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Table 1. Level of Evidence grade for studies assessing complications in patients who undergo lumbar spinal fusion surgery with BMP*.
	Methodological Principle
	Boden
2002
	Boden
2000
	Burkus 
2006
	Burkus
2003
	Cahill

2009
	Haid
2004
	Joseph
2007
	Luhmann
2005

	Study design
	
	
	
	
	
	
	
	

	   Randomized trial
   Prospective cohort study
	(
	(
	(
	(
	
	(
	(
	(

	   Retrospective cohort study
	
	
	
	
	(
	
	
	

	   Case-control
	
	
	
	
	
	
	
	

	Patients at similar point in the course of their disease or treatment
	(
	(
	(
	(
	(
	(
	(
	(

	Patients followed long enough for outcomes to occur
	(
	(
	(
	(
	(
	(
	(
	(

	Complete follow-up of ≥ 80%
	(
	(
	(
	(
	(
	(
	(
	(

	Controlling for extraneous prognostic factors*
	
	
	(
	(
	
	
	
	(

	Evidence Level
	II
	II
	I
	I
	III
	II
	III
	I


	Methodological Principle
	McClellan

2006
	Meisel
2008
	Mindea

2009
	Mummaneni
2004
	Pradhan
2006
	Singh
2006
	Slosar
2007
	Vaidya
2008

	Study design
	
	
	
	
	
	
	
	

	Randomized trial
Prospective cohort study
	
	(
	
	
	(
	(
	(
	

	Retrospective cohort study
	(
	
	(
	(
	
	
	
	(

	Case-control
	
	
	
	
	
	
	
	

	Patients at similar point in the course of their disease or treatment
	(
	(
	(
	(
	(
	(
	(
	(

	Patients followed long enough for outcomes to occur
	(
	(
	(
	(
	(
	(
	(
	(

	Complete follow-up of ≥ 80%
	(
	(
	(
	(
	(
	(
	(
	(

	Controlling for extraneous prognostic factors†
	
	
	
	
	
	
	
	

	Evidence Level
	III
	II
	III
	III
	II
	II
	II
	III


Continued on next page

	Methodological Principle
	Vaidya, Weir

2007
	Villavicencio

2005
	Furlan
2007
	Kanayama
2006
	Vaccaro, Whang
2008
	Vaccaro, Lawrence
2008
	Vaccaro
2003

	Study design
	
	
	
	
	
	
	

	Randomized trial
Prospective cohort study
	(
	
	
	(

	(
	(
	(

	Retrospective cohort study
	
	(
	(
	
	
	
	

	Case-control
	
	
	
	
	
	
	

	Patients at similar point in the course of their disease or treatment
	(
	(
	(
	(
	(
	(
	(

	Patients followed long enough for outcomes to occur
	(
	(
	(
	(
	(
	(
	(

	Complete follow-up of ≥ 80%
	(
	(
	
	(
	(
	(
	(

	Controlling for extraneous prognostic factors*
	
	
	(
	
	
	(
	

	Evidence Level
	II
	III
	III
	II
	II
	I
	II


*Authors must provide a description of robust baseline characteristics, and control for those that are potential prognostic factors.
†65% (15/23) of the articles were Level I/II studies.  Due to the volume of high level studies we deemed this evidence as “high” for the types of complication reported associated 

Table 2.  Level of Evidence grade for studies assessing complications in patients who undergo cervical spinal fusion surgery with the use of BMP
	Methodological Principle
	Baskin
2003
	Buttermann 
2008
	Cahill

2009
	Crawford

2009
	Hiremath

2009
	Shields

2006
	Smucker

2006
	Tumialan

2008

	Study design
	
	
	
	
	
	
	
	

	Randomized trial
Prospective cohort study
	(
	(
	
	
	
	
	
	

	Retrospective cohort study
	
	
	(
	(
	(
	(
	(
	(

	Case-control
	
	
	
	
	
	
	
	

	Patients at similar point in the course of their disease or treatment
	(
	(
	(
	(
	(
	(
	(
	(

	Patients followed long enough for outcomes to occur
	(
	(
	(
	(
	(
	(
	(
	(

	Complete follow-up of ≥ 80%
	(
	(
	(
	(
	(
	(
	(
	(

	Controlling for extraneous prognostic factors*
	
	(
	
	(
	
	
	(
	

	Evidence Level
	II
	I
	III
	II
	III
	III
	II
	III


	Methodological Principle
	Vaidya

2008
	Vaidya, Carp

2007
	Vaidya, Weir

2007
	Furlan

2007

	Study design
	
	
	
	

	Randomized trial

Prospective cohort study
	
	
	(
	

	Retrospective cohort study
	(
	(
	
	(

	Case-control
	
	
	
	

	Patients at similar point in the course of their disease or treatment
	(
	(
	(
	(

	Patients followed long enough for outcomes to occur
	(
	(
	(
	(

	Complete follow-up of ≥ 80%
	(
	(
	(
	

	Controlling for extraneous prognostic factors*
	
	
	
	(

	Evidence Level
	III
	III
	II
	III


*Authors must provide a description of robust baseline characteristics, and control for those that are potential prognostic factors.

Table 3.  Level of Evidence grade for studies assessing complications in patients who undergo thoracic spinal fusion surgery with the use of BMP
	Methodological Principle
	Cahill

2009

	Study design
	

	Randomized trial

Prospective cohort study
	

	Retrospective cohort study
	(

	Case-control
	

	Patients at similar point in the course of their disease or treatment
	(

	Patients followed long enough for outcomes to occur
	(

	Complete follow-up of ≥ 80%
	(

	Controlling for extraneous prognostic factors*
	

	Evidence Level
	III


*Authors must provide a description of robust baseline characteristics, and control for those that are potential prognostic factors.

