
Xenotransplantation. 2020;27:e12600.	 		 	 | 	1 of 12
https://doi.org/10.1111/xen.12600

wileyonlinelibrary.com/journal/xen

 

Received:	11	November	2019  |  Revised:	22	February	2020  |  Accepted:	7	April	2020
DOI: 10.1111/xen.12600  

R E V I E W  A R T I C L E

Bone xenotransplantation: A review of the history, orthopedic 
clinical literature, and a single-center case series

Daniel N. Bracey1  |   Natalie E. Cignetti1 |   Alexander H. Jinnah1 |   Austin V. Stone2 |   
Bettina M. Gyr3 |   Patrick W. Whitlock4 |   Aaron T. Scott1

©	2020	John	Wiley	&	Sons	A/S.	Published	by	John	Wiley	&	Sons	Ltd.

1Department of Orthopaedic Surgery, Wake 
Forest	School	of	Medicine,	Winston-Salem,	
NC,	USA
2Department of Orthopaedic Surgery and 
Sports	Medicine,	University	of	Kentucky,	
Lexington,	KY,	USA
3Department of Orthopedic Surgery and 
Sports	Medicine,	Children’s	Hospital	of	the	
King’s	Daughters,	Norfolk,	VA,	USA
4Division of Orthopaedic Surgery, Cincinnati 
Children’s	Hospital	Medical	Center,	
Cincinnati,	OH,	USA

Correspondence
Daniel N. Bracey, Department of 
Orthopaedic	Surgery,	Wake	Forest	School	of	
Medicine,	Winston-Salem,	NC,	27157,	USA.
Email: danielbracey@gmail.com

Abstract
Background: One-half	of	all	orthopedic	surgeries	require	bone	grafting	for	success-
ful outcomes in fusions, reconstructive procedures, and the treatment of osseous 
defects	resulting	from	trauma,	tumor,	infection,	or	congenital	deformity.	Autologous	
bone grafts are taken from the patient's own body and remain the “gold stand-
ard” graft choice but are limited in supply and impart significant patient morbidity. 
Xenograft bone is an attractive alternative from donors with controlled biology, in 
large supply and at a theoretically lower cost. Clinical results with xenograft bone for 
orthopedic applications have been mixed in the limited clinical trials published.
Methods: In the current review, we introduce fundamental principles of bone graft-
ing, systematically review all orthopedic clinical studies reporting outcomes on pa-
tients transplanted with xenograft bone, and we present our own clinical results from 
patients grafted with bovine bone in foot and ankle reconstructive procedures.
Results: Thirty-one	clinical	studies	were	identified	for	review	and	the	majority	(47%)	
were	from	spine	surgery	literature.	Favorable	results	were	reported	in	44%	of	studies	
while	47%	of	studies	reported	poor	outcomes	and	discouraged	use	of	xenograft	bone	
products. In our own clinical series, xenograft failed to integrate with host bone in 
58%	of	cases	and	persistent	pain	was	reported	in	83%	of	cases.	
Conclusions: This is the first systematic review of clinical results reported after bone 
xenotransplantation for orthopaedic surgery applications. Current literature does 
not	support	the	use	of	xenograft	bone	products	and	our	institution’s	results	are	con-
sistent	with	this	conclusion.	Our	 laboratory	has	reported	promising	pre-clinical	re-
sults with a xenograft product derived from porcine cancellous bone, but additional 
testing	is	required	before	considering	clinical	translation.
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1  | INTRODUC TION TO BONE GR AF TING 
PRINCIPLES

An	estimated	5.2	million	musculoskeletal	surgeries	are	performed	
every year in the United States,1 and nearly half of these proce-
dures utilize bone grafts.2	 Bone	 is	 the	 second	 most	 frequently	
transplanted tissue, with only blood transfusions being more com-
mon.3	 In	 2005,	 the	 United	 States	 healthcare	 system	 spent	 over	
1.2-2.5	billion	US	dollars	on	bone	graft	products,4,5 which are fre-
quently	used	in	procedures	such	as	spine	fusions,	foot	reconstruc-
tion, revision total joint arthroplasty, and segmental bone defect 
grafting.	 Segmental	 bone	 defects	 may	 result	 from	 high-energy	
trauma with accompanying bone loss, tumor resection, fracture 
non-union,	revision	surgery,	and	infection.2,6 These large areas of 
bone loss cause significant patient morbidity and are difficult to 
manage as the body is incapable of regenerating such a large de-
fect.	Successful	surgical	management	requires	bone	grafting,	and	
as	a	result,	the	economic	and	clinical	implications	of	this	technique	
are substantial.

Large	 defects	 in	 skeletal	 structures	 are	 commonly	 termed	
“critical defects,” defined as “the smallest osseous defect in a par-
ticular bone and species of animal that will not heal spontaneously 
during the lifetime of the animal.”7-10 Critical defect management 
requires	 bone	 augmentation/grafting	 to	 fill	 the	 void.	 The	 ideal	
bone graft is biocompatible, osteoconductive, osteoinductive, os-
teogenic, and readily available without risk of disease transmis-
sion.2	For	the	bone	graft	to	be	biocompatible,	it	must	not	elicit	an	
adverse	host	 reaction	 to	 the	 graft.	 This	 requires	 the	 graft	 to	be	
cleared of any contaminating pathogens and devoid of any cyto-
toxic reagents used during tissue processing.11 Osteoconduction 
refers to the graft's ability to serve as a “scaffold” that facilitates 
ingrowth of adjacent host bone capillaries, perivascular tissue, and 
osteoprogenitor cells, and this is dependent on the biomechan-
ical	 support	 and	 micro-architecture	 provided	 by	 the	 graft.12,13 
Osteoinduction refers to the graft's ability to recruit host pre-
cursor cells to the graft site and stimulate cell differentiation into 
osteogenic lineage.14 This is dependent on the presence of viable 
growth	factors	from	the	insulin-like	growth	factor	(IGF)	family	and	
transforming	growth	factor-β	(TGF-β)	family,	which	includes	bone	
morphogenic	proteins	(BMPs).6,14-16 Osteogenic properties are im-
parted by the presence of living osteoprogenitor cells within the 
graft.	This	typically	requires	transplantation	from	a	living	host,	and	
most commonly, these osteogenic bone grafts are taken from the 
patient's own body, termed an “autograft.”

Autograft	 bone	 is	 the	 “gold	 standard”	 because	 it	 possesses	 all	
ideal	bone	graft	properties.	Autografts	are	commonly	taken	from	a	
patient's pelvis where osteoconductive bone resides that possesses 
osteoinductive growth factors and osteogenic cells.10	 However,	
graft	retrieval	requires	a	separate	surgical	procedure	with	added	risk.	
Persistent	donor	site	pain	is	common	one	year	after	the	procedure	
and often more severe than the index procedure itself.8	Autograft	
supply	 is	 limited	 in	quantity	and	quality	depending	on	patient	age	
and health.

Allograft	is	retrieved	from	a	living	or	deceased	human	donor	and	
imparts very little added morbidity to the patient.17	After	retrieval,	
allografts	are	kept	fresh	with	sterile	technique,	fresh-frozen,	or	pro-
cessed	 with	 various	 vendor-specific	 proprietary	 decellularization	
and	sterilization	protocols.	Allograft	tissue	banking	grew	rapidly	 in	
the	 1980s	with	 tissue	 banks	 offering	 a	 variety	 of	 fresh-frozen	 al-
lografts for clinical use.3	 Allografts	 are	 osteoconductive	 but	 have	
limited osteoinduction after sterilization processes inactivate sur-
face	proteins.	Allografts	have	no	osteogenic	potential	but	still	 risk	
host	rejection.	Allograft	use	is	limited	by	the	risk	of	graft	contamina-
tion during processing, donor disease transmission, the limited pool 
of healthy allograft donors, and the high cost of tissue processing 
and banking.18

Xenograft bone is available in large supply from healthy donors 
with controlled biology at lower cost.19 Retrieved xenograft bone 
contains	foreign	cellular	material	which	requires	decellularization	to	
minimize	 the	 risk	 of	 human-recipient	 rejection.	 Xenograft-derived	
bone products have attracted considerable attention in orthopedics 
but	their	use	has	historically	produced	poor	outcomes.	Adverse	host	
reactions to the xenograft have been described with failed integra-
tion	and	delayed	graft	rejection	requiring	revision	surgery.	To	the	au-
thors’	knowledge,	there	is	currently	no	commercial	bone	xenograft	
in routine use for orthopedic applications.

