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Abstract
Summary The cost-effectiveness of surgical versus conservative medical management of vertebral compression fractures in the
US was analyzed in the context of inpatient versus outpatient treatment. Surgical intervention (balloon kyphoplasty and
vertebroplasty) was found to be cost-effective relative to conservative medical management at a USwillingness-to-pay threshold.
Introduction To date, only one published study has evaluated the cost-effectiveness (C/E) of balloon kyphoplasty (BKP) or
vertebroplasty (VP) in US Medicare patients with osteoporotic vertebral compression fractures. This study further evaluates the
C/E of surgical treatment vs. conservative medical management (CMM), expanding on prior modeling by accounting for quality-
adjusted life-years gained.
Methods AMarkov microsimulation model of 1000 patients was constructed. Cost data were based on an analysis of Medicare
claims payments, with propensity-score matching performed for BKP and VP vs. controls (CMM). Mortality inputs were based
on US life tables, modified to account for age at initial fracture, presence of subsequent fracture(s), and relative risk of mortality
by treatment. Separate incremental cost-effectiveness ratios (ICERs) were calculated for BKP and VP in inpatient and outpatient
surgical treatment locations to account for individual clinical profiles presenting to each.
Results The discounted ICER for inpatient BKP vs. CMM was $43,455 per QALY gained; for outpatient BKP vs. CMM,
$10,922; for inpatient VP vs. CMM, $39,774; and for outpatient VP vs. CMM, $12,293. Probabilistic sensitivity analysis
confirmed that both BKP and VP would be considered C/E vs. CMM at a US willingness-to-pay (WTP) threshold of
$50,000/QALY in 80% and 100% of 500 model simulations, respectively. The most sensitive parameters included quality of
life estimates and hazard ratios for mortality.
Conclusion While VP and BKP are more expensive treatment options than CMM in the short term, model results suggest
interventional treatment is cost-effective, among patients eligible for surgery, at a US WTP threshold. This conclusion supports
those from economic analyses conducted in EU-member countries.

Keywords Balloon kyphoplasty . Cost-effectiveness . Markov model . Osteoporosis . Vertebral compression fracture .

Vertebroplasty

Abbreviations
BKP Balloon kyphoplasty
BMD Bone mineral density
CCI Charlson comorbidity index
CEAC Cost-effectiveness acceptability curve
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ICER Incremental cost-effectiveness ratio
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PSA Probabilistic sensitivity analysis
QALY Quality-adjusted life-year
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VP Vertebroplasty
WTP Willingness to pay

Introduction

By 2025, the incidence of osteoporotic fracture in the USA is
predicted to grow to affect 3 million patients per year, with a
lifetime risk between 40 and 50% in women and 13 and 22%
for men with a history of osteoporosis and an associated $25
billion in healthcare costs [1, 2]. Of those, nearly a quarter will
be vertebral compression fractures (VCF), which have been esti-
mated to affect as many as 1 in 4 women and 1 in 5 men over the
age of 50, and more than 1 in 3 women over the age of 70 [3].

As a known sequela of osteoporosis, VCFs can be either
asymptomatic or debilitatingly painful. Regardless of pain
presentation, primary VCF is associated with 5-fold elevat-
ed risk of subsequent VCF and a doubling in the risk of hip
fractures [4]. These and other osteoporotic fractures can set
in motion a cycle of progressive spinal deformity, muscu-
loskeletal disability, morbid injury, and mortality, along
with significant demand on associated healthcare resources
[1, 5–8].

Conservative medical management (CMM)—inclusive of
pharmaceutical painmanagement, bed rest, bracing, and phys-
ical therapy—has long been the standard of care for VCFs
because the risks associated with open surgery on this frail
and comorbid population were seen as too great [5, 9].
However, this strategy is not optimal when considering the
risk of subsequent functional outcomes and mortality [8]. In
recent decades, minimally invasive techniques for reducing
and stabilizing VCFs, such as vertebroplasty (VP) and balloon
kyphoplasty (BKP), have changed the course of osteoporotic
spinal degeneration, safely relieving pain, supporting func-
tional recovery, and dramatically reducingmortality risk, even
among very elderly patients [8, 10, 11]. A recent analysis of
mortality in more than 2 million patients with VCF, expressed
in epidemiological terms of number needed to treat (NNT),
showed that approximately 15 patients need to be treated with
BKP instead of CMM to potentially avoid one VCF-related
death within 1 year of fracture [12]. NNT was similarly low
for vertebroplasty relative to CMM (22.8 treated to avoid one
death within 1 year of fracture).

