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HEALTH SERVICES RESEARCH
Cost–Utility Analysis of rhBMP-2 Use in Adult
Spinal Deformity Surgery
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Probabilistic sensitivity analysis was performed using mixed first-

Study Design. Economic modeling of data from a multicenter,

prospective registry.
Objective. The aim of this study was to analyze the cost utility

of recombinant human bone morphogenetic protein-2 (BMP) in

adult spinal deformity (ASD) surgery.
Summary of Background Data. ASD surgery is expensive

and presents risk of major complications. BMP is frequently used

off-label to reduce the risk of pseudarthrosis.
Methods. Of 522 ASD patients with fusion of five or more

spinal levels, 367 (70%) had at least 2-year follow-up. Total

direct cost was calculated by adding direct costs of the index

surgery and any subsequent reoperations or readmissions.

Cumulative quality-adjusted life years (QALYs) gained were

calculated from the change in preoperative to final follow-up

SF-6D health utility score. A decision-analysis model comparing

BMP versus no-BMP was developed with pseudarthrosis as the

primary outcome. Costs and benefits were discounted at 3%.
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order and second-order Monte Carlo simulations. One-way

sensitivity analyses were performed by varying cost, probability,

and QALY estimates (Alpha¼ 0.05).
Results. BMP was used in the index surgery for 267 patients

(73%). The mean (�standard deviation) direct cost of BMP for

the index surgery was $14,000� $6400. Forty patients (11%)

underwent revision surgery for symptomatic pseudarthrosis (BMP

group, 8.6%; no-BMP group, 17%; P¼ 0.022). The mean 2-year

direct cost was significantly higher for patients with pseudar-

throsis ($138,000�$17,000) than for patients without pseudar-

throsis ($61,000�$25,000) (P<0.001). Simulation analysis

revealed that BMP was associated with positive incremental

utility in 67% of patients and considered favorable at a

willingness-to-pay threshold of $150,000/QALY in >52% of

patients.
Conclusion. BMP use was associated with reduction in revi-

sions for symptomatic pseudarthrosis in ASD surgery. Cost–

utility analysis suggests that BMP use may be favored in ASD

surgery; however, this determination requires further research.
Key words: adult spinal deformity, cost-utility analysis, health
economics, health utility, Monte Carlo simulation, nonunion,
pseudarthrosis, recombinant human bone morphogenetic
protein-2, reoperation, revision surgery.
Level of Evidence: 2
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dult spinal deformity (ASD) surgery is associated
1–3
A with a high risk of complications, including

pseudarthrosis or nonunion4,5 that can require
additional surgery.6,7 Since it was introduced in the early
2000s, recombinant human bone morphogenetic protein-2
(BMP) has been used to facilitate spinal fusion.8–13 Several
ASD studies have reported improved fusion rates with BMP
use.14–17 However, in addition to concerns about compli-
cations of BMP use,18–20 the cost of BMP can be thousands
of dollars.21,22 To our knowledge, an economic analysis of
BMP use in ASD surgery has not been reported. Our goal
was to analyze the cost utility of BMP use in ASD surgery.
Health, Inc. All rights reserved.
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TABLE 1. Preoperative and Surgical Characteristics of Patients who Underwent Surgery for
Treatment of Adult Spinal Deformity

Characteristics
No-BMP Group (n¼100) BMP Group (n¼267)

