Custom-made 3D-printed prosthesis and free
vascularised fibula for humeral reconstruction after
osteosarcoma resection in a 13-year-old patient
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SUMMARY

Surgical reconstruction after humeral resection
represents a challenging issue in orthopaedic oncology.
Particularly in paediatric patients, the main concerns are
maintaining limb function and reconstruction longevity.
We describe a novel strategy of humeral reconstruction
based on the use of a three-dimensional-printed custom-
made prosthesis in a 13-year-old patient diagnosed with
osteosarcoma. The implant was specifically designed to
sustain the native head, which was spared, as it was

not involved by the neoplastic tissue. The mechanical
support the prosthesis provided was associated with the
biological stimulus of a free vascularised fibular graft

to obtain an anatomic, functional and stable construct.
This solution has had good longevity, and after 3years of
follow-up, the patient still shows excellent limb function
and personal satisfaction.

BACKGROUND

The surgical management of malignant tumours in
the humerus remains a debated issue, especially in
the paediatric population. Recently, new chemo-
therapeutical approaches and advances in diagnostic
imaging and surgical techniques have contributed
to the growing success of limb-preserving surgery
and improved patient survival rates. Today, ortho-
paedic oncology surgeons dispone of a huge range
of surgical strategies (ie, prosthesis, prosthesis/
graft composites, massive allograft, recycled bone
and autografts)." However, treating large humeral
sarcomas with involvement of the entire diaphysis
is even more challenging. In order to maintain limb
function while also performing a radical resection,
any reconstruction strategy must be thoroughly
planned.” Here, we report the case of a 13-year-old
girl diagnosed with osteosarcoma involving the
whole diaphysis of the left humerus treated with
wide excision and reconstruction with a hollow
three-dimensional (3D)-printed custom-made pros-
thesis filled with a free vascularised fibular graft
(VEG), preserving the native humeral head.

CASE PRESENTATION

A 13-year-old right-handed female patient presented
to our outpatient clinic with a history of left arm
swelling and pain with intact forearm and hand
function. She had no significant medical history.
Left arm radiographs showed a nondisplaced
diaphyseal pathological fracture of the humerus in
the context of a complex bone lesion involving the
entire diaphysis. Further diagnostic imaging was

performed, including CT and MRI of the left arm
and a CT of the chest. The MRI showed an intraos-
seous mass with a cystic aspect in the proximal
and distal third of the humerus and a solid aspect
in the middle third (figure 1). In consideration of
the extension and heterogeneity of the neoplastic
mass, four core needle biopsies were performed in
different sites along the diaphysis. Histopatholog-
ical analysis confirmed the diagnosis of osteoblastic
osteosarcoma ABCB1/P-glycoprotein positive in
only the middle part of the humeral diaphysis; the
other specimens were negative. According to the
Musculoskeletal Tumour Society (MTS) classifica-
tion, the surgical stage was defined as I1A.}

TREATMENT

According to the ISG-Os2 protocol, the patient
received neoadjuvant chemotherapy including
cisplatin, adriamycin and methotrexate. Postche-
motherapy imaging showed a stable disease associ-
ated with the reduction of the perilesional oedema
and haematoma. In cooperation with industry
engineers (Adler Ortho S.p.A., Cormano, Milano,
Italy), a 3D reconstruction obtained from Digital
Imaging and Communications in Medicine CT-im-
aging of the humerus, including the external shape
and internal macrostructure, was designed with
CAD/CAM technology. The titanium alloy implant
was made employing electron beam additive manu-
facturing (EBM) technology (Adler Ortho). EBM
is a relatively new technology for titanium powder
sintering that facilitates the production of an
implant of the exact shape of the 3D reconstruc-
tion. The technique employs a high-energy electron
beam that melts the titanium powder in a vacuum
chamber. The manufacturing process took 5 weeks
to be completed.

Surgical intervention was performed as follows.
Two surgical teams worked in parallel in order to
reduce the duration of surgery: an oncology team
performed the humerus resection, while a micro-
surgery team performed the contralateral fibula
harvesting. A deltopectoral approach extended
to the elbow was used for implant placement. A
complete humeral resection was performed, with
the only exception being the humeral head, as
this was not invaded by neoplastic tissue. Taking
advantage of the biological barrier provided by the
growth plate, the osteotomy was performed just
proximal to the metaphysis using a patient-specific
disposable cutting block to obtain a nearly perfect
bone-prosthesis match. The prosthesis comprised
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MRI showing an intraosseous mass with a cystic aspect in
the proximal and distal third of the humerus and a solid aspect in the
middle third. The dashed lines indicate intraoperative resection lines,
illustrating that only the humeral head could be spared.

