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Abstract

Purpose Injuries to the long bones of the upper limb resulting in bone defects are rare but potentially devastating. Literature
on the management of these injuries is limited to case reports and small case series. The aim of this study was to collate the
most recent published work on the management of upper limb bone defects to assist with evidence based management when
confronted with these cases.

Methods Following a preliminary search that confirmed the paucity of literature and lack of comparative trials, a scop-
ing review using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis extension for Scoping Reviews
(PRISMA-ScR) was conducted. A literature search of major electronic databases was conducted to identify journal articles
relating to the management of upper limb long bone defects published between 2010 and 2020.

Results A total of 46 publications reporting on the management of 341 patients were reviewed. Structural autograft, bone
transport, one-bone forearm and the induced membrane technique were employed in an almost equal number of cases. The
implemented strategies showed similar outcomes but different indications and complication profiles were observed.
Conclusion Contemporary techniques for the management of post-traumatic upper limb bone defects all produce good
results. Specific advantages, disadvantages and complications for each modality should be considered when deciding on
which management strategy to employ for each specific patient, anatomical location, and defect size.

Keywords Bone defect - Upper limb - Humerus - Radius - Ulna - Bone transport - Induced membrane - Vascularized fibula
graft

Introduction the treating physician. This may be even more critical in the

case of bilateral injuries or contralateral amputation.

The optimal strategy for the management of critical sized
bone defects of the long bones of the upper limb remains
unclear [1]. These cases harbor significant morbidity for
the patient and requires meticulous planning, understand-
ing of bone biology and fixation mechanics on the part of
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Although less frequent than lower extremity bone defects,
upper limb defects can be demanding to manage, as recon-
struction must be attained while maintaining adjacent joint
motion and hand dexterity to preserve function [2]. There
is no single solution to all upper limb bone defects and one
needs to individualise treatment from a variety of recon-
structive options. Despite the immense challenges these
defects pose, literature on their management and outcome
is limited to case studies and small series.

In this current concepts scoping review we explored the
literature reporting on the management of upper limb bone
defects and interpreted the data to provide physicians with
up to date evidence upon which to base their management
when confronted with these complex cases.
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Methods

A preliminary search confirmed the paucity of literature and
lack of comparative trials on the topic. For this reason, a
scoping review was undertaken according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
extension for Scoping Reviews (PRISMA-ScR) statement.

Literature search strategy

The literature review focused on the period January
2010-November 2020 to ascertain the most recent manage-
ment strategies employed by orthopaedic reconstruction
surgeons. The literature search of electronic databases was
conducted for English language publications, and included
Google Scholar, Medline and the central registrar of con-
trolled trials in the Cochrane library. The search terms
included “Bone defect, Upper limb, Humerus, Radius,
Ulna”, with the Boolean terms “AND” and “OR”. During
initial screening and identification, article titles and abstracts
were reviewed for relevance. A three-step method was fol-
lowed to identify articles that were included in this review.
Two independent authors reviewed all titles, abstracts and
the full articles, which were obtained for all potentially
suitable publications. Following this, a secondary similar
identification and screening process identified potentially
suitable studies from the reference lists of full text articles
identified in the initial phase. All the identified articles were
then appraised according to specific inclusion criteria. Only
publications dealing with post-traumatic bone defects and
defects resulting from post-traumatic sequelae involving
human participants were considered for inclusion.

Eligibility criteria and assessment

All publications dealing with post-traumatic bone defects
and defects resulting from post-traumatic sequelae involv-
ing human participants were considered for inclusion. Inclu-
sion and exclusion criteria are shown in Table 1. Papers
that didn’t provide enough information to allow subgroup
analysis were excluded. Any disagreement was resolved by
discussion between the authors. Where consensus could not
be reached, a third adjudicator acted as an arbitrator.

Data extraction and analysis

The specific study design, sample size, location, aetiology
and size of the bone defect as well as the outcome and com-
plications of the management strategy employed for each
identified article was reviewed. Data synthesis involved
pooling related cases into anatomical location and treatment
strategy groups to ascertain outcomes for each clinical sce-
nario and reconstructive modality.

