
Long-Segment Fusion for Adult Spinal Deformity
Correction Using Low-Dose Recombinant Human
Bone Morphogenetic Protein-2: A Retrospective
Review of Fusion Rates

BACKGROUND: Although use of very high-dose recombinant human bone morpho-
genetic protein-2 (rhBMP-2) has been reported to markedly improve fusion rates in adult
spinal deformity (ASD) surgery, most centers use much lower doses due to cost con-
straints. How effective these lower doses are for fusion enhancement remains unclear.
OBJECTIVE: To assess fusion rates using relatively low-dose rhBMP-2 for ASD surgery.
METHODS: This was a retrospective review of consecutive ASD patients that under-
went thoracic to sacral fusion. Patients that achieved 2-year follow-up were analyzed.
Impact of patient and surgical factors on fusion rate was assessed, and fusion rates were
compared with historical cohorts.
RESULTS: Of 219 patients, 172 (78.5%) achieved 2-year follow-up and were analyzed.
Using an average rhBMP-2 dose of 3.1 mg/level (average total dose = 35.9 mg/case), the
2-year fusion rate was 73.8%. Cancellous allograft, local autograft, and very limited iliac
crest bone graft (,20 mL, obtained during iliac bolt placement) were also used. On
multivariate analysis, female sex was associated with a higher fusion rate, whereas age,
comorbidity score, deformity type, and 3-column osteotomy were not. There were no
complications directly attributable to rhBMP-2.
CONCLUSION: Fusion rates for ASD using low-dose rhBMP-2 were comparable to those
reported for iliac crest bone graft but lower than for high-dose rhBMP-2. Importantly,
there were substantial differences between patients in the present series and those in
the historical comparison groups that could not be fully adjusted for based on available
data. Prospective evaluation of rhBMP-2 dosing for ASD surgery is warranted to define
the most appropriate dose that balances benefits, risks, and costs.
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P
seudarthrosis rates as high as 80% have
been reported after long-segment fusion
from the thoracic spine to the sacrum for

correction of adult spinal deformity (ASD) de-
pending on the diagnosis, surgical approach,
and type of instrumentation.1-6 Although the use
of robust posterior segmental instrumentation
including pedicle screw constructs has led to
improved fusion rates, failure rates are still as high

as 25% in recent studies.7-11 Patients with instru-
mentation failure and/or pseudarthrosis (Figure)
often require revision surgeries, contributing to
increased morbidity and healthcare costs.7-12

The gold-standard grafting material for spinal
fusion has traditionally been considered to be iliac
crest bone graft (ICBG). Althoughmultiple studies
have reported acceptable fusion rates using
ICBG for short-segment fusions for degenerative
disease,13,14 there are several reports that have
documented significant consequences of ICBG
harvest, including associated pain, numbness, and
functional limitations.15-18 For example, Kim
et al18 prospectively assessed 104 patients that
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underwent elective posterior lumbar spinal fusion surgery that
included ICBG. At 12-month follow-up, they noted that 16.5% of
patients reported more severe pain from the harvest site than from
the primary surgical site. In addition, patients reported significant
impact on multiple functional activities related to the ICBG harvest
site, including walking (15.1%), employment (5.2%), recreation
(12.9%), household chores (14.1%), sexual activity (7.6%), and
irritation from clothing (5.9%). Importantly, for ASD surgery,
a substantial volume of grafting material may be needed, which may
further increase the risks of complications, chronic graft site pain,
and functional limitations.

In 2002, the FDA approved recombinant human bone
morphogenetic protein-2 (rhBMP-2 [InFuse; Medtronic, Mem-
phis, Tennessee]) for anterior lumbar fusion in the LT-CAGE
(Medtronic).19,20 There has been a subsequent rise in the use of
rhBMP-2 for spinal fusion surgery. Off-label use for posterior
spinal fusion has become one of the most common indications for
rhBMP-2,21-23 with an increasing literature base supporting its
safety and efficacy.24-26 However, there is a paucity of data on the
appropriate dose of rhBMP-2, with most surgeons who use
rhBMP-2 making their decisions based on anecdotal evidence
and personal experience.27-33

One group of surgeons reported a fusion rate of 95.7% with
rhBMP-2 compared to 71.9% (P = .06) with ICBG alone for cases
of long-segment spinal fusion for ASD.27,28,34,35 These rates,
however, were achieved using very high doses of rhBMP-2
(posterior 91.2 mg; anterior 30.9 mg; total 119 mg).36,37 Although
a dose-dependent effect has been reported in animal studies,38

clinical studies supporting such an effect are lacking. Due at least in
part to cost constraints, most centers currently use much lower
doses of rhBMP-2 for ASD surgery than those previously
reported,25 but it is unclear whether these lower doses result in
similar fusion rates as achieved with very high-dose rhBMP-2.