Despite these improvements, the direct, short-term costs of
these surgical interventions are significantly higher than those
of CMM. Separate from cost considerations, literature has
shown improvement in patient quality of life and mortality
risk, resulting in cost-effective conclusions in ex-US geogra-
phies [13–17]. To our knowledge, only one US-based cost-
effectiveness model exists that evaluates treatment with BKP
or VP relative to CMM; however, this model evaluated the
cost-effectiveness of life-years gained and not the impact on
patient quality of life, an important consideration [13].

Furthermore, a recent shift in procedure setting in the USA
from inpatient to outpatient warrants more detailed evaluation
of cost-effectiveness in various clinical care settings, which
prior studies do not address.

In the present study, we adapted and extended on an
existing cost-effectiveness model originally built for a UK
perspective [17]. Our goal was to evaluate the cost-
effectiveness of active surgical intervention (with BKP or
VP, excluding other spinal augmentation procedures) com-
pared with CMM from the US Medicare payer perspective,
while accounting for differences among patients undergoing
treatment on an inpatient versus outpatient basis.

Methods

Model overview

The model was developed to assess the cost-effectiveness,
from a US Medicare perspective, of BKP and VP, compared
with CMM in patients with osteoporotic VCF. The model was
designed to build on an existing UK-based model, reported by
Svedbom et al. [17], while adapting demographic, clinical,
and cost inputs to reflect a US Medicare population.

Modeling strategy and structure

Svedbom and colleagues developed their model in TreeAge
Pro (Williamstown, MA) with a front-end in Microsoft Excel
(Redmond, WA) [17]. For the present analysis, the model was
re-built in Excel.

A Markov microsimulation approach used a 6-month cycle
with a starting population of 1000 simulated patients. Given
that VCFs are more common in older populations, a lifetime
horizon was used in the base-case analysis to allow sufficient
time for the benefits of each intervention to accumulate.
Health states included treatment status, repeat or subsequent
fracture (at any level), and death (absorbing state), as shown in
Fig. 1. Subsequent fractures at any level were assumed to have
been managed using the same intervention as for the initial
fracture.

As individual patients were simulated over a lifetime per-
spective, the model calculated patient utility, costs, and risk of
mortality over time. Microsimulation was required to accu-
rately capture the timing of specific events such as subsequent
fractures, and to model their impact on cost, quality of life
(QoL), and mortality. Health outcomes were modeled in terms
of life-years (LYs) and quality-adjusted life-years (QALYs) to
allow a full cost-utility analysis to be undertaken. Costs, life-
years and QALYs were discounted at 3% per year as per
recommendations for economic analyses undertaken for the
USA [18].
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The model was designed to calculate separate estimates of
cost-effectiveness for each intervention versus CMM, by ini-
tial treatment setting (inpatient and outpatient) given the dif-
ferent patient demographics, comorbidity status, and subse-
quent post-acute care use and mortality rates observed by
treatment setting in an exploratory analysis of Centers for
Medicare and Medicaid Services (CMS) claims data.

Model inputs

Clinical data

Patient population

Base-case demographic characteristics for patients in the mod-
el were based on analysis of CMS 100% standard analytical
file claims data (2014–2016). Patients were selected based on
the date of their first VCF diagnosis, then followed for up to
2 years after discharge from the index encounter. Follow-up
ended at the earliest of the time of death, receipt of a spinal
fusion procedure (with follow-up censored to the day prior to
spinal fusion), or the end of 2 years of follow-up data. Patients
were excluded if they had previous history of BKP or VP, if
they were a CMMpatient who underwent BKP or VP anytime
during follow-up, and if they had any diagnosis of cancer.
Propensity-score matching was used to select similar CMM
patients versus surgically treated patients, with matching run
separately by surgical treatment setting to reflect different
patient-level clinical profiles correlated with inpatient versus
outpatient treatment (Table 1). Further details on the retro-
spective analysis of CMS claims data for model inputs can
be found in the Supplemental content, Supplemental methods.

Subsequent fracture risk

Patients in the model were at risk of subsequent fracture(s) at
any spinal level. This risk was applied by taking a baseline
fracture risk for the population in the USA and applying rel-
ative risks for prior fracture, reduced bone mineral density
(BMD), and the use of bisphosphonates. Patients could expe-
rience more than one subsequent fracture during the model
time horizon.

