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The morphology of the subacromial and related shoulder
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the subacromial space, is considered a primary source of shoulder pain. Several other

coid (SCB) and subtendinous bursa of subscapularis (SSB), are also clinically relevant.
The detailed morphology and histological characteristics of these bursae are not well
described. Sixteen embalmed cadaveric shoulders from eight individuals (five females,
three males; mean age 78.6 + 7.9 years) were investigated using macro-dissection and
histological techniques to describe the locations, dimensions and attachments of the
bursae, their relationship to surrounding structures and neurovascular supply. Bursal
sections were stained with haematoxylin and eosin to examine the synovium and with
antibodies against von Willebrand factor and neurofilament to identify blood vessels
and neural structures respectively. Four separate bursae were related to the subacro-
mial and subcoracoid spaces. The SAB was large, with a confluent subdeltoid portion
in all except one specimen, which displayed a distinct subdeltoid bursa. The SAB roof
attached to the lateral edge and deep surface of the acromion and coracoacromial
ligament, and the subdeltoid fascia; its floor fused with the supraspinatus tendon and
greater tubercle. The CBB (15/16 specimens) was deep to the conjoint tendon of cora-
cobrachialis and short head of biceps brachii and the tip of the coracoid process, while
the inconstant SCB (5/16 specimens) was deep to the coracoid process. Located deep
to the subscapularis tendon, the SSB was a constant entity that commonly displayed
a superior extension. Synovial tissue was predominantly areolar (SAB and SSB) or fi-
brous (CBB and SCB), with a higher proportion of areolar synovium in the bursal roofs
compared to their floors. Blood vessels were consistently present in the subintima
with a median density of 3% of the tissue surface area, being greatest in the SSB and
SAB roofs (4.9% and 3.4% respectively) and least in the SAB floor (1.8%) and CBB roof
and floor (both 1.6%). Nerve bundles and free nerve endings were identified in the
subintima in approximately one-third of the samples, while encapsulated nerve end-
ings were present in deeper tissue layers. The extensive expanse and attachments of
the SAB support adoption of the term subacromial-subdeltoid bursa. Morphologically,
the strong attachments of the bursal roofs and floors along with their free edges

manifest as fixed and mobile portions, which enable movement in relation to sur-

rounding structures. The presence of neurovascular structures demonstrates that
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these bursae potentially contribute blood supply to surrounding structures and are
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1 | INTRODUCTION

The shoulder is complex from functional and biomechanical per-
spectives, and contains a number of important structures, includ-
ing bursae (Codman, 1934). While shoulder bursae are essential for
normal movement, they are also implicated in the pathogenesis of
shoulder pain and dysfunction (Moore, 2014; Rockwood et al., 2009)
which affects a large proportion of adults, and increases with age
(Djade et al., 2020; Hill et al., 2010; Luime et al., 2004; Taylor, 2005).
The subacromial bursa (SAB), situated in the subacromial space, is
the largest among the bursae associated with the shoulder (Codman,
1934), and functionally facilitates movement between the humeral
head and coracoacromial arch. Clinically, the SAB is particularly rel-
evant due to its potential involvement in subacromial pathology and
pain (Cadogan et al., 2011; Codman, 1934; Lewis, 2009; Neer, 1983).
Several other bursae, the coracobrachial (CBB), subcoracoid (SCB)
and subtendinous bursa of subscapularis (SSB), which are related to
the subcoracoid space, may also contribute to shoulder pathology
(Colas et al., 2004; Drakes et al., 2015; Grainger et al., 2000; Pfuhl,
1934; Strizak et al., 1982).

Despite their clinical importance, many aspects of the morphol-
ogy of the SAB and related shoulder bursae are not well established
and the terminology is inconsistent (Kennedy et al., 2017). While
it is agreed that the SAB is a constant structure, the presence of
and communication with a subdeltoid bursa is less certain (Beals
et al., 1998; Codman, 1934, Duranthon & Gagey, 2001; Federative
International Programme for Anatomical Terminology, 2019; Seo
etal.,, 2018; Strizak et al., 1982). Furthermore, there is debate around
the constancy of the subcoracoid portion of the SAB or if there is
communication between the SAB and a SCB or CBB (Codman, 1934;
Gardner & Gray, 1953; Horwitz & Tocantins, 1938; Mitchell et al.,
1988; Pfuhl, 1934). Although the general attachment sites of the
SAB appear well defined, variability is evident concerning its precise
attachment to surrounding structures such as the acromion, cora-
coacromial ligament, subdeltoid fascia, tendons of infraspinatus and
subscapularis and the bicipital groove (Codman, 1934; Duranthon &
Gagey, 2001; Mitchell et al., 1988; Pfuhl, 1934; Strizak et al., 1982;
Yang et al., 2009). In relation to its medial-lateral extent, it is un-
clear whether the SAB reaches deep to the acromioclavicular joint
and into the supraspinous fossa and inferior to the greater tuber-
cle (Birnbaum & Lierse, 1992; Cooper et al., 1993; Nottage, 1993;
Pfuhl, 1934). The morphology of the smaller shoulder bursae has
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involved in mechanoreception. The anatomical details presented in this study clarify
the morphology of the shoulder bursae, including histological findings that offer fur-

ther insight into their potential function.

anatomy, blood vessels, bursa, free nerve endings, shoulder, subacromial space, subcoracoid

been afforded less attention, but inconsistencies are evident. This
is particularly true regarding the location, constancy, dimensions,
attachment and communication of the bursae, including the rela-
tionship between the CBB and/or SCB with the superior extension
of the SSB (Colas et al., 2004; Federative International Programme
for Anatomical Terminology, 2019; Fick, 1904; Horwitz & Tocantins,
1938; Monro, 1799; Standring, 2016).

Little is known about the histological characteristics of the shoul-
der bursae, including synovial structure, and neurovascular supply
(Kennedy et al., 2017). Descriptions of bursal synovium, in general,
are scarce (Dunn et al., 2003; Hirschmann et al., 2007; Woodley
et al., 2008), with this tissue depicted as being similar to that of sy-
novial joints and tendon sheaths (Key, 1932) with a typical two-layer
arrangement (intima or synovial lining and the underlying subintima;
Firestein et al., 2017; Hirschmann et al., 2007; Mitchell et al., 1988;
Sarkar & Uhthoff, 1983). The morphology of the SAB subintima has
been documented in three studies, variably described as consisting
of (1) loose connective tissue containing vascular channels, (2) dense
irregular connective tissue interposed with loose areolar tissue or (3)
mature adipose tissue (Mitchell et al., 1988; Sarkar & Uhthoff, 1983;
Soifer et al., 1996).

An appreciation of the neurovascular supply of the subacromial
and subcoracoid spaces, including the bursae, is essential due to
bursal involvement in rotator cuff pathology (e.g. concomitant bur-
sitis leading to nociception) and their relevance in surgical interven-
tions (e.g. the SAB plays a key role in the rotator cuff healing process,
a consideration for bursectomy) (Blaine et al., 2005; Brooks et al.,
1992; Chillemi et al., 2016; Feldman, 2018; Lohr & Uhthoff, 1990;
Nam et al., 2018; Rathbun & Macnab, 1970; Uhthoff & Sarkar, 1991;
Yepes et al., 2007). Both joint and bursal synovium are well vascula-
rised (Dunn et al., 2003; Hirschmann et al., 2007; Key, 1932; Sarkar
& Uhthoff, 1983; Wilkinson & Edwards, 1989), but the few available
descriptions of the blood supply of the shoulder bursae have solely
considered the SAB (Determe et al., 1996; Yepes et al., 2007). Neural
structures, including nerve fibres, free nerve endings and various
other mechanoreceptors have been identified in the subintima of
the SAB, suggesting both nociceptive and proprioceptive functions
(Ide et al., 1996; Soifer et al., 1996; Tomita et al., 1997; Vangsness
et al., 1995). However, only one of these studies used specific an-
tibodies to detect nerve tissue in the SAB (Soifer et al., 1996) and
data on the neurovascular supply of the CBB, SCB and SSB have not
been published.
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In order to address some of the gaps in the literature, the aims
of this study were to: (1) investigate the gross morphology of the
shoulder bursae, particularly to better document precise dimensions
and attachments, communication and relationship with surrounding
bursae; and (2) examine the microarchitecture of the shoulder bur-
sae, including the types of synovial tissue, the presence and density

of blood vessels and the types and location of nerve endings.