Results

The initial search identified 829 publications. Initial screen-
ing and secondary identification identified 57 potentially rel-
evant studies. Full text review of these 57 studies resulted
in 46 publications being retained for final review (Fig. 1).

Study characteristics

All included publications were case reports or case series
with no comparative studies available for review. Publica-
tions were assigned a level of evidence according to Sack-
ett’s rule of evidence that rank studies according to the prob-
ability of bias leading to a final count of 31 level four and 15
level five studies (Supplementary table) [3].

Study sample sizes ranged from one to 36 cases and
included a total of 341 patients with upper limb bone defects
(Table 2). The majority of bone defects occurred in forearm
bones (n=289, 85%) and were predominantly the result of
chronic osteomyelitis debridement (n=172, 50%). The five
main treatment strategies were the induced membrane tech-
nique (n=96), structural autograft (n=89), bone transport
(n=82), one-bone forearm reconstruction (n=72) and tita-
nium mesh cages (n=2). A wide variety of fixation methods
were employed across the included studies and are presented
in Table 2.

Induced membrane technique

The induced membrane technique was the most frequent
reconstruction strategy employed across all included papers.
Seventeen publications, comprising 96 patients (30%),
reported on the use of this modality [4-20]. The majority

Table 1 Inclusion and exclusion
criteria

Inclusion criteria

Exclusion criteria

Upper limb bone defect

Post-traumatic and post osteomyelitis debridement defects

All management strategies

Post oncological resection defects
Animal studies

Review articles

Congress proceedings

Publications not subject to peer review
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Records excluded
(n=796)

Full-text articles excluded,
(n=11)

e Insufficient data (3)
e Technical article (5)

e Review article (3)

Fig. 1 Flow diagram showing identification and selection of studies

of cases (n=63, 66%) were post-osteomyelitis bone defects
and stability was conferred using plate fixation in most cases
(n=284, 88%). The number of surgeries to obtain union
(mean=2.6) was consistently more than any other modality.

Structural autograft

Fibula autograft was the only structural autograft used in
included literature [19, 21-30, 32, 49]. Eleven publica-
tions comprising 65 patients (73%) reported on the use
of vascularized fibula autograft [21-28, 30, 31, 49]. All
cases employed the use of a single vascularized fibula graft
and no double barrel or Capanna type grafts were used. In
29 cases (44%), all involving the forearm, a vascularized
osteoseptocutaneous flap was used for composite defects
[19,21-28, 31]. Two publications comprising 24 patients
(27%) used non-vascularized fibula autograft, all for
reconstructing humeral bone defects [20, 32]. The major-
ity of cases (n=82, 92%) underwent internal fixation with
plates and screws while intramedullary k-wire fixation was
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use in seven patients (8%). Structural autografts showed
the shortest healing time and lowest number of surger-
ies required to obtain final union compared to the other
modalities.

Bone transport

Eleven publications reported on the use of bone trans-
port to reconstruct 82 forearm bone defects [33—-43]. The
majority of cases (n =76, 91%) were performed for defects
post-osteomyelitis debridement and all cases used exter-
nal fixation for stabilization. One article by Demir et al.
reported their results of five patients who underwent fore-
arm transport with an external fixator-based bone transport
pulley system, similar to a cable transport apparatus [33,
50]. Bone transport showed the highest complication rate
of all reconstruction modalities although most of these
(22/36, 61%) were superficial pin site infections.
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Table 2 Summary of all included cases