PN (%) Mean� SD N (%) Mean� SD

Preoperative data
Age, y 55�17 60�13 0.004

Female sex 76 (76) 208 (78) 0.641

Body mass index, kg/m2 26�6.0 28�5.6 0.010

Previous spine surgery 50 (50) 144 (54) 0.489

Frailty index score 3.2�1.7 3.5�1.6 0.101

History of smoking 5 (5) 16 (6) 0.554

Surgical data
No. of levels fused 12�4 12�3 0.711

Surgical invasiveness index score 94�34 99�36 0.135

Three-column osteotomy 33 (33) 56 (21) 0.021

Estimated blood loss, L 1.7�1.4 1.9�1.8 0.193

Intensive care unit stay, days 1.5�1.4 2.1�2.9 0.112

Hospital stay, days 7.9�3.7 8.4�4.8 0.264

BMP indicates recombinant human bone morphogenetic protein-2; SD, standard deviation.
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METHODS
This study used a multicenter ASD registry of patients aged
18 years or older who were treated surgically between
October 2008 and August 2013 at one of 11 participating
institutions. Institutional review board approval was
obtained at each institution. ASD was defined as major
curve �208, sagittal vertical axis �5 cm, pelvic tilt �258,
and/or thoracic kyphosis�608. We excluded patients whose
deformity was caused by infection, malignancy, or
neuromuscular disease.

Study Population
We identified 522 ASD patients with five or more levels
fused who were eligible for 2-year follow-up. Of these, 367
patients (70%) had minimum 2-year follow-up and were
included in the analysis. The mean (�standard deviation)
follow-up after surgery was 3.2�1.1 years.

Patients were assigned to the BMP or no-BMP group
according to whether BMP was used in the posterior spinal
 Copyright © 2020 Wolters Kluwer 

TABLE 2. Radiographic Measures (Mean� Standard
for Adult Spinal Deformity

Measure

Preoperative

No-BMP Group BMP Group P

Thoracic curve,8 21�34 16�32 0.29

T2-T12 kyphosis,8 36�20 35�18 0.52

L1-S1 lordosis,8 43�23 37�22 0.11

Pelvic incidence,8 55�14 55�13 0.81

C7-S1 SVA, cm 5.6�78 6.9�76 0.16

BMP indicates recombinant human bone morphogenetic protein-2; SVA, sagittal v

1010 www.spinejournal.com
fusion during the index procedure. Preoperative patient
characteristics (age, sex, body mass index, history of spine
surgery, history of smoking, and ASD frailty index score23)
and surgical characteristics (number of levels fused, ASD
surgical invasiveness index,24 performance of 3-column
osteotomy, estimated blood loss, and duration of intensive
care unit and hospital stays) were recorded (Table 1). Stan-
dard deformity-related radiographic measurements using
36-inch radiographs obtained preoperatively and at final
follow-up were recorded (Table 2).

Pseudarthrosis Assessment
Records were reviewed to identify patients with clinical
or radiographic evidence of pseudarthrosis during 2- to
7-year follow-up. Pseudarthrosis was defined as back pain
with radiographic evidence of rod fracture, presence of
nonunion on computed tomography scan, or subsequent
revision surgery with intraoperative confirmation of
nonunion.
Health, Inc. All rights reserved.

Deviation) of Patients who Underwent Surgery

Final Follow-up

No-BMP Group BMP Group P

1 13�25 9.1�20 0.264

9 49�17 52�19 0.155

7 54�15 51�14 0.093

7 55�14 55�12 0.872

8 2.7�5.3 2.9�5.5 0.755

ertical axis.
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Inpatient Episode of Care Direct Costs
Index direct inpatient episode-of-care costs were available
from five of the 11 institutions. For two institutions, item-
ized direct costs for all events in the inpatient episode-of-
care were also available.

Itemized costs from the two institutions were averaged to
obtain mean costs for each of the following cost centers
associated with the inpatient episode of care: operating
room (OR) (including fixed cost for disposable equipment
and OR cost per unit time), hospital stay and intensive care
unit (ICU) stay (cost per unit time), pharmacy/medications,
radiology, inpatient therapy (physical, occupational,
speech), phlebotomy/laboratory services, and consultation
services (e.g., internal medicine consultation). Implant costs
were estimated by multiplying the number of units used by
the mean cost of the implant type (screws, hooks, wires, set
screws, interbody devices, rods, and cross-links). BMP costs
were estimated by multiplying the number of INFUSE kits
(Medtronic Sofamor Danek, Memphis, TN) used with the
mean cost of the type of kit(s) used (X small, small, medium,
large, large II).