2  | XENOGR AF T BONE SCIENCE AND 
CLINIC AL LIMITATIONS

Reports of xenotransplantation were documented as early as the 
17th century when animal blood was transfused into humans.20 
The	 first	 bone	 xenotransplantation	 was	 reported	 in	 1668	when	
bone from a canine skull was transplanted into a human patient 
in Russia.21	Bovine	bone	transplantation	was	reported	in	1957	by	
Maatz	 and	 Bauermeister.3 Recent bone xenotransplantation lit-
erature	has	focused	on	bovine-derived	bone	graft	substitutes	for	
various orthopedic applications.19,22,23	Although	a	promising	theo-
retical alternative, the majority of clinical reports on bovine bone 
transplantation have produced unfavorable results highlighted 
by failure of graft integration with host bone, graft rejection, and 
adverse local tissue reactions.24-27 The greatest clinical barrier to 
bone	 xenotransplantation	 has	 been	 the	 alpha-Gal	 epitope.28-31 
The	alpha-Gal	epitope	is	expressed	on	millions	on	glycolipids	and	
glycoproteins	on	the	cell	membranes	of	non-primate	animals	and	
new	world	monkeys.	Humans	and	old-world	monkeys	do	not	ex-
press	 the	 alpha-Gal	 epitope	 but	 do	 produce	 a	 natural	 antibody	
against	it.	This	antibody	represents	1%	of	all	circulating	antibodies	
in humans.32	The	interaction	between	the	anti-alpha-Gal	antibody	
and	alpha-Gal	epitopes	on	xenograft	tissues	leads	to	compliment	
activation, clotting, and acute rejection of tissues with vascular 
beds. Without compliment activation, grafts are still rejected by 
mechanisms	 of	 antibody-dependent	 cell-mediated	 cytotoxicity,	
which is a slower process that can result in graft degradation and 
subsequent	failure.33
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To	avoid	alpha-Gal-mediated	host	rejection,	xenografts	are	de-
cellularized to reduce epitope levels and create a scaffold of the bio-
logic tissue. Decellularization protocols should aggressively remove 
donor tissue without compromising the graft's structural properties 
important for osteoconduction or removing the osteoinductive 
growth factors embedded in the extracellular matrix.12,34-36 While a 
number	of	commercial	xenograft-derived	bone	graft	products	have	
been	approved	for	orthopedic	clinical	use	(Table	1),	inconsistent,	and	
often unsatisfactory clinical results have limited their use.

3  | SYSTEMATIC RE VIE W OF 
ORTHOPEDIC BONE TR ANSPL ANTATION 
CLINIC AL LITER ATURE

A	systematic	review	of	the	literature	according	to	PRISMA	(Preferred	
Reporting	Items	for	Systematic	Reviews	and	Meta-Analyses)	guide-
lines was performed to capture all studies reporting clinical out-
comes after xenograft bone transplantation for orthopedic surgery 
applications.	All	available	PubMed/MEDLINE-indexed	sources	were	
searched using terms “xenograft bone” and/or “transplantation” 
and/or “bone xenotransplantation” and/or “bovine bone.” Inclusion 
criteria were original articles reporting clinical results after bone 
xenotransplantation.	 Exclusion	 criteria	 included	 the	 following:	 (a)	
non-English	 language	 publications,	 (b)	 animal-model	 studies,	 (c)	
periodontal/dental	studies,	(d)	review	articles,	(e)	absence	of	clinical	
outcomes,	and	(f)	basic	science	and/or	pre-clinical	studies.	All	refer-
ences from included studies were reviewed to ensure that additional 
relevant	studies	were	captured.	Thirty-eight	studies	were	identified,	
and after exclusion criteria were applied, 32 studies were included 
for	 review	 (Table	 2).	 Thirty-one	 studies	 (97%)	 reported	 on	 bovine	
products, and one study reported a proprietary porcine product. 
Grafts	were	used	 for	 spine	 surgery	 in	15	 studies	 (47%),	 trauma	 in	
5	 studies	 (16%),	 foot	 and	 ankle	 reconstruction	 in	 4	 studies	 (13%),	
joint	arthroplasty	in	3	studies	(9%),	and	sports/congenital/oncology/
other	 in	5	studies	 (16%).	Most	 studies	had	 low	sample	size	with	8	
studies	(25%)	<10	patients,	14	studies	(44%)	10-50	patients,	6	stud-
ies	 (19%)	50-100	patients,	and	only	4	studies	 (13%)	with	>100	pa-
tients. Overall, favorable clinical results were reported in 14 studies 
(44%),	while	15	studies	(47%)	advised	against	the	use	of	xenograft	
bone,	and	3	studies	(9%)	were	unable	to	make	any	recommendation.	

Studies	 discouraging	 use	 of	 xenograft	 bone	 frequently	 cited	 high	
rates	of	graft	non-union,	failure	of	the	graft	to	 integrate	with	host	
tissue, and failure of the graft to remodel over time.

Shibuya et al retrospectively reviewed 61 patients undergoing 
foot	reconstruction	with	Cancello-Pure	bovine	xenograft	and	found	
that	by	48	weeks	post-operatively,	58%	of	the	xenografts	had	failed	
to	incorporate	compared	to	only	5%	of	patients	in	a	separate	non-xe-
nograft group.37	Mean	time	to	xenograft	incorporation	was	57	weeks	
in which the authors deemed unacceptable. Rawlinson et al reported 
the only prospective randomized study with 49 patients receiving 
Surgibone bovine xenograft for cervical spine fusions and found un-
acceptably low fusion rates compared to a control group receiving 
traditional autograft.38	Patients	also	reported	mechanical	neck	pain,	
and	3	required	explantation	of	the	xenograft	with	explant	histology	
showing an adverse host inflammatory reaction to the graft. Studies 
by Saveland39 and Charalambides24 reported similar adverse out-
comes	with	Surgibone	and	recommended	against	its	use.	Kiel	Bone	
bovine	xenograft	was	used	in	spinal	fusion	by	McMurray	et	al40 and 
in	 femoral	grafting	by	Hallen	et	al41 with poor results in a total of 
eight patients secondary to poor graft healing and failure to inte-
grate.	Revision	surgery	was	required	in	spine	patients	with	explanted	
histology showing invasion of fibrous tissue and failure to integrate 
with adjacent host tissue similar to the Surgibone histology results 
cited by Rawlinson et al38 Tutobone bovine cancellous xenograft was 
used	by	Patil	et	al42 for subtalar fusions in 9 patients and compared 
against	17	patients	receiving	autograft.	All	nine	xenograft	patients	
failed	to	integrate	the	bone	graft	with	8/9	reporting	persistent	pain	
compared to an autograft group where 17/17 patients went onto 
bony union without pain. Tutoplast is a similar bovine cancellous 
graft that was used in a prospective cohort study by Schultheiss 
et al43 for spine fusions in 11 patients with thoracolumbar spine 
fractures. Results were compared against 11 similar patients treated 
with autograft. CT imaging showed 2/11 xenograft patients and 
achieved	full	osteointegration	compared	to	8/11	autograft	patients.	
One	of	the	11	xenograft	patients	required	revision	surgery	for	graft	
failure. The authors advised against bovine cancellous blocks given 
the	unacceptably	high	non-union	rates	reported.