Induced membrane Structural auto-  Bone transport One-bone fore-  Titanium cage [48] Total
technique [4-20] graft [21-32] [33-43] arm [44-47]
Publications (n) 17 13 11 4 1 46
Patients (n) 96 89 82 72 2 341
Limb Segment (n, %)
Radius or Ulna 64 (64%) 43 (48%) 76 (93%) 0(0%) 1 (50%) 184 (54%)
Both bone forearm 13 (16%) 14 (16%) 6 (7%) 72(100%) 0(0%) 105 31%)
Humerus 19 (20%) 32 (36%) 0 (0%) 0(0%) 1 (50%) 52 (15%)
Indications (12, %)
Acute trauma 26 (27%) 15 (17%) 0 (0%) 52 (72%) 2 (100%) 95 (28%)
Non-union 7(7%) 23 (26%) 10 (12%) 16 (22%) 0 (0%) 56 (16%)
Osteomyelitis 63 (66%) 33 (37%) 72 (88%) 4 (6%) 0(0%) 172 (50%)
Not reported 0(0%) 18 (20%) 0 (0%) 0(0%) 0(0%) 18 (5%)
Fixation method (2, %)
Plate 84 (88%) 82 (92%) 0 (0%) 16 (22%) 2 (100%) 184 (54%)
External fixation 8 (8%) 0(0%) 82 (100%) 1 (1%) 0 (0%) 81 (24%)
Nail 3 (3%) 0 (0%) 0 (0%) 1 (1%) 0 (0%) 4 (1%)
K-wire 0(0%) 7 (8%) 0 (0%) 0(0%) 0(0%) 7(2%)
None 1(1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(0.3%)
Not reported - - - 54 (75%) - 54 (16%)
Number of surgeries to 2.6 (2-6) 1.1 (1-2) 1.7 (1-3) 1.5 (1-6) 1(1-1)
obtain union (n, range)
Time to union (months) 7.4 (4-6) 3.5(3-5) 5.7 (4-7) NR NR
Complications (n, %)
Delayed union 1(1%) 4 (4%) - - -
Non-union 2 (2%) 6 (7%) 7 (10%) 10 (14%) -
Infection 6 (6%) 4 (4%) 3 (4%) 6 (8%) -
Pin site infection - - 22 (26%) - -
Graft fracture - 1(1%) - 2 (3%) -

Data is presented as counts with frequencies indicated in parentheses. NR, not reported

One-bone forearm

One-bone forearm reconstruction involving radialisation
of the ulna was used for 72 patients across four publica-
tions [44—47]. High energy trauma was the main indication
(n=52, 72%) and was generally associated with significant
soft tissue defects. Two publications specifically focussed
on the complications encountered with this technique with
non-union (n=10, 14%) and infection (n=8, 6%) being the
most common [46, 47].

Titanium mesh cage

A single publication reported on the use of titanium cages
for the reconstruction of a single radius and humerus defect
respectively [48]. In both instances the cage was filled with
autogenous bone graft using the Reamer Irrigator Aspira-
tor (RIA; DePuy-Synthes, Warsaw, Indiana, USA) system

@ Springer

and fixed with a plate. In both cases the defect healed
uneventfully.

Forearm single-bone defects (Radius or ulna
defects)

A total of 184 individuals across 31 publications underwent
reconstruction of a defect of a single forearm bone [4, 6, 811,
14, 16-22, 25, 26, 28, 31, 33, 35, 36, 38-43, 48] (Table 3).
Bone transport and the induced membrane technique were
employed to reconstruct defects with mean sizes of 44.3 mm
and 46.8 mm respectively. In contrast, vascularized fibula
grafts were used for larger defects with a mean of 80 mm.

Forearm both-bone defects (Radius and ulna
defects)

Sixteen publications reported on the management of 105
combined radius and ulna defects [7, 11, 19, 20, 22, 25, 27,
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Table 3 Radius or Ulna bone defects

Bone transport [33,

Induced membrane Technique

Structural autograft

Titanium cage [48]

35, 36, 38-43] [4,6,8-11, 13, 14, 16-20] [21-26, 28, 31]

Number of patients (n, %) 76 (41%) 64 (35%) 43 (23%) 1(0.5%)
Age (years) 32.1 (10-62) 39 (11-78) 35.2 (3-90) 17
Defect size (mm) 44.3 (10-90) 46.8 (17-110) 80 (18-110) 70
Aetiology of defect (n, %)

Acute Trauma 0 (0%) 18 (28%) 10 (23%) 1 (100%)

Non-union 10 (13%) 2 (3%) 1 2%) 0 (0%)

Osteomyelitis 66 (87%) 44 (69%) 19 (44%) 0 (0%)

Not reported 0 (0%) 0 (0%) 13 (30%) 0 (0%)
Number of surgeries to obtain union 1.6 (1-3) 2 (2-6) 1.2 (1-2) 1(1-1)
Time to Union (months) 5.7 (2.5-10) 5.4 (2.5-22) 4.2 (2.5-12) NR
Complications (n, %)