Figure 1

two separated parts bridged by two custom-made plates. The
proximal prosthesis had a hollow design and was fixed to the
humeral head by four screws located left subchondral (figure 2).
In order to maintain head vascularisation, a VFG was harvested
and placed inside the prosthetic body in direct contact with the
humeral head. The VFG included microvascular anastomosis of
the peroneal arteries and veins to the proximal recurrent branches
of the humeral vessels. The residual empty space of the prosthesis
was filled with cortico-cancellous bone chips. The rotator cuff
was reinserted in dedicated holes of the prosthesis. The distal part
of the prosthesis constituted an elbow hemiarthroplasty (EHA),
sparing the intact ulnar and radial proximal epiphyses (figure 3).
Elbow collateral ligaments were reinserted into the prosthetic
medial and lateral epicondyles. Mersilene tapes were placed on
both sides to further stabilise the elbow. The patient received
intravenous prophylactic antibiotics perioperatively and oral
antibiotics post-operatively for 6 weeks. The patient wore a sling
for 4weeks and began passive shoulder and elbow mobilisation
30 days after surgery—active movements were allowed 60 days
after surgery. The histological analysis of the resected humerus
confirmed the preoperative diagnosis and reported 80% necrosis
and wide surgical margins. Adjuvant chemotherapy was admin-
istered according to ISG-Os2 protocol. In addition, the patient
received a treatment with Mepact for 6 months.

OUTCOME AND FOLLOW-UP

No major complications occurred in the early and late postop-
erative stages. A superficial dehiscence of the surgical wound
was observed in the early postoperative period, but healing was
obtained after surgical wound revision. No donor site compli-
cations were observed. Currently, the patient is 3years from
surgery and free from local or distant disease progression.
Physical examination demonstrates no upper limb discrepancy;
shoulder passive abduction of 110°% flexion and extension of
90° and 30°, respectively; and external and internal rotation of

Figure 2 Implant rendering with the graft inside.

45° and 90°, respectively. The shoulder active range of motion
(ROM) includes an abduction of 80°, flexion of 60°, extension
of 30°, external rotation of 35° and internal rotation of 90°
(figure 4). The elbow joint shows an extension lag of nearly 60°
and a maximal flexion of 130°. The elbow prono-supination
is complete. The hand and wrist show complete functionality.
There is complete recovery of sensory function. Three-year
postoperative imaging shows the maintenance of a good quality
of humeral head articular surface without signs of reabsorption
(figure 5). The VFG appears enlarged in the proximal part of the
prosthesis and partially integrated with the humeral head, and
there is a partial reabsorption of the bone graft in the distal non-
loading segment. At the moment, the patient does not complain
of any pain and demonstrates only a slight limitation of activity
in daily life. The MTS score for the upper limb is 26/30.

DISCUSSION

Proximal humerus is a common site of bone sarcomas. The
current treatment protocols in the field are based on limb
salvage surgery and reconstruction strategies. Particularly in the
paediatric population, the reconstructive project must respect
bone growth potential and maintain limb function in the long
term. With this purpose, many authors have proposed different
reconstructive techniques such as arthroplasty, osteoarticular
allografts, allograft—prosthesis composites, autologous grafts
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Figure 3 Radiographic follow-up. (A) Entire reconstruction. (B) Lateral
view, osteoarticular elbow reconstruction.

associated with shoulder arthrodesis and recycled osteochondral
grafts that are eventually associated with free VFG.' *°

When the neoplasia does not remain confined within the
proximal humerus but involves a huge portion of diaphysis,
the surgical reconstruction is even more complex and must
be defined on a case-by-case basis. The uniqueness of the case
reported here lies in the extended involvement of the humeral
diaphysis associated with relative sparing of the humeral head.

Taking into account these preoperative conditions, the available

surgical options were as follows:

1. Total humeral mega-prosthesis replacement. This solution
guarantees a good mechanical resistance, but it is generally
accompanied by proximal migration of the implant and poor
recovery of shoulder ROM with abduction that is rarely su-
perior to 30°.°

2. Reverse shoulder arthroplasty (RSA). The role of RSA in on-
cological reconstruction is still contentious. This prosthetic
can be implanted only in the presence of an active deltoid
muscle and has the advantage of permitting better shoulder
functionality. However, many studies in non-oncological
patients reported a major complication rate compared with
other types of arthroplasty.' Finally, the longevity of RSA is
still unknown.

