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ABSTRACT

A critical-sized bone defect has always posed a constant clinical challenge since there is a lack of agreement on the
best treatment methods. The application of allograft in a model defect in animal studies showed promising results.
However, there are still limited clinical reports on allograft application for critical-sized bone defects since most clin-
ical studies use more established techniques such as vascularized fibular graft, distraction osteogenesis, and induced
membrane technique. This review will summarize allograft clinical application to understand if allograft, despite
its limitation, may serve as an ideal alternative to treat critical-sized bone defects. The review included six reports
of allograft application in various etiologies. The allografts application is a promising approach when dealing with
critical-sized bone defects. Defects of various sizes and etiologies can be successfully managed with bone allografts

when certain favourable indications and conditions are fulfilled.
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INTRODUCTION

FA large bone defect, also known as a critical-sized bone
defect, has always posed a constant clinical challenge
due to its high nonunion risk. The general perception
defines the critical-sized bone defect as a loss of bone’s
structure that will not heal spontaneously and, thus,
requires a more advanced surgical intervention (1).
Despite being a common problem in bone healing, there
seems to be a lack of evidence and consensus regarding
how much defect is considered a critical-sized bone
defect. Many studies define the critical-sized defect

as a bone defect of more than two times the diaphysis
diameter (2). Another study has a different approach as it
defines the defect as greater than 1 centimeter and more
than 50% loss of the circumferential diaphysis (3).

Critical-sized bone defects might arise as sequelae
of multiple underlying pathologies such as high-
energy trauma, unresolved infection, or massive
tumor resection. A combination of substantial bone
loss complicated by poor soft tissue environment
contributes to the poor healing capacity in critical-
sized bone defects (4). Management of critical-sized
defects remains controversial since there is a lack of
agreement on the best treatment methods. Regardless
of the treatment choices, one collective agreement is
that fulfilling the gap is mandatory in critical-sized bone
defects (4,5). Current treatment options include bone
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grafting, induced membrane technique of Masquelet,
and distraction osteogenesis (2,6).

The gold standard in treating a bone defect is
autogenous cancellous bone graft since it fulfills the
three necessary elements for bone healing: osteogenesis,
osteoconductive, and osteoinductive. The autografts
have the advantages of non-immunogenicity and
biocompatibility. Unfortunately, the autograft might not
serve as an ideal choice in critical-sized bone defects due
to its limited source and donor-site morbidity (7,8). Bone
allografts have been long used to substitute autografts to
overcome the limited source. Compared to autograft, the
allografts provide more availability to fill up a critical-
sized defect, but the allografts have the drawbacks of not
having osteogenesis and osteoinductive properties (5,8).
Several reports showed that the bone allografts, despite
their drawbacks, would still promote successful bone
healing in bone defects. In a large defect, an allograft
will function as a spacer to allow osteoconduction of
the host progenitor cells to migrate into the healing site.
This implantation will eventually result in incorporation
between the allograft and the host bone (8,9).

Application of allograft in a model defect in animal
studies showed promising results (10,11). There are

still limited clinical reports on allograft application for
critical-sized bone defects since most clinical studies
use more established techniques such as vascularized
fibular graft, distraction osteogenesis, and induced
membrane technique of Masquelet (12,13). This review
will summarize bone allograft use in clinical application
to understand if bone allograft, despite its limitation,
may serve as an ideal alternative to treat critical-sized
bone defects. The review will include six reports
demonstrating the use of bone allograft in critical-size
defects due to various etiologies.

Findings from the Clinical Reports

A database search in PubMed and Google Scholar were
conducted. Studies on animal were not included. Other
methods of addressing the bone defects, such as induced
membrane technique or distraction osteogenesis, were
also not considered. Only clinical studies or reports
that evaluate the use of bone allograft in critical-sized
diaphyseal bone defects were considered in this review.
There are six studies that include 47 cases of critical-
sized bone defects. All reports describe the etiology,
location, defect size, allograft type, fixation methods,
and outcome. The included reports are summarized in
Table I.