2 | METHODS

2.1 | Specimens

Sixteen paired shoulders from eight embalmed human cadavers (five
females, three males) with a mean age of 78.6 + 7.9 years (range
67-91 years) were dissected. All cadavers were from a New Zealand
European population bequeathed to the Department of Anatomy,
University of Otago, in accordance with the New Zealand Human
Tissue Act (2008). Departmental ethical approval was received for
this study. Causes of death/comorbidities included cardiovascular
disease (n = 6), oesophageal carcinoma (nh = 1) and Alzheimer's dis-
ease (n = 1). The average time between death and dissection was
20.0 + 8.7 months. Prior to dissection, radiographs were taken of
each specimen. No evidence of glenohumeral osteoarthritis was
found; the subacromial space was mildly (n = 1) or moderately (n = 3)
narrowed, and otherwise unremarkable. Mild (n = 6) and moder-
ate (n = 1) bony irregularity was seen at the rotator cuff insertion.
Osteoarthritic changes in the acromioclavicular joint were present
in five shoulders.

All SAB were injected with latex under real-time ultrasound
guidance by an experienced sonographer using an anterolateral
approach (Mathews & Glousman, 2005; Molini et al., 2012). Latex
(range 3-8 ml) was injected (using an 18 gauge needle) until pres-
sure build-up within the syringe prevented any more being added,
and latex distribution was encouraged by gently massaging and pas-
sively moving the shoulder (Beals et al., 1998). The specimens were
then placed in a neutral shoulder position until the latex had solid-
ified. During dissection, other bursae identified were also injected
with latex (1.0 + 0.7 ml). Following dissection, the bursal surface
of the rotator cuff was examined macroscopically for the presence
of full-thickness tears, graded based on their anterior-posterior ex-
tent (Hijioka et al., 1993). Bursae were excluded from the analysis if
bursal boundaries were not verifiable due to rotator cuff pathology

or if histological analysis did not confirm bursal synovium.

2.2 | Dissection

Specimens were dissected using a 1.5 times magnification lens (labo-
clip, Eschenbach). Skin, superficial fascia and superficial musculature
were removed. The conjoint tendon and the pectoralis minor tendon
were transected ~5 cm below their proximal attachment. The deltoid
was detached from its insertions on the humerus, clavicle and spine
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of the scapula and reflected proximally towards the acromion, and
the course of the anterior branch of the axillary nerve was marked
on the humerus (Cooper et al., 1993).

The subdeltoid fascia was reflected towards the acromion to ex-
pose the SAB roof and the attachment between the two structures
was marked (Cooper et al., 1993). The spine of the scapula and the
clavicle were transected and the coracoacromial ligament resected
at its coracoid insertion. Then, the SAB roof was opened and the
latex within the cavity was removed. Next, the acromion was re-
flected to fully expose the extent of the SAB (Birnbaum & Lierse,
1992; Hijioka et al., 1993; Pfuhl, 1934).

The bursae related to the conjoint tendon and/or coracoid pro-
cess were exposed by reflecting the conjoint tendon superiorly and
then transecting the coracoid process close to its root. Bursae lo-
cated deep to the conjoint tendon and the tip of the coracoid pro-
cess were defined as CBB, and those confined deep to the coracoid
process were classified as SCB (Kennedy et al., 2017). To expose the
SSB, subscapularis was released from its medial attachment in the
subscapular fossa and reflected laterally towards the lesser tubercle
(Colas et al., 2004).

The location of each bursa and attachments of their roofs and
floors and their relationships to each other and surrounding struc-
tures were described and marked with pins or water-insoluble ink.

2.3 | Bursal and skeletal landmark measurements

Figure 1 details the measurements taken during dissection, first with
the acromion in situ and the SAB intact (Beals et al., 1998; Fremerey
et al., 2000). Then, with the acromion removed, the SAB roof at-
tachment (anterior-posterior and medial-lateral) to the deep surface
of the acromion and coracoacromial ligament was measured (Pfuhl,
1934). The terms medial and lateral were used to describe the su-
peromedial and inferolateral extents of the SAB floor respectively.
The dimensions of the exposed bursal floors were measured at their
widest points (Birnbaum & Lierse, 1992), and the extent and attach-
ment of a superior extension of the SSB were documented. All dis-
tances were measured in cm (+0.1 cm) using a flexible standard tape
measure (0-150 cm) with the humerus in a neutral position in rela-

tion to the scapula.

2.4 | Histology
Bursal samples (n = 182; <1 cm? in size) were harvested from the
roofs and the floors of the various bursae from areas with macro-
scopically intact underlying rotator cuff tendons. Samples were
placed into 10% neutral buffered formalin and embedded in paraf-
fin. Sections were cut at 4 um using a Leica-RM microtome (Leica
Microsystems) and placed onto glass slides.

To enable examination of the synovium all sections were stained
with haematoxylin and eosin (H&E). For immunohistochemistry,
47 samples from four females (two right, two left) and four male
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FIGURE 1 Measurements of bursae and skeletal landmarks. A schematic diagram outlining measurements of bursae obtained during
dissection. (a) Superior view. Key: (a) Acromial length. The midpoint of the acromion was defined as half of the acromial length; (b)
coracoacromial ligament (CAL) length; (c) anterior-posterior extent of the subacromial bursa (SAB) along the acromion and (d) coracoacromial
ligament; (e) medial extent of the SAB from the anterolateral corner of the acromion; (f) medial extent of the SAB from the midpoint of the
acromion, and in relation to the acromioclavicular joint—medial or lateral to the plane of the joint (descriptive only). Measurements ‘e’ and

‘f’ were aligned along the fibres of supraspinatus. (b) Anterior view. Key: Inferior extent of the SAB from the (g) anterolateral corner and

(h) midpoint of the acromion; (i) distance from the inferior extent of the SAB to the axillary nerve (anterior branch). Measurements ‘h-i’

were aligned with the shaft of the humerus. Medial-lateral and superior-inferior dimension of the coracobrachial (CBB) (shaded purple) and
subcoracoid (SCB) bursa (shaded orange), deep to the coracoid process (CP) and conjoint tendon (CT) of coracobrachialis and the short head
of biceps brachii. Abbreviations: A, anterior; BT, biceps tendon (long head); I, inferior; L, lateral; M, medial; P, posterior; PM, pectoralis minor;

S, superior

(two right, two left) specimens (six paired; two unpaired), were
chosen from the existing tissue blocks, representing all investi-
gated bursae. Two sections were obtained for H&E and if a block
was used for immunohistochemistry, a further two sections were
taken. For immunohistochemical staining, antibodies against von
Willebrand factor and neurofilament were used to selectively detect
blood vessels specifically and myelinated and non-myelinated nerve
fibres respectively. Von Willebrand factor is a glycoprotein in the
cytoplasm of human endothelial cells from blood vessels (Pan et al.,
2016; Pusztaszeri et al., 2006), and neurofilament protein occurs in
the cytoplasm of neurons providing structural support (Ross, 2006).
Endogenous peroxidase activity was blocked by placing the slides
in 3% methanolic hydrogen peroxide for 10 min. A heat-mediated
(60°C) antigen retrieval was performed for 16 h using either a pH
9.0 Tris ethylenediaminetetraacetic acid (von Willebrand) or pH 6.0
citrate (neurofilament) buffer. Then, sections were protein blocked
using 10% bovine serum albumin (BSA; Gibco, Thermo Fisher, NZ)
for 30 min. The primary (Rabbit anti-von Willebrand factor poly-
clonal raised in rabbit, anti-human, 1:400 dilution, Dako Agilent,
Denmark; Mouse anti-neurofilament monoclonal, 1:2500 dilution,
Covance, USA) and secondary (EnVision + Dual link system-horse
radish peroxidase-labelled polymer, Dako Agilent Denmark) anti-
bodies were applied. Following this, 3,3' diaminobenzidine (DAB)
chromogen solution (1 drop DAB in 1 ml DAB buffer; Cell Marque,
Merck, Germany) was applied to each slide for 5 min. On slides

receiving neurofilament antibody, DAB enhancer (Bond, Leica
Biosystems) was applied for 5 min following the application of the
chromogen solution. Positive and negative (omitting the primary an-
tibody) control sections from embalmed human sciatic nerve with
intrinsic blood vessels were included in each immunohistochemical

run. All slides were counterstained with Mayer's haematoxylin.