Table 4. Studies assessing complications in patients who undergo LUMBAR spinal fusion surgery with the use of BMP.
	Author
(Year)
	Study Design
	Population
	Diagnosis
	Treatment*
	BMP** dose
	BMP**
Placement 
	Outcomes measured
	Reported Complications 

	Boden
 ADDIN EN.CITE 
35

(2002)
	RCT


	N = 20
60% female
Mean age: 55 years
	Symptomatic 1-level DDD

	1-level posterolateral with rhBMP-2 and either a pedicle screw (N = 11) or no instrumentation (N = 9)
	40 mg/level
	Equal amounts (20 mg) placed in 10 cm3 ceramic granules on each side of the spine

	Follow-up at 1.5, 3, 6, 12, and 24 months to evaluate:
· Fusion (radiographs, CT scans)
· Clinical outcomes‡
· Complications
· Antibody formation against rhBMP-2 (ELISA)

	· Hematomas:
· 9% (2/22) 
· One was epidural, and required evacuation 5 days after the index procedure; the patient had some numbness in both legs.
· The other was superficial and required evacuation 4 days postoperation; no further complications occurred in this patient.
· Seromas: 0% (0/22)

· Wound infection: 0% (0/22)

· Elevated antibody response to rhBMP-2: 
· 5% (1/22Response was transient

	Boden4
(2000)


	RCT

	N = 11
46% male
Mean age: 43 years
	Symptomatic DDD

	1-level ALIF with rhBMP-2/ACS and 2 threaded tapered interbody cages (Novus LT)
	3.9 or 7.8 mg/level
	Equal amounts applied to two ACS; one rhBMP-2/ACS was then placed in each of the 2 cages 

	Follow-up at 1.5, 3, 6, 12, and 24 months to evaluate:
· Fusion (radiographs, CT scans)
· Clinical outcomes‡
· Complications
· Antibody formation against rhBMP-2 and bovine type I collagen
	· Wound dehiscence: 9% (1/11)

· Elevated antibody response to rhBMP-2: 
· 0% (0/11)
· Elevated antibody response to bovine type I collagen: 
· 27% (3/11)
· Tranisent in 2 patients, sustained in the third
· Not associated with any complications


	Burkus
 ADDIN EN.CITE 
18

(2006)
	Prospective cohort study


	N = 79
59% female
Mean age: 
40 years
	Symptomatic 1-level DDD with up to Grade I spondylolisthesis

	1-level open ALIF using a cylindrical threaded cortical allograft dowel and rhBMP-2/ACS
	NR†
	Within dowel
	Follow-up at 3, 6, 12, and 24 months to evaluate:
· Fusion, new bone formation, allograft incorporation (radiographs)
· Bone remodeling zones (thin-cut CT scans)
· Clinical outcomes‡
· Reoperation

	· Localized bone remodeling zones:
· 18% (14/79) 
· Extended <4 mm into trabecular host bone of the adjacent vertebrae
· Detected at 3 months
· Completely healed by 24 months
· No effect on clinical outcomes
· No significant differences in the demographics (age, weight, sex, tobacco use, previous spinal surgery) of patients with versus without remodeling zones.
· Extradiscal bone formation:
· 0% (at any follow-up interval)
· Wound infection: 0% (0/79)

· Elevated antibody response to rhBMP-2: 
· 0%
· Elevated antibody response to bovine collagen (postoperative): 
· Overall: 18% (14/79)
· Patients with remodeling: 14% (2/14)
· Patients without remodeling: 18% (12/65)
· Difference not statistically significant
· One patient required a supplemental posterior fixation more than 2 years after the index procedure due to back pain even though fusion had been achieved.

	Burkus19
(2003)
	RCT
	N = 22
50% male
Mean age: 42 years
	Symptomatic 1-level DDD at L4-L5 or L5-S1
	1-level open ALIF with rhBMP-2/ACS-filled LT-CAGEs
	4.2 – 8.4 mg/level
	Within the LT-CAGEs (placed anteiorly and posteriorly)
	Follow-up at 2 days; and 6, 12, and 24 months to evaluate:
Fusion (radiographs, thin-slice CT scans)
	· Extradiscal/ectopic bone formation:
· 0%


	Cahill37 

(2009)
	Retrospective cohort study
	N = 13,972

56% female††
Mean age: 54 years††

	Disc herniation, DDD, other (NR)
	2–4 level lumbar fusion with rhBMP-2 or rhBMP-7
	NR†
	NR†
	NR†
	· Dysphagia or hoarseness: 0.3% (36/13,972)

· Wound complication: 2.0% (281/13,972)

· Includes wound infection, dehiscence, seroma, or hematoma

	Haid
 ADDIN EN.CITE 
14

(2004)

	Prospective cohort study
	N = 34
50% male
Mean age: 
46 years
	Symptomatic single-level lumbar DDD with up to Grade I spondylolisthesis

	PLIF with titanium INTER FIX cage filled with rhBMP-2/ACS; no pedicle screws 
	4.0-8.0 mg/level
	Inside cage
	Follow-up post-operatively and at 1.5, 3, 6, 12, and 24 months to evaluate:
· Fusion, cage placement, sagittal plane balance, and bone formation outside the disc space at 6, 12, and 24 months (radiographs and thin-cut CT scans)
· Clinical outcomes‡
· Additional surgery
	· Extradiscal bone formation:
· 75% (24/32 examined)
· Elevated antibody response to rhBMP-2: 
· 0%
· Elevated antibody response to bovine collagen: 
· 9% (3/34)
· No associated negative clinical consequence was observed.
· Graft subsidence (≥3 mm from posterior margin of the vertebral body:
· 6% (2/33)
· Graft migration into the spinal canal or neuroforamina:
· 35% (12/34)