Age- and gender-specific VCF risks in the general popula-
tion were taken from a study by Ettinger et al., who used US
hospital discharge data to derive annual sex-specific rates of
osteoporotic fractures (hip, vertebra, humerus, and forearm) in
five-year age bands [19]. The rates reported for VCF were
converted into six-month probabilities to match the cycle
length used in the model and were then weighted according
to the male/female split for the selected treatment comparison
(Supplemental Content Table S1).

Patients were assigned an additional risk factor modifier to
reflect higher incidence of fracture among individuals with a
previous VCF (Supplemental Content, Table S2). This was
applied in the form of an age-specific relative risk compared
with an individual of the same age but with no prior VCF.
Data were taken from the UK cost-effectiveness analysis re-
ported by Svedbom et al. who used results from Klotzbuecher
et al. to calculate age-specific relative versus those without
prior fracture. The relative risks were adjusted for the preva-
lence of vertebral fracture in the general population and were
assumed to be constant for the remainder of the model horizon
(Supplemental Content Table S2) [17, 20].

The effect of osteoporosis on risk of fracture was incorpo-
rated using a relative risk adjustment of 2.3 for patients with
reduced BMD, based on a report by Marshall and colleagues
[21]. Because bisphosphonate therapy is known to reduce the

a
VCF, vertebral compression fracture

Fig. 1 Markov model state-
transition diagram. Repeat or
subsequent fractures were
assumed to be treated in the same
way as the initial fracturea
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risk of VCF in patients with osteoporosis, it was assumed that
all patients in the model would be receiving this therapy.
Accordingly, a relative risk adjustment of 0.6 was applied in
the first 5 years of the model to mirror the approach used by
Svedbom et al. [17]

The following equation summarizes the fracture risk calcu-
lation in each cycle:

p fracture ¼ p frac pop� rr prior frac� rr low bmd

� rr bisphos

where p_fracture = risk of fracture in current 6-month model
cycle, p_frac_pop = age- and gender- specific baseline risk of
fracture in the general population, rr_prior_frac = age-specific
relative risk of subsequent fracture due to prior fracture,
rr_low_bmd = relative risk of fracture due to low BMD
(2.3), and rr_bisphos = relative risk of fracture due to use of
bisphosphonates (0.6).

It was not possible to reliably quantify the risk of subse-
quent fracture by treatment group using CMS claims, as there
is no unique diagnosis code for a subsequent (or repeat) VCF
versus the initial event. Therefore, due to a lack of suitable
data, the risk of subsequent fracture was assumed to be inde-
pendent of the treatment received for the initial fracture for the
purposes of this analysis.

Mortality risk

Patients’ risk of death during each six-month model cycle was
composed of a baseline risk combinedwith additional risks for
treatment and treatment setting. Baseline mortality risk was
based upon US life tables from the Centers for Disease
Control and Prevention [22]. These risks were converted to a
six-month cycle length and weighted according to the male-

female split observed in CMS claims data for each treatment
comparison.

Mortality risk among patients with VCF is higher relative
to the general population following a fracture, but the risk
declines over time as other age-associated risk factors begin
to outweigh the VCF-specific effect. Additionally, patients
with subsequent fractures are at higher risk of death than those
with no subsequent fracture. Therefore, time-dependent rela-
tive risks were applied, based on an analysis linking Swedish
inpatients and death registers and used in the analysis by
Ström et al. [16] These time-dependent risks were applied to
the baseline mortality rate according to each patient’s age,
time since last fracture, and subsequent fracture status [17].

Analysis of patient-level data from Medicare claims data
for each treatment comparison included an assessment of sur-
vival outcomes across propensity-score-matched treatment
groups over the 2 years post-fracture in Cox proportional haz-
ard models. In each case, a hazard ratio was estimated for risk
of mortality (within 2 years of initial VCF) for the surgical
treatment versus CMM groups (Supplemental Content
Table S3).

To adjust for the differential clinical profile between pa-
tients treated in the inpatient and outpatient settings, the incre-
mental mortality risk by treatment setting was implemented in
the model using the hazard ratio for mortality from a Cox
proportional hazards model using all matched patients (surgi-
cal treatment and controls) in the CMS claims analysis (hazard
ratio = 2.27 for mortality for inpatient vs. outpatient, standard
deviation = 0.05). This incremental mortality risk was applied
in all treatment comparisons in the model and applied to all
treatment groups, including CMM. This could be seen as
counter-intuitive, as CMM patients do not undergo surgery,
making treatment setting irrelevant. However, due to the
propensity-score matching approach used, patients receiving