2.5 | Histology analysis

From the H&E stained sections, the presence and type of synovium
were observed and categorised as described by Key (1932) as areo-
lar, fibrous or adipose by MSK using an Olympus AX 70 light micro-
scope (Olympus Corporation). Photomicrographs were taken using a
MicroPublisher RT digital camera (QImaging, Surrey). If uncertainty
existed with classification, photomicrographs were analysed inde-
pendently by SJW to reach a consensus.

For quantitative analysis of blood vessels and nerves, immu-
nohistochemistry slides were digitised at 400x magnification and
calibrated using the Aperio CS ScanScope scanner and ImageScope
software respectively (Aperio Technologies, Leica Biosystems)
and analysed using Image) software (National Institute of Health,
University of Wisconsin). Areas containing intact intima and un-
derlying subintima were traced using the polygon selection tool to
provide a measurement of surface area (mm?). Artefactual spaces,
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TABLE 1 Types, number and dimensions of bursae

Type of bursa (humber of specimens Bursae number
included) (%)

Subacromial (14) 14 (100)
Subdeltoid (14) 1(7)

Coracobrachial (16)* 15 (93.8)°
Subcoracoid (16)? 5(31.2)°
Subtendinous bursa of subscapularis (16) 16 (100)

5.6 + 1.6 (2.1-8.0), anterior-posterior
3.8, anterior-posterior

2.3 +1.0(0.9-3.7), medial-lateral

1.5 + 0.5 (0.9-2.2), medial-lateral

2.8 + 1.0 (0.8-4.8)¢, medial-lateral

s Anatomy RATTRTSARIPIE

Dimensions, mean + SD (range) in cm, measurement direction

6.0 + 1.6 (3.7-9.2), medial-lateral
2.5, medial-lateral

2.6 + 0.9 (1.2-4.8), superior-inferior
1.6 + 0.5 (1.0-2.3), superior-inferior
2.6 + 1.1 (1.3-4.5), superior-inferior

Distribution of CBB and SCB in specimens: single CBB: n = 11; one CBB and one SCB: n = 4; one single SCB: n = 1.
PBursa excluded because synovial lining was not confirmed histologically: n = 3 (CBB: n = 1, in one specimen with two CBB),and n =2 SCB (n=11in

one specimen with two SCB; n = 1 single SCB).
“‘Measurement data available from n = 15 specimens.

defined as spaces within the region of interest (ROI) that did not con-
tain tissue (e.g. where tissue layers had separated), were traced and
measured in the same manner. The sum of the area of artefactual
spaces was deducted from the area of the original tissue outline to
obtain the surface area of the ROI (mm?). On each section, the out-
line of each blood vessel was traced, and individual surface areas
(mm2) were summed. Neural structures were classified as nerve bun-
dles and free or encapsulated nerve endings (Rein et al., 2013; Ross,
2006; Stecco et al., 2018; Yeo et al., 2016) and their location was
documented.

For both H&E and immunohistochemistry, sections were ex-
cluded from analysis if (1) synovial lining was absent, (2) analysis was
precluded by tissue damage or background staining or (3) immuno-

reactivity was absent.

2.6 | Statistical analysis

Excel for Mac (Version 15.25, Microsoft Corporation) and IBM
SPSS statistics programme for Windows (Version 25.0, IBM
Corporation Armonk) were used for descriptive statistics and ad-
ditional calculations respectively. The extent of the SAB along
the acromion and coracoacromial ligament was expressed as a
percentage of the anterior-posterior length of the acromion and
coracoacromial ligament respectively (Beals et al., 1998; Birnbaum
& Lierse, 1992).

Histological results from the CBB and SCB were combined.
Frequencies of the three categories of synovium (areolar, fibrous,
adipose) were expressed as percentages for the SAB, CBB/SCB and
SSB, their roofs and floors, as well as the proximal, middle and dis-
tal areas for the SAB roof and floor. For statistical comparison, the
three categories of synovium were collapsed into two: Category
1: areolar, and category 2: non-areolar (including fibrous and adi-
pose; Field, 2013). The same was repeated for fibrous and adipose
synovium respectively. The proximal, middle and distal areas of the
SAB roof and floor were combined into two categories: Category 1:
proximal and middle area, and category 2: distal area. Differences
were examined using Pearson's chi-square test or Fisher's exact test
(e = 0.05) with follow-up adjustment of alpha values (« = 0.017)

using the Bonferroni correction for multiple tests (Field, 2013; Hall
& Richardson, 2016; Kim, 2017).

Blood vessel density was calculated as a percentage of the area
of the ROI that was occupied by blood vessels for each section
(Perumal et al., 2019). The median and interquartile range (IQR) of
blood vessel density were calculated for all samples combined, and
for specific areas of each bursa. Blood vessel density between the
roofs of the SAB, CBB and SSB was compared with an independent
samples Kruskal-Wallis test (a« = 0.05), with follow-up adjustment
as described above. An independent-samples Mann-Whitney U test
(2 samples, a = 0.05) was used to analyse differences between the
(1) floor of the SAB and CBB, (2) SAB roof and floor, (3) CBB roof and

floor and (4) proximal and distal areas of the SAB roof.

3 | RESULTS

Of the 16 shoulder specimens, two were excluded from analyses relat-
ing to the SAB due to massive rotator cuff tears, which meant the bursal
boundaries were lost or only partially verifiable. Four other specimens
presented with full thickness rotator cuff tears, ranging in size from
small (n = 1) to moderate-large (n = 3), with no tendon pathology noted
in 10 specimens. Three bursae (one CBB, two SCB) identified during
dissection were excluded, because the presence of synovium was not
confirmed histologically, secondary to tissue damage.

Table 1 presents the type, number and dimensions of bursae that
were identified in the cadaveric specimens.

3.1 | Subacromial bursa

The SAB was consistently present as a large, round separate struc-
ture located deep to the acromion, the coracoacromial ligament and
the proximal deltoid muscle and subdeltoid fascia. One specimen
displayed a separate SAB and SDB. In this case, the SAB was con-
fined deep to the acromion, triangular-shaped and relatively small.
The SDB was posterolateral to the SAB, extending about 3 mm over
the teres minor tendon; its roof weakly attached to the subdeltoid
fascia and did not reach the acromion.
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In 15 specimens, the SAB roof consistently displayed strong fascial
connections to the acromion, coracoacromial ligament and subdeltoid
fascia (Table 2). It attached to the anterolateral acromial edge and lateral
aspect of the coracoacromial ligament (Figure 2a-c) and was firmly at-
tached to the deep surface of the acromion, commonly in an oval shape.
Posterior to the midpoint of the acromion, the SAB roof continued for up
to 1.8 cm, folding in on itself. It usually encompassed the deep surface
of the coracoacromial ligament, variably including between half to nearly
the whole length and whole width of the ligament (Table 2). Medially, the
SAB roof reached the deep surface of the acromioclavicular joint capsule
where it was attached to overlying subacromial fat and to the deep as-
pect of the capsule. In 64% of cases, the SAB continued medial to the ac-
romioclavicular joint plane, predominantly involving the anterior half of
the joint. In all specimens, the roof was strongly connected to the overly-
ing subdeltoid fascia. In some (5/16), deltoid muscle fibres fused with the
underlying subdeltoid fascia over its attachment area with the roof. The
floor of the SAB was intimately associated with three of the rotator cuff
tendons (supraspinatus, infraspinatus, subscapularis), the bicipital groove
and the greater and lesser tubercles (Figure 2d-f). Usually, the SAB floor
covered and was firmly attached to the supraspinatus tendon and the
greater tubercle (superior facet). The extent over the supraspinatus mus-
cle and inferior to the greater tubercle as well as the relationship to the
remaining underlying structures was more variable.