Several large patient series have supported xenograft use, how-
ever.	Use	of	Kiel	bone	was	supported	by	Ramani	et	al,44	Goran	et	al,45 
Taheri et al,46	 and	 Siqueira	 et	 al47	who	 all	 reported	 equivalent	 out-
comes	with	autograft	or	xenograft	(Kiel)	bone	in	patients	undergoing	

TA B L E  1  Commercial	xenograft	bone	products	reported	in	orthopedic	peer-reviewed	literature

Product Vendor Species Graft Form Status

CANCELLO-PURE® Wright	Medical Bovine Bone wedge Discontinued

Kiel—Surgibone® Unilab Bovine Bone dowel, chips Recalled

Tutoplast® Tutogen	Medical Bovine Bone block, granules Merged	with	RTI	Biologics,	process	
adapted to allograft tissue

Tutobone® Tutogen	Medical Bovine Bone chips, dowels, wedges Merged	with	RTI	Biologics

Lubboc® OST Developpement Bovine Cancellous bone, granules unknown

BIO-GEN® BiOTECK® Equine Bone block, wedge, 
granules, paste

unknown
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TA B L E  2  Peer-reviewed,	MEDLINE-indexed	studies	reporting	orthopedic	clinical	results	after	bone	xenotransplantation	are	presented

Study Design Surgery performed Xenograft product

Number of 
xenograft 
patients Outcomes assessed Results Study conclusion

Hallen	
(1966)41

Clinical Trial Hip	bone	grafting Kiel	bone—bovine 4 Histology	for	creeping	
substitution, inflammation, 
callus formation

No	evidence	of	graft	healing	at	8-15	mo Kiel	bone	cannot	be	recommended

Taheri 
et	al	(1972)46

Retrospective 
case series

ACDF Kiel	Bone	(Unilab,	Inc,	30	
Church	Street,	New	York,	
New	York)—bovine

200 Radiographic evidence of graft 
union,	clinical	outcome	at	<1	y	
to	>2	y

97%	excellent	or	good	radiographic	outcomes,	88%	excellent	or	good	
clinical outcomes. No failures attributable to xenograft

Outcomes	with	Kiel	bone	equivalent	to	those	with	autograft	but	
with less morbidity from graft harvest

Wilppula 
et	al	(1972)68

Retrospective 
cohort study

Tibia	fracture	ORIF	
with bone graft

Kiel	bone—bovine 37 Radiographic evidence of 
fracture healing, graft 
incorporation, clinical recovery

Kiel	bone	associated	with	loss	of	reduction.	No	rejection	of	graft	noted Kiel	bone	connected	with	greater	risk	of	impaired	fracture	
reduction. Caution recommended in use

Ramani 
et	al	(1975)44

Case series ACDF Kiel	bone—bovine 65 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

86%	had	acceptable	spine	alignment,	2	cases	required	surgical	explantation,	
7	had	post-operative	complications.	No	X-rays	demonstrated	graft	fusion	
at	5	y	post-op

No disadvantage to use of xenograft given it avoids invasive 
autologous bone graft harvest

Goran	
et	al	(1978)45

Prospective	
cohort study

ACDF Kiel	bone—bovine 10 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

All	patients	fused	spine,	no	adverse	events	attributable	to	xenograft	use.	
Xenograft preferred over autograft in osteoporotic patients to avoid 
complication and pain

No significant difference between autograft and xenograft 
product

McMurray	
(1982)40

Case series Spine fusion Kiel	bone—bovine 4 Radiographic evidence of graft 
union, explant histology

Revision	surgery	required,	biopsies	showed	Kiel	bone	graft	was	invaded	by	
fibrous tissue without incorporation to adjacent host bone

Kiel	grafts	do	not	seem	justified	in	current	orthopedic	practice.

Siqueira	
et	al	(1982)47

Case series ACDF Kiel	bone—bovine 221 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

Fusion	obtained	in	every	patient	receiving	xenograft	product.	No	
complications attributable to xenograft use

Xenograft is suitable for cervical spine fusion use

Salama 
(1983)22

Case series Tibial plateau 
ORIF,	fusions,	
reconstruction

Kiel	bone—bovine 98 Graft	integration Excellent	results	with	bone	grafting.	Mostly	satisfactory	results	for	
pseudoarthrosis treatment

Deproteinized xenograft impregnated with autologous marrow 
serves as a viable bone bank implant

Mosdal	
et	al	(1984)69

Retrospective 
case series

ACDF Kiel	bone—bovine 614 Clinical outcomes Xenograft	complication	seen	in	2%	of	958	interbody	fusions ACDF	is	a	reliable	surgery

Saveland 
et	al	(1994)39

Retrospective 
case series

Occipitocervical 
spinal fusion

Surgibone®	bovine	bone	chips 9 X-ray	and	CT	evaluation	of	graft	
preservation, incorporation 
12-15	mo	post-operative

Graft	resorption	in	1	patient,	1	patient	revised,	8	with	preserved	graft	
morphology

Use of bovine chips in posterior occipitocervical fusion is 
unpredictable

Savolainen 
et	al	(1994)48

Retrospective 
cohort study, 6 
surgeons

ACDF Bovine	Unilab	Surgibone®	
(Unilab	Inc	USA)

101 Radiographic evidence of fusion, 
alignment, clinical outcomes. 
Average	follow-up	6	mo

Fusion	rate	98%	both	groups,	insignificantly	increased	angular	deformity	
with	xenograft	(50%)	vs	autograft	(43%)

Recommend bovine xenograft for cervical fusion

Rawlinson 
(1994)38

Prospective	
randomized 
study

ACDF Bovine	Unilab	Surgibone®	
(Unilab	Inc	USA)

49 Radiographic evidence of union, 
fusion, graft migration, clinical 
outcomes, explanted bone 
pathology

Significantly greater rates of bony fusion in autologous bone group, 
increased rates of persistent neck pain in xenograft group. Three 
xenografts	required	explant.	Histology	showed	failed	integration,	
inflammatory reaction

Surgibone	is	not	an	adequate	substitute	for	autograft	in	ACDF	
due	to	high	non-union	rate,	new	onset	mechanical	neck	pain,	and	
adverse host reaction

Sutter 
et	al	(1995)70

Retrospective 
case series

ACDF Unilab	Surgibone®	
(Mississauga,	Canada)	
cancellous bovine dowel

66 Radiographic evidence of union, 
graft	incorporation	at	1-4	y	
post-operative

Equivalent	clinical	outcomes	with	xenograft,	good	construct	stability,	
limited evidence of union or remodeling of the graft

Inconclusive, cannot support use of xenograft, future study 
required

Seite 
et	al	(1998)71

Case report ACDF Kiel	bone—bovine 1 Radiographic assessment of 
fusion

Non-union Recommend	against	xenograft	use.	Autograft	remains	ideal	bone	
graft choice

Werber 
et	al	(2000)72

Prospective	case	
series

Distal radius open 
reduction, grafting 
with internal vs 
external fixation

Bovine spongiosa 
hydroxyapatite ceramic blocks 
(Merck	Darmstadt,	Germany).

14 Radiographic	(XR,	MRI)	
evidence of graft union and 
incorporation.	Graft	site	biopsy	
at time of plate removal

Fibrovascular	ingrowth	and	osteointegration	in	13/14	patients Bovine	HA	is	an	acceptable	alternative	to	autograft	that	is	well	
tolerated and incorporated into host

Hartl	
et	al	(2004)73

Retrospective 
cohort study

Bone tumor 
curettage and 
bone grafting

Lubboc,	bovine	xenograft	(Ost	
Developpement,	Clermont-
Ferrand,	France)

7 Radiographic evidence of graft 
union, integration out to 12 mo 
post-operative

Integration of allograft significantly faster than xenograft Allograft	bone	preferred	to	xenograft

Christodoulou 
et	al	(2004)74

Retrospective 
case series

ACDF Lubboc,	bovine	xenograft	(Ost	
Developpement,	Clermont-
Ferrand,	France)

15 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

Fusion	within	6	mo	in	100%	patients Xenograft combined with human allograft is an acceptable 
alternative to autograft

Charalambides 
et	al	(2005)24

Prospective	case	
series

Revision hip 
arthroplasty

Surgibone	(Unilab	Inc,	NJ)—
bovine cancellous

27 Radiographic evidence of bone 
graft incorporation, prosthetic 
component stability, clinical 
outcomes

Three had no graft incorporation, Three had graft rejection, One deep 
infection, six revised for graft loosening

Use of Surgibone xenograft in revision hip surgery, even in 
combination with autograft, resulted in failure and the need for 
re-revision	in	at	least	one	quarter	of	the	cases	studied