	Joseph
 ADDIN EN.CITE 
15

(2007)
	Prospective cohort study

	N = 23
61% male‡‡

Mean age:
50 years‡‡
	Spondylolisthesis
(85%),
DDD (15%)
	1-2 level minimal access PLIF or TLIF with nonthreaded cages and local autogenous bone graft and rhBMP-2/ACS 

	4.2 mg/level
	In anterior disc space and within cage (TLIF), or
within cage only (PLIF)
	Follow-up at 1.5, 3, 6, 12 months (and annually thereafter) to evaluate:
· Fusion (radiographs, some CT scans)
· Paraspinal, ectopic, or heterotopic bone formation
· Clinical outcomes‡
	· Heterotopic bone formation:
· 21% (5/23); in canal (1/5), foramen (4/5)
· Foraminal bone formation only occurred with TLIF cages.
· No effect on clinical outcomes
· Ectopic or paraspinal bone formation not found


	Luhmann36 (2005)
	Prospective cohort study

	N = 95
80% female
Mean age: 55 years

	Spinal deformity
	ALIF (46 pts)

Posterior (41 pts)

Compassionate use (8 pts)


	Mean doses/level:

ALIF 10.8mg

Posterior 13.7mg

Compassionate Use 28.6mg
	NR†


	Yearly follow-up (mean 17.9 months (range of 12-60 months) to evaluate:
· Fusion (radiographs; thin-slice CT scans only if clinically indicated)
· Clinical outcomes‡
	· Deep wound hematoma:
· 1% (1/70)
· Not associated with long-term clinical sequelae
· Wound infection or dehiscence: 3% (2/70)

· Includes deep wound infection (n = 1) and superficial wound dehiscence (n = 1).

· Local or systemic toxicity:
· 0% 



	Luhmann36 (2005)
	Prospective cohort study

	N = 95
80% female
Mean age: 55 years

	Spinal deformity
	ALIF (46 pts)

Posterior (41 pts)
Compassionate use (8 pts)


	Mean doses/level:

ALIF 10.8mg

Posterior 13.7mg

Compassionate Use 28.6mg
	NR†


	Yearly follow-up (mean 17.9 months (range of 12-60 months) to evaluate:
· Fusion (radiographs; thin-slice CT scans only if clinically indicated)
· Clinical outcomes‡
	· Deep wound hematoma:
· 1% (1/70)
· Not associated with long-term clinical sequelae
· Wound infection or dehiscence: 3% (2/70)

· Includes deep wound infection (n = 1) and superficial wound dehiscence (n = 1).

· Local or systemic toxicity:
· 0% 


	McClellan28 (2006)
	Retrospective cohort study
	N = 26
54% male
Mean age:
 46 years
	1-2 level DDD with or without radiculopathy

	TLIF with rhBMP-2/ACS using a variety of allografts and interbody fusion cages

	Dose of BMP varied and not controlled

	Within and adjacent to the interbody implant
	CT scans used at a mean of 4.4 (3-7) months to evaluate:
· fusion
· vertebral resorption

	· Vertebral resorption: 
· 69% (22/32) lumbar levels, characterized as:
· mild: 50% (11/22) 
· moderate: 18% (4/22)
· severe: 32% (7/22)
· Clinical relevance not investigated
· Graft subsidence/ loss of endplate integrity:
· 16% (5/32)
· 5/5 had severe vertebral resorption
· Clinical relevance not investigated

	Meisel16
(2008)
	Prospective cohort study
	N = 17
53% female
Mean age:
67 years

	Lumbar DDD with stenosis and invertebral instability

	1-2 level PLIF with rhBMP-2/ACS-filled PEEK cage 

	12 mg/level, except
6mg/level for one patient with a 2-level fusion 

	Within PEEK cage
	Follow-up at 3, 6, 12, 24, and 36 months to evaluate:
· Fusion (radiographs, CT scans)
· Extradiscal bone formation
· Clinical outcomes‡
	· Transient bone resorption: 
· 100% (17/17) patients
· Detected at 3 months
· Ossification observed at 6 months
· Patients asymptomatic
· No affect on clinical success
· Intracanal bone formation: 
· 6% (1/17) patients
· Patient asympomatic

	Mindea


38 ADDIN EN.CITE 
(2009)
	Retrospective cohort study
	N = 35

58% female***
Mean age: 51 years***

	Spondylolisthesis (Grade I or II), mechanical back pain, or recurrent disc herniation
	Minimally invasive single-level thoracic with rhBMP-2/ACS + autograft and pedicle screws
	4.2 mg/level
	Half combined with 4cc morselized local autograft and placed in the interbody device; other half placed anteriorly
	NR†
	· Radiculitis (new onset postoperatively): 11% (4/35)
· Patients had no structural evidence of radiculitis (CT)




	Mummaneni
 ADDIN EN.CITE 
20
 (2004)
	Retrospective cohort study
 
	N = 25 
68% male
Mean age: 56 years

	Spondylolisthesis and/or DDD 
	1-2 level open access TLIF with metallic interbody cage filled with  rhBMP-2/ACS +
ICBG or local autograft 
	8.4 mg/level
	Equal amounts placed both interior to and within interbody cage.  