3. Expandable prosthesis. In the case of paediatric bone sarco-
mas of the humerus, some authors have recently proposed
this solution to accommodate lengthening in the growing
child, but this technique implies further surgeries to obtain
implant extension and is associated with high failure and
complication rates.®” In addition, in our case, the patient’s
expected skeletal growth was limited, having been more than
2 years since her puberal spurt.

Figure 4 Clinical outcome, 3 years postoperatively. (A) Abduction. (B)
Anteversion.

Case report

Figure 5 CT follow-up. (A) Entire reconstruction, 1-year
postoperatively. (B) Entire reconstruction, 3 years postoperatively. (C)
Humeral head, 3 years postoperatively. (D) Osseointegration between
fibula bone graft and custom-made prosthesis.

4. Massive allograft. The use of tissue harvested from a cadaver
with the possibility of biological attachment of ligaments and
muscles could be a solution; however, especially in paedi-
atric patients, an anatomical articular congruence is almost
impossible to obtain, making the likelihood of early arthritis
very high. Moreover, the allograft alone shows low mechan-
ical resistance and poses a significant risk of resorption and
fracture.®

5. Allograft-prosthesis composite. The association of an al-
lograft with a prosthesis solves the problem of articular de-
generation; however, a high risk of fracture and bone—graft
non-union have been described.’

6. Recycled total humerus autograft. This is possible through
pasteurisation, irradiation or freezing of the resected speci-
men and secondary replantation. These options allow for an
anatomical reconstruction, but the result is fragile and prone
to fracture. Another disadvantage is the impossibility of per-
forming a complete histological analysis of the specimen to
confirm the diagnosis. Furthermore, degeneration of the au-
tograft cartilage could lead to early osteoarthritis.” For this
reason, some authors propose allograft composite prostheses
of recycled bone.'°

Considering the patient’s age and functional demand, we
adopted a different and innovative surgical plan aimed to
preserve glenohumeral articulation. After complete humeral
resection excepting the humeral epiphysis, the reconstructive
project included mechanic support via a 3D-printed custom-
made prosthesis and a biological stimulus provided by a VFG
with the precise function of sustaining humeral head vascular-
isation. This surgical solution enabled a stable, functional and

anatomical reconstruction of the glenohumeral joint and a

cellular recolonisation of the humeral head due to the VFG.

Regarding elbow reconstruction, an EHA, rather than a total
elbow arthroplasty (TEA), was realised. Compared with TEA,
the major advantages of EHA in a young patient are preserving
the ulnar bone stock and avoiding polyethylene particulate debris
formation. Furthermore, a TEA implies the implantation of an
ulnar stem—in paediatric patients, this poses a high risk of loos-
ening and subsidence.'! In this case, we decided to reinsert the
medial and lateral collateral ligament, adding Mersilene tapes to
relatively limit articular excursion in favour of implant stability.

The adopted prosthesis was made of titanium alloy using elec-
tron beam melting technology. The implant consisted of two
distinct parts, as the humerus measured about 35cm, and the
3D-printer could only create a 20 c¢m sized piece. Two custom-
made plates were necessary to fasten the prosthetic components
together. Obviously, the area of contact between the two parts
is more exposed to bending forces and has a higher risk of plate
breakage, but the biological support provided by the VFG should
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help to prevent this complication. However, an advantageous
aspect of this particular configuration is the possibility of inde-
pendent revision of the proximal and the distal humerus in the
case of future development of secondary osteoarthritis.

To our knowledge, a similar surgical reconstruction strategy
for humeral sarcoma has not previously been reported in the
medical literature—ours represents the first case of humeral
reconstruction with a custom-made prosthesis associated
with VFG in a paediatric patient. In our opinion, 3D-printed
prostheses could be a valuable new surgical instrument, espe-
cially when classical reconstruction techniques are not appli-
cable.! '* The association of a VFG seems a viable solution
to sustain humeral head viability, avoid shoulder prosthetic
replacement and preserve bone stock as much as possible. This
reconstruction has demonstrated good durability: after 3 years
of follow-up, the patient still shows excellent limb function and
high personal satisfaction. This reconstructive strategy inevitably
contains the risk of premature articular degeneration, the degree
of which can only be defined with longer follow-up and further
experience in applying the technique.

Learning points

» In the case of wide oncological humeral resection, the
surgical strategy should be thoroughly planned to obtain a
stable, long-lasting and functional reconstruction, especially
in paediatric patients.

» The combination of three-dimensional-printed custom-made
prostheses combined with vascularised fibular graft (VFG)
is a viable option that can be tailored based on the features
of neoplastic disease and considering a patient's functional
demand.

» In our patient, we were able to maintain the native humeral
head due to the association of mechanical support offered
by the prosthesis and the biological stimulus provided by the
VFG.
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