(Continues)
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TA B L E  2  Peer-reviewed,	MEDLINE-indexed	studies	reporting	orthopedic	clinical	results	after	bone	xenotransplantation	are	presented

Study Design Surgery performed Xenograft product

Number of 
xenograft 
patients Outcomes assessed Results Study conclusion

Hallen	
(1966)41

Clinical Trial Hip	bone	grafting Kiel	bone—bovine 4 Histology	for	creeping	
substitution, inflammation, 
callus formation

No	evidence	of	graft	healing	at	8-15	mo Kiel	bone	cannot	be	recommended

Taheri 
et	al	(1972)46

Retrospective 
case series

ACDF Kiel	Bone	(Unilab,	Inc,	30	
Church	Street,	New	York,	
New	York)—bovine

200 Radiographic evidence of graft 
union,	clinical	outcome	at	<1	y	
to	>2	y

97%	excellent	or	good	radiographic	outcomes,	88%	excellent	or	good	
clinical outcomes. No failures attributable to xenograft

Outcomes	with	Kiel	bone	equivalent	to	those	with	autograft	but	
with less morbidity from graft harvest

Wilppula 
et	al	(1972)68

Retrospective 
cohort study

Tibia	fracture	ORIF	
with bone graft

Kiel	bone—bovine 37 Radiographic evidence of 
fracture healing, graft 
incorporation, clinical recovery

Kiel	bone	associated	with	loss	of	reduction.	No	rejection	of	graft	noted Kiel	bone	connected	with	greater	risk	of	impaired	fracture	
reduction. Caution recommended in use

Ramani 
et	al	(1975)44

Case series ACDF Kiel	bone—bovine 65 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

86%	had	acceptable	spine	alignment,	2	cases	required	surgical	explantation,	
7	had	post-operative	complications.	No	X-rays	demonstrated	graft	fusion	
at	5	y	post-op

No disadvantage to use of xenograft given it avoids invasive 
autologous bone graft harvest

Goran	
et	al	(1978)45

Prospective	
cohort study

ACDF Kiel	bone—bovine 10 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

All	patients	fused	spine,	no	adverse	events	attributable	to	xenograft	use.	
Xenograft preferred over autograft in osteoporotic patients to avoid 
complication and pain

No significant difference between autograft and xenograft 
product

McMurray	
(1982)40

Case series Spine fusion Kiel	bone—bovine 4 Radiographic evidence of graft 
union, explant histology

Revision	surgery	required,	biopsies	showed	Kiel	bone	graft	was	invaded	by	
fibrous tissue without incorporation to adjacent host bone

Kiel	grafts	do	not	seem	justified	in	current	orthopedic	practice.

Siqueira	
et	al	(1982)47

Case series ACDF Kiel	bone—bovine 221 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

Fusion	obtained	in	every	patient	receiving	xenograft	product.	No	
complications attributable to xenograft use

Xenograft is suitable for cervical spine fusion use

Salama 
(1983)22

Case series Tibial plateau 
ORIF,	fusions,	
reconstruction

Kiel	bone—bovine 98 Graft	integration Excellent	results	with	bone	grafting.	Mostly	satisfactory	results	for	
pseudoarthrosis treatment

Deproteinized xenograft impregnated with autologous marrow 
serves as a viable bone bank implant

Mosdal	
et	al	(1984)69

Retrospective 
case series

ACDF Kiel	bone—bovine 614 Clinical outcomes Xenograft	complication	seen	in	2%	of	958	interbody	fusions ACDF	is	a	reliable	surgery

Saveland 
et	al	(1994)39

Retrospective 
case series

Occipitocervical 
spinal fusion

Surgibone®	bovine	bone	chips 9 X-ray	and	CT	evaluation	of	graft	
preservation, incorporation 
12-15	mo	post-operative

Graft	resorption	in	1	patient,	1	patient	revised,	8	with	preserved	graft	
morphology

Use of bovine chips in posterior occipitocervical fusion is 
unpredictable

Savolainen 
et	al	(1994)48

Retrospective 
cohort study, 6 
surgeons

ACDF Bovine	Unilab	Surgibone®	
(Unilab	Inc	USA)

101 Radiographic evidence of fusion, 
alignment, clinical outcomes. 
Average	follow-up	6	mo

Fusion	rate	98%	both	groups,	insignificantly	increased	angular	deformity	
with	xenograft	(50%)	vs	autograft	(43%)

Recommend bovine xenograft for cervical fusion

Rawlinson 
(1994)38

Prospective	
randomized 
study

ACDF Bovine	Unilab	Surgibone®	
(Unilab	Inc	USA)

49 Radiographic evidence of union, 
fusion, graft migration, clinical 
outcomes, explanted bone 
pathology

Significantly greater rates of bony fusion in autologous bone group, 
increased rates of persistent neck pain in xenograft group. Three 
xenografts	required	explant.	Histology	showed	failed	integration,	
inflammatory reaction

Surgibone	is	not	an	adequate	substitute	for	autograft	in	ACDF	
due	to	high	non-union	rate,	new	onset	mechanical	neck	pain,	and	
adverse host reaction

Sutter 
et	al	(1995)70

Retrospective 
case series

ACDF Unilab	Surgibone®	
(Mississauga,	Canada)	
cancellous bovine dowel

66 Radiographic evidence of union, 
graft	incorporation	at	1-4	y	
post-operative

Equivalent	clinical	outcomes	with	xenograft,	good	construct	stability,	
limited evidence of union or remodeling of the graft

Inconclusive, cannot support use of xenograft, future study 
required

Seite 
et	al	(1998)71

Case report ACDF Kiel	bone—bovine 1 Radiographic assessment of 
fusion

Non-union Recommend	against	xenograft	use.	Autograft	remains	ideal	bone	
graft choice

Werber 
et	al	(2000)72

Prospective	case	
series

Distal radius open 
reduction, grafting 
with internal vs 
external fixation

Bovine spongiosa 
hydroxyapatite ceramic blocks 
(Merck	Darmstadt,	Germany).

14 Radiographic	(XR,	MRI)	
evidence of graft union and 
incorporation.	Graft	site	biopsy	
at time of plate removal

Fibrovascular	ingrowth	and	osteointegration	in	13/14	patients Bovine	HA	is	an	acceptable	alternative	to	autograft	that	is	well	
tolerated and incorporated into host

Hartl	
et	al	(2004)73

Retrospective 
cohort study

Bone tumor 
curettage and 
bone grafting

Lubboc,	bovine	xenograft	(Ost	
Developpement,	Clermont-
Ferrand,	France)

7 Radiographic evidence of graft 
union, integration out to 12 mo 
post-operative

Integration of allograft significantly faster than xenograft Allograft	bone	preferred	to	xenograft

Christodoulou 
et	al	(2004)74

Retrospective 
case series

ACDF Lubboc,	bovine	xenograft	(Ost	
Developpement,	Clermont-
Ferrand,	France)

15 Radiographic assessment of 
fusion, spine alignment, clinical 
outcomes

Fusion	within	6	mo	in	100%	patients Xenograft combined with human allograft is an acceptable 
alternative to autograft

Charalambides 
et	al	(2005)24

Prospective	case	
series

Revision hip 
arthroplasty

Surgibone	(Unilab	Inc,	NJ)—
bovine cancellous

27 Radiographic evidence of bone 
graft incorporation, prosthetic 
component stability, clinical 
outcomes

Three had no graft incorporation, Three had graft rejection, One deep 
infection, six revised for graft loosening

Use of Surgibone xenograft in revision hip surgery, even in 
combination with autograft, resulted in failure and the need for 
re-revision	in	at	least	one	quarter	of	the	cases	studied

(Continues)
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Study Design Surgery performed Xenograft product

Number of 
xenograft 
patients Outcomes assessed Results Study conclusion

Schultheiss 
et	al	(2005)43

Prospective	
cohort study

MIS	spine	fusion Tutoplast bovine cancellous 
bone	blocks	(Tutogen,	
Erlangen,	Germany)

