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Abstract

Reconstructions for paediatric bone tumours of the shoulder
girdle and humerus are intended to optimize placement of
the hand in space. Given the longevity of paediatric survivors
of sarcoma, durability is an important planning considera-
tion. Here, | review a subset of approaches based on anatom-
ical site with an emphasis on function and longevity. Often,
biological reconstructions that combine living bone with ten-
don repairs and transfers best address those goals.
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Introduction

Preservation of the upper extremity and bimanual func-
tion are nearly always achievable despite tumours that
arise from the shoulder and humerus in children and ado-
lescents. Reconstructions of tissue gaps resulting from
tumour resections are usually intended to preserve a nor-
mal hand and a near normal elbow. At the shoulder itself,
the aims are to maximize movement and stability and
minimize the need for revisions.

Although four articulations contribute to shoulder
movement, most attention is rightly paid to the important
glenohumeral and scapulothoracic articulations that often
have to be compromised to achieve a sufficient resection
margin. Fortunately, preservation or optimization of one of
these sites of movement can result in sufficient day-to-day
function. It is often challenging to achieve very wide arcs
of shoulder rotation and elevation, but not many activities
require two hands behind the back, far out to the sides
or overhead. A roughly 90° arc of shoulder rotation that
allows placement of the hand on the belly (at the extreme
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of internal rotation)' to just beyond neutral position (fore-
arm forward at the extreme of external rotation) is argu-
ably the most functionally useful range of movement in
that axis. Achieving that range of active rotation allows for
midline (dressing, buttoning, perineal care), bimanual and
desktop function. Achieving active abduction and flexion
of 30° to 40° represents a substantial functional benefit
over no elevation. Combined with rotation, that degree of
elevation allows placement of the hand in a wider zone of
useful space in front of the child and permits reaching the
mouth and side of the head. These day-to-day functions
are often achievable despite large resections by combin-
ing movement at one of the major shoulder articulations
with tendon repairs and transfers.

The longevity of skeletal reconstructions is likely
related to whether living bone or nonviable materials are
employed. Although we have evidence for reasonably
good survival of certain allograft and endoprosthetic
reconstructions over one to two decades, perhaps we
should consider several decades as a relevant time scale
for paediatric sarcoma survivors. The selective reviews
of site-specific reconstructive options that follow are dis-
cussed from that perspective.

Clavicle

Soft-tissue masses arising from tumours of the clavicle
commonly displace the subclavian vessels and even the
brachial plexus. Fortunately, the most common malignant
tumour of the clavicle, Ewing sarcoma, responds fairly
reliably to neoadjuvant chemotherapy and recedes from
those structures prior to surgery, thereby diminishing the
need for vascular or nerve resection. As the only skeletal
link between the upper limb and the appendicular skel-
eton, the clavicle may seem at first glance to be import-
ant for limb function. However, as has been suggested by
observation of those who congenitally lack the clavicle,
the wide arc of movement at the shoulder does not sub-
stantially require stability afforded by the clavicle. Recon-
structions of the clavicle with allograft or vascularized
fibular grafts supported by hardware such as hook plates
offer the potential to maintain the breadth of the shoul-
der.2 However, reconstruction is associated with greater
complications and may even delay functional recovery of
the shoulder.>* For these reasons, most surgeons would
probably agree that no reconstruction is a suitable option
in most circumstances.
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Scapula

The scapula may be resected as an isolated procedure for
a primary scapular tumour or as part of a resection for
a large tumour arising from the proximal humerus. For
primary scapular tumours, the axillary nerve and del-
toid can fortunately often be safely preserved, while the
rotator cuff and teres major muscle bellies are commonly
resected. Therefore, restoration of elevation requires reap-
proximation of the posterior deltoid origin to the poste-
rior edge of superior trapezius. Active internal rotation is
provided by pectoralis major, while restoration of external
rotation requires transfer of latissimus dorsi to the poste-
rior aspect of the proximal humerus.

An important distinction for primary scapular tumours
is whether a total or glenoid-sparing subtotal resection
is required (Figs Ta and 1b). The latter situation offers
more options with potentially superior function.® Simple
humeral suspension from the clavicle or ribs is associated
with low complications and is functionally somewhat
improved by reattachment of the rotator cuff and biceps
tendon when that is possible.”® Comparatively, scapular
replacement using recycled bone®'® or an endoprosthesis
may offer superior elevation (37° to 90°).""'? A constrained
endoprosthesis may lower the complication rate and
results in variable function.™

The glenoid fragment can be secured to the clavicle
to offer a stable platform for elevation (Fig. 1c). In the
absence of a glenoid fragment, a superomedial buttress
using, for example, the inner table of the iliac crest (Fig.
1d) may offer a similar restraint against medial displace-
ment of the humeral head during deltoid contraction,
thereby levering the humerus to a greater extent. Anec-
dotally, these approaches have a low complication profile
and similar range of elevation as reported for endopros-
thetic reconstruction, but have not been examined rela-
tive to other suspensions.