3.2 | Coracobrachial and subcoracoid bursae

Across the 16 specimens, 20 bursae (h = 15 CBB, n = 5 SCB) were
identified deep to the conjoint tendon and/or the coracoid process.
These bursae were located in the same tissue plane as the SAB. Their
dimensions and relationships with surrounding structures are de-
tailed in Tables 1 and 3 and shown in Figure 3. Coracobrachial bursae
were present in all but one specimen and were usually circular, oval
or kidney-shaped. They were consistently localised deep to the con-
joint tendon, extended for a variable distance deep to the tip of the
coracoid process and overlay the subscapularis tendon. Subcoracoid
bursae were mainly confined deep to the coracoid process, closely
related to its root and vertical part, overlying the superior edge of the
subscapularis tendon. In specimens which displayed both a CBB and a

SCB (n = 4), the SCB was usually the smaller, more rounded structure.

3.3 | Subtendinous bursa of subscapularis and
superior extension

The SSB displayed a constant main portion and a variable superior
extension. The main portion was oval and of variable size (Table 1),
located deep to subscapularis which separated it from the CBB, SCB
and SAB (Table 3). The SSB roof was attached to the deep surface of
the upper portion of the subscapularis tendon and adjoining muscle
fibres. The floor of the SSB overlay, and was attached to, the root of
the coracoid process, neck of the scapula and the anterior aspect of
the glenohumeral joint capsule (Figure 4a).
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TABLE 2 Morphometric data relating to the subacromial bursa

Measurements
mean + SD (range) in cm
(or % if stated)

Bursa or landmark of interest (data
from 14 specimens, unless stated)

51+0.7 (4.3-6.6)
3.9+0.6(2.7-5.2)

Acromion length

CAL length

SAB roof extent (acromion in situ)
2.9 +1.0(1.6-4.9)

58.2 +21.1 (30.8-100)

Along acromion, anterior-posterior (
(

3.4 +0.7(1.0-4.1)
(
(

As percentage of acromion length (%)

Along CAL, anterior-posterior

72.0 + 15.4 (25.0-89.1)
5.5+1.2(3.2-7.2)

As percentage of CAL length (%)

Along lateral edge of acromion and
CAL, anterior-posterior

SAB roof extent (acromion reflected)

On deep surface of acromion

2.4 +0.6(1.1-2.2)
1.7 + 0.7 (0.4-2.9)

Anterior-posterior
Medial-lateral
On deep surface of CAL
2.6 +0.4(1.9-3.2)
2.2 +0.6(1.4-3.0)

Anterior-posterior (n = 8)
Medial-lateral (whole width, n = 7)
On deep surface of acromion and CAL

Anterior-posterior (n = 5) 4.4 +0.9 (3.2-5.5)
Lateral extent of SAB floor (acromion in situ)
4.1 +1.1(2.5-6.0)
3.4+0.7(2.4-5.2)

3.4 +1.6(1.2-6.0)

From anterolateral tip of acromion
From midpoint of acromion (n = 12)

Distance between most lateral extent
of SAB and axillary nerve (n = 11)

Medial extent of SAB

From anterolateral tip of acromion 24 +1.1(1.1-4.3)

(n=13)

From midpoint of acromion (n = 10)? 2.1+1.0(0.8-3.6)

Abbreviations: CAL, coracoacromial ligament; SAB, subacromial bursa.

Measurements presented include cases in which the most medial
extent of the SAB was oriented in a straight line in relation to the fibres
of the supraspinatus muscle.

The majority of SSB displayed a superior extension. This portion
extended superior to the subscapularis tendon and passed deep to
the coracoid process, where it attached to the periosteum of the
root of the coracoid process and surrounding connective and fatty
tissue. In nearly two-thirds of specimens, the superior extension
projected over and along the upper edge of the subscapularis ten-

don, and overhung it anteriorly (Figure 4b; Table 3).

3.4 | Relationships between the bursae

No communication was confirmed between any of the bursae, with
the exception of one CBB that communicated with a SAB via a small
hole through a shared wall. Up to three bursae (CBB, SCB, superior
extension of SSB) were present in close proximity in the relatively
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FIGURE 2 Extent of the subacromial bursa with the coracoacromial arch in situ (a-c) and after resection of the acromion (d-f). The
subacromial bursa (injected with blue latex) is situated over the proximal humerus. Note (a, lateral view) its extent along the lateral edge of
the acromion (blue pins) including the (b, anteromedial view) coracoacromial ligament anteriorly (black arrow) towards the coracoid process
(CP, green pin). Posteriorly (c, posterior view) it extends towards the posterior aspect of the acromion. The red pin marks the midpoint of the
acromion. (d-f) The acromion has been resected and the roof of the subacromial bursa has been opened and reflected to expose its floor.
Note its (d, superolateral view) medial-lateral and anterior-posterior dimensions (blue pins), (e, posterior view) posterior extent (white pins)
over the infraspinatus tendon and (f, superior view) medial extent (white pins, blue latex from injection in situ) overlying the supraspinatus
tendon/muscle in the supraspinous fossa. Abbreviations: A, anterior; GT, greater tubercle; |, inferior; L, lateral; M, medial; P, posterior; S,

superior. Scale bar marked in cm

small area deep to the (proximal) coracoid process and acromial part
of the coracoacromial ligament, sometimes bordering on each other
and/or overlapping (Figure 3). As an associated finding, the SSB com-
municated in the majority of cases with the glenohumeral joint via an

aperture in the anterior-superior aspect of the capsule.

3.5 | Bursal synovium

From the 182 samples, 139 sections were suitable for inclusion in
the analysis (43 were excluded due to tissue damage). Three types
of bursal synovium were identified in the bursae (Figure 5). All bursal

samples combined showed predominantly areolar synovium (55%),
followed by fibrous (33%), with adipose being the least common
(12%). The distribution of the type of synovium varied between the
three bursal locations (Figure 5), bursal roofs and floors and the proxi-
mal and distal SAB roof and floor (Table S1). Areolar synovium was
predominant in all of the roofs (47%-70%) and the SAB floor (48%),
while the floors of the CBB/SCB and SSB were predominantly fibrous
(both 67%). In the SAB roof and floor, areolar synovium was most
prevalent proximally deep to the coracoacromial arch (roof 81%, floor
55%) and least common distally in the region of the greater tubercle
(roof 50%, floor 42%). Fibrous synovium followed an opposite pat-
tern, being least common proximally (roof 5%, floor 27%) and most



KENNEDY ET AL.