11 Radiographic evidence of fusion 
based	on	12-mo	follow-up	with	
CT imaging, explant histology

Autograft	8/11	osseointegration,	3/11	partial,	no	failures.	Xenograft	2/11	
complete osseointegration, 3/11 partial integration, 4/11 no integration, 
1/11	complete	graft	failure	requiring	revision	surgery

Use of bovine cancellous blocks is not considered reliable with 
high	non-union	rates	in	the	spine.	Use	of	these	products	was	
discontinued

Xie 
et	al	(2006)27

Case report ACDF Bovine xenograft, generic 1 Radiographic evidence of 
graft union, clinical outcome, 
pathology of explant

Symptomatic	non-union	requiring	revision	surgery	with	iliac	crest	allograft	
at	15	mo	post-op.	Graft	with	necrotic	tissue,	fibrous	non-union

Low	biocompatibility	with	xenograft,	risk	of	failure

Stone 
et	al	(2007)49

Clinical Trial ACL	reconstruction	
with porcine BTB 
grafts

Porcine	BTB	grafts	treated	with	
proprietary protocol including 
alpha-Galactosidase

10 Clinical results, graft stability, 
human	anti-alpha-Gal	antibody	
response, in vivo graft biopsy

5/6	evaluable	subjects	had	suitable	graft	function	>2	y,	1/6	had	bone	plug	
loosening	requiring	explantation.	4/10	had	complications	unrelated	to	
graft.	Alpha-Gal	antibody	response	present

Porcine	BTB	graft	may	be	viable	ACL	graft	alternative.	Peak	anti-
alpha-Gal	response	at	2-8	wk	possibly	to	marrow	content	in	bone	
plugs

Meyer	
et	al	(2008)75

Retrospective 
cohort study

High	tibial	
osteotomy, 
revision hip 
arthroplasty

Tutobone®	(Tutogen	Medical	
GmbH,	Neunkirchen	a.	Brand,	
Germany)—bovine

9 Radiographic evidence of graft 
union, biopsy histology, clinical 
outcomes

Equivalent	patient	outcomes	with	autograft	or	xenograft,	Tutobone	is	
excellent	biocompatible	scaffold,	100%	autograft	remodeling,	remnant	
Tutobone	in	47%	specimens

Tutobone degradation and replacement may be slower in human 
than animal environment. Tutobone may represent viable 
alternative to autograft.

Rosito et a. 
(2008)76

Prospective	
cohort study

Revision hip 
arthroplasty

Bovine bone obtained from 
Brazilian cattle processed 
at	the	Tissue	Bank	(Hospital	
de	Clínicas	de	Porto	
Alegre-TBHCPA)

25 Radiographic evidence of graft 
incorporation, acetabular 
component position, migration, 
graft histology

No clinical/radiographic difference found between the allograft and 
xenograft,	both	showed	graft	incorporation	in	88.5%	and	76%	of	patients	
respectively	(P	=	.424)

Bovine bone is suitable for revision hip arthroplasty with results 
comparable	to	human	freeze-dried	allograft

Bansal 
et	al	(2009)77

Prospective	case	
series, single 
surgeon

Tibial	fracture	ORIF	
with bone graft

Tutoplast Bovine cancellous 
xenogenous bone granules

19 Radiographic evidence 
of fracture union, graft 
incorporation	at	1.5,	3,	6,	12	mo

Average	time	to	union	20	wk,	no	infections,	all	patients	with	excellent	graft	
incorporation, average subsidence 4 mm

Favorable	outcomes	can	be	achieved	with	xenograft	bone	and	
beneficial to elderly population

Elliot 
et	al	(2011)78

Retrospective 
case series

Clavicle 
reconstruction

Tutobone	(Tutogen	Medical	
Inc,	Alachua,	Florida,	
USA)—bovine

2 Radiographic evidence of graft 
union, clinical outcome, 3 mo

Both	cases	with	symptomatic	non-union	requiring	hardware	removal	and	
explantation of graft

Authors	caution	against	use	of	Tutobone	as	graft	material	for	
clavicle pseudoarthrosis

Patil	
et	al	(2011)42

Retrospective 
cohort study

Subtalar ankle 
fusion

Tutobone®	Block	(Tutogen	
Medical	GmbH,	RTI	Biologics,	
Neunkirchen am Brand, 
Germany)—bovine

9 Radiographic evidence of graft 
union, incorporation using XR 
and	CT.	AOFAS	scores.	Explant	
histology

Xenograft	group:	8/9	with	persistent	pain	and	non-union,	9/9	showed	no	
graft	incorporation,	7/9	required	revision	surgery.	Autograft	group:	17/17	
asymptomatic	at	6	mo,	100%	union	rate	at	12	mo

Advise	against	the	use	of	bovine	cancellous	xenograft	bone	for	
subtalar fusion surgery

Shibuya 
et	al	(2012)26

Retrospective 
case series

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

22 Radiographic evidence of graft 
incorporation at 12, 24, 36, 
48	wk	post-operative

Median	time	to	graft	incorporation	54	wk.	61%	failed	to	incorporate Xenograft incorporation slower than other graft types with high 
failed	incorporation	rate.	May	not	be	advisable	for	foot	and	ankle	
use

Makridis	
et	al	(2012)79

Prospective	case	
series

ICBG	donor	
site filled with 
xenograft

Tutobone®,	(Tutogen	Medical	
GmbH,	Neunkirchen	a.	Brand,	
Germany)—bovine

16 Radiographic evidence of bone 
graft incorporation, clinical 
outcomes

Graft	integration	in	15/16	patients	over	3	mo	post-operative	period.	1/16	
had wound hematoma. 1/16 failed to incorporate

Bovine	cancellous	bone	is	a	suitable	graft	source	to	fill	ICBG	donor	
sites

Ledford	
et	al	(2013)25

Retrospective 
case series

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

10 Radiographic evidence of union, 
graft	incorporation	at	>6	mo,	
explant pathology, n = 3 
surgeons

54%	xenografts	painful,	failed	to	incorporate,	all	required	revision	with	
human	iliac	crest	allograft.	Failed	explant	histology	showed	necrotic	bone	
with foreign body giant cell reaction

Xenografts	resulted	in	unacceptable	high	rates	of	failure	requiring	
revision surgery. Caution against bovine xenograft use in 
pediatric foot deformity surgery

Maffulli	
et	al	(2013)80

Prospective	
cohort study

High	tibial	
osteotomy

Tutobone—bovine 52 Radiographic evidence of graft 
union and deformity correction 
at 3, 6, 12, 24 mo

TCP	greater	loss	of	correction	compared	to	xenograft.	No	non-unions	in	
either group

Xenograft	with	locking	plate	fixation	was	superior	to	TCP	to	
prevent loss of surgical correction

Shibuya 
et	al	(2014)37

Retrospective 
cohort study

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

61 XR evaluation of graft 
incorporation at 12, 24, 36, 
48	wk	post-operative

At	48	wk,	an	estimated	58%	and	5%	of	the	xenografts	and	non-xenografts	
had	not	incorporated,	respectively.	Median	incorporation	period	for	the	
non-xenograft	and	xenograft	group	was	16	and	57	wk,	respectively

Not	advisable	to	use	a	bovine-based	bone	xenograft	in	foot	and	
ankle surgery

Prakash	
et	al	(2017)
Y81

Retrospective 
cohort study

ACDF Tutobone	(Tutogen	Medical	
Inc,	Alachua,	Florida,	
USA)—bovine

95 Radiographic assessment of 
fusion at 3, 12 mo

Rates of fusion and time to fusion were lower with xenograft compared to 
autograft bone

Tutobone can be used but autograft remains superior

Note: Xenograft products are reported exactly as described by authors.
Abbreviations:	ACDF,	anterior	cervical	discectomy	and	fusion;	ACL,	anterior	cruciate	ligament;	AOFAS,	American	Orthopaedic	Foot	&	Ankle	Society;	 
BTB,	bone-tendon-bone;	CT,	computed	tomography;	HA,	hydroxyapatite;	ICBG,	iliac	crest	bone	graft;	MIS,	minimally	invasive	surgery;	MRI,	 
magnetic	resonance	imaging;	ORIF,	open	reduction	internal	fixation;	TCP,	tricalcium	phosphate;	XR,	X-ray.
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Study Design Surgery performed Xenograft product