For the six institutions that did not provide total direct
inpatient episode-of-care costs, we calculated total inpatient
episode-of-care costs by summing all individual estimates of
costs based on resource utilization using the methods above.
For example:

cost of OR time�OR timeþ cost of ICU stay

� duration of ICU stayþ cost of hospital stay

� duration of hospital stay

þ cost per pedicle screw

� number of pedicle screwsþ cost per rod

� number of rods þ cost of large BMP kit

� number of large BMP kits used:

Internal validation of this method was performed by
comparing the estimated versus reported inpatient direct
costs for three of the five institutions that did not provide
itemized costs but that shared the overall inpatient episode-
of-care costs. Excellent agreement was found (Pearson cor-
relation, 0.88).
 Copyright © 2020 Wolters Kluwer 

Figure 1. A decision-analysis model comparing recombinant human BM
surgically. BMP-2 indicates bone morphogenetic protein-2; QALYs, quali

Spine
Two-year Direct Costs
Two-year direct costs were estimated by adding the direct
costs for the index inpatient episode of care (using the
method described above) with the estimated cost of any
subsequent readmission/reoperation episode. Readmission/
reoperation episodes were assumed to be associated with a
fixed cost. Estimates for the fixed costs for the various types
of readmission/reoperation events were derived from previ-
ously reported mean cost data: reoperation for pseudarth-
rosis ($84,985), reoperation for proximal junctional
kyphosis ($67,420), reoperation for infection ($76,422),
reoperation for neurologic problem ($40,765), and read-
mission/reoperation for pain ($38,414).25

Health-related Quality-of-life Assessment
All patients completed health-related quality-of-life
(HRQL) questionnaires preoperatively and at 1- and 2-year
follow-up visits. The SF-36 item responses at each time point
were used to calculate SF-6D (six-dimensional health state
classification) health utility scores.26 Cumulative quality-
adjusted life years (QALYs) gained were calculated by add-
ing the discounted incremental health utility changes
between baseline and final follow-up SF-6D scores.

Monte Carlo Modeling
A decision-analysis model comparing BMP versus no-BMP
treatment was developed with pseudarthrosis as the primary
outcome (Figure 1). For the purpose of modeling, costs and
benefits were discounted at 3%.

The decision-analysis model had seven inputs, including
three cost variables (costs of index surgery, BMP, and
revision surgery), two QALY variables (health utility of
patients with and without pseudarthrosis), and two proba-
bility variables (incidence of pseudarthrosis with and with-
out BMP use).

Each variable was represented as an independent statis-
tical distribution to address the uncertainty in model input
values. Cost and QALY estimates were sampled from
normal distributions, and pseudarthrosis probability esti-
mates were sampled from b distributions. Normal and b

distributions used in the model were constructed with the
mean centered at the mean estimates derived from our
multicenter data and a relative standard deviation of
10% (Table 3).
Health, Inc. All rights reserved.

P use vs. no-BMP use in patients with adult spinal deformity treated
ty-adjusted life years.
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TABLE 3. Input Values for the
Mean� Standard Deviation of
the Probability Distributions
used in the Monte Carlo Model

Model Input
Mean� Standard

Deviation

Cost, USD
Index surgery 40,660�8934

BMP use 14,178�6423

Revision for pseudarthrosis 83,226�7534

QALYs gained
Patients without
pseudarthrosis

0.646�0.801

Patients with pseudarthrosis 0.311�0.800

Probability of pseudarthrosis, %
With BMP use 8.6�0.9

Without BMP use 17�1.7

BMP indicates recombinant human bone morphogenetic protein-2; QALYs,
quality-adjusted life years; USD, United States dollars.