At our institution, the senior authors typically use a lower mean
dose of rhBMP-2 for ASD surgery compared to those reported in
the literature.19,27,28,31,32,34 The present study was conducted to
assess the fusion rate in long-segment instrumented arthrodesis
for ASD using a relatively low-dose of rhBMP-2. We hypoth-
esized that our fusion rate would be higher than that reported in
the literature with use of ICBG alone and similar to rates achieved
with higher doses of rhBMP-2.

METHODS

Patient Population

We conducted a retrospective review of consecutive ASD patients who
underwent long-segment (thoracic to sacral spine) instrumented fusion
procedures performed by the senior authors (C.I.S. and J.S.S.). Patients
who achieved minimum 2-year radiographic follow-up were included in
the final analysis. For simplicity and purposes of comparison, we refer to
our cohort of patients as the “low-dose rhBMP-2” group.

Surgical Technique

The majority of fusions were performed with a single-stage, posterior
approach. A small subset of patients underwent a 2-stage anterior and
posterior procedure. Segmental instrumentation was performed in all
cases using pedicle screw and dual rod constructs. Most patients received
lumbar/lumbosacral anterior column support, which was accomplished
through transforaminal lumbar interbody fusion using predominantly
titanium spacers. When performed, anterior lumbar interbody fusion
was done through a left-sided thoracoabdominal approach (L1-L2 to
L4-L5) and/or a left paramedian retroperitoneal approach (L5-S1).
Anterior fusion in these cases was predominantly performed using
a femoral ring allograft with rhBMP-2 placed within the ring. All
patients had iliac screws placed to supplement sacral fixation. A small
quantity of ICBG (,20 mL) was harvested in each case as part of the
technique used in placing iliac screws. This ICBG was used during

FIGURE. A and B, patient with brisk fusion. Note the trabecular bone that has developed in the L3-4 and L4-5 interspaces (A, black arrows), and the solid fusion mass in
the posterolateral gutters (B, white arrows). Rod fractures (C, black arrows) are often a sign of underlying pseudarthrosis, which is straining the instrumentation construct.
Haloing around screws (D, black arrow) is another indicator of pseudarthrosis.
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arthrodesis in addition to rhBMP-2, locally harvested autograft, and
corticocancellous allograft.

rhBMP-2 Preparation and Arthrodesis

The rhBMP-2 (Medtronic) was reconstituted on an absorbable
collagen sponge. For transforaminal lumbar interbody fusion, a portion
of the rhBMP-2 sponge was positioned anteriorly within the prepared
disk space. Titanium interbody spacers were packed with autograft,
placed within the disc space, and tamped into proper position. This was
followed by packing the posterior portion of the disc space with
morselized ICBG and/or locally harvested autograft. Posterolateral
arthrodesis was performed with rhBMP-2-soaked absorbable collagen
sponge (cut lengthwise into strips), placed between decorticated trans-
verse processes and posterior elements of adjacent levels (posterior-
lateral gutters), followed by loosely packed autograft and cancellous
allograft.

Radiographic Evaluation

Long-cassette x-rays were evaluated for fusion, and fusion status was
tabulated using a modification of scales previously reported by Eck
et al39 and Lenke et al40 (Table 1). Based on these criteria, only patients
with a grade I or grade II fusion (posterior and/or interbody) at every
level of planned arthrodesis were considered as having achieved
successful fusion; remaining patients were classified as having
pseudarthrosis.

Statistical Analysis

The influence of patient demographic factors, including age, sex,
Charlson Comorbidity Index,41 and underlying diagnosis, as well as
surgical factors including number of fused segments, revision (one or more
previous fusions) vs primary procedures, total rhBMP-2 dose, rhBMP-2
dose per level, and use of 3-column osteotomy (TCO) on fusion rate were
assessed. Univariate analyses were performed using Kruskal-Wallis test for
continuous variables, Fisher’s exact test for dichotomous variables, and x2

test for categorical variables. Multivariate logistic regression was used to
model fusion rate based on the above variables. The initial model,
including all potential predictors, was successively honed through backward
selection of nonsignificant factors to yield a final model with significant
predictors. For univariate and multivariate analyses, P,.05 was used as the
cutoff for statistical significance.