	Follow-up at 1.5 months and then at 3-month intervals for mean of 9 months (range: 3-19 months) to evaluate:
· Fusion (static and dynamic x-rays)
· Interbody bone formation
· Clinical outcomes‡
	· Foraminal bone formation: 
· 0% patients


	Pradhan
 ADDIN EN.CITE 
29

(2006)
	Prospective cohort study

	N = 9
67% female
Mean age: 
51 years
	Symptomatic single-level lumbar DDD

	1-level ALIF with stand-alone FRA packed with rhBMP-2/ACS 

	NR†


	Inside and around the FRA
	Follow-up at 1.5, 6, 12, and 24 months to evaluate:
· Fusion (radiographs, CT scans)
· Additional surgery

	· Graft and/or endplate resorption associated with nonunion:
· 56% (5/9) 
· Led to graft collapse and failure


	Singh
 ADDIN EN.CITE 
21

(2006)
	Prospective cohort study


	N = 41
(70 levels)
62% female
57 years††
	Degenerative lumbar spondylolisthesis with stenosis

	1-3 level posterolateral with rhBMP-2/ACS + ICBG
	12 mg/level
	Equal amounts placed on each side of the decorticated spine


	Follow-up at 6, 12, and 24 months to evaluate:
· Fusion and complications (thin-cut CT scans)

	· Extradiscal muscle ossification:
· 0%
· Intra- or extradural ossification:
· 0%
· Laminar bone regrowth:
· 0%

	Slosar22
(2007)
	Prospective cohort study
	N = 45
(103 levels)
51% male
Mean age: 45 years
	Symptomatic DDD of lumbar spine (L3-S1), grade II-III spondylolisthesis, or degenerative scoliosis
	1-3 level ALIFwith rhBMP-2/ACS-filled grafts
	3.0 mg/level 
	Placed in the center of the femoral ring 


	Follow-up at 6, 12, and 24 months to evaluate:
· Fusion (X-rays, CT scans)
· Clinical outcomes‡
	· Extradiscal bone formation:
· 0%
· Osteolysis (or fragmentation) of the allograft:

· 0%

· Wound infection (deep): 

· 2% (1/45)



	Vaidya30
(2008)
	Prospective cohort study 
	N = 59
(82 levels)
consisting of:
Lumbar fusions:
N = 36
(50 levels)
+
Cervical fusions 
N = 23
(32 levels)- see Table 2)
% male NR†
Mean age:
52 years

	Spondylolisthesis, adult scoliosis, revision surgery, discogenic pain

	Single- or multiple-level lumbar (ALIF, PLIF, TLIF) spinal fusions with rhBMP-2/ACS and ICBG

	2 mg/level
	Within and posterior to the PEEK cage

	Follow-up at 0.5, 1.5, 3, 6, 12, and 24 months to evaluate:
· Endplate resorption, fusion/ new bone formation, migration of the PEEK cage, and subsidence of the interbody disc space (radiographs)
· Clinical outcomes‡
	· End plate resorption:
· 82% (41/50) levels 
· ALIF: 10/12 levels
· PLIF: 2/2 levels
· TLIF: 29/36 levels
· Later onset of resorption compared to the cervical spine
· Degree of resorption varied between patients as well as between levels in patients who underwent fusion of more than 1 level
· Transition to bone formation occurred primarily between 6-9 months
· Cage migration: 28% patients (10/36) 
· ALIF: 10% patients (1/10)
· PLIF: 50% patients (1/2) 
· TLIF: 33% patients (8/24) 
· Occurred by 6 weeks
· Associated with an increase in the size of the intervertebral space (at re-exploration)
· Caused neurologic symptoms in TLIF and PLIF patients only
· Led to revision surgery in 8 patients
· Subsidence of disc space: 
· 22% levels (11/50)
· Mean disc space subsidence: 17.8%

	Vaidya, Weir
 ADDIN EN.CITE 
31

 (2007)
	Prospective cohort study
	N = 36 
(55 levels) consisting of:
Lumbar fusions:
N= 25 
(27 levels)
+
Cervical fusions:
N = 11
(18 levels) (see Table 2) 
56% female
Mean age:
48 years
	Spondylolisthesis, adult scoliosis, revision lumbar surgery, discogenic pain, cervical disc herniation, cervical myelopathy

	ALIF or TLIF with
allograft and rhBMP-2/ACS

	2 mg/level

	Within allograft spacer and disc space (ALIF), anteriorly within the disc space (TLIF)

	Follow-up at 0.5, 1.5, 3, 6, 12, and 24 months to evaluate:
· Fusion, early lucency and graft subsidence (radiograph, CT scan)
· Clinical outcomes‡

	· Dysphagia:
· Lumbar: 0%
· Significant subsidence (>10%) (1.5-3 months): 
· Lumbar + cervical: 44% levels (24/55 levels)
· Significant graft subsidence (>10%) and early lucency (12 months):
· Lumbar: 62% (23/37)
· ALIF: 70% (14/20) (mean subsidence of 27%)
· TLIF: 53% (9/17) (mean subsidence of 24%)
· Degree of subsidence varied between patients as well as between levels in patients who underwent fusion of more than 1 level
· Significant endplate resorption (erosion): 100% of 25 patients tested (lumbar + cervical)

	Villavicencio
 ADDIN EN.CITE 
23
 (2005)
	Retrospective cohort study
	N = 74
62% female
Mean age: 57 years
	DDD
	1-3 level open or minimally invasive TLIF w and w/o posterolateral fusion with rhBMP-2/ACS, local autograft, and bone allograft
	4.2 or 12.0 mg/level
	Anteriorly against the anterior anulus
+
If PLIF was performed, the rh-BMP-2/ACS sponge was wrapped around cancellous bone granules and placed posterolaterally in the decorticated intertransverse process area
	Follow-up at 3, 6, 12, and 24 months to evaluate:
· Fusion and possible ectopic bone formation (radiographs, thin-slice CT scans at 12, 24 months)
· Clinical outcomes‡

	· Ectopic bone formation:
· 0%
· Hematoma:
· 3% (2/74)
· Clinical outcome not described

· Infection:

· 3% (2/74)
· Clinical outcome not described


	Furlan
 ADDIN EN.CITE 
24

(2007)
	Retrospective cohort study
	N = 30
consisting of:
Lumbar fusions:
N = 16
+
Cervical fusions 
N = 14
(see Table 2)
57% male
Mean age: 53 years
	Patients at high risk for pseudarthrosis (connective tissue disorders, major medical comorbidities or medications that could affect bone healing, history of nonunion fusions, limited availability or poor quality autogenous bone graft) 

	Posterolateral  with rhBMP-7/ bovine type I collagen

	7 mg/level 
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region (in most patients)


	Follow-up at 3, 6, 12, 18, and 24 months to evaluate:
· Fusion (X-rays, CT scans, MR imaging)
· Clinical outcomes‡

	· Wound infections (superficial): 7% (2/30) (not reported separately for lumbar versus cervical)

· Systemic toxicity:
· 0%
· Heterotopic ossification:
· 0%
· Epidural ossification:
· 0%


	Kanayama
 ADDIN EN.CITE 
17

(2006)
	Prospective cohort study

	N = 10
56% male
Mean age: 70 years†††
	Patients with single-level (L3-L4 or L4-L5) degenerative spondylolisthesis with spinal stenosis
	Posterolateral fusion with rhBMP-7/ bovine type I collagen

	7 mg/level
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region


	Follow-up at 1.5, 3, 6, 9, and 12 months to evaluate:
· Fusion (radiographs, CT scans)
· Clinical outcomes‡
· Histology of fusion (biopsies removed at screw removal)
	· Extradiscal bone formation:
· 29% (2/7 assessed)
· Bone found surrounding hyaline cartilage.
· Only patients thought to have successful fusion were histologically examined (7/10).
· Inflammatory response to collagen carrier:
· 29% (2/7 assessed)
· Inflammation was chronic and prominent in one case and mild in the other.
· Only patients thought to have successful fusion were histologically examined (7/10).

	Vaccaro, Whang
 ADDIN EN.CITE 
25

(2008)
	Prospective cohort study


	N = 24
54% female
Mean age: 63 years
	Degenerative lumbar spondylolisthesis with stenosis

	1-level posterolateral fusion  with rh-BMP-7/bovine type I collagen
	7 mg/level 
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region


	Follow-up at 1.5, 3, 6, 9, 12, 24, 36 and minimum of 48 months to evaluate:
· Fusion (radiographs)
· Clinical outcomes‡
· Complications
	· Wound infections: 17% (4/24)

· Heterotopic bone formation:
· 0%
· Local or systematic toxicity:
· 0%


	Vaccaro, Lawrence39 (2008)
	Prospective cohort study
	N = 208
65.7% female
Mean age: 68 years
	Spondylolisthesis with spinal stenosis
	1-level posterolateral fusion with rh- BMP-7/ bovine type I collagen
	7mg/level 
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region
	Follow-up at 1.5, 3, 6, 9, 12, 24, and minimum of 36 months to evaluate:
· Fusion (radiographs, CT scans)
· Serum-testing for anti-BMP-7 antibodies (ELISA)
· Clinical outcomes‡
· Overall success
· Need for revision surgery
	· Presence of anti-BMP-7 antibodies in serum: 
· 97.7% at any time during f/u
· Presence of neutralizing anti-BMP-7 antibodies in serum: 
· 25.6% at any time during f/u
· Peaked between 1.5-3 months
· No patients had anti-BMP-7 neutralizing antibodies at 24 and 36 months
· Presence of neutralizing antibodies was not associated with clinical morbidity

	Vaccaro
 ADDIN EN.CITE 
26

(2003)
	Prospective cohort study
	N = 12
75% female
Mean age: 68 years
	Degenerative lumbar spondylolisthesis with symptoms of neurogenic claudication
	1-level PLF with rh-BMP-7/ bovine type I collagen and ICBG
	7 mg/level 
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region
	Follow-up at 1.5, 3, 6, 9, and 12 months to evaluate:
· Fusion (radiographs)
· Clinical outcomes‡
· Complications
	· Ectopic bone formation:
· 0%
· Local or systematic toxicity:
· 0%



* RhBMP-2 was supplied in the form of INFUSE Bone Graft (Medtronic Sofamor Danek, Minneapolis, MN) and applied to an absorbable collagen sponge (ACS), which was supplied as part of the INFUSE kit.  RhBMP-7 was supplied with bovine type I collagen in the form of OP-1 Putty (Stryker Biotech, Cambridge, MA).
† NR = not reported 
‡ Clinical outcomes were assessed using tools such as the Oswestry Disability Index Pain Scores, Dallas Pain Scores, SF-36 PCS, back/neck/leg pain scores, and work status.
** Unless otherwise noted, rhBMP-2 was used.

†† Age and sex data reported for all patients treated with BMP (N = 17,623), only 13,972 of whom received lumbar fusion.

‡‡ Age and sex data reported for all patients in the study, which included both BMP and control groups.  Separate data was not provided for patients in the BMP group.

*** Age and sex data reported for all patients (N = 43), only 35 of whom were treated with BMP.

††† Age and sex data reported for the 9/10 patients who completed follow-up.