Proximal humerus

The proximal humerus is the most common site of primary
malignant tumours around the shoulder. Most paediatric
cases involve intraarticular or extraarticular resection of
the proximal humerus, but often do not require en bloc
resection of the scapula and lateral clavicle or other vari-
ants of the wider Tikhoff-Linberg approach.™ Although
numerous reconstructive variations have been described
to deal with the proximal humeral defect, most of them fall
into one of two categories: glenohumeral fusion or mobile
glenohumeral reconstruction. Perhaps the most import-
ant consideration is whether a functioning deltoid can be
preserved, including the axillary nerve and a majority of
the muscle belly. Although active shoulder rotation can
often be restored, elevation by superior trapezius trans-
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fer has been less reliable.’® Other considerations include
whether the patient is of juvenile or adolescent age,
whether the resection will preserve the glenoid (intraartic-
ular) or not (extraarticular), and whether the rotator cuff
can be repaired (Fig. 2a).

An insufficient deltoid margin can increase the likeli-
hood of local recurrence.” Factors on preoperative MRI
that help to determine whether the deltoid can safely be
preserved include whether a continuous fat plane can be
visualized deep to the muscle, and whether the axillary
nerve is visible throughout its course.’® We should note
that the nerve supply courses close to the deep deltoid
epimysium as it emerges posteriorly from the humeral
neck. Therefore, resecting the deep aspect of the muscle
en bloc with the tumour may denervate the superficial
portion that is preserved. Anecdotally, functional deltoid
preservation is a relatively uncommon circumstance (Figs
2b and 2c).

In cases where a functioning deltoid cannot be pre-
served, scapulo-humeral fusion offers superior function
compared with suspension of some type of humeral
replacement from the glenoid, clavicle or ribs.”?" With a
fusion, thoraco-humeral elevation of at least 30° is gen-
erated by periscapular muscles including the upper tra-
pezius. Some children can achieve apparent flexion and
abduction approaching 90° by adaptive maneuvers such
as laterally arching their spine. Allograft is a traditional
material to achieve fusion (Fig. 2d) and complications
such as resorption, fracture and infection can be miti-
gated by a composite graft that includes a free vascular
fibular diaphysis (on the peroneal vessels),” or potentially
avoided altogether by using an isolated vascularized fib-
ula?? (Fig. 2e). An alternative option for short-segment
fusion is a pedicled lateral scapular pillar graft supple-
mented by allograft bone.? The position of a spanning
plate has traditionally been over-top of the acromion but
a sub-acromial position? places the hardware deeper (Fig.
2e), making it less likely to compromise the flap and to be
exposed in case of a wound gap. Living-bone fusions are
likely to provide the greatest longevity with the fewest late
complications.

For cases in which a functioning deltoid can be pre-
served, a mobile glenohumeral reconstruction can be
useful. Traditional options include an osteoarticular
allograft'®2%2425 and recycled autogenous bone (extra-
corporeally irradiated or pasteurized),?*?” both of which
result in relatively high revision rates due to resorption,
fracture and infection.

Endoprosthetic replacement (Fig. 2f) has been reported
with variable and sometimes unsatisfactory function sec-
ondary to problems such as subluxation.'?¢ Allograft (or
recycled bone)?-prosthetic composites (APC), endopros-
theses and osteoarticular allografts result in similar func-
tion. However, APCs exhibit lower fracture and revision
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Fig. 1 Ewing sarcoma requiring total (a) and potentially subtotal
glenoid surface preserving (b) resection. Glenoid fragment fixed
to the clavicle (c). An inner table iliac autograft fixed to the
undersurface of the clavicle (d).

risks compared with osteoarticular allografts and lower
subluxation than endoprostheses.?3° Subluxation can
be minimized by applying synthetic mesh to restore a
restraining joint capsule® or by employing a reverse-po-
larity type of endoprosthesis, especially when the rota-
tor cuff cannot be preserved.?>¥” Extendable proximal
humeral endoprostheses result in over 50% subluxation,
especially in children under nine, with implant survival
about 75% at ten years.® A substantial portion of those
implants are not actually lengthened as planned,*® and
it is unclear whether a modest humeral lengthening is
worth the downsides of extendable implants.