Statement of Ethics

Ethical approval for this studywas obtained from theUniversity ofVirginia
Institutional Review Board for Health Sciences Research (IRB# 17210).

RESULTS

Patient Population

Of the 219 patients assessed, 172 (78.5%) achieved minimum
2-year radiographic follow-up (mean of 3.7 years, range: 2.0-7.6
years) and were thus included in the final analysis. Demographics
are summarized for these 172 patients in Table 2. The mean age
was 61.8 years, reflecting a relatively elderly population, and the
majority (69.2%) of patients was women. The mean Charlson
Comorbidity Index was 3, which suggests a moderate degree of
comorbidities in the study group. The most common diagnoses
included degenerative deformity (76.7%), adult idiopathic
scoliosis (10.5%), and failed back surgery syndrome (3.5%).
Nearly two-thirds (64.5%) of patients had a history of previous
spinal surgery (including decompression and/or fusion), and
almost one-half (45.3%) of patients had a history of previous
spine surgery that included fusion.

Surgical Procedures

The average number of fused vertebral levels was 9. All patients
were instrumented and fused from the thoracic spine to the
sacrum, with the addition of supplemental iliac bolts. Most
patients were treated via a single-stage, posterior-only approach;
however, 10 patients were treated via a 2-stage, anterior-posterior
approach. The majority of patients (80.2%) underwent interbody
fusion of at least one segment, and 27.3% underwent a 3-column
osteotomy (vertebral column resection and/or pedicle subtraction
osteotomy) (Table 2).
The materials used for posterolateral and interbody arthrodesis

are summarized inTable 3. The mean total dose of rhBMP-2 was
35.9 mg, which corresponds to approximately 3 large kits of
Infuse rhBMP-2. The mean dose of rhBMP-2 used for interbody
fusion was 5.9 mg/interspace. The mean dose of rhBMP-2 used
as part of a TCO was 6.0 mg/interspace (typically placed within

TABLE 1. Criteria Used for Assessing Fusion Status

Grade Classification Anterior Fusion Criteria Posterolateral Fusion Criteria

I Definite fusion Fused with remodeling and trabeculae Solid trabeculated transverse process and facet

fusions bilaterally

II Probable fusion Graft intact, not fully remodeled and

incorporated through; no lucencies

Thick fusion mass on one side; difficult to visualize

on the other

III Probable nonunion Graft intact, but definite lucency at top

or bottom

Possible lucency or defect in the fusion mass

IV Definite nonunion Resorption of bone graft and collapse Definite resorption of graft with fatigue of

instrumentation

Adapted from Eck et al39 and Lenke et al.40
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the pedicle subtraction osteotomy wedge prior to closure or
anteriorly in a vertebral column resection defect), and a mean
total dose of 9.3 mg when including the interbody dose and the

posterolateral dose at the level of the osteotomy. A mean of 3.1
mg/level was used for posterolateral arthrodesis. Locally harvested
autograft was used in the vast majority of patients (94.2%), and
a very limited amount (,20 mL) of ICBG was used in
approximately one-half (47.7%) of the cases (Table 3).

Complications

Complications are summarized in Table 4, and reflect those
reported over the entire follow-up interval. There were 17

TABLE 2. Patient Demographicsa

Total patients 172

Mean age (yr) 6 SD 61.8 6 13.4

Mean follow-up (yr) 6 SD 3.7 6 1.4

Sex

Male 53 (30.8%)

Female 119 (69.2%)

Mean Charlson Comorbidity Index 3

Previous spine surgery 111 (64.5%)

Previous spine fusion 78 (45.3%)

Index diagnosis

Congenital/neuromuscular deformity 4 (2.3%)

Degenerative deformity 132 (76.7%)

Failed back surgery syndrome 6 (3.5%)

Idiopathic scoliosis 18 (10.5%)

Proximal junctional kyphosis 3 (1.7%)

Scheuermann’s kyphosis 4 (2.3%)

Trauma-related deformity 2 (1.2%)

Other 3 (1.7%)

Index surgery

Interbody fusions 138 (80.2%)

3-column osteotomy 47 (27.3%)

Combined A/P procedures 10 (5.8%)

Mean levels instrumented 6 SD 9.0 6 2.8

Mean interbody levels 6 SD 2.0 6 1.4

aA/P, anterior-posterior; SD, standard deviation.