>
=
©)
o+
(ge)
L0
<C
S
e

(suswidads TT/¥)

gD5S 40 gg) Jo uon.od
e 0} doap pauol}sod
(suawidads TT/9)

g2S 40 ggd yim jlem

e S3Jeys 4o Uo siapiog
(y=u)@dS 0 (L =)
ggD 03 Ajiwixoud 9so|D)

g0s ‘add
‘gVS Y3IM uoI3ediunuiwod oN

(w2 £'0-€0

a3uel ‘wd G'Q ueaw)
Ajdoliajue sueindeasqns ay)
Jo a3pa Jaddn ayj sSueyssanQ
wzrTFey

10} uopus] siuendedsqns

J0 98pa Jaddn 03 s309UU0D)
9NssI} A}1e) pue sAI329UU0d
ulpuno.ns pue (3004) 4D

10 wnajsoliad 03 s193UU0)

(suswiaads 9T/0T)

uopuaj siie|ndeosqns

J0 93pa Jaddn ay3 03
Jolajue pue 3uoje spuaixy
(suswidads 9T/¢T) 3ed
|eD1349A pue 1004 ‘4D 03 daaQ

€SS Y3 JO UOISUIIX3 Jolddng

‘uopua} sdadiq JO peay }10ys pue si|elydeiqodelod 4O,

‘siieindessqns Jo esing sNoUIpualgns ‘gss ‘esang piodesodqns ‘gos ‘ssa00.d plodelod ‘47 ‘esing |elydeiqoielod ‘ggy) ‘Juswes|| [eIL0IdBOI.I0D “TyD) (SUOIRIASIGQY

‘(T = u) Juswesd|| [esownyous|3
Jolidjul pue soradns (4T = u)

sjuawesd|| |esJownyous|d 4SS ‘9DS YHM uOoI3edlunwwod oN -
S|ppiw pue Joliadns ay) (T = u) g2S YyHm |jem snon3;uo) -
uaaM3aq (suawidads 9T /GT) (suawidads 9 = u wouy eyep ‘wd £'7-2°0
%16 Ul juiof |esownyous|3 :93uel ‘WD $'Q F £°0) VS wouy ojesedas Ajlensn -
UM uoiIediunwwo) - ( = u) gVS Yyum |lem snonsipuo) - aesing Jayjo
g0s ‘add (T = u) ||lem paJteys yam diysuonelal
‘gVS UM UOI3edIUNWWOD ON - dss ‘99D ‘gVvS YlM uoljedunwiwod oN ysSnoJyj a|oy |[ewsS eIA gYS YHM UOIIEDIUNWWOD) - /uoljesiunuwwo?)

(3uasaud }1) gSS Jo uoisualxa Jortadns

9|nsded julof [esswnyoud|3 pue uopuaj suejndeasqns Jo 3o0adse (T=u)
10 10adse Joliajue ‘e|ndeds Jo Joladns 03 $129UU0D pue S3I|I9AQ :400|4 AlINJ (T = U) J|ey |eIpaw ‘9]249¢N] J9SSS| SI9A0D) -
323U ‘4D J0 1004 0] $3123UU0D) :100|4 ‘(s|gelieA) (jensn) a|24agny 19ssa| Jo 93pa |elpsw 03 dn saydeay -
salqy sjasnw Suluiofpe VD JO 1ied [elwoude Jo aoejuns dasp :9]249qN} 195537
pue uopuaj suejndeasqns 0] pue (Juejsuod) (34ed |ed1349A pue uopuaj] siiejndessgns 03 $329UU0D pue S3I|ISAQ :100]4
9y3 Jo 9oe4uns daap Jo 1004) 4D JO (9NSSI3 9AI309UU0D pue (a19erieA) 4D Jo diy pue (Jueisuod)
uoliod Jaddn 03 saydenly :Jooy  wnajsolad) adelins dasp 01 $123UU0D) :JooYy .UOpU3} JUI0fU0d 03 S303UUOD pue S3I|ISpUN JooYy suol123uu0)

suawpads GT/8 ‘wd £'€-T'T

:93ues ‘wd £°0 F 9°7 :dD 40 di} 03 JOlIDJUl JUSIXT -
suswiRads €T/8 ‘Wd 0'Z-8°0

:98ues ‘wd 0 F Z°T :dD 4o dij 03 Joliadns uayxy -
uopuaj juiofuod 03 (suswidads

(suawidads ) 9WOS) Aj|elpaw pue (Uuowwod) Aj|elale| sapnJiold -
dD Jo di1 01 JolIdJUI SPUSIXS J00|H - (suswidads g) uopual juiofuod oy desq - sylewpue| yum
(3ue3suod) uopuay suendedsqgns (9]qelieA) Ty 40 3ed [elwoide pue (suawidads GT/€T) sdiysuolje[at
9y} Jo uonpod uaddn oy das@ -  (3ded [ed1u9A pue Jood) 4D 03 dasap Ajlensn - dD Jo di} pue (juejsuod) uopuaj Juiofuod 0} deag - /uol}ed0] |eJaua)
ass a3s a4d

saoeds p1odeI0dgns Yy} 03 paje|al aesing ay3 usamiaq sdiysuoljejal pue uoiyedo] € 319V.L



KENNEDY ET AL.

IMETRIC 1

2|
bl

Subscépularis
(reflected)

Subscapular '
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FIGURE 3 Location and dimensions of the coracobrachial (a and b) and subcoracoid bursa (c) and the relationship between the superior
extension of the subtendinous bursa of subscapularis and the subcoracoid bursa (d). Anterior view of the shoulder showing (a) the typical
location of the coracobrachial bursa (unopened, injected with blue latex), deep to the tip of the coracoid process (CP), conjoint tendon (CT,
reflected superiorly) and overlying the subscapularis tendon (white asterisk); and (b) a large, circular coracobrachial bursa (opened, latex
removed) with its floor exposed, delineated with red pins. The distance between the anterior boundary of the subacromial bursa (white

pins) and lateral border of the coracobrachial bursa is indicated by the dashed line. (c) shows an opened subcoracoid bursa (black asterisk)
that extends deep to the coracoid process (CP, resected and reflected superiorly) and shares a wall (arrowhead) with a coracobrachial bursa
(CBB). (d) shows a subcoracoid bursa (filled with blue latex) and superior extension of the subtendinous bursa of subscapularis (SSB, arrow),
separated by a thin wall (arrowhead). The attachment of the subtendinous bursa of subscapularis to the deep surface of the subscapularis
tendon is indicated by white pins. Abbreviations: BT, biceps tendon (long head); I, inferior; L, lateral; M, medial; S, superior. Scale bar marked in

cm

frequent distally (roof 44%, floor: 42%; Table S1). Differences in the

distribution of the type of synovium were not statistically significant.

3.6 | Neurovascular structures of the
shoulder bursae

From the 47 samples, 69 sections were included in the analysis
(blood vessels n = 43; nerves n = 26), with 24 sections excluded
due to tissue damage or lack of immunoreactivity to the neurofila-
ment stain. The mean area of the ROl on the sections for blood ves-
sel and nerve analysis was 2.6 + 1.7 mm? (range 0.2-7.6 mm?) and
3.4 + 2.1 mm? (range 0.4-7.6 mm?) respectively. The results of the

blood vessel density are summarised in Table 4.

3.7 | Blood vessel density

Blood vessels were located in every sample. Small vessels were fre-
quently present in the intima just below the synovial surface, with
larger vessels present in the subintima (Figure 6). The blood vessel den-
sity was highest in the roofs of the SSB and the SAB (4.9% and 3.4%

respectively), and lowest in the SAB floor (1.8%) and the CBB roof and
floor (both 1.6%). A significantly higher blood vessel density was found
in the SSB roof compared to the CBB roof (p = 0.014, 95% confidence
interval). The remaining comparisons were not statistically significant.

3.8 | Neural structures

Twenty-six (60.5%) of the sections showed positive immunoreactiv-
ity to neurofilament and in 15 (57.7%) of these, neural structures
were observed in the ROI (intima and subintima) of all of the differ-
ent bursae. In the remaining 11 samples (42.3%), neural structures
were only located deep into the ROI.

In the intima and subintima, free nerve endings and nerve bun-
dles were identified (Figure 7). While free nerve endings were nu-
merous and present in all but one sample, nerve bundles were less
common (present in 6 of 15 samples). Encapsulated receptors were
not identified in the ROI.