ACS: absorbable collagen sponge
ACDF: anterior cervical discectomy fusion
ALIF: anterior lumbar interbody fusion
CT: computerized tomography
DDD: degenerative disc disease
ELISA: enzyme-linked immunosorbent assay
ENT: otolaryngology (ear, nose, throat)
FRA: femoral ring allograft
ICBG: iliac crest bone graft
ICU: intensive care unit
PEEK: polyetheretherketone
PLIF: posterior lumbar interbody fusion

PLF: posterolateral lumbar fusion
rhBMP-2: human recombinant bone morphogenetic protein-2
TLIF: transforaminal lumbar interbody fusion
Table 5. Studies assessing complications in patients who undergo cervical spinal fusion surgery with the use of BMP.
	Author
(Year)
	Study Design
	Population
	Diagnosis
	Treatment*
	BMP dose
	BMP
Placement 
	Outcomes measured
	Complications 

	Baskin
 ADDIN EN.CITE 
47

(2003)
	RCT
	N = 18
56% female
Mean age: 51 years
	1-2 level symptomatic cervical disc disease
	1-2 level ACDF with rhBMP-2-filled allograft
	0.6 mg/level
	Within the allograft 
	Follow-up at 1.5, 3, 6, 12, 24 months to evaluate:
· Fusion (radiographs, CT scans)
· Clinical outcomes‡
· Antibody response to rhVBMP-2 and bovine type 1 collagen (3 months)
	· RhBMP-2 antibody response:
· 0% (versus pre-operative levels)
· Bovine type I collagen antibody response:
· 6% (1/18) (versus pre-operative levels)
· Bone formation anterior to treated level:
· 11% (2/18)

	Buttermann41
(2008)
	Prospective cohort study
	N = 30
50% male
Mean age: 
49 years
	Cervical DDD (39%), herniated nucleus pulposus (14%), or stenosis (48%)

	1-3 level ACDF with rhBMP-2/ACS allograft 

	0.9 mg/level


	Within and posterior to the allograft in the interbody space 
	Follow-up at 7-12, 24-48, and 24-36 months to evaluate:

· Fusion (radiographs)

· Clinical outcomes‡

· Neurological recovery

· Pain and pain medication use

· Opinion of treatment success
	· Neck swelling and dysphagia:

· 50% (15/30) 

· 20% (3/15) readmitted to ICU

· Occurred at mean of 4 (±3) days

· Resolved 21 (± 16) days later

· More severe in BMP than the “no BMP” group



	Cahill37 

(2009)
	Retrospective cohort study
	N = 2886

56% female**
Mean age: 54 years**

	Disc herniation, DDD, other (NR†)
	Multilevel anterior or posterior cervical fusion with rhBMP-2 or rhBMP-7
	NR†
	NR†
	NR†
	· Dysphagia or hoarseness: 3.8% (110/2886)

· ACDF: 4.3% (100/2299)

· Posterior cervical fusion: 2.1% (10/478)

· Wound complication: 1.4% (42/2886)

· ACDF: 1.2% (28/2299)

· Posterior cervical fusion: 2.9% (14/478)

· Includes wound infection, dehiscence, seroma, or hematoma



	Crawford48
(2009)
	Retrospective cohort study
	N = 41

68% female

Mean age: 56 years
	Stenosis requiring laminectomy, failed ACDF, spondylosis with segmental instability
	Single- or multi-level posterior cervical spinal fusion with lateral mass screw and rod instrumentation or interspinous tension band wiring with rhBMP-2/ACS mixed with local autograft (allograft and/or ceramics used in some patients as bone graft extenders)
	1.05–6.0 (mean: 3.6) mg/level
	On the lateral masses and intact lamina
	Follow-up through 3 months to evaluate:

· Perioperative complications


	· Wound infection: 15% (6/41)

· Prolonged drainage: 5% (2/41)

· (Presumed) deep infection: 10% (4/41)

· Treated with irrigation and debridement, and subsequent intravenous antibiotics

· Three of the patients required hospital readmission

	Hiremath42
(2009)
	Retrospective cohort study
	N = 16

81% female

Mean age: 59 years


	Failed ACDF, trauma or unhealed fracture, other (including neoplastic processes), cervical spondolytic myelopathy, rheumatoid arthritis
	1-4 level posterior cervical or cervico-thoracic fusion with rhBMP-2/ACS allograft and additional graft material (ICBG, local morselized bone, Grafton Putty, or Vitoss) and instrumentation

	0.75–4.05 (mean: 1.95) mg/level
	NR† (BMP was in contact with paraspinal muscles)
	Follow-up at average of 5.7 (range: 3–14) months to evaluate:

· Immediate postoperative complications

· Long-term complications 

	· Neck swelling without hematoma: 6% (1/16)

· Resolved with steroid treatment

· Hematoma: 0%

· Wound infection: 0%

· Dysphagia or other airway compromise: 0%

· Screw pullout: 6% (1/16)

· Severe pain; patient was not a candidate for reoperation due to comorbidities

· Broken rod: 6% (1/16)

· Considered a minor failure and did not require reoperation

	Shields
 ADDIN EN.CITE 
43

(2006)
	Retrospective cohort study
	N = 151
59% female
Mean age:
50 years
	Spondylosis (74%), disc herniation (26%)

	1-3 level ACDF (N = 138) or vertebrectomy 
(N = 13) with resorbable poly(D,L-lactic acid) cage or homologous bone graft filled with rhBMP-2
	≤2.1 mg/level
	Within and often lateral and anterior to the graft
	· Complications
	· Dysphagia, respiratory difficulties, or incisional swelling without hematoma: 9% (13/151)
· Hematoma: 10% (15/151)
· Graft resorption: 1% (1/151)
· Implant dislodgement: 1% (2/151)

	Smucker
 ADDIN EN.CITE 
44

(2006)
	Retrospective cohort study
	N = 69 
51% female
Mean age:
52 years

	Myelopathy (24%), otherwise not specified

	Single- or multiple-level ACDF with rhBMP-2/ACS

	NR†, varied
	Within the allograft or interbody spacer and/or surrounding the graft in the disc space
	· Cervical swelling complications
	· Total cervical swelling complications:
· 28% (19/69)
· Dysphagia (severe): 7% (5/69)
· Visible neck swelling:  3% (2/69)
· Occurred 4.2 (2-7) days after ACDF
· Use of rh-BMP-2 was associated with a significantly higher risk of cervical swelling compared to the “no BMP” group in a multivariate regression model: OR (95% CI): 10.1 (3.8, 26.6) 

