapists

intending to use a stretching protocol to treat plantar

fasciitis should look for both hamstring and triceps surae

tightness.
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