Neural structures were usually observed in areolar-adipose
synovium, and less commonly in fibrous synovium. While the in-
timal layer itself appeared free of nerves, most neural structures
were situated in the subintima in the same tissue layers as blood
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Subscapularis
tendon

FIGURE 4 Subtendinous bursa of subscapularis (a) and

extent of its superior extension along the anterior surface of the
subscapularis tendon (b). (a) Anterior view of the shoulder showing
the subtendinous bursa of subscapularis (injected with blue latex).
Its roof (indicated by red pins) attaches to the upper aspect of the
deep surface of the subscapularis tendon and its floor (indicated
by blue dotted line) fuses with the neck of the scapula and root

of the coracoid process (CP, tip resected) as well as the anterior
glenohumeral joint capsule. (b) Anterosuperior view of the shoulder
showing the subtendinous bursa of subscapularis, overhanging

the upper edge of the subscapularis tendon and attaching to its
superficial surface (indicated by red pins). The close relationship
between the upper edge of the subscapularis tendon along with

its bursal attachment to the underside of the coracoid process (CP,
tip resected and reflected) is also visible. White pins indicate the
extent of the subacromial bursa, but are not relevant to this image.
Abbreviations: |, inferior; L, lateral; M, medial; S, superior. Scale bar
marked in cm

vessels, some distinctly contributing to neurovascular bundles.
Neural structures within the ROl were localised to an average depth
of 0.20 + 0.13 mm (range 0.02-0.47 mm), with free nerve endings
being identified more superficially than nerve bundles (mean depth
0.18 + 0.13 mm, range 0.02-0.47 mm and 0.25 + 0.10 mm, range
0.08-0.38 mm respectively).

1ETY Journal ofAnatomy
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Subintima

CBB/SCB SSB

(d) SAB
L1 15 M Areolar
el M Fibrous
Adipose

FIGURE 5 Types of bursal synovium (a-c) and its distribution in
the various bursae (d). (a) Areolar and (b) fibrous synovium in the
roof of the subacromial bursa, and (c) adipose synovium in the floor
of the subacromial bursa; haematoxylin and eosin stain. (d) CBB/
SCB: coracobrachial and subcoracoid bursa (combined values),

n = 27 samples; SAB: subacromial bursa, n = 81 samples; SSB:
subtendinous bursa of subscapularis, n = 31 samples

In 19 of the samples, neural structures were present deep to
the ROI. Free nerve endings were present in 18 (94.7%) and other
nerve structures were located in 14 (73.7%) samples. These included
larger nerve bundles and nerve structures resembling encapsulated
mechanoreceptors, such as Pacinian and Golgi-Mazzoni corpuscles
(Figure 8). Nerve structures tended to be more numerous and larger
deep to the subintima.

4 | DISCUSSION

This study provides a comprehensive description of the morphology
and histological characteristics of the SAB and related shoulder bur-
sae in the subcoracoid region. Four types of bursae were identified
in the anterolateral shoulder region. With the exception of one small
communication between a SAB and CBB, the bursae in this region
did not communicate despite their close proximity.
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4.1 | Subacromial bursa

In adults, the SAB consistently extends both deep to the acromion
and the deltoid muscle. Furthermore, the SAB displays a continu-
ous subdeltoid portion that is normally not distinct or separate. This
study did not confirm a subcoracoid portion of the SAB, insofar as—

with the humerus in neutral position—the SAB did not reach deep

TABLE 4 Blood vessel density for all bursal locations

Blood vessel density,
median (%, IQR),

Sample location number samples (n)

All samples 3.0(1.6-4.8),
(n=43)

SAB roof 3.4 (1.9-4.6), (n = 13)
Proximal® 3.9(2.7-6.2), (n=9)
Distal” 1.9 (0.8-3.5), (n = 4)

SAB floor 1.8(1.1-3.2), (n = 11)

CBB roof 1.6 (1.1-2.4), (n = 6)

CBB floor 1.6 (1.4-4.6), (n = 5)

SSB roof 4.9 (3.2-5.6), (n = 8)

Abbreviations: CBB, coracobrachial bursa; IQR, interquartile range;
SAB, subacromial bursa; SSB, subtendinous bursa of subscapularis.

?Deep to the acromion or coracoacromial ligament and 5-10 mm distal
to the acromion or coracoacromial ligament.

P5-10 mm proximal to or covering the greater tubercle.

s Anatomy RATSRTSARIPIES

to the coracoid process anteromedially. This contrasts with reports
describing a constant or inconstant (37%) subcoracoid portion of the
SAB (Codman, 1934; Mitchell et al., 1988; Pfuhl, 1934; Strizak et al.,
1982).

The presence of a separate SDB as a rare finding (in 6% of cases)
supports previous studies of full-term fetuses and adults, reporting
SDB in 2.5% (Whittaker, 1910) and 6% (Strizak et al., 1982) respec-
tively. However, this differs to dissection papers (Birnbaum & Lierse,
1992; Duranthon & Gagey, 2001; Seo et al., 2018) that describe a
separate SDB in 79%-100% of specimens. Reasons for the differ-
ences in the occurrence of the SDB might be due to variations of
dissection technique (Duranthon & Gagey, 2001; Seo et al., 2018)
and/or the presence of bursal adhesions and plicae that may lead to
partial or complete separation of bursal portions (Birnbaum & Lierse,
1992; Codman, 1934; Funk et al., 2006; Horwitz & Tocantins, 1938).

Variations in terminology for the shoulder bursae are evident in
the literature (Kennedy et al., 2017). The term ‘subacromial bursa’
has been advocated by some authors based on developmental ob-
servations that the SAB originates underneath the acromion (Black,
1934; Gardner & Gray, 1953). However, the anatomical observations
in this study do not justify the sole use of ‘subacromial’ over ‘sub-
deltoid’, and rather support the term ‘subacromial-subdeltoid’ bursa
(Hochberg et al., 2011; Pansky & Gest, 2012; Rosse & Gaddum-
Rosse, 1997).

These findings show that the attachment of the SAB roof is exten-
sive, encompassing between the anterior third to the whole acromial

length and over 70% of the coracoacromial ligament length, comparable

FIGURE 6 Immunoreactivity for von Willebrand factor showing blood vessels in the (a) subacromial bursa and (b) positive control tissue.
Sections showing immunoreactivity to von Willebrand factor in (a) blood vessels in the subacromial bursa (arrowheads) and (b) blood
vessels (arrows) in the positive control section within the sciatic nerve. The negative control section (c) shows no immunoreactivity to von
Willebrand factor in blood vessels (arrowheads) or other non-specific staining. Cell nuclei are stained blue (haematoxylin)
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FIGURE 7 Immunoreactivity for neurofilament showing neural tissue in (a and b) bursal and (c) positive control tissue. Sections showing
free nerve endings (arrowheads) within the (a) coracobrachial bursa floor and (b) subacromial bursa roof and (c) nerve bundles (arrowheads)
in the positive control within the sciatic nerve. The negative control (d) shows no immunoreactivity to neurofilament or other non-specific

staining. Cell nuclei are stained blue (haematoxylin)

to descriptive studies (Birnbaum & Lierse, 1992; Codman, 1934; Cooper
et al., 1993; Duranthon & Gagey, 2001; Mitchell et al., 1988; Pfuhl,
1934). The extent of the SAB roof along the acromion (2.9 + 1.0 cm)
also corresponds with data (2.8 + 0.6 cm) from Beals et al. (1998) which
is the only other publication that has quantified this measurement.
Furthermore, the SAB roof displayed a constant firm attachment to the
overlying subdeltoid fascia, with deltoid fibres blending with the fascia
in the vicinity of the anterolateral aspect of the humeral head in almost a
third of specimens, confirming observations (in up 50% of cases) of two
cadaver studies (Birnbaum et al., 1998; Codman, 1934).

Kinematic studies of cadaveric shoulders have described that
the lateral portion of the SAB roof slides underneath its medial por-
tion creating a fold on top of each other in the subacromial space,
at about 90-100°of abduction (Birnbaum & Lierse, 1992; Birnbaum
et al., 1998; Codman, 1934). Several features of the SAB roof attach-
ment presented in this research may contribute to, and allow for this
movement. The acromial and coracoacromial ligament attachments
are thought to stretch the SAB roof along the coracoacromial arch
(Birnbaum & Lierse, 1992; Birnbaum et al., 1998). In addition, the firm
attachment of the SAB roof to the subdeltoid fascia has been pro-
posed to function like a restraint, thereby limiting movement of the
roof in this area, and enabling the lateral roof to glide beneath the
acromion. The deltoid muscle fibres which insert into the SAB sub-
deltoid fascia are further hypothesised to contribute to the control of
bursal movement during shoulder abduction, by lifting the SAB roof
to avoid entrapment underneath the acromion (Birnbaum & Lierse,
1992; Birnbaum et al., 1998). This mechanism could be likened to the
relationship of the articularis genus muscle and suprapatellar bursa in
the knee (Grob et al., 2017). However, functional studies are needed
to establish the role of deltoid and the subdeltoid fascia on the SAB.