	Tumialan
 ADDIN EN.CITE 
45

(2008)††


	Retrospective cohort study

	N = 200
52% female
Mean age:
54 years

	Myelopathy (34%), adjacent-segment disc herniations (11%), pseudarthrosis (5%), otherwise not specified (see also Boakye (2005))

	1-4 level ACDF with a rhBMP-2/ACS-filled PEEK spacer

	First 24 pts:
2.1 mg/level
Next 93 pts:
1.05 mg/level
Last 83 patients: 
0.7 mg /level
	Within the PEEK cage only
	Follow-up at 17 (8-36) months to evaluate:
· Fusion (radiographs, CT scans)
· Excess interbody bone formation
· Clinical outcomes‡
· Length of hospital stay

	· Dysphagia: 7% (14/200)
· Severe dysphagia: 36% (5/14)
· Moderate dysphagia: 21% (3/14)
· Mild dysphagia: 43% (6/14)
· Presented post-operatively
· Excess interbody bone formation:
· 2% (3/200)‡‡
· Patients asymptomatic
· Hematoma: 1% (2/200)
· Seroma: 1% (2/200)

	Vaidya30
(2008)
	Retrospective cohort study
	N = 59
(82 levels)
consisting of:
Cervical fusions 
N = 23
(32 levels)
+
Lumbar fusions:
N = 36
(50 levels)
(see Table 1) 
% male NR†
Mean age:
52 years

	Spondylolisthesis, adult scoliosis, revision surgery, discogenic pain

	ACDF with rhBMP-2/ACS 

	1 mg/level

	Within PEEK cage 

	Follow-up at 0.5, 1.5, 3, 6, 12, and 24 months to evaluate:
· Endplate resorption, fusion/ new bone formation, migration of the PEEK cage, and subsidence of the interbody disc space (radiographs)
· Clinical outcomes‡

	· End plate resorption:
· 100% (32/32) levels 
· Detected by 2-6 weeks
· Occurred in both the superior and inferior end plates in all cases
· Earlier onset of resorption compared to lumbar spine
· Transition to bone formation occurred primarily between 3-6 months
· Cage migration: 
· 4% patients (1/23)
· Was minimal and not associated with any clinical sequelae
· Subsidence of disc space: 
· 41% (13/32) levels
· Mean disc space subsidence: 12.8%

	Vaidya, Carp
 ADDIN EN.CITE 
46

(2007)
	Retrospective cohort study
	N = 22
(55 levels)
68% female
Mean age:
50 years
	Cervical DDD and radiculopathy or DDD causing stenosis with myelopathic or radicular findings

	1-3 level ACDF with rhBMP-2/ACS-filled PEEK cage

	1 mg/level
	Within the PEEK cage
	Follow-up at 0.5, 1.5, 3, 6, 12, and a mean of 26 months to evaluate:
· Fusion/ new bone formation (radiographs)
· Clinical outcomes‡
· Prevertebral swelling, subsidence (radiographs)
· Soft tissue swelling
· Dysphagia
· Hoarse voice

	· Dysphagia: only 20/22 patients evaluated
· Post-operative: 85% (17/20)
· 2 weeks after surgery: 85% (17/20)
· 6 weeks after surgery: 65% (13/20)
· 2 years after surgery, mild dysphagia present in 20% (4/20)
· Patients receiving 1-level fusion had lower rates of dysphagia than those receiving 2- or 3- level fusions.
· End plate resorption:
· 100% levels (55/55)
· First noted at 1.5 months, resolved by 6 months
· Did not affect fusion success
· Distension anterior to vertebral bodies (measured at C3):
· Post-operative: 15.7 ± 7.8 mm
· 2 weeks after surgery: 11.8 ± 3.7 mm
· 6 weeks after surgery: 8.0 ± 3.1 mm
· Returned to near pre-operative values after 6 weeks
· No significant distension at C6

	Vaidya, Weir
 ADDIN EN.CITE 
31

(2007)
	RCT
	N = 36 
(55 levels) consisting of:
Cervical fusions:
N = 11
(18 levels)
+
Lumbar fusions:
N= 25 
(27 levels)
(see Table 1)
56% female
Mean age:
48 years

	Spondylolisthesis, adult scoliosis, revision lumbar surgery, discogenic pain, cervical disc herniation, cervical myelopathy

	ACDF with
allograft and 
rhBMP-2/ACS 

	1 mg/level

	NR† 

	Follow-up at 0.5, 1.5, 3, 6, 12, and 24 months to evaluate:
· Fusion, early lucency and graft subsidence (radiograph, CT scan)
· Clinical outcomes‡

	· Dysphagia:
· Cervical: 55% (6/11)
· All had prevertebral swelling
· Was prolonged and more severe than previously encountered
· Significant subsidence (>10%) (1.5-3 months): 
· Cervical + lumbar: 44% levels (24/55 levels)
· Control group: NR†
· Early lucency and graft subsidence (12 months):
· Cervical spine: 33% levels (6/18) (mean subsidence of 53%)
· Significant endplate resorption (erosion): 100% of 25 patients tested (lumbar + cervical)
· Degree of subsidence varied between patients as well as between levels in patients who underwent fusion of more than 1 level

	Furlan
 ADDIN EN.CITE 
24

(2007)

	Retrospective cohort study
	N = 30
consisting of:
Cervical fusions 
N = 14
+
Lumbar fusions:
N = 16
(see Table 1)
57% male
Mean age: 53 years
	Patients at high risk for pseudarthrosis (connective tissue disorders, major medical comorbidities or medications that could affect bone healing, history of nonunion fusions, limited availability or poor quality autogenous bone graft) 
	ACDF with rhBMP-7/ bovine type I collagen
	7 mg/level 
(rhBMP-7)
	Equal amounts placed on each side in the intertransverse region (in most patients)
	Follow-up at 3, 6, 12, 18, and 24 months to evaluate:
· Fusion (X-rays, CT scans, MR imaging)
· Clinical outcomes‡