HEALTH SERVICES RESEARCH ASD Surgery: BMP Cost Analysis � Jain et al
A mixed first-order and second-order Monte Carlo sim-
ulation model was executed for 1000 trials with simulta-
neous sampling from the corresponding probability
distributions for each of the seven model input parameters
to obtain random sets of model input estimates. One-way
deterministic sensitivity analyses were performed by varying
the seven model input parameters by �50% to assess the
effect of the variability in a given variable on the
overall model.

Statistical Analysis
Analyses were performed using Stata/SE, version 12.0 (Sta-
taCorp, College Station, TX). Decision analysis and Monte
Carlo modeling was performed using TreeAge Pro 2017
software (TreeAge Software, Williamstown, MA). P<0.05
was considered significant.

RESULTS

Patient Characteristics
BMP was used for posterior/posterolateral fusion and/or
interbody fusion during the index procedure in 267 of 367
patients (73%). The no-BMP group was significantly youn-
ger (mean� standard deviation age, 55�17 years) than the
BMP group (60�13 years) (P¼0.004). The groups were
not significantly different in the proportion of women, mean
ASD frailty index score, or proportion of patients undergo-
ing revision surgery (Table 1).

Surgical and Radiographic Characteristics
The groups were not significantly different in the mean
number of levels fused, ASD invasiveness index score,
estimated blood loss, or duration of ICU or hospital stay
(Table 1).

There was no significant difference between the groups
in any of the key radiographic parameters at baseline or
 Copyright © 2020 Wolters Kluwer 
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final follow-up (Table 2). Both groups showed excellent
improvement between preoperative and final follow-up
radiographs in key sagittal plane parameters, including
pelvic incidence–lumbar lordosis mismatch (both groups,
P<0.001) and C7-S1 sagittal vertical axis (both groups,
P<0.001).

Pseudarthrosis Incidence
Patients in the BMP group had a significantly lower rate of
pseudarthrosis (8.6%) versus patients in the no-BMP group
(17%) (P¼0.022; Table 3). We found no significant differ-
ences between patients with versus without pseudarthrosis
in mean age at surgery, sex distribution, number of levels
fused, or ASD invasiveness index score.

Direct Costs
The mean direct cost for the index episode of care for the
entire cohort was $55,000�$17,000. This cost was signifi-
cantly higher for the BMP group ($60,000�$17,000) than
for the no-BMP group ($41,000�$8900) (P<0.001). The
mean direct cost of BMP use was $14,000�$6400. In the
BMP group, the mean amount of BMP used was
2.5�0.5 mg/spinal level (commonly, two large kits were
used with the graft for the posterior/posterolateral fusion
and one large kit was used in conjunction with any inter-
body devices). The mean 2-year direct cost for patients with
pseudarthrosis ($138,000�$17,000) was significantly
higher than that of patients who did not develop pseudarth-
rosis ($61,000�$25,000) (P<0.001).

HRQL Changes
HRQL scores improved significantly for the entire cohort
from baseline to final follow-up: Oswestry Disability Index,
28.5 to 44.0; SF-36 mental component summary, 49.5 to
45.0; SF-36 physical component summary, 39.5 to 31.5; and
Scoliosis Research Society-22r total score, 3.6 to 2.7 (all,
P<0.001). Mean cumulative QALYs gained for the entire
cohort was 0.61�0.81.

Mean cumulative QALYs gained for patients without
pseudarthrosis (0.65�0.80) was significantly higher than
for patients with pseudarthrosis (0.31�0.80) (P¼0.013).
However, there was no significant difference in cumulative
QALYs gained between the BMP group (0.66�0.76) versus
the no-BMP group (0.48�0.91) (P¼0.062).