Table I. Clinical reports on the use of bone allografts in critical-sized bone defects

Study type and design Etiglogy of Bone Dgfect Allograft  Fixation an_d aug-  Follow Result
efect size type mentation up
D’Agostino et Case report. Gunshot Femur 12cm  Cortical  Fixation: gamma 7 First callus evident
al., 2007. Acta (open frac- allograft  nail; Augmenta- weeks  on radiographs
Orthop Belg (14) A 57-year-old patient ture Gust- tion: rhBMP7 with
with an open gunshot ilo-Ander- autograft bone
wound at the left thigh, ~ son llIA) product reamed 4
shattering the femur from femur me- months  Sign of allograft
into multifragments. dulla integration
No sign of vascular or
neural injury. Initial Union with a
condition: severe hypertrophic callus
compound fracture at both sites with
Wlth a combined bone, 13 some degree Of
muscle, and skin defect months  heterotropic ossi-
fication in the sur-
rounding muscles.
No axial deformity.
LLD:8mm.
Lietal., 2011. Case series (retrospec- ~ Malignan-  Hu- Mean:  Inter- Fixation: plate and 27.7  Average time of
J of Surg Onco tive). cy: merus calary screw; Augmenta-  months union:
(17) osteosar- 10.6 cortical  tion: vascularized (mean)
No. of cases: 7 coma (3 cm allograft  fibular graft Fibula-humerus:
patients), 20.7 weeks
Seven patients (average ~Ewing Range:
age 16.7 years) that had ~ sarcoma (2 8-14 Allograft-humerus:
intercalary resection of ~ patients), cm 26.3 weeks
humeral malignancy chondro-
underwent reconstruc- ~ sarcoma (2 Allograft-host bone
tion with an allograft patients) between chemo-
and vascularized fibula therapy vs non-che-
construct. Patients were motherapy: 28.4 vs
examined clinically and 26 weeks.
radiographically.
No allograft frac-
tures.
No infections.
CONTINUED
66
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Table 1. Clinical reports on the use of bone allografts in critical-sized bone defects (CONT.)

Stud()j/ type and  Etiology of Bone De:fect Allograft Fixation apd Follow Result
esign defect size type augmentation up
Perna et al., Case series (ret-  Infection Fore- Mean:  Homolo-  Fixation: plate Mean:  All the nonunion healed
2017. World | rospective). after open arm:  1.8.cm  gous bone and screw; 6 years with an average time of
Orthop (16) fracture graft strut  Augmentation: 5 months (range 2-10
No. of cases: 18 Radius Range:  with in- none Range: months). At the last fol-
alone: 1.2-4 tercalary 2-10  low-up functional results
This study evalu- 5 cases; cm allograft years  (Anderson system) were
ates treatment of ulna excellent in 5 (27.8%)
septic diaphyseal alone: patients, satisfactory in 10
forearm non- 11 cas- (55.5%) and unsatisfactory
union with bone es; both in 3 (16.7%) patients. No
defect. Com- radius activities of daily living
plications and & ulna: (ADLs) limitations were
clinical results 2 cases reported by 12 (66.6%) pa-
after surgical tients, slight by 3 (16.6%),
treatment were and severe limitation by
recorded. 3 (16.6%) patients. Mean
visual analog scale at the
last follow-up was 1 (0-3).
No major intraoperative
complications occurred.
Piacentini et al., Case series (ret-  Open Femur: Mean:  Fresh-fro-  Fixation: Mean:  Both clinical & radiological
2019. J Orthop rospective). fracture. 6.4cm zencan- intramedullary 37 union: 13 cases (72%).
Traumatol (15) 9 cases) cellous nail (2 cases), months
No. of cases: 18  Grade ll: 6 Range: allograft plating (15 Nonunion: 5 cases (28%).
cases Tibia: 1.6~ cases), external  Range:
(average age: 45 13.2 fixation (1 case);  25-92
years) Grade 8 cases €M Augmentation:  months
MA: 5 autologous
All cases of bone  cases Humer- ipsil.at.eral ante-
defect resulted us: rior iliac crest,
from an open Grade BMCA, PRP,
fracture. 11B: 7 1 case and induced
cases membrane
technique
Utomo et al., Case series.
2019. IntJ
of Surg Case No. of cases: 2
Report (5)
First case
A 40-year-old Open Distal 5cm Freeze- Fixation: plate 6 The bone graft was re-
female with pain  fracture humer- dried can-  and screw; months  sorbed and replaced by the
and inability to (Gustilo- us cellous Augmentation: formation of new bridging
flex her right el-  Anderson allograft  autologous PRP callus
bow six months  111A) with aspirated
after involving in bone marrow
a motorcycle ac- from iliac crest,
cident. No sign sealed with
of infection. The fibrin glue
X-ray S.hOWEd 12 Union with thick bone for-
nonunion and months mation; able to flex elbow
bone loss. beyond 90 degrees
Second case:
A 35—yearjo|.d Open Distal 6 cm Freeze- Fixation: intra- 2 and 4 Formation of bridging cal-
female pain in fracture third of dried can- medullary nail;  months lus; pain-free and able to
the left lower leg  (Gusti- tibia cellous Augmentation: walk without assistance
and the inability  |5_Ander- allograft autologous PRP
to walk. Falling 5o 111A) with aspirated