TABLE 3. Materials Used in Arthrodesisa

BMP Mean Dose (mg)6 SD

Total dose 35.9 6 11.8

Posterolateral arthrodesis

Total dose 27.0 6 8.8

Dose/level 3.1 6 1.0

Interbody arthrodesis

Total dose 11.5 6 7.4

Dose/interspace 5.9 6 1.3

3-column osteotomy

Total dose 9.3 6 6.0

Dose/interspace 6.0 6 3.4

Graft Material

No. of

Patients (%)

Mean Volume

(mL)6 SD

Local bone 162 (94.2)

Local bone 1 ICBG 82 (47.7)

Allograft (n) 147 (85.5)

Total dose 54.6 6 32.2

Dose/level 6.2 6 3.8

aICBG, iliac crest bone graft; SD, standard deviation.

TABLE 4. Summary of Intraoperative and Postoperative Compli-

cations in 172 Adult Spinal Deformity Patientsa

Intraoperative

Minor

Durotomy 14

Anemia/coagulopathy 1

IOM signal changes 2

Pneumothorax 1

Major

Excessive blood loss leading to unplanned

staging of procedure

1

Patients affected 17 (10.0%)

Postoperative

Minor

Constipation/ileus 17

Hyponatremia 8

Arrhythmia 4

UTI 7

Anemia/coagulopathy 5

Pneumonia 4

Transient weakness/paresthesia 3

Superficial wound drainage/infection not

requiring revision

2

Urinary retention 3

Hematoma 1

AKI 2

Patients affected 56 (32.6%)

Major

Pseudarthrosis w/instrumentation failure

requiring revision

26

Instrumentation failure and/or pseudarthrosis not

requiring revision

17

Proximal junctional kyphosis/adjacent segment

disease requiring revision

13

Instrumentation failure alone requiring revision 11

Wound complication/infection requiring revision 3

PE 4

Pseudarthrosis alone requiring revision 3

Hemorrhage 3

Arrhythmia 2

Cardiac arrest 1

Stroke 1

Patients affected 81b (47.1%)

aAKI, acute kidney injury; IOM, intraoperative monitoring; PE, pulmonary

embolism; UTI, urinary tract infection.
bUnique patients, 3 patients had multiple complications.
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patients (10.0%) with intraoperative complications, only one of
which was a major complication (excessive blood loss leading to
a staged procedure). Minor postoperative complications were
seen in 56 patients (32.6%). Major postoperative complications
were seen in 81 unique patients (47.1%), with 3 patients having
more than one major complication. All indications for revision
surgery are summarized in Table 5. With the exception of 2
patients who required revision surgery due to trauma, any
indication for revision during the follow-up period was consid-
ered a major complication.

Fusion Rate and Predictors of Fusion

Of 172 patients, 127 (73.8%) had radiographically confirmed
fusion of all levels at 2-year follow-up, whereas 45 (26.2%) had
radiographic findings consistent with nonunion at one or more
levels. Fifty-one unique patients (with a total of 59 surgeries)
required revision procedures for adjacent segment pathology,
symptomatic rod fracture, or pseudarthrosis, proximal junctional
kyphosis, or a combination of the above indications. In 36 unique
patients (for a total of 40 surgeries), revision was indicated for
nonunion (ie, symptomatic rod fracture or pseudarthrosis).

The impact of patient and surgical factors on fusion rate is
summarized in Table 6. Sex was associated with fusion status,
with 79.8% of women demonstrating fusion, compared to
60.4% of men (P = .009). The mean age of patients who failed to
fuse (66 years) did not differ from those who achieved fusion (P =
.53). A slightly lower mean dose of rhBMP-2 was used in patients
who fused (34.6 mg) compared to those that did not (39.4 mg),
and this reached statistical significance (P = .02). There was
a 76% fusion rate in patients who did not undergo a TCO,
compared to 68.1% in those who had at least one TCO (RR 0.8
[0.4, 1.3]; [P = .33]). The presence or absence of a TCO did not
have a statistically significant influence on fusion rate, instru-
mentation failure, or need for revision surgery (Table 7).