Monte Carlo Analysis
Probabilistic sensitivity analysis using a mixed first-order
and second-order Monte Carlo simulation model for 1000
hypothetical patients showed that BMP use was favored
(incremental cost-utility ratio <$150,000/QALY gained) in
52% of patients (Figure 2). Overall, BMP use was associated
with incremental utility >0 in 67% of patients. In 10% of
patients, BMP use was the dominant strategy (with incre-
mental utility >0 and incremental cost <0). In 38% of
patients, BMP use was favored because the incremental
utility was >0, despite the incremental cost being >0. In
an additional 4.6% of patients, BMP use was favored
Health, Inc. All rights reserved.
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Figure 2. Scatter plot of incremental cost vs. incremental utility of recombinant human bone morphogenetic protein-2, ‘‘(BMP)’’ vs. no-BMP
treatment for 1000 hypothetical patients (blue dots) undergoing surgery for adult spinal deformity. The ellipse represents 95% confidence
interval. The dotted line represents the $150,000/quality-adjusted life year willingness-to-pay threshold.

HEALTH SERVICES RESEARCH ASD Surgery: BMP Cost Analysis � Jain et al
because the incremental cost was <0, despite the incremen-
tal utility being <0.

In 28% of patients, BMP use was the inferior strategy
(incremental utility<0 and incremental cost>0). In 19% of
patients, BMP use was not favored because it was associated
with incremental costs>0, despite incremental utility>0. In
0.6% of patients, BMP use was not favored because the
incremental utility was <0, despite the incremental cost
being <0. One-way deterministic sensitivity analysis
showed that the two variables associated with the greatest
variation in the model were the probability of developing
pseudarthrosis with BMP use and cost of BMP. The remain-
ing variables did not significantly impact the model
(P<0.05).

DISCUSSION
Our goal was to model the cost utility of BMP use in ASD
surgery. Our analysis revealed that BMP use was associated
with a significant reduction in the rate of symptomatic
pseudarthrosis and associated revision surgeries. Probabi-
listic sensitivity analysis using Monte Carlo simulation
showed that BMP use was favorable in >52% patients at
a societal willingness-to-pay threshold of $150,000/QALY.

Since the results of the original clinical trials using BMP
as a substitute for iliac crest bone graft (ICBG) in anterior
lumbar interbody fusion in the early 2000s,8 the spine
community has been interested in ‘‘off-label’’ use of BMP
for augmenting spinal fusion. BMP has been shown to be
 Copyright © 2020 Wolters Kluwer 
Spine
effective in treating high-risk patients, such as smokers,27

and those undergoing short-segment posterior/posterolat-
eral lumbar fusions for degenerative conditions9,28 and
posterior cervical fusion.29

Patients undergoing ASD surgery are at high risk for
pseudarthrosis because of the high number of motion seg-
ments involved and the magnitude of spinal manipulation.
Reported pseudarthrosis rates in this population are 17%4

to 24%.5 Symptomatic pseudarthrosis may require revision
surgery, resulting in unanticipated morbidity in the form of
pain and potential complications, and higher costs for the
patient.1,30 Because of the high risk of pseudarthrosis in
ASD patients, some surgeons have recommended use of
BMP in ASD surgery.15,16,31,32 A recent study of elderly
Medicare patients found that patients treated with BMP
during fusion of eight or more levels were significantly less
likely to undergo revision surgery than matched controls.14

Similarly, we found that the rate of revision surgery for
pseudarthrosis in the BMP group (9%) was almost half that
of the no-BMP group (17%).

Some authors have recommended very high doses of
BMP, such as 10 to 40 mg per level in ASD surgery.15,32

However, BMP use carries risks, and many complications
may be associated with BMP use in the spine, including
postoperative radiculitis and root injury, ectopic bone for-
mation, vertebral osteolysis, hematoma, and wound healing
complications.12,33,34 In our cohort, mean BMP use was
2.5�0.5 mg per level, which is an order of magnitude lower
Health, Inc. All rights reserved.
www.spinejournal.com 1013
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than the 10 to 40 mg per level advocated by some authors.
The relationship between BMP and pseudarthrosis may be
dose-dependent, and our study did not account for this.