from height with
a compound
fracture. No sign
of union after 8
months.

bone marrow
from iliac crest,
sealed with
fibrin glue
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Table 1. Clinical reports on the use of bone allografts in critical-sized bone defects(CONT.)

Study type and design Etiglogy of Bone D(?fect Allograft  Fixation anpl aug-  Follow Result
efect size type mentation up
Mahyudin et al., Case report. Recurrent  Femur  10cm  Inter- Fixation: 2 years  Graft union and
2020. Indian / haemangi- calary incorporation.
of Orthop (9) A case of a criti- oma fresh-fro-  Plate and screw. Residual leg length
cal-sized bone defect zen discrepancy (LLD)
of 10 cm in a skele- allograft Augmentation: of 2 cm
tally immature patient None
(10-year-old) treated 5years LLD of 8 cm requir-
with intercalary al- ing lengthening
lograft with subsequent
bone lengthening 6 years Equal length with

complete radiologi-
cal union

ALD, activity of daily living; BMCA, bone marrow concentrate aspirate; LLD, leg length discrepancy; PRP, platelet-rich plasma; rhBMP7, recombinant human bone morphogenetic protein 7;

VAS, visual analog score

Etiologies of Bone Defects

Based on the etiologies, the most common cause of bone
defects is trauma with 21 cases, followed by infection
and bone tumors with 18 and 8 cases, respectively. The
causes of trauma indicate the involvement of high-energy
injury. One case reported a 57-year-old patient with an
open gunshot wound at the left thigh that shattered the
fragments into multiple fragments (14). Other compound
fractures were also reported in 20 open fracture cases,
with 14 graded as Gustillo-Anderson lll, indicating a
high-energy injury was involved in producing both bone
and soft tissue destruction (5,15).

Eighteen cases of infection after open fracture were
reported by Perna et al. The bone defects resulted from
the initial injury and the subsequent removal of infected
and necrotic bones during debridement. In the first-
stage surgery, after thorough debridement, the defects
were filled with gentamicin-loaded cement spacers.
The following second-stage surgery involved the
application of bone allografts. Treatment of the defects
was performed after the complete resolution of the
infections (16). The study emphasized the importance
of complete clearance of infection to increase bone
allograft’s success rate in infection cases.