Number of 
xenograft 
patients Outcomes assessed Results Study conclusion

Schultheiss 
et	al	(2005)43

Prospective	
cohort study

MIS	spine	fusion Tutoplast bovine cancellous 
bone	blocks	(Tutogen,	
Erlangen,	Germany)

11 Radiographic evidence of fusion 
based	on	12-mo	follow-up	with	
CT imaging, explant histology

Autograft	8/11	osseointegration,	3/11	partial,	no	failures.	Xenograft	2/11	
complete osseointegration, 3/11 partial integration, 4/11 no integration, 
1/11	complete	graft	failure	requiring	revision	surgery

Use of bovine cancellous blocks is not considered reliable with 
high	non-union	rates	in	the	spine.	Use	of	these	products	was	
discontinued

Xie 
et	al	(2006)27

Case report ACDF Bovine xenograft, generic 1 Radiographic evidence of 
graft union, clinical outcome, 
pathology of explant

Symptomatic	non-union	requiring	revision	surgery	with	iliac	crest	allograft	
at	15	mo	post-op.	Graft	with	necrotic	tissue,	fibrous	non-union

Low	biocompatibility	with	xenograft,	risk	of	failure

Stone 
et	al	(2007)49

Clinical Trial ACL	reconstruction	
with porcine BTB 
grafts

Porcine	BTB	grafts	treated	with	
proprietary protocol including 
alpha-Galactosidase

10 Clinical results, graft stability, 
human	anti-alpha-Gal	antibody	
response, in vivo graft biopsy

5/6	evaluable	subjects	had	suitable	graft	function	>2	y,	1/6	had	bone	plug	
loosening	requiring	explantation.	4/10	had	complications	unrelated	to	
graft.	Alpha-Gal	antibody	response	present

Porcine	BTB	graft	may	be	viable	ACL	graft	alternative.	Peak	anti-
alpha-Gal	response	at	2-8	wk	possibly	to	marrow	content	in	bone	
plugs

Meyer	
et	al	(2008)75

Retrospective 
cohort study

High	tibial	
osteotomy, 
revision hip 
arthroplasty

Tutobone®	(Tutogen	Medical	
GmbH,	Neunkirchen	a.	Brand,	
Germany)—bovine

9 Radiographic evidence of graft 
union, biopsy histology, clinical 
outcomes

Equivalent	patient	outcomes	with	autograft	or	xenograft,	Tutobone	is	
excellent	biocompatible	scaffold,	100%	autograft	remodeling,	remnant	
Tutobone	in	47%	specimens

Tutobone degradation and replacement may be slower in human 
than animal environment. Tutobone may represent viable 
alternative to autograft.

Rosito et a. 
(2008)76

Prospective	
cohort study

Revision hip 
arthroplasty

Bovine bone obtained from 
Brazilian cattle processed 
at	the	Tissue	Bank	(Hospital	
de	Clínicas	de	Porto	
Alegre-TBHCPA)

25 Radiographic evidence of graft 
incorporation, acetabular 
component position, migration, 
graft histology

No clinical/radiographic difference found between the allograft and 
xenograft,	both	showed	graft	incorporation	in	88.5%	and	76%	of	patients	
respectively	(P	=	.424)

Bovine bone is suitable for revision hip arthroplasty with results 
comparable	to	human	freeze-dried	allograft

Bansal 
et	al	(2009)77

Prospective	case	
series, single 
surgeon

Tibial	fracture	ORIF	
with bone graft

Tutoplast Bovine cancellous 
xenogenous bone granules

19 Radiographic evidence 
of fracture union, graft 
incorporation	at	1.5,	3,	6,	12	mo

Average	time	to	union	20	wk,	no	infections,	all	patients	with	excellent	graft	
incorporation, average subsidence 4 mm

Favorable	outcomes	can	be	achieved	with	xenograft	bone	and	
beneficial to elderly population

Elliot 
et	al	(2011)78

Retrospective 
case series

Clavicle 
reconstruction

Tutobone	(Tutogen	Medical	
Inc,	Alachua,	Florida,	
USA)—bovine

2 Radiographic evidence of graft 
union, clinical outcome, 3 mo

Both	cases	with	symptomatic	non-union	requiring	hardware	removal	and	
explantation of graft

Authors	caution	against	use	of	Tutobone	as	graft	material	for	
clavicle pseudoarthrosis

Patil	
et	al	(2011)42

Retrospective 
cohort study

Subtalar ankle 
fusion

Tutobone®	Block	(Tutogen	
Medical	GmbH,	RTI	Biologics,	
Neunkirchen am Brand, 
Germany)—bovine

9 Radiographic evidence of graft 
union, incorporation using XR 
and	CT.	AOFAS	scores.	Explant	
histology

Xenograft	group:	8/9	with	persistent	pain	and	non-union,	9/9	showed	no	
graft	incorporation,	7/9	required	revision	surgery.	Autograft	group:	17/17	
asymptomatic	at	6	mo,	100%	union	rate	at	12	mo

Advise	against	the	use	of	bovine	cancellous	xenograft	bone	for	
subtalar fusion surgery

Shibuya 
et	al	(2012)26

Retrospective 
case series

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

22 Radiographic evidence of graft 
incorporation at 12, 24, 36, 
48	wk	post-operative

Median	time	to	graft	incorporation	54	wk.	61%	failed	to	incorporate Xenograft incorporation slower than other graft types with high 
failed	incorporation	rate.	May	not	be	advisable	for	foot	and	ankle	
use

Makridis	
et	al	(2012)79

Prospective	case	
series

ICBG	donor	
site filled with 
xenograft

Tutobone®,	(Tutogen	Medical	
GmbH,	Neunkirchen	a.	Brand,	
Germany)—bovine

16 Radiographic evidence of bone 
graft incorporation, clinical 
outcomes

Graft	integration	in	15/16	patients	over	3	mo	post-operative	period.	1/16	
had wound hematoma. 1/16 failed to incorporate

Bovine	cancellous	bone	is	a	suitable	graft	source	to	fill	ICBG	donor	
sites

Ledford	
et	al	(2013)25

Retrospective 
case series

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

10 Radiographic evidence of union, 
graft	incorporation	at	>6	mo,	
explant pathology, n = 3 
surgeons

54%	xenografts	painful,	failed	to	incorporate,	all	required	revision	with	
human	iliac	crest	allograft.	Failed	explant	histology	showed	necrotic	bone	
with foreign body giant cell reaction

Xenografts	resulted	in	unacceptable	high	rates	of	failure	requiring	
revision surgery. Caution against bovine xenograft use in 
pediatric foot deformity surgery

Maffulli	
et	al	(2013)80

Prospective	
cohort study

High	tibial	
osteotomy

Tutobone—bovine 52 Radiographic evidence of graft 
union and deformity correction 
at 3, 6, 12, 24 mo

TCP	greater	loss	of	correction	compared	to	xenograft.	No	non-unions	in	
either group

Xenograft	with	locking	plate	fixation	was	superior	to	TCP	to	
prevent loss of surgical correction

Shibuya 
et	al	(2014)37

Retrospective 
cohort study

Foot	reconstruction CANCELLO-PURE	wedge	
(Wright	Medical	Technology,	
Inc,	Arlington,	TN)—bovine

61 XR evaluation of graft 
incorporation at 12, 24, 36, 
48	wk	post-operative

At	48	wk,	an	estimated	58%	and	5%	of	the	xenografts	and	non-xenografts	
had	not	incorporated,	respectively.	Median	incorporation	period	for	the	
non-xenograft	and	xenograft	group	was	16	and	57	wk,	respectively

Not	advisable	to	use	a	bovine-based	bone	xenograft	in	foot	and	
ankle surgery

Prakash	
et	al	(2017)
Y81

Retrospective 
cohort study

ACDF Tutobone	(Tutogen	Medical	
Inc,	Alachua,	Florida,	
USA)—bovine

95 Radiographic assessment of 
fusion at 3, 12 mo

Rates of fusion and time to fusion were lower with xenograft compared to 
autograft bone