Few studies have focused on the cost of BMP use.21,35,36

The difficulties of performing health economics studies in
the field of spine surgery are, in part, caused by the chal-
lenges in obtaining cost data. Institutions are often reluctant
to share cost data because of business and contractual
concerns. We were able to obtain direct costs from five of
the 11 institutions and were able to model the net costs for
patients from the remaining six institutions. Although this
method introduced an element of uncertainty in our analy-
sis, we adjusted for this by using Monte Carlo simulation
analysis to model the costs as independent probability dis-
tributions, from which data were randomly sampled for the
analysis. Furthermore, post-hoc deterministic sensitivity
analysis showed that the variation from the cost of index
surgery did not significantly affect the cost-utility model.

We used a societal perspective for our analysis, assuming
a willingness-to-pay threshold of $150,000/QALY, and
found that BMP use was favorable. Of note, the willing-
ness-to-pay threshold applies to the entire episode-of-care
cost, with or without BMP, not just the incremental cost of
BMP itself. There is debate regarding the appropriate
threshold, and some health economics experts recommend
using thresholds of $100,000 to $150,000, or approxi-
mately two to three times the per-capita annual income
of the society.37 Previous cost-effective analyses of ASD
surgery have used thresholds of $140,00038 and
$150,000.39 Assuming a patient perspective and accounting
for only incremental utility (as measured in QALYs) irre-
spective of the cost, BMP use was associated with positive
incremental utility in two-thirds of ASD simulation patients.

Our study has several limitations. First, we make various
assumptions regarding the direct costs of the index episode
of care and subsequent readmission and revision surgery
associated with pseudarthrosis because direct cost data were
unavailable from some centers. We tried to mitigate the
uncertainty introduced by these assumptions via Monte
Carlo simulation modeling. Second, pseudarthrosis assess-
ment was inconsistent. Not all patients in our cohort
received a computed tomography scan to rule out pseu-
darthrosis. It is possible that we missed some patients who
developed pseudarthrosis but who were asymptomatic and
did not undergo revision surgery. Thus, our conclusions may
be relevant only for patients with ‘‘symptomatic’’ pseu-
darthrosis. Third, our Monte Carlo model was simplistic
and did not account for other postoperative complications,
such as infection, proximal junctional kyphosis, or medical
complications2 that may develop after ASD surgery and
influence costs25 and patient-reported outcomes. Off-label
use of biologic agents such as BMP may cause complica-
tions, such as seroma formation, which may lead to addi-
tional hospitalization or reoperation and thus increase costs.
Our study did not account for these factors. Fourth, only
direct hospital costs were considered and nonhospital costs,
such as for post-hospitalization rehabilitation and
 Copyright © 2020 Wolters Kluwer 
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outpatient treatment, were excluded from analysis. Further-
more, we did not have true direct costs from all participating
institutions, and we had to estimate some of the institutional
costs using a resource consumption accounting model. Fifth,
the mean age of the no-BMP cohort was significantly
younger than that of the BMP cohort. We did not account
for this potential confounder.

Although BMP use was associated with reduction in
pseudarthrosis and reoperations, the link between BMP
use and changes in QALYs was not linear. Any potential
loss of QALYs is likely attributable to development of
symptomatic pseudarthrosis, and not because of lack
of BMP use. Thus, the next step to understand the utility
of BMP in ASD would be to perform a cost minimization
analysis. This will require standardized, time-driven,
activity-based costing financial data from participating
institutions.

CONCLUSION
BMP, although costly, was associated with a significant
reduction in the rate of symptomatic pseudarthrosis in
ASD surgery. Our model was built on various assumptions,
most of which did not affect the overall model results in the
sensitivity analysis. Future studies focusing on the econom-
ics of spine care in the ASD population are needed.
H

Key Points
eal
BMP was used in the index surgery in 73% of
ASD patients.

The rate of pseudarthrosis was significantly higher
in the no-BMP group (17%) compared with the
BMP group (9%).

Cost–utility analysis suggests that BMP use may
be favored in ASD surgery; however, this
determination requires further research.
th
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