Bone tumors of both benign and malignant origins may
result in critical-sized bone defects. Seven malignant
and one benign primary bone tumors were reported.
Regardless of whether the bone tumor is malignant
or benign, the tumor expansion and the subsequent
surgery to remove the tumors will cause a significant
bone defect (9,17).

Defect Size

The defect size varies in 47 cases, ranging from the
smallest size of 1.5 cm to 14 cm. Most defects (39 cases)
were less than 10 cm. The average defect size in all 47
cases is 5.4 cm. The largest defect of 14 cm was reported
in resection of osteosarcoma in a 21-year-old patient
(17). The smallest reported defect was in the radius due

to infection. Considering the small diameter of the radius,
even a 1.5-cm defect may hinder the bone healing,
especially if the surrounding soft tissue is compromised
as well (16). Therefore, it is understandable if there is
still a lack of agreement on the definition of “critical” in
critical-sized bone defects since the defect is affected by
the size and the location and the surrounding soft tissue
condition.

Types of Allograft and Augmentation

Based on the type of allograft, cortical and cancellous
allografts were used. Intercalary (diaphyseal) allografts
were chosen to provide structural fillers in 27 cases.
The other 20 cases used cancellous allograft of either
freeze-dried or fresh-frozen origin. There is no definitive
indication as to when to use the freeze-dried or fresh-
frozen one. All allografts required fixation using
intramedullary nail or plate and screw.

Since allografts only provide the element of
osteoconductive, some studies used augmentation to
enhance the osteoinductive or osteogenesis property of
the graft. D’Agostino et al. used a combination of cortical
allograft with recombinant human bone morphogenetic
protein to increase the osteoconductive property (14).
To supplement the graft with an osteogenesis element,
Utomo et al. used freeze-dried allografts combined
with platelet-rich plasma and aspirated bone marrow.
The aspirated bone marrow was expected to provide
osteoprogenitor cells for bone healing (5).

Some studies used additional techniques to augment the
graft to improve the success rate of healing. Piacentini et
al. use a combination of fresh-frozen allograft combined
with bone marrow concentrate aspirate, platelet-rich
plasma, and induced membrane technique in treating
18 cases of bone defects due to open fractures (15). A
combination of allograft and vascularized autologous
fibular was reported by LI et al. The vascularized fibular
graft was passed through the intramedullary canal of
the allograft before being inserted into both ends of the
defected humerus (17). The use of additional techniques
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or augmentation will improve the success rate of healing.
Still, it will not be easy to evaluate the allograft’s role in
the healing process since the augmentation might take a
bigger role in the healing process.

The Outcome and Compilation

The goal of the treatment is to achieve graft incorporation
that facilitates bone healing and union. Almost all
cases showed evidence of clinical improvement and
radiological union. Perna et al. reported good functional
outcomes and patient satisfactory (16). In the two
cases reported by Utomo et al., the patients regained
their ability to walk without pain and flex the elbow
beyond 90 degrees (5). The presence of bridging callus
formation, allograft incorporation, and union with
hypertrophic callus are some of the radiological findings
seen in most cases. The average time of union and graft
incorporation may vary based on the etiology, defect
size, and location (9,14-17).

One interesting outcome is reported by Mahyudin et
al. In contrary to the general perception that a massive
bone allograft cannot be lengthened, they reported a
successful lengthening of massive allograft after graft
union and incorporation in a skeletally-immatured
patient. The lengthening was necessary due to an 8-cm
leg length discrepancy. This study demonstrated that the
successful incorporation and subsequent lengthening
is possible if certain conditions are met: infection-
free condition, well-preserved periosteum, optimum
perigraft environment, and stable fixation (9).

Some complications may occur during the healing
process. There were five nonunion cases reported
by Piacentini et al. These nonunion cases came from
Gustilo-Anderson 11IB open fractures, despite receiving
an augmentation of bone marrow concentrate aspirate,
platelet-rich plasma, and induced membrane technique
(15). These findings suggest that the initial high-
energy injury may cause massive disruption of the
surrounding soft tissue, resulting in poor bone healing.
One complication of leg-length discrepancy was also
reported in a growing bone. The initial discrepancy of 8
cm was subsequently lengthened to equal length once
the bone reached maturity (9).