The SAB floor dimensions are comparable with the findings of
Birnbaum and Lierse (1992), but Seo et al. (2018) reported smaller val-
ues. As previously described (Beals et al., 1998; Birnbaum & Lierse,
1992; Codman, 1934; Mitchell et al., 1988; Pfuhl, 1934), the SAB floor
was usually fused with the whole width of the underlying supraspina-
tus tendon and the greater tubercle. This firm connection indicates
that separate movement between the two layers does not occur.
Instead, it suggests that the SAB is displaced simultaneously with the
tendon and shoulder capsule with movement, for example the bursa
moves medially with shoulder abduction (Birnbaum & Lierse, 1992).

The SAB floor may extend medial to the coracoacromial liga-
ment, the acromioclavicular joint (in 69%) and the acromion over-
lying the supraspinatus muscle. A similar prevalence (73%) of the
SAB extending underneath or medial to the acromioclavicular joint
has been reported in the literature (Beals et al., 1998; Birnbaum &
Lierse, 1992; Codman, 1934; Mitchell et al., 1988; Pfuhl, 1934).
The lateral extent distal to the greater tubercle for up to 2 cm,
is similar to that reported in a historical publication (Fick, 1904;
approximated mean value of 2.0 cm), but smaller than in another
recent paper (3.2 + 1.5 cm; Seo et al., 2018). Anteromedially, the
SAB is commonly bounded by the lesser tubercle and usually does
not extend distal to the transverse humeral ligament. However, it
is important to consider that the lesser tubercle might instead be
covered by a CBB. These findings emphasise the large area that
may be occupied by the SAB, which is a relevant consideration
for imaging and interventions that use these bony landmarks for
orientation (e.g. injections and acupuncture needling; Cook, 2011;
Feigl et al., 2007; Peuker & Cummings, 2003; Tallia & Cardone,
2003). Particularly, the lateral bursal extent is important to con-
sider to ensure complete assessment of the SAB on imaging and to
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FIGURE 8 Neural structures in the subacromial and coracobrachial bursa deep to the subintima. Sections showing immunoreactivity
for neurofilament contain large encapsulated neural structure resembling a (a, b) Pacinian corpuscle with typical onion-like multi-layered
capsule. Central axons show immunoreactivity to neurofilament, (c) large nerve bundle and (d) Golgi-Mazzoni corpuscles just deep to the

subintima. Sections obtained from (a) subacromial bursa floor, (b, c) subacromial bursa roof, (d) coracobrachial bursa floor

spare the bursa when administering injections or vaccines into the
deltoid muscle (Beals et al., 1998; Cooper et al., 1993; Duranthon
& Gagey, 2001; Nottage, 1993).

Similarly, awareness of the course of the axillary nerve is import-
ant clinically in order to avoid iatrogenic injury (Apaydin et al., 2007,
Beals et al., 1998; Gadea et al., 2015; Nottage, 2018). The results
suggest that the inferior extent of the SAB courses proximally to the
anterior branch of the axillary nerve, as previously described (Beals
et al., 1998; Duranthon & Gagey, 2001).

4.2 | Coracobrachial and subcoracoid bursae

The bursae in the subcoracoid space are distinct structures, although

variable in terms of constancy and size. The CBB was a separate

structure, present in 94% of specimens, which is consistent with a
seminal cadaver study of 100 shoulders (Horwitz & Tocantins, 1938)
but higher than reported in another study of 11 shoulders (64%;
Pfuhl, 1934). As with previous descriptions (Colas et al., 2004; Fick,
1904; Pfuhl, 1934), the SCB was smaller than the CBB and incon-
stant, present in 31% of specimens. A close relationship and poten-
tial connection were observed between the posterior border of the
CBB and anterior border of the SAB, a finding which supports that
of Horwitz and Tocantins (1938) who reported a certain degree of
overlap between these two bursae in 13% of cases. These authors
also found that the CBB and SAB communicated in 12% of speci-
mens, yet in the present study this was confirmed in one (6%) speci-
men. Therefore, the data suggest that while the SAB and CBB might
come into close contact with each other, communication appears to

occur rarely.
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4.3 | Subtendinous bursa of subscapularis

The SSB is the only bursa that communicates with the glenohumeral
joint capsule under physiological conditions (DePalma et al., 1949).
In this study, the SSB was constant and communicated with the an-
terior capsule (94% of specimens), in agreement with reported data
relating to constancy (88%-100%) and communication (74%-96%;
Colas et al., 2004; DePalma et al., 1949; Gong et al., 2017; Horwitz
& Tocantins, 1938; Moseley & Overgaard, 1962; Schraner & Major,
1999; Steinbeck et al., 1998). The dimensions of the SSB lay within
the ranges reported by Horwitz and Tocantins (1938) (1.25-3.75 cm)
but were smaller than those described by Colas et al. (2004).
Determining the dimensions of the SSB was the most difficult of all
the investigated bursae because of the concealed location of the
bursa and the bursal configuration.

A superior portion of the SSB projecting superior to the upper
edge of the subscapularis tendon was observed in 81% of specimens.
Colas et al. (2004) reported this superior extension protruding deep
to the root of the coracoid in 36% of specimens, when the SSB was
distended with saline. They interpreted this extension as a continu-
ation of the SSB and a communication with the SCB. Furthermore,
they argued that the SSB replaced the SCB in these cases. This is
in contrast to the present study, in which the SSB came into close
contact with a SCB or a CBB in more than 50% of the specimens.

In nearly two-thirds of specimens, the SSB extended along
and overhung the upper edge of the subscapularis tendon and at-
tached to its anterior surface, which is consistent with published
data (Moseley & Overgaard, 1962). The overhang of the bursa has
been previously described as both a normal and pathological fea-
ture of the SSB (Codman, 1934; Fick, 1904; Grainger et al., 2000;
Horwitz & Tocantins, 1938). In the present study, SSB overhang
was not associated with subscapularis pathology suggesting this
is a normal finding. Clinically, it is important to be aware of the
superior portion of the SSB and its potential extent anteriorly to
the subscapularis tendon to avoid confusion with CBB or SCB in
the area, for example in shoulder imaging (Grainger et al., 2000;
Schraner & Major, 1999).

In summary, there may be three separate bursal structures in
the small anatomical space between the coracoid process and the
upper edge of the subscapularis tendon—the superior extension
of the SSB with its anterior overhang, the SCB and CBB. This ar-
rangement suggests that the subcoracoid space is subject to var-
ious stresses and friction during shoulder movement, occurring
particularly between the root and deep surface of the coracoid
process and the tendons of subscapularis, coracobrachialis and

short head of biceps.

4.4 | Type and distribution of synovium

Areolar synovium was the most prevalent in the shoulder bursae,
consistent with other regions including the knee and gluteal bur-
sae (43%-59%; Castor, 1960; Woodley et al., 2008). These findings
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support Key's (1932) proposition that areolar synovium may be
regarded as the typical type of synovial tissue, which is usually
present in areas that are not subjected to pressure or strain, and
where joint function causes movement on the underlying tissue.
The surface of synovium, particularly the areolar type, may display
crimps and folds that disappear when stretched, contributing to
the range of bursal movement during shoulder movements (Smith,
2011). This could mean that bursal areas that possess a higher pro-
portion of synovium with uneven surfaces, for example the areo-
lar type, might be able to facilitate more movement compared to
straight synovial surfaces.