Based on multivariate analysis, women had 3.1 (1.5, 6.7) times
the odds of achieving fusion compared to men (P = .003). There
was a slightly higher mean rhBMP-2 dose in patients with
unsuccessful vs successful fusion (odds ratio 0.97 [0.94, 0.99];
P = .04), although the difference in dose is likely not clinically
significant. Age group showed a trend toward higher rate of
fusion in younger individuals (,50) as compared to those in the

50 to 65, 65 to 75, and .75 groups; however, this did not reach
statistical significance (P = .08, 0.5, 0.8, respectively). The best-fit
logistic regression model included age group, sex, and total
rhBMP-2 dose and had an overall c-statistic of 0.71 indicating
satisfactory model fit.

DISCUSSION

Although use of very high-dose rhBMP-2 has been reported to
markedly improve fusion rates in ASD surgery, most centers use
much lower doses due to cost constraints. However, how effective
these lower doses are for fusion enhancement remains unclear. In
this study, we reviewed patients who underwent long-segment
fusions for treatment of ASD using a lower rhBMP-2 dose than
that reported in previous series. We routinely used rhBMP-2 both
in the lower lumbar disc space(s) and posteriorly to help achieve
arthrodesis.Most commonly, 3 “large” commercially available kits
of rhBMP-2 were used per case, which corresponds to 36 mg
rhBMP-2. In the present series, the mean dose of rhBMP-2 used
for interbody arthrodesis was 5.9 mg/interspace. In contrast,
groups have previously reported means as high as 11.6 mg27 mg/
interspace anteriorly. We performed posterior fusion using
a mean of 3.1 mg/level, which is significantly lower than the
19.8 mg/level previously reported.28 The average total rhBMP-2
used per case in the present series, 35.9 6 11.8 mg, is
considerably less than the 119 mg mean dose of rhBMP-2 used

TABLE 5. Indications for Revision Surgery

Indication Patients

Pseudarthrosis and instrumentation failure 26

Proximal junctional kyphosis/adjacent segment disease 13

Instrumentation failure alone 11

Pseudarthrosis alone 3

Wound revision/infection 3

Trauma 2

Total 59 (34.3%)

TABLE 6. Univariate Predictors of Nonuniona

Variable

Fusion

(n = 127)

Nonunion

(n = 45) P Value

Age, median [IQR] 66 [55-72] 66 [53-68] .53

Sex .009

Female 95 (79.8%) 24 (20.2%)

Male 32 (60.4%) 21 (39.6%)

CCI, median [IQR] 2 [1-4] 2 [1-3] .67

Median levels fused [IQR] 8 [7-9] 8 [7-9] .67

Mean BMP dose 6 SD 34.6 6 2.1 39.4 6 3.3 .02

Primary vs revision fusion .89

Primary 69 (73.4%) 25 (26.6%)

Revision 58 (74.4%) 20 (25.6%)

aCCI, Charlson Comorbidity Index; IQR, interquartile range; SD, standard deviation.

TABLE 7. Outcomes in Relation to 3-Column Osteotomies (TCO)

Nonunion

Instrumentation

Failure Revision

TCO (n = 47) 31.9% 42.6% 38.0%

No TCO (n = 125) 24.0% 32.8% 26.0%

Overall 26.2% 35.5% 30.0%

P Value .33 .31 .18
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in the series by Maeda et al.27 Surprisingly, there were no strong
associations, other than sex, between patient characteristics and
fusion rate. Although the available data do not permit a clear
explanation for this observation, it is possible that the effect of
rhBMP-2 may help to at least partially compensate for risk factors
previously associated with nonunion (smoking, osteoporosis,
TCOs)42-45 even at relatively small doses.46

As summarized inTable 8, our fusion rate of 73.8% was similar
to that reported in a group wherein ICBG was used (71.9%), but
lower than the rates previously reported in 2 previous high-dose
groups (95.7% and 95.0%). The lower fusion rate seen in our
cohort compared to the high-dose rhBMP-2 groups would seem
to suggest a dose-dependent effect of rhBMP-228,38; however,
any such comparisons are tempered by heterogeneity in the study
cohorts. Compared with the historical cohorts, the patients in the
present series reflect an older patient population (mean age of
approximately 60 vs 50 years old), with relatively high levels of
comorbidities, a very high proportion with degenerative defor-
mity (.75%), and a high proportion (nearly 50%) of patients
who have undergone one or more previous spinal fusions.
Although we found modestly higher doses of rhBMP-2 were used
in the patients who developed nonunion, this does not likely
represent a clinically important difference. It may in fact
represent an epiphenomenon of surgeons electing to use higher
doses in patients judged to be at greater risk of nonunion at the
time of surgical planning or intraoperatively.