A free vascular fibular epiphyseal-diaphyseal autograft
has a small amount of cartilage and can articulate loosely
with the glenoid®*-*? (Fig. 2g). This free flap survives best
when it is raised on the anterior tibial vessels which serve
both the head and shaft of the fibula, whereas the pero-
neal vessels only reliably serve the shaft. Potential prob-
lems include fracture, which generally heals well and may
be mitigated by placing an intramedullary Kirschner-wire,
and resorption of the fibular head. An additional advan-
tage of this graft is the proximal fibular physis can grow
up to a little over 1 cm per year. It should be noted that
dissection of the anterior tibial vessels for this purpose
causes at least a transient foot drop. Also, the long-term
outcome of the fibular-glenoid articulation has not been
well documented. Nonetheless, this is the only mobile
gleno-humeral reconstruction that provides living bone
and, therefore, has the potential for a minimal long-term
revision rate. For juvenile aged children, it may be tempt-
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ing to consider this free flap to restore growth. However,
if an intact deltoid cannot be preserved, the shoulder will
function as a suspension and fusion will offer a superior
functional outcome despite the anticipated undergrowth
of the arm.

An alternate type of reconstruction is clavicula pro-hu-
mero suspension.***¢ The clavicle is divided medially and
turned inferiorly to join the humerus, thereby suspending
the upper limb on the acromioclavicular joint (Fig. 2h).
The length of the gap one can restore is limited to about
12 cm in skeletally mature individuals and nonunion can
be a problem, but good function with 30° to 90° of ele-
vation is possible with an intact deltoid. This option could
be especially useful for the unusual circumstance in which
the deltoid, but not the glenoid and scapular neck, can
be spared.

Although the choice of mobile or fixed glenohumeral
joint hinges substantially on the deltoid, the function of
both types of reconstruction is improved by restoration of
active rotation (through the glenohumeral or scapulotho-
racic articulations, respectively). A useful goal is to achieve
an approximately 90° arc of rotation from hand-to-belly
to neutral (straight ahead) position which allows for most
daily activities, especially in combination with at least 30°
of elevation. Pectoralis major reattachment provides com-
petent internal rotation, and transfer of teres major and/
or latissimus dorsi to the postero-superior aspect of the
humeral head or plate provides sufficient external rotation.

Humeral diaphysis

A humeral shaft defect can be bridged by a number of
materials. The use of intercalary allograft is a traditional
approach (Fig. 3a) that may require further surgery due to
problems such as an approximately 50% nonunion rate at
diaphyseal junctions, fractures, resorption, and infection.*
Filling the allograft medulla with antibiotic-loaded cement
can potentially decrease the fracture and infection risk.*®°
Endoprosthetic diaphyseal implants may require short-seg-
ment compressive fixation methods and have an approxi-
mately 50% revision rate at ten years owing to mechanical
failure, loosening and infection.>*-*? If the resected diaphysis
has sufficient structural integrity, it can be reimplanted after
treatment by liquid nitrogen or radiation, for example. This
approach suffers from problems in common with allograft
including fracture, nonunion and infection.>*** Although
there is less experience published for Masquelet-induced
membrane restoration of intercalary defects for tumours,
the method can be successful for defects over 20 cm.** That
approach simplifies the primary resection with provisional
stabilization but mandates a second substantial procedure.

Vascularized fibular diaphyseal free flaps can be used
in an isolated manner or as part of a Capanna-style
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Fig. 2 a) A proposed algorithm for proximal humeral reconstruction based on key parameters; b) a tumour for which the deltoid and
axillary nerve require resection. Author’s preferences are in magenta; c) a tumour for which the axillary nerve might be resectable
(after review of other images), but the deep aspect of deltoid (together with the subepimysial course of the motor branches) would
best be resected; d) scapulohumeral fusion with allograft (and intramedullary cement); e) scapulohumeral fusion with vascular fibular
autograft; f) a proximal humeral endoprosthesis; g) vascular fibular epiphyseal-diaphyseal autograft articulating with the glenoid; h)

clavicula pro-humero reconstruction.

allograft-fibula composite reconstruction.*¢* The isolated
fibula is at risk of early, usually minimally displaced, frac-
ture but the junctions tend to heal relatively quickly in
about three months, whereas the allograft portion is sus-
ceptible to delayed union (13 months average), resorption,
fracture and infection. A healed, isolated fibular graft likely
has a low long-term complication rate (Figs 3b and 3c).