Tutobone can be used but autograft remains superior

Note: Xenograft products are reported exactly as described by authors.
Abbreviations:	ACDF,	anterior	cervical	discectomy	and	fusion;	ACL,	anterior	cruciate	ligament;	AOFAS,	American	Orthopaedic	Foot	&	Ankle	Society;	 
BTB,	bone-tendon-bone;	CT,	computed	tomography;	HA,	hydroxyapatite;	ICBG,	iliac	crest	bone	graft;	MIS,	minimally	invasive	surgery;	MRI,	 
magnetic	resonance	imaging;	ORIF,	open	reduction	internal	fixation;	TCP,	tricalcium	phosphate;	XR,	X-ray.
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anterior	cervical	discectomy	and	fusion	(ACDF).	Siqueira	et	al47 are one 
of	the	largest	case	series	that	reported	221	patients	undergoing	ACDF	
with	 xenograft.	 All	 patients	 were	 reported	 to	 have	 obtained	 bony	
fusion with no complications attributable to xenograft use. Similarly, 
Taheri et al46	reported	equivalent	outcome	with	autograft	or	xenograft	
(n	=	200)	in	ACDF	patients	with	97%	of	xenograft	patients	demonstrat-
ing good or excellent radiographic results and no patients failing with 
Kiel	bone.	Cervical	spine	fusions	performed	by	Savolainen	et	al48 using 
either	iliac	crest	autograft	(n	=	149)	or	Surgibone	bovine	graft	(n	=	101)	
produced	98%	fusion	rates	in	both	patient	cohorts,	leading	the	authors	
to support Surgibone use in cervical fusion surgery.

In the studies reporting poor outcomes with xenograft bone, few 
consider the etiology of graft failure. The most informative clinical 
trial published by Stone et al49 followed a series of 10 patients for a 
minimum	24	months	after	undergoing	anterior	cruciate	ligament	(ACL)	
reconstruction	 with	 porcine	 bone-patellar	 tendon-bone	 xenografts	
that	were	 decellularized	with	 a	 proprietary	 technique	 that	 included	
recombinant	 alpha-galactosidase	 enzyme	 digestion.	 To	 the	 authors’	
knowledge, this is the only orthopedic clinical study reporting xeno-
transplantation with porcine bone tissue. In addition to reporting clin-
ical	 outcomes,	 alpha-Gal	 epitope	 concentrations	 in	 the	 grafts	 were	
measured	 and	host	 anti-alpha-Gal	 serum	antibodies	were	measured	
at	serial	time	points	after	transplantation.	Despite	removing	>99%	of	
the	alpha-gal	epitope	from	grafts,	human	recipients	still	displayed	2-	to	
8-fold	increases	in	anti-Gal	IgG	activity	2	weeks	post-transplantation.	
The authors hypothesized this antibody response was against residual 
alpha-Gal	epitopes	on	porcine	marrow	cells	enclosed	in	bone	cavities	
which	were	not	 accessible	 to	 alpha-galactosidase	enzyme	digestion.	
When bone plugs were cut for graft implantation or remodeled in the 
host,	undigested	epitopes	were	exposed.	At	24	months,	5	of	the	10	
patients returned to full sports activity. Of the five failures, the authors 
attributed only one to failure of the xenograft device which had tibial 
bone	plug	loosening	and	required	explantation.	It	is	unknown	whether	
an	alpha-Gal	response	directly	contributed	to	tibial	plug	loosening	or	
any	of	these	failures.	The	anti-Gal	antibody	response	is	one	of	the	few	
specific etiologies suggested in the orthopedic literature to explain 
host rejection of decellularized bone xenografts.

There is a paucity of orthopedic clinical outcomes reported after 
bone	xenotransplantation,	and	to	the	authors’	knowledge,	we	present	
the	first	systematic	review	of	the	orthopedic	literature.	Most	studies	
have reported unfavorable results and advised against xenograft use. 
Periodontal	studies,	although	outside	the	scope	of	 this	 review,	have	
frequently	reported	porcine	xenograft	bone	to	impair	bony	healing	of	
alveolar ridge defects in the mandible.50 Currently, xenograft bone is 
not accepted as a viable bone graft alternative, and the majority of xe-
nograft	products	have	been	removed	from	clinical	markets	(Table	1).

4  | A RETROSPEC TIVE C A SE SERIES AT A 
SINGLE AC ADEMIC CENTER

With local institutional review board approval, all pediatric patients at 
a single academic center who underwent reconstructive foot and ankle 

procedures	(Cotton	osteotomy	(Figure	1A),	Evan's	osteotomy)	using	a	
commercially available bovine xenograft wedge were retrospectively 
reviewed.	 Patients	without	 clinical	 and	 radiographic	 follow-up	were	
excluded	from	study.	Clinical	outcomes	assessed	included	post-oper-
ative pain and correction of foot/ankle deformity. Radiographs were 
independently reviewed by two separate orthopedic surgeons to as-
sess graft integrity, graft placement, and graft integration at 3 weeks, 
6	weeks,	3	months	and	6	months	post-operatively.

Ten	patients	 (mean	 age	11.8	 years,	 range	9-18	 years,	 5	males,	
5	 females)	 undergoing	 12	 separate	 foot	 and	 ankle	 reconstruction	
procedures utilizing bone xenograft performed by one pediat-
ric	 fellowship-trained	 orthopedic	 surgeon	 and	 one	 foot	 and	 ankle	
fellowship-trained	 orthopedic	 surgeon	 over	 a	 27-month	 period	
were	identified	for	review	(Table	3).	All	patients	were	grafted	with	
CANCELLO-PURE®	 (Wright	 Medical)	 bovine	 bone	 wedges	 fixed	
with	 internal	 hardware.	 Mean	 clinic	 follow-up	 was	 32.6	 months	

F I G U R E  1  A,	Cotton	osteotomy	concept.	An	opening	wedge	
osteotomy on the dorsal aspect of the midfoot using structural 
bone	graft	(“A”)	is	performed	to	restore	the	arch	of	the	foot	and	
correct	clinical	pes	planus	(flat	foot).	B,	Radiographs	obtained	
at	13	mo	after	Cotton	osteotomy	performed	with	CANCELLO-
PURE®	bovine	xenograft	show	radiolucent	lines	surrounding	the	
graft	consistent	with	graft	non-union	and	failure	to	integrate	with	
surrounding	host	bone.	C,	Fracture	of	the	superior	aspect	of	the	
graft	about	the	compression	screw	found	at	20	mo	post-operative	
with	surrounding	graft	non-union
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TA B L E  3   Ten patients undergoing 12 separate foot reconstruction osteotomies using bovine bone xenografts were retrospectively 
reviewed

Patient
Age/
Gender BMI Surgery

Radiographic 
follow-up (mo)

Clinical 
follow-up (mo)

Xenograft 
wedge(s) 
implanted Outcome

1a 11M 26.2 Cotton 
osteotomy

3 36 6 mm Graft	union	at	6	wk	post-op,	deformity	
correction,	no	pain	at	midterm	follow-up,	
persistent	pain	over	hindfoot	at	long-term	
follow-up,	graft	incorporation	at	3	mo

1b 11M 26.2 Cotton 
osteotomy

3 36 6 mm Graft	union	at	6	wk	post-op,	deformity	
correction,	no	pain	at	midterm	follow-up,	
persistent	pain	over	lateral	midfoot	at	long-
term	follow-up,	graft	failed	to	integrate

2 18F 20.5 Cotton 
osteotomy

20 20 6 mm Graft	non-union	and	failure	to	incorporate,	
graft fracture on superior aspect, no pain 
at	midterm	follow-up	with	good	patient	
satisfaction,	persistent	forefoot	pain	at	long-
term	follow-up

3 15F 19.1 Evans 
osteotomy

5 5 10 mm Graft	union	at	6	wk	with	incorporation	by	
5	mo,	no	pain	with	patient	satisfaction	
at	midterm	follow-up,	required	custom	
orthotics	at	long-term	follow-up	and	had	not	
returned to full activity