rhBMP-2 has emerged as a robust osteobiologic in the past 2
decades, and it has seen an exponential increase in its applications,
achieving reported fusion rates that are equivalent to or better than
those achieved with autograft.19,21-23,27,28,36,37,47 Ease of appli-
cation and avoidance of the morbidity associated with ICBG
harvest can make rhBMP-2 an appealing choice. The cost of
rhBMP-2 remains an important concern for physicians, hospitals,
and payers.23 The findings from the present study suggest that
rhBMP-2, even in low-doses, offers comparable fusion rates with
ICBG alone. Given the finding of comparable fusion rates
between the present and ICBG alone cohorts, and the more
challenging patient population in the present study, it is possible
that low-dose rhBMP-2 may confer an advantage in achieving
fusion that could not be appreciated. Future prospective
evaluation of rhBMP-2 use and dosing for adult deformity
surgery is warranted in order to further define the most
appropriate dose that balances benefits, risks, and costs.

Achieving a solid arthrodesis is important for successful
deformity surgeries, as nonunion can lead to pain, disability,
progressive deformity, and need for revision surgery. Relatively
high reported rates of pseudarthrosis in adult deformity surgery, up
to 80% in some studies, reflect the challenge posed in meeting this
goal.1-9 This is in contrast to children with adolescent idiopathic
scoliosis or other pediatric deformities, in whom fusion rates tend
to be very high with ICBG or even in the absence of graft
material.48 Comorbidities, aggressive osteotomies, and long
constructs that place significant stress on implants are some of
the key factors that negatively influence fusion rates in

ASD.5,7,12,20,28 Although ICBG has been traditionally used for
arthrodesis in adult deformity, previous ICBG harvest (often
encountered in revision surgeries) can substantially limit or
preclude its use as an autograft during revision surgery. In
addition, for long-segment fusions, primary use of ICBG as
a grafting material can require extensive removal of iliac crest
bone with attendant morbidities.18,49,50 Aggressive harvest of
iliac crest bone can also severely compromise or preclude the
ability to place iliac screw fixation, a practice that is commonly
used to reduce stress on the sacral and lower lumbar screws and to
enhance fusion at the L5-S1 level. Furthermore, even when
ICBG can be harvested and used, the pseudarthrosis rates remain
significant, often due to poor local bone stock, long fusion
constructs, and the limited amount of ICBG that can be
harvested.12,51 For these reasons, management of the 45% of
cases in the present series that were revision procedures may have
been even more challenging without rhBMP-2 as an alternative
osteoinductive agent to ICBG.
Complications that have been associated with rhBMP-2 use

include seroma, radiculitis, ectopic bone formation, delayed
wound healing, retrograde ejaculation, and possible increased risk
of neoplasm.52-56 Notably, there have been several recent studies
that have suggested no increased risk of cancer in patients treated
with rhBMP-2.25,53,54 In the present study, the frequencies and
types of complications observed were not out of proportion with
those expected with large and invasive surgical procedures.57

There were no complications that were directly attributable to
rhBMP-2 use. Based on the rhBMP-2 doses and applications
described, we did not identify any instances of heterotopic
ossification or overgrowth of bone necessitating a revision
surgery. We did not encounter any clinically apparent wound
seromas, which we attribute, at least in part, to our wound
drainage protocol.58 Two deep wound drains are routinely placed
at the time of surgery and are typically left in place until their
output falls below 30 mL per 8 hours (typically 3-5 days). In
addition, there were no cases of retrograde ejaculation or new
diagnoses of cancer identified in the present study.
Pseudarthrosis rates are not insignificant after spine surgeries,7,8

resulting in revision surgeries, increased morbidity, and increased
health care cost. The use of rhBMP-2 may help reduce the costs
associated with instrumentation failures and pseudarthrosis.36,59,60