	· Wound infections (superficial): 7% (2/30) (not reported separately for lumbar versus cervical)

· Systemic toxicity:
· 0%
· Heterotopic ossification:
· 7% (1/14)
· Asympomatic
· Peridural ossification:
· 0%



* RhBMP-2 was supplied in the form of INFUSE Bone Graft (Medtronic Sofamor Danek, Minneapolis, MN) and applied to an absorbable collagen sponge (ACS), which was supplied as part of the INFUSE kit.  RhBMP-7 was supplied with bovine type I collagen in the form of OP-1 Putty (Stryker Biotech, Cambridge, MA).
† NR = not reported 
‡ Clinical outcomes were assessed using tools such as the Oswestry Disability Index Pain Scores, Dallas Pain Scores, SF-36 PCS, back/neck/leg pain scores, and work status
** Age and sex data reported for all patients treated with BMP (N = 17,623), only 2886 of whom received cervical fusion.

†† First 24 patients in Tumialan were also reported in Boakye49 (2005) (all 24 patients in Boakye were included in Tumialan). Excess interbody bone formation was described in Tumialan, although the exact numbers were obtained from Boakye49 (2005).

ACS: absorbable collagen sponge
ACDF: anterior cervical discectomy fusion
ALIF: anterior lumbar interbody fusion
CSF: cerebrospinal fluid
CT: computerized tomography
DDD: degenerative disc disease
ICBG: iliac crest bone graft
PEEK: polyetheretherketone
PLIF: posterior lumbar interbody fusion
rhBMP-2: human recombinant bone morphogenetic protein-2
TLIF: transforaminal lumbar interbody fusion
Table 6. Studies assessing complications in patients who undergo thoracic spinal fusion surgery with the use of BMP.
	Author
(Year)
	Study Design
	Population
	Diagnosis
	Treatment*
	BMP** dose
	BMP**
Placement 
	Outcomes measured
	· Reported Complications 

	Cahill37 

(2009)
	Retrospective cohort study
	N = 746

56% female‡
Mean age: 54 years‡
	Disc herniation, DDD, other (NR†)
	2–4 level thoracic fusion with rhBMP-2 or rhBMP-7
	NR†
	NR†
	NR†
	· Dysphagia or hoarseness: 0.8% (6/746)

· Wound complication: 4.7% (35/746)

· Includes wound infection, dehiscence, seroma, or hematoma




* RhBMP-2 was supplied in the form of INFUSE Bone Graft (Medtronic Sofamor Danek, Minneapolis, MN) and applied to an absorbable collagen sponge (ACS), which was supplied as part of the INFUSE kit.  RhBMP-7 was supplied with bovine type I collagen in the form of OP-1 Putty (Stryker Biotech, Cambridge, MA).

† NR = not reported 
‡ Age and sex data reported for all patients treated with BMP (N = 17,623), only 746 of whom underwent thoracic fusion.

DDD: degenerative disc disease

Table 7.  Studies assessing a dose-response relationship associated with complications following the use of BMP in spinal fusion surgery.
	Author
(Year)
	Study Design
	Population
	Diagnosis
	Treatment*
	BMP dose
	BMP
Placement 
	Outcomes measured
	Complications 

	Tumialan
 ADDIN EN.CITE 
45

(2008)‡

	Retrospective cohort study
	N = 200
52% female
Mean age:
54 years

	Myelopathy (34%), adjacent-segment disc herniations (11%), pseudarthrosis (5%), otherwise not specified 

	1-4 level ACDF with a rhBMP-2/ACS-filled PEEK spacer

	Group A (N = 24):
2.1 mg BMP/level‡
Group B (N = 93):
1.05 mg BMP/level
Group C (N = 83): 0.7 mg BMP/level
	Within the PEEK cage only
	Follow-up at 17 (8-36) months to evaluate:
· Fusion (radiographs, CT scans)
· Excess interbody bone formation
· Clinical outcomes‡
· Length of hospital stay

	· Dysphagia: 7.0% (14/200)
· Severe dysphagia: (2.5%) 5/200
· Group A: 0‡
· Group B**: (2.2%) 2/93
· Group C: (3.6%) 3/83 
· Moderate or mild dysphagia: 4.5% (9/200)
· Group A: 8.3% (2/24)‡
· Group B**: 7.5% 7/93
· Group C: 0 
· Excess interbody bone formation:
· Group A: 13% (3/24)‡
· Group B: 0%
· Group C: 0%
· Laryngeal paresis: 1.0% (2/200) 
· Group A: 2/24 (transient) (8.3%)‡
· Group B**: NR†
· Group C: 0
· Hematoma/seroma: 2.0% (4/200)
· Group A: 0‡ 
· Group B**: 2.2% (2/93)
· Group C: 2.4% (2/83)



* RhBMP-2 was supplied in the form of INFUSE Bone Graft (Medtronic Sofamor Danek, Minneapolis, MN) and applied to an absorbable collagen sponge (ACS), which was supplied as part of the INFUSE kit.
† NR = not reported 
‡ First 24 patients in Tumialan were also reported in Boakye49 (2005) (all 24 patients in Boakye were included in Tumialan). Excess interbody bone formation was described in Tumialan, although the exact numbers of patients who experienced this were obtained from Boakye49 (2005).
** Complications for group B were not explicitly mentioned and were inferred by deduction.  
ACS: absorbable collagen sponge
ACDF: anterior cervical discectomy fusion
CSF: cerebrospinal fluid
CT: computerized tomography
PEEK: polyetheretherketone
rhBMP-2: human recombinant bone morphogenetic protein-2