Properties of Bone Allograft

An ideal bone graft should contain all the three
necessary properties: osteogenesis, osteoconductive,
and osteoinductive. Naturally, these three properties
can only be found in autografts. A bone allograft may
only possess one property, which is osteoconductivity.
Biological material is considered an osteoconductive
bone graft when it can support the host progenitor cells’
migration into the defect site, allowing a new bone
formation. Therefore, bone allograft application aims to
promote the healing process to produce new bone at the

host-graft interface of the defect site (8,10).

One type of bone allograft is corticocancellous bone
allograft. This type of bone allograft can be in the form of
an unprocessed or processed one. Unprocessed grafts are
procured and cut under sterile conditions and delivered
unprocessed without removing parts of the grafts.
Processed grafts undergo the process of delipidation to
improve osteoconductivity. Subsequently, the processed
grafts can be stored either in the freeze-dried or frozen
form (2,8).

Since bone allografts only provide osteoconductive
property, some augmentation and enrichment
techniques are used. Enrichment with biological
materials using growth factors or cultured mesenchymal
stem cells are proposed to supplement the graft
with additional osteogenesis and osteoinductive
properties (5,18). Another approach to providing the
osteoinductive property is by using a demineralized
bone matrix (DBM). DBM is the only allograft that has an
osteoinductive capacity. When a bone is demineralized,
it still contains bone proteins, collagens, proteoglycans,
and glycoproteins (8,19).

The concern of Bone Allograft

Safety from disease transmission has long been a concern
in bone allograft application. The transmission may vary
from bacterial contamination to viral infection. Bacterial
contamination may occur and cause a life-threatening
host, especially when the host is immunocompromised
(20). The more serious concern arises from virus
transmission and prions since they are the most difficult
to detect during screening. Some reports revealed that
transmission of the human immunodeficiency virus
(HIV) and hepatitis C virus (HCV) were common in bone
allograft transplantation (8,21). To minimize the risk of
disease transmission, a strict and thorough screening of
donors before procurement is mandatory. Besides careful
donor screening, the national authority’s supervision is
crucial to incorporate the safety and quality of the bone
allograft materials (8).

Another concern regarding bone allografting is the
immunology interaction between the host and the graft.
Jensen (22) reported a case of rhesus immunization
in a 13-year-old girl that received cancellous bone
allograft after curettage of an aneurysmal bone cyst.
Rhesus immunization in women may result in severe
consequences as it may lead to severe hemolytic
disease. Complete removal of blood and debris from
bone allografts is crucial to minimize the risk of rhesus
immunization.

Some complications may occur in bone allograft
application. Fracture and nonunion are the two most
common complications in bone allografting, especially
when using massive allografts. The incidence of
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fracture and nonunion may reach up to 16% and 11%,
respectively. Fracture and nonunion occur when there
is an unsuccessful migration of host osteogenic cells
into the graft, resulting in poor graft incorporation and
healing. The prolonged condition will eventually end up
with a poor biomechanical property that allows fracture
(8,23,24). Since bone allograft is devitalized tissue, there
is a risk of infection, ranging from 6 to 13%. To reduce
the risk of infection, soaking the graft into an antibiotic
solution at the time of harvest and procurement is
advisable (8,25).

CONCLUSION

In conclusion, the application of bone allografts is a
promising alternative approach when dealing with
critical-sized bone defects. Defects of various sizes
and etiologies can be successfully managed with bone
allografts when certain indications and conditions are
met. These conditions are an infection-free environment,
preserved surrounding soft tissue, proper fixation, and
appropriate augmentation. Further clinical studies to
evaluate bone allografts’ efficacy in critical-sized bone
defects are necessary to provide a stronger foundation of
bone allografts application.
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