As the cost of rhBMP-2 is dose-dependent, the minimal effective
dose should be sought. Lu et al38 demonstrated the dose-
dependent effect of BMP-7 in a rat model, with higher doses
resulting in increased fusion rate. Barnes et al,61 on the other hand,
showed variability in fusion rates based on the type of carrier used
and demonstrated higher fusion rates with lower doses using
rhBMP-2/absorbable collagen sponge wrapped around a bulking
agent as compared to absorbable collagen sponge alone. There are
no clear guidelines on the appropriate dose of rhBMP-2. As such,
surgeons typically base their choices on their own experiences,
possibly erring on higher doses to avoid pseudarthrosis.27,28

Although not always obvious in single-level or short-segment
surgeries, use of higher doses of rhBMP-2 in the long-segment
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fusions required for deformity corrections may result in marked
and prohibitive increases in cost.18,28 Rates of successful arthrodesis
with identical doses of rhBMP-2 can vary depending on the carrier
used,61 and this is a potential area of future investigation. A more
effective carrier in combination with a lower dose of rhBMP-2 may
be a practical means of mitigating the cost of surgery without
compromising outcomes or increasing morbidity.

Aggressive osteotomies are associated with increased rates of
pseudarthrosis, instrumentation failure, and revision surger-
ies.10,11 While in the present study there were higher percentages
of TCO patients in all 3 of the above-mentioned groups, the
differences in fusion rates were not statistically significant (Table
7). The senior authors’ have progressively adopted methods of
mitigating adverse outcomes in patients who require one or more
TCOs. At the site of the osteotomy, they may use higher doses of
rhBMP-2, perform extended pedicle subtraction osteotomies
(removal of the supradjacent disc space with closure of the
supradjacent vertebral body inferior endplate to the cancellous
osteotomy wedge), use anterior column support (eg, titanium
spacer), and/or use a 4-rod construct to distribute the force of the
sagittal correction more evenly.11 These strategies likely lessened
the pseudarthrosis rate associated with TCOs in the present series
and may account for the lack of a significant difference from the
rate in patients in whom TCOs were not performed.

Limitations

This study has several limitations. Significant differences existed
between patient populations in our cohort and previously reported
studies; therefore, the groups could not be compared as matched
cohorts. Even if we were able to more appropriately match the
patient populations, comparison with historical rather than con-
current controls may have resulted in bias resulting from trends
occurring between the studies compared or differences in surgical
technique between centers. There were also differences in the
surgical techniques used to achieve fusion in the present series
(predominantly posterior-only approaches) compared with histor-
ical series (combined anterior/posterior, anterior-only, and poste-
rior-only). A control group (without rhBMP-2) from the senior
authors was not available because both have typically used rhBMP-2
for their adult deformity fusions for the past 8 to 10 years, which
includes the entire time that both surgeons have been at their current
institution. Cases predating their use of rhBMP-2 are not readily
available for review and would have potentially confounding issues
that include advances in instrumentation and techniques, as well as
ongoing increases in surgeon experience. Although we used ICBG
in combination with rhBMP-2 in the present study, this was only
the iliac bone removed during iliac fixation (small medial wedge of
posterior superior iliac spine for recessing of the iliac bolt head). The
amount would not have been expected to exceed 20 mL and was
typically closer to 10mL.When spread over a long deformity fusion
construct, this amount of bone is likely negligible. However, we
cannot definitely say that it had no impact on fusion.While we used
the same algorithm for radiographic evaluation as that used by

Mulconrey et al,28 different criteria were used in the other
comparison study by Maeda et al.27 The criteria for nonunion
in the latter study overlap with our own. Less stringent criteria for
radiographic fusion would underestimate the difference between
the 2 groups, as there could have been a radiographic nonunion in
the ICBG group that was not identified due to a lack of
instrumentation failure or pseudarthrosis. Because it is well
recognized that pseudarthrosis can exist in the setting of intact
instrumentation and that instrumentation failures (including rod
fracture) can occur several years out from surgery, in the present
study we have used a more standardized, commonly accepted, and
rigorous assessment of fusion than was applied in many previous
studies. This may have led to an underestimation of the relative
efficacy of using lower doses of rhBMP-2, but we think this
approach is more appropriate for comparisons with future studies.
Future studies that prospectively evaluate different doses of

rhBMP-2 in homogeneous, concurrent cohorts would be of great
benefit in determining an optimal dose that balances clinical
outcomes and cost effectiveness. As most of the pseudarthrosis
occurred adjacent to an osteotomy or junctional level, use of some
intermediate dose of rhBMP-2 in a staggered fashion, concentrat-
ing higher doses in these areas of increased stress, may be helpful in
achieving higher fusion rates with less impact on the overall cost.
We did not perform analyses to enable comment on the cost
effectiveness of rhBMP-2 as an alternative to ICBG. A cost-utility
analysis comparing rhBMP-2 with ICBG harvest could further
help in the decision-making process.