Delayed union - 1 2%) 4 (9%) -

Non-union 9 (12%) 1 2%) 4 (9%) -

Infection 3 (4%) 5 (8%) 1 2%) -

Pin site infection 20 (26%) - - -

Data is presented as median (interquartile rage) or as counts with frequencies indicated in parentheses. NR, not reported

28,34, 37, 38, 42, 44-47] (Table 4). After the one-bone fore-

arm technique, structural autograft in the form of vascularized

grafts were used in the majority of cases (n =14, 42%). This
modality was used for the largest defects (mean =70 mm),
required the fewest surgeries (median = 1.6), had the shortest
healing time (median=3.5 months) and lowest complication

rate [22, 25, 27, 28].

Table 4 Forearm both bone defects

Humeral defects

Twelve publications reported on the management of 52
humeral shaft defects [5, 6, 9, 11, 12, 15, 20, 25, 32, 48,
49] (Table 5). No authors reported the use of bone trans-
port to reconstruct humeral defects, opting rather for the

induced membrane technique and fibula grafts. Structural

One-bone forearm

Structural autograft [22,

Induced membrane technique

Bone transport

[44-47] 25,27, 28] [7, 11, 19, 20] [34, 37, 38, 42]

Number of patients (n, %) 72 (69%) 14 (13%) 13 (12%) 6 (6%)
Age (years) 37 (6-70) 34.1 (8-56) 52 (29-73) 31.7 (23-43)
Defect size (mm) NR 70 (40-70) 40.1 (20-100) 33.5 (10-80)
Actiology of defect (n, %)

Acute Trauma 52 (72%) 5 (36%) 5 (36%) 0 (0%)

Non-union 16 (22%) 0 (0%) 0 (0%) 0 (0%)

Osteomyelitis 4 (6%) 7 (50%) 8 (64%) 6 (100%)

Not reported 0 (0%) 2 (14%) 0 (0%) 0 (0%)
Number of surgeries to obtain union 1.5 (1-6) 1.6 (1-2) 2.8 (2-6) 2.3 (1-3)
Time to Union (months) NR 3.5(2-5.5) 4.1 (2-6) 6.3 (4-13.5)
Limb length discrepancy (mm) 64 (0-150) NR NR NR
Complications (n, %)

Delayed union - - - -

Non-union 10 (14%) 1 (7%) - 1 (17%)

Infection 6 (8%) - 1 (9%) -

Pin site infection - - - 2 (33%)

Graft fracture 2 (3%) - - -

Data is presented as median (interquartile rage) or as counts with frequencies indicated in parentheses. NR, not reported
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Table 5 Humerus bone defects

Induced membrane technique

[5,6,9,11,12, 15, 20]

Structural autograft Titanium cage [48]

Non-vascularized Vascularized [25, 49]

[29, 32]

Number of patients (n, %) 19 (37%) 24 (46%) 8 (15%) 1 2%)
Age (years) 38 (13-69) 40.1 (26-59) 58 (45-65) 19
Defect size (mm) 55.2 (20-125) 80 (12-150) 45 (10-100) 80
Aetiology of defect (n, %)

Acute Trauma 3 (16%) 0 (0%) 0 (0%) 1 (100%)

Non-union 5 (26%) 17 (71%) 5 (69%) 0 (0%)

Osteomyelitis 11 (58%) 7 (29%) 0(0%) 0 (0%)

Not reported 0 (0%) 0 (0%) 3 (9%) 0(0%)
Number of surgeries to obtain union 3.0 (2-6) 1.0 (1-2) 1(1-1) 1
Time to Union (months) 5 (5-10.6) 4.1 (3-5.4) 4.3 (3-5) NR
Complications (1, %)

Delayed union - - - -

Non-union 1(5%) - - -

Infection - 3(13%) - -

Pin site infection - - - -

Graft fracture - 2 (8%) - -

Data is presented as median (interquartile rage) or as counts with frequencies indicated in parentheses. NR, not reported

autograft (24 non-vascularized and 8 vascularized fibulas)
was used for predominantly non-union cases (n =22) while
the induced membrane technique were mostly used for post-
osteomyelitis cases (n=11). Bone defect size (55.2 mm vs
71 mm) and time to union (5 months vs 4.1 months) was
similar in these groups, however the induced membrane
technique on average required three times more surgical
procedures to achieve union. All five complications in the
structural autograft group occurred in non-vascularized
fibula autograft cases. No articles during the study period
reported on humeral shortening as a technique to manage
humeral bone defects.