4 14F 16.6 Cotton 
osteotomy, 
Evans 
osteotomy

9 9 10, 6 mm Graft	union	at	8	wk	with	incorporation	by	
9 mo, patient satisfied and reported no pain 
at	both	midterm	and	long-term	follow-up

5 10M 26.0 Evans 
osteotomy

112 112 10 mm Graft	union	at	5	wk	post-op	with	early	
integration, patient satisfied, and no pain 
reported	at	midterm	or	long-term	follow-up

6 10M 30.0 Evans 
osteotomy

5 5 10 mm Graft	union	at	10	wk	post-operative	with	
integration	at	5	mo.	Patient	satisfied	with	
no	pain	at	midterm	follow-up.	Reported	pain	
and	residual	flatfoot	deformity	at	long-term	
follow-up

7 12F 51.5 Cotton 
osteotomy, 
Evans 
osteotomy

48 48 10, 6 mm Non-union	of	Cotton	osteotomy	with	failure	
of graft to integrate. Evans osteotomy 
achieved	union	at	12	mo.	Patient	dissatisfied	
with	persistent	pain	at	midterm	and	long-
term	follow-up.	Residual	flatfoot	deformity	
present

8 15M 30.9 Evans 
osteotomy

10 10 10 mm Graft	union	at	11	wk	post-op	but	failure	
to	integrate.	Patient	reported	no	pain	at	
midterm	follow-up	but	persistent	lateral	
ankle	pain	at	long-term	follow-up	requiring	
orthotic shoe support

9a 10F 13.6 Evans 
osteotomy

25 45 10 mm Graft	union	at	12	wk	post-operative	but	
failure	of	graft	to	integrate.	Patient	reported	
persistent pain, dissatisfaction. Experienced 
recurrence of foot deformity

9b 9F 13.6 Evans 
osteotomy

30 52 10 mm Graft	non-union	and	failure	to	incorporate.	
Patient	reported	persistent	pain,	
dissatisfaction	at	midterm	and	long-term	
follow-up

10 16M 21.0 Cotton 
osteotomy

13 13 6 mm Graft	non-union	with	failure	to	incorporate.	
Patient	reported	pain	at	midterm	and	long-
term	follow-up

Note: Radiographic and clinical outcomes are reported.
Abbreviations:	BMI,	body	mass	index;	F,	female;	M,	male;	mm,	millimeter.
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(range	 5-112	 months),	 and	 mean	 radiographic	 follow-up	 was	
23.6	 months	 (range	 3-112	 months).	 At	 intermediate	 follow-up,	
patients	 reported	pain	 in	2/12	 (17%)	of	 cases,	while	 at	 final/long-
term	 follow-up,	 patients	 reported	 pain	 in	 10/12	 (83%)	 of	 cases.	
Patients	failed	to	achieve	bony	union	with	obvious	radiolucent	lines	
(Figure	1B)	at	the	osteotomy	site	grafted	with	bovine	xenograft	 in	
5/12	 (42%)	cases.	Grafts	 failed	 to	 integrate	with	surrounding	host	
bone	in	7/12	(58%)	of	cases.	One	patient	sustained	a	fracture	of	their	
xenograft	 (Figure	1C),	but	no	patients	required	revision	surgery	or	
graft explantation. No patients experienced infection or overt rejec-
tion of the graft material.

Early	results	from	our	patients	collected	over	a	27-month	pe-
riod	demonstrated	an	unacceptably	high	 rate	of	graft	non-union	
and failure to integrate with host bone. The majority of patients 
experienced	persistent	 pain	 at	 the	 graft	 site	 or	midfoot	 at	 long-
term	follow-up.	While	we	cannot	directly	attribute	persistent	pain	
to	 xenograft	 use,	 concomitant	 graft	 non-union	 and	 recurrence	
of foot deformity in some cases is concerning for graft etiology. 
Our experience with allograft bone use for the same foot recon-
structive osteotomy procedures has been much more favorable 
with predictable rates of graft union, integration, and patient out-
comes. Considering these findings, bovine xenograft use was dis-
continued	at	our	hospital,	and	since	that	time,	CANCELLO-PURE®	
has been removed from commercial markets. Our unfavorable re-
sults are similar to those reported by Shibuya et al37	and	Ledford	
et al,25	who	both	found	unacceptably	high	non-union	rates	in	sim-
ilar	foot	reconstruction	procedures	using	CANCELLO-PURE®	bo-
vine	wedges	(Table	2).

Our	case	series	has	several	 limitations.	Patients	were	reviewed	
retrospectively by chart review. Our results with xenograft are lim-
ited without direct comparison against allograft use by the same sur-
geons in a similar patient population. We report a small number of 
patients	with	variable	follow-up	but	we	believe	these	results	are	still	
valuable considering the limited clinical results published in the or-
thopedic	literature.	Finally,	we	cannot	propose	any	specific	etiology	

contributing	to	graft	non-union	beyond	what	has	been	suggested	in	
the literature.

5  | CONCLUSIONS AND FUTURE 
DIREC TIONS

Bone grafting continues to play a critical role in orthopedic sur-
gery practice with significant clinical and financial implications for 
our	 healthcare	 system.	Autograft	 bone	 remains	 the	 gold	 standard	
with unsurpassed clinical results, but its limited supply and added 
patient morbidity demands further consideration of allograft bone 
and bone graft substitutes. Xenografts will always be an attractive 
alternative because of their large supply from healthy donors with 
controlled biology at lower cost. The majority of available clinical 
results have reported unfavorable outcomes with xenograft bone, 
including our own, which has ultimately led to the recall of most 
commercial	xenograft	bone	products.	Xenograft-derived	bone	prod-
ucts	are	currently	not	FDA	approved	for	use	in	any	orthopedic	sur-
gery application. Nearly, all clinical results have been reported with 
bovine-derived	bone,	but	our	laboratory	is	currently	considering	use	
of	porcine-derived	bone11,51 because porcine species share similar 
anatomy, organ size, physiology, and genetic makeup with human 
species and have a successful history with porcine cardiac tissue 
transplantation into humans.20,52-55 We used a published decellu-
larization and tissue oxidation protocol56-61 to derive bone scaffolds 
from the cancellous bone found in the distal metaphyseal region of 
porcine	 femurs	 (Figure	2).51	Using	 this	decellularization	 technique,	
we	were	able	to	remove	98%	of	host	DNA	content	and	98.5%	of	the	
alpha-Gal	epitope	 from	donor	bone	 in	pre-clinical	 studies.11,51 We 
are	encouraged	by	the	significant	reduction	of	alpha-Gal	epitope	but	
results published by Stone et al,49 as referenced above, suggest that 
we	still	have	not	identified	the	reduction	threshold	required	to	pre-
vent human hosts from mounting the immune responses believed to 
contribute	to	chronic	rejection	of	bone	xenografts.	Various	enzymes	
have	been	used	to	reduce	alpha-Gal	expression	 in	transgenic	pigs,	
and	complete	elimination	of	the	alpha-Gal	epitope	was	achieved	by	
knockout of the α1,3GT	gene	using	nuclear	transfer.	Transplantation	
of these pig organs did not result in the hyperacute rejection seen 
with	 anti-α-Gal	 antibody	 response,	 but	 we	 learned	 that	 humans	
develop	 anti-non-α-Gal	 antibodies	 that	 lead	 to	 delayed	 tissue	 re-
jection.33,62-64 Other groups have also considered bone graft sub-
stitutes derived from porcine cancellous bone,55,65-67 but there are 
currently	 no	 clinical	 results	 reported	with	 these	 products.	 Future	
work	will	be	required	to	investigate	porcine	bone	graft	products	in	
animal and human models before considering their commercial use 
in orthopedic applications.
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F I G U R E  2  A,	Cancellous	bone	retrieved	from	the	distal	
metaphysis of a porcine femur is filled with marrow contents 
that	include	a	dense	cellular	network	embedded	in	lipid-rich	
extracellular matrix. B, Bone scaffolds are derived from the host 
cancellous bone using a decellularization and oxidation protocol. 
Cell and lipid content have been removed, isolating the osseous 
extra cellular matrix that serves as a bone scaffold, intended for use 
as a bone graft substitute
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