CONCLUSION

Previous reports of high fusion rates with rhBMP-2 for ASD
were based on very high doses that are currently not used by most
centers due to cost constraints. Therefore, the present study
provides fusion rates that aremore reflective of current practices. In
this series, low-dose rhBMP-2 was found to achieve a similar
fusion rate to that reported with use of ICBG alone, but lower than
that for high-dose rhBMP-2 in long-segment fusions for the
correction of ASD. Importantly, there were substantial differences
between the patients in the present series and those in historical
comparison groups limit direct comparison. Baseline character-
istics of the study group suggest that they are more susceptible to
pseudarthrosis compared with historical comparison groups,
which may have led to an underestimation of the relative efficacy
of using lower doses of rhBMP-2. Nevertheless, the findings from
the present study suggest that low-dose rhBMP-2 is at least
a reasonable alternative to ICBG alone, without the attendant
morbidity of extensive ICBG harvesting. Future prospective
evaluation of rhBMP-2 dosing for adult deformity surgery is
warranted in order to define the most appropriate dose that
balances benefits, risks, and costs.
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COMMENTS

T he authors present their retrospective analysis on 172 patients oper-
ated at a single institution for adult spinal deformity using low-dose

recombinant human bone morphogenetic protein-2. They demonstrate
a 73.8% fusion rate with 2-year radiographic follow-up. Their analysis is
limited by the evolution of fusion techniques, both within their own
institution and for historical controls. This leads to a lack of a well-
matched control cohort for comparison. Although the authors demon-
strate some fusion success in patientswith risk factors for nonunion such as

smoking, osteoporosis, and 3-column osteotomies, their results reveal
pseudarthrosis in a quarter of the patients despite the use of low-dose bone
morphogenetic protein mixed with local autograft. They discuss their
drainmanagement in strategy to avoid seromas. Interestingly, they did not
observe any boney overgrowth requiring reoperation. One has to wonder
if the additional cost of recombinant human bonemorphogenetic protein-
2 is worth it. There is no cost analysis data presented to clarify this ongoing
question. In my practice, I have avoided the use of bone morphogenetic
protein for posterior spine fusions. I prefer local autograft, iliac bone
autograft, and hydroxyapatite, but I also see a significant pseudarthrosis
rate. The solution to the pseudarthrosis problem and cost issues remains
perplexing.

Todd Vogel
Praveen Mummaneni

San Francisco, California

T he authors present a retrospective review of 219 adult spinal deformity
patients that underwent thoracic to sacral fusion using low-dose bone

morphogenetic protein (BMP). Patients that reached 2-year follow-up
were analyzed. They hypothesized that the fusion rates would be higher
than reported in the literature using iliac crest bone graft. They, however,
found fusion rates of 73.8%, no different from other studies in the liter-
ature using iliac crest. This study does add to the literature that low-dose
BMP can be used instead of iliac crest achieving the same fusion rates.
There are, however, some limitations in this study that the readers must

acknowledge. Firstly, the cohort of patients is not “pure.” The cohort
consisted of patients with posterolateral arthrodesis, interbody
arthrodesis, or 3-column osteotomies, with BMP combined with local
bone only, or local bone1 iliac crest bone graft or allograft. We know all
these combinations and constructs will all have different fusion rates.
Secondly, as the authors noted, there is a difference in the ages between
their cohort and the cohorts presented in the literature, which were used
for comparative fusion rates. Finally, I am not sure what is the justifi-
cation for using low-dose BMP instead of iliac crest bone graft other than
the morbidity from harvesting it. In today’s cost-saving environment the
additional cost of BMP must be considered.
With the above limitations, the authors must be commended on their

study investigating the usefulness of BMP even at low doses. This is
important considering mounting evidence1-3 from large cohort studies
that have noted no difference in fusion rates with and without the use of
BMP.

Kern H. Guppy
Sacramento, California
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