Discussion

Numerous contemporary strategies exist to reconstruct post-
traumatic upper limb bone defects. These include acute or
gradual shortening, with or without subsequent lengthen-
ing, vascularized fibula graft reconstruction, Masquelet’s
induced membrane technique, bone transport, and custom-
ised intercalary titanium mesh cage reconstruction. The ulti-
mate choice of one modality over another has predominantly
been steered by expert opinion and personal preference
rather than evidence. The aim of this paper was to review the
current treatment options and outcomes for the management
of upper limb segmental bone defects in an attempt to inform
decision making when dealing with these complex cases.

@ Springer

Shortening with or without subsequent lengthening

Despite no publications describing acute shortening iden-
tified within the search period, this option remains a fre-
quently employed strategy for humeral fractures with seg-
mental comminution or small defects [51] (Fig. 2). The
limits of acute shortening have not been confirmed in the
literature but absolute figures of <50 mm and < 14% of the
original length have been suggested [51-53]. Although the
humerus can be lengthened through distraction osteogen-
esis, most patients do not complain of functional or cosmetic
deficit and it is usually thus not required [54-57]. Although
not specifically reported in the literature under review, the
improved biological activity obtained through distraction
osteogenesis may also be useful in improving healing at the
compression site [58].

Acute shortening of forearm deficits is technically possi-
ble and limited reports have demonstrated minimal impaired
function [59, 60]. This strategy is however often difficult
to apply, given the curved geometry of the radius which
makes simple longitudinal shortening difficult and the fact
that radius and ulna must be shortened equally to maintain
appropriate rotation and forearm function.

Masquelet’s induced membrane technique
The induced membrane technique was originally proposed

by Masquelet et al. and entails a staged approach to bone
defect reconstruction [61, 62]. The first stage relies on a
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Fig.2 Case example of a

50 mm ulna bone defect treated
by monolateral external fixator
bone transport

polymethyl methacrylate (PMMA) cement spacer being
inserted into post-debridement bone defects [20, 63] (Fig. 3).
The major advantage of this approach is the ability to use a
physician-directed antibiotic loaded spacer for dead space
management of post-infective defects [64]. This was also
demonstrated in the current review where the induced mem-
brane technique was predominantly used in the management
of post-infective bone defects and only showed a recurrence
of infection rate of 6%.

The second stage is undertaken around 4-6 weeks after
the first, and consists of autologous bone graft being inserted
into the induced membrane chamber that is created follow-
ing removal of the cement spacer [20, 63]. Obtaining an
adequate volume of autograft is less of a problem with upper
limb defects compared to the lower given the relatively

Fig.3 Case example of a

35 mm infected humeral bone
defect treated by circular
external fixation and an induced
membrane technique with iliac
crest bone graft

smaller size. Modern harvesting techniques like the RIA sys-
tem (DePuy-Synthes, Warsaw, Indiana, USA) have gained
popularity in recent years and aid the process [5, 15, 16, 20].

One of the drawbacks that have been identified with this
technique is the often multiple repeat bone grafting proce-
dures required due to graft reabsorption [65, 66]. This is
borne out by the fact that, when compared to other strategies,
the induced membrane technique required almost twice as
many surgeries, and in some instances up to five re-grafting
operations, to achieve union.

Structural autograft

Non-vascularized structural autograft was only employed
for humeral defects in the current review and showed the

@ Springer
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highest complication rate (13% infection and 8% fracture) of
all reconstructive strategies. Similarly, a 1997 study reported
on the use of tricortical bone block allograft to reconstruct
radius and ulna bone defects and showed high complica-
tion rates including delayed healing, graft resorption and
infection [67] (Fig. 4). In comparison, vascularized grafts
showed a 8% non-union rate and only 1 of the 65 grafts (2%)
became infected.