It was observed that all bursal roofs tended to be composed of
areolar rather than fibrous synovium, while the reverse was seen in
the floors. Furthermore, the SAB roof displayed a decrease in areolar
synovium and increase in fibrous synovium from proximal to distal.
While these findings did not reach statistical significance, it appears
that synovial morphology varies within the bursae depending on
anatomical location, suggesting potential functional differences be-
tween regions. For example the proximal roof of the SAB may be
subject to less pressure and be more mobile compared to the floor.
The relatively high proportion of fibrous synovium in the CBB and
SCB (48%) suggests they may be exposed to increased forces in the
subcoracoid space, as in joints, this type of synovium typically covers
areas subjected to higher pressure and strain (Key, 1932; Smith, 2011).
Increased forces on the bursae in the subcoracoid space might be de-
pendent on orientation of the subscapularis tendon and the overlying
tip of the coracoid process and conjoint tendon, and have been found

to vary with shoulder position (Colas et al., 2004; Hughes et al., 2012).

4.5 | Blood vessel density

Compared to the median blood vessel density of all bursae combined,
the roofs of the SSB and SAB tended to have a higher vascularity
than the floor of the SAB and the roof and floor of the CBB. Variation
in blood vessel density depending on the type of synovial tissue has
been reported in joint synovium, with areolar synovium being the
most vascular (Castor, 1960; Key, 1932; Wilkinson & Edwards, 1989).
This study confirmed variations in blood vessel density dependent
on bursal location with the SSB roof displaying a significantly higher
density compared to the CBB roof. These findings may imply vari-
able functions of bursal regions depending on blood vessel density.
For example areas with higher vascularity could serve to distribute
blood supply and nutrition into less well vascularised bursal areas
and might be more active in secreting and absorbing synovial fluid.
The blood vessels may also contribute to the provision of nutrients
to cells involved in the tissue remodelling of surrounding struc-
tures. This supports propositions regarding the potential of the SAB
to contribute to rotator cuff tendon healing (Chillemi et al., 2011;
Gartsman, 2001; Hyvonen et al., 2003; Ishii et al., 1997; Uhthoff
& Sarkar, 1991). The SAB floor and its distal roof were among the
least vascular areas (1.8% and 1.9% respectively). These areas cor-
respond anatomically with the ‘critical zone’ of hypovascularity of
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the insertional tendinous portion of the rotator cuff (particularly su-
praspinatus) in which tears commonly occur (Lohr & Uhthoff, 1990;
Naidoo et al., 2016; Rathbun & Macnab, 1970; Yepes et al., 2007). A
diminished blood supply in these areas might negatively influence
healing of the surrounding tissues, particularly the distal supraspi-
natus tendon.

4.6 | Neural structures

The neural structures identified in the subintima of all the ex-
amined bursal areas confirm previous accounts that portray the
SAB as a well-innervated structure, and demonstrate innervation
of the CBB and SSB. The data suggest that all of the examined
bursae contribute to nociception of the shoulder (lde et al., 1996;
Soifer et al., 1996; Tomita et al.,, 1997; Vangsness et al., 1995).
Although the aetiology of shoulder pain is uncertain, it may be
due to a reduction in the dimensions of the subacromial or sub-
coracoid spaces, with subsequent compression or irritation of
the intervening bursae and tendons (Friedman et al., 1998; Lewis,
2009; Radas & Pieper, 2004; Seitz & Michener, 2011). In contrast
to previous reports (Ide et al., 1996; Tomita et al., 1997; Vangsness
et al., 1995) of mechanoreceptors and unclassified receptors in
the SAB (roof), this study found only encapsulated structures
resembling mechanoreceptors deep to the subintima—these in-
cluded Golgi Mazzoni [high-threshold, slow adapting, responding
to considerable stresses when joints are at the extremes of their
range of movement] and Pacinian [low-threshold, rapid-adapting,
responding to sudden changes in mechanical stress, such as joint
acceleration and deceleration] corpuscles (Freeman & Wyke,
1967; Witherspoon et al., 2014; Zimny, 1988). It is possible that
other shoulder structures are more important for proprioception
than the SAB, with a range of mechanoreceptors also identified in
surrounding tissues including the coracoacromial, coracoclavicu-
lar and acromioclavicular ligaments, as well as the glenohumeral
capsule and labrum (Hashimoto et al., 1994; Morisawa, 1998;
Vangsness et al., 1995; Witherspoon et al., 2014 #1041).

Future three-dimensional investigation of neural structures
is warranted to determine the distribution and location of differ-
ent nerve endings across the different bursae across a spectrum
of shoulders, including those with known pathology. This would
improve our understanding of their function, including their con-

tribution to both nociception and proprioception of the shoulder.

4.7 | Limitations

This study has some limitations that require consideration. The rela-
tively small sample size impedes comparisons regarding age, side and
sex. Given that all donors in this study were over 67 years of age,
degenerative changes in the rotator cuff were not unexpected, and
consistent with findings of anatomical studies (Hijioka et al., 1993;
Horwitz, 1939; Ogata & Uhthoff, 1990). However, this reduces the
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generalisability of the results to younger and healthy individuals. The
cadavers' age possibly affected the quantitative results of the neu-
rovascular examination, because ageing has been associated with a
decline of peripheral nerve fibres and mechanoreceptors and poten-
tial alterations of blood vessels (Jani & Rajkumar, 2006; Morisawa,
1998; Rein et al., 2013; Verdu et al., 2000). In addition, the lumen
of blood vessels might have been influenced (by shrinkage, collapse
or swelling) occurring during embalming and histological process-
ing, or proliferation of endothelial cells due to underlying pathology,
thereby contributing to over- or under-estimation of density calcula-
tions (Sarkar & Uhthoff, 1983; Suvarna et al., 2013). Furthermore,
the level of inflammation of the synovium was not assessed in the
histological samples and incorporating the use of a synovitis score
would have offered more information about potential inflammatory
changes (Krenn et al., 2006). It would be useful to compare the find-
ings of this study with a detailed examination of shoulder bursae in
younger people, for example by using surgical samples.

Just over one-third of the sections in the present study did
not show immunoreactivity to neurofilament. These results sug-
gest that no nerves were present in the respective samples, since
immunoreactivity to neurofilament was consistently present in
the positive control sections. Other potential reasons for a lack
of immunoreactivity in the present samples include ineffective
staining of the bursal samples, issues with tissue fixation or
technical difficulties during processing, and use of a single an-
tibody rather than a combination of stains (which made it diffi-
cult to confirm the presence/absence of Ruffini corpuscles; Rein
et al., 2013). It could be argued that the density of neural tissue
reported in the present study would be smaller if all sections,
irrespective of their evidence of immunoreactivity, had been in-

cluded in the analysis.

5 | CONCLUSION

The consistent findings regarding SAB attachments to both the ac-
romion as well as the subdeltoid fascia, support the use of the term
subacromial-subdeltoid bursa. Similarly, the constant relationship of
the CBB to both the tip of the coracoid process and the conjoint
tendon on the one hand, as well as the confinement of the SCB deep
to the coracoid process, validates discriminating between the CBB
and SCB. These findings question the common existence of a sepa-
rate SDB, and provide new information regarding the distinctness of
bursae related to the coracoid process.

The location and attachment sites of the investigated bursae
along with the variations of the type of synovial tissue and the
density of vascular structures indicate differences between the
shoulder bursae and between the regions of each bursa. Fixed and
mobile portions of the SAB and related shoulder bursae enable
movement in relation to the surrounding structures. Variations in
the type of bursal synovium may further reflect differences be-
tween bursal location and function. The presence of neurovascu-
lar structures demonstrates that these bursae have the potential
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to contribute blood supply to surrounding structures and are
involved in mechanoreception. The potential roles of shoulder
bursae are relevant for shoulder function and are important to
consider in clinical situations, particularly during and following
surgery. Given the relative proximity of all four of these bursae,
detailed morphological descriptions are essential to assist in ac-
curately locating these structures, whether it be during surgery,

image analysis, injection or palpation.
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