J Child Orthop 2021;15:358-365

Distal humerus

The distal humerus is an uncommon site for primary bone
tumours. Resection of the distal humeral articular surface
becomes necessary in the unusual circumstance in which
there is tumour or unresolving edema in the trochlear or
capitellar epiphysis (Fig. 4a).
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a b c
Fig. 3 a) Proximal humeral metadiaphyseal intercalary allograft;
b) pan-humeral diaphyseal intercalary reconstruction with

vascular fibular autograft; c) early hypertrophy following plate
removal.

In adolescents approaching skeletal maturity, a rea-
sonably straight-forward option is to reconstruct the
elbow with an endoprosthesis. Unfortunately, for distal
or total humeral implants, whether they are traditional,
compressive or extendable, there is a high (~50%) com-
plication and revision rate.5#¢%¢! A rarely employed, but
potentially durable, alternative, especially for younger
children, is proximal fibular epiphyseal-diaphyseal free
flap such that the fibular head articulates with the prox-
imal ulna and radius. This approach has been described
for an adult patient®? and we applied it for a seven-year-
old by transferring the proximal fibular head and shaft
(on the anterior tibial vessels) to the distal humerus.
We stabilized the bony junction and the elbow with a
hinged external fixator for 2.5 months in order to pro-
mote sagittal hinge movement while repressing coronal
instability (Figs 4b and 4c). That patient has maintained
an active range of 20° to 110° 15 months since surgery
and has moderate coronal instability that does not
interfere markedly with daily function. We will observe
the long-term outcome of elbow movement, distal
humeral (fibular) growth (which may be excessive) and
articular/pseudarthrosis health with interest. Vascular
diaphyseal fibular or allograft pseudarthrosis or fusion
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Fig. 4 a) Distal humeral

osteosarcoma with epiphyseal
signal changes that did not resolve following neoadjuvant

chemotherapy; b) vascular fibular epiphyseal-diaphyseal
autograft articulating with the proximal forearm bones. Initial
stabilization was with a hinged external fixator; c) following
removal of the fixator and early hypertrophy of the graft.

of the elbow are other potential approaches for skeletal
reconstruction.

In planning distal humeral resection, one commonly
considers whether the ulnar nerve, among other neuro-
vascular structures, needs to be resected en bloc with the
tumour. Nerve grafts to bridge the defect or nerve trans-
fers to bypass it succeed relatively reliably in children and
are very worthwhile. Radial and median nerve deficits can
also be managed in this way, although extrinsic muscle
functions can be partially restored by tendon transfers.
However, practically the only way to restore intrinsic mus-
cles and sensation in the hand is by nerve grafts and/or
transfers. For example, intrinsic motor function can be
restored by transfer of a median nerve branch to the ulnar
nerve at the elbow,%® and sensation can be restored by lat-
eral antebrachial cutaneous to ulnar nerve transfer®* with
recoveries taking from six months to well over one year.
Ultimately, the elbow is a vehicle for placing the hand in
space, so preserving or restoring hand function is more
important than achieving a particular quality of elbow
movement.

Closing perspective

A structural or functional deficit of one upper extremity
can greatly affect quality of life. Bone tumours may grow
at a similar rate regardless of age, but the relatively small
volume of host tissue makes resection and reconstruction
arguably more challenging in children. For sarcomas of
the upper limb, the surgical team is challenged to balance
sufficient resection margins while providing reliable and

J Child Orthop 2021;15:358-365
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durable reconstruction. Given the spatial constraints of
childrens’ anatomy, multi-centimetre margins are not pos-
sible circumferentially around a tumour. It is, therefore,
most important to understand which tissue planes are
reliable tumour barriers and how individual muscles are
innervated and supplied by vessels to plan a rationale and
safe resection. The next most important aspect of sarcoma
surgery around the shoulder and humerus is preservation
or restoration of hand function. Finally, optimizing shoul-
der and elbow function is the third broad goal.

Adult-style approaches to reconstruction may suc-
ceed in adolescents but they are generally not reliable
for younger children. For all young patients, avoidance
of inevitable revisions and longevity on the order of sev-
eral decades is probably best achieved by not depending
too heavily on endoprostheses. Many surgeons have pio-
neered biological approaches that are promising alterna-
tives. Combining biological skeletal reconstruction with
tendon transfers and nerve grafting or transfers in col-
laboration with plastic surgeons requires a tremendous
investment of time and effort but may provide profound
long-term benefits.
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