High complication rates and better outcomes with bone
transport in adult lower limb defects, have relegated the use
of vascularized fibula grafts to the upper limb in adults [68,
69]. Despite the technical expertise required to perform
vascularized grafts, their value is manifest by the ability to
incorporate a cutaneous island to reconstruct combined bone
and skin loss [70]. In this review, half of the cases (48%)
that were reconstructed with a vascularized graft included a
cutaneous paddle for concomitant soft tissue reconstruction
[19, 21, 22, 25-28, 31]. An additional benefit to a osteocu-
taneous flap is the fact that cutaneous viability can serve as
a sentinel for bone viability within the flap [71].

Bone transport

Multiple reports have shown the reliability of bone trans-
port in reconstructing radius or ulna defects [33, 36, 38—43]
(Fig. 5). This technique can also be combined with a first
stage Masquelet followed by bone transport through the
induced membrane. This benefits from the dead space man-
agement conferred by the antibiotic-loaded cement spacer

Fig.4 Case example of an
infected non-union of the ulna
managed by resection of 25 mm
bone and reconstruction with a
tricortical iliac crest bone block

@ Springer

after osteomyelitis debridement [72]. Although predomi-
nantly used for forearm single bone defects in the current
review, four publications reported on its application for
both bone forearm reconstruction [34, 37, 38, 42]. Birkholtz
et al. emphasised the independent transport of the radius
and ulna with two monolateral rails to maintain forearm
function throughout the reconstructive process [34]. When
performing this type of reconstruction some tips and tricks
are useful to remember: cement spacer induced membranes
prior to bone transport are useful in providing a biological
envelope for transport, but also prevent synostosis forma-
tion; The rail fixator is lined up to the desired pathway of
new bone generation, ensuring the regenerate shape mimics
the original anatomical shape of the forearm bone; Distrac-
tion rate is slowed down, due to the small surface area of the
osteotomy site; Formal open docking is indicated, with bone
grafting of the docking site; Rehabilitation focus throughout
the treatment phase emphasizes active and passive pro- and
supination.

One-bone forearm

One-bone forearm reconstruction is generally reserved for
salvage procedures following major trauma and tumour
resections. Limb length discrepancy and loss of forearm
rotation impacts functional outcome but this may be prefer-
able in terms of function, cosmesis, and patient preference
compared with amputation. The ideal position of forearm
rotation is controversial with recommendations varying from

- i
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Fig.5 Case example of a

40 mm ulna bone defect treated
by monolateral bone transport
followed by internal fixation
after docking

0° to 45° supination [46, 47, 73]. Devendra et al. used fusion
positions of full supination for the dominant hand and 10°
pronation for the non-dominant hand to assist with eating
and personal hygiene respectively, although this report is
from the Indian subcontinent and could be culturally driven
[44].

Titanium mesh cage

Additive manufacturing techniques has seen huge techno-
logical advancement in recent years [74, 75]. Computer soft-
ware, printer technology, and advances in materials have
provided surgeons the opportunity to rapidly produce rela-
tively inexpensive custom solutions for patients. Recently
this technology has been applied to the management of
extra-articular segmental long bone defects [48, 76, 77].
Although most literature focusses on the reconstruction of
lower limb defects, Attias et al. reported good results follow-
ing the reconstruction of an 80 mm humeral bone defect and
70 mm radius defect with a combination of a titanium mesh
cage, RIA bone graft and plate fixation [76, 78].

The recommendations that can be extracted from this
study are limited by the paucity and quality of publications;
all of the included reports being either retrospective case
series or case reports. The heterogeneity and quality of the
included studies precluded performing a meta-analysis. This
review also focused on the results of bony reconstruction

which do not necessarily reflect functional outcome. Data
on patient reported outcome measures is also lacking. We
implore orthopaedic trauma and reconstructive surgeons to
publish their treatment strategies and outcomes for manag-
ing long bone defects of the upper limb, We appreciate that
prospective research or trials in the condition are difficult
given the relatively low numbers and heterogeny of injuries,
as well as skill set and experience of treating surgeons.

Conclusion

Contemporary techniques for the management of post-trau-
matic upper limb long bone defects all produce good results.
The specific advantages, disadvantages and complications
for each modality should be considered when deciding on
which management strategy to employ for each specific
patient, anatomical location, and defect size.
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