Table 1 Demographic inputs by
treatment comparisona BKP CMM P Value VP CMM P Value

Inpatient

N 2,071 2,071 710 710

Age, mean 81.6 82.2 0.028 81.4 81.8 0.287

Female, % 82 83 0.387 82 83 0.780

CCI score ≥ 2, % 42 44 0.630 47 48 0.494

Outpatient

N 3,708 3,708 1,042 1,042

Age, mean 78.9 79.3 0.015 79.5 80.4 0.006

Female, % 78 81 0.013 79 80 0.704

CCI score ≥ 2, % 22 22 0.701 24 24 0.985

a Beta distributions were used to represent uncertainty for both age and gender split. Values based on propensity-
score-matched cohorts in an analysis of CMS claims data

BKP, balloon kyphoplasty; CMM, conventional medical management; VP, vertebroplasty; CCI, Charlson
Comorbidity Index
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CMM had demographic and clinical profiles closely matched
to those undergoing surgical intervention, and thus, the addi-
tional risk applied to these patients is meant to represent the
underlying patient clinical severity and comorbidity burden.

Taken in summary, the following equation summarizes the
mortality risk calculation in each cycle:

p death ¼ p death pop� rr subseq frac� hr treatment

� hr setting

where p_death = risk of death in current 6-month model cycle,
p_death_pop = age- and gender-specific baseline risk of death
in the general population (per 6 months), rr_subseq_frac =
relative risk of death among patients with prior fracture,
hr_treatment = hazard ratio of death for each treatment com-
parison (surgical versus CMM), (Table S3), and hr_setting =
hazard ratio of death by initial treatment setting (inpatient vs.
outpatient).

Cost data

The cost parameters used in the model were based on the CMS
claims analysis described above, with costs evaluated for each
of the 4 propensity-score-matched cohorts. In this study, the
term “costs” refers to Medicare reimbursement amounts. All
costs were inflated to 2016 USD using the medical care com-
ponent of the Consumer Price Index.

Procedure

For each treatment comparison, the cost of the initial proce-
dure was averaged across all patients undergoing BKP or VP
(Supplemental Content Table S4). No surgical procedure cost
was applied to the CMM treatment group since no procedure
was performed for these patients.

Post-acute care

Various elements of post-acute care were used to calculate a
mean 2-year follow-up cost per patient, by treatment group
and treatment setting (Supplemental Content Table S5). Post-
acute costs evaluated included home health, skilled nursing
facility, hospice, and inpatient rehabilitation. Conditional
mean costs were then multiplied by the proportion of patients
with any utilization by care setting to obtain a total mean post-
acute cost per patient.

Outpatient follow-up

Mean Medicare costs of outpatient follow-up care in the
2 years following the initial fracture were also included in
the model (Supplemental Content Table S6). Costs were

extracted for each of the 4 treatment groups and divided by
4 in order to spread the aggregate 2-year follow-up cost over
the first four 6-month model cycles. Unlike post-acute care
use, 100% of patients were assumed to have outpatient visits.
No further outpatient costs were applied beyond 2 years, ex-
cept in the case of subsequent fracture.

Subsequent fracture

Any patient experiencing a subsequent fracture, whether at the
same level or at a different level, was assumed to be managed
in the same manner as for the initial fracture.

Inpatient costs for subsequent fracture events were summa-
rized using Medicare claims (Supplemental Content
Table S7). In the CMM group, the cost of subsequent fracture
was based on the mean cost of a readmission in the inpatient
setting with a primary diagnosis of VCF, with no BKP or VP
procedure performed.

In addition to the procedure costs of a subsequent fracture
event, the costs of post-acute and outpatient care were includ-
ed for each subsequent fracture, using the same post-acute cost
data as for the initial fracture (Supplemental Content
Tables S5 and S6).

Quality of life

Patients’ QoL was estimated using inputs from several
sources. The FREE-2 trial, the results of which were first
reported by Wardlaw et al., compared BKP with CMM, with
QoL data collected using the Euroqol 5-dimension (EQ-5D)
questionnaire, administered at 1, 3, 6, 12, and 24 months
follow-up [23, 24]. We obtained patient-level data from the
FREE-2 trial and recalculated patient utility values by apply-
ing the US-specific preference weights from Fryback et al. to
the patient-level EQ-5D domain scores (Supplemental
Content Table S8) [25]. EQ-5D data were not collected at
18 months in the FREE-2 study, so the utility weight for each
treatment at this time point was estimated by interpolation
between the utilities at 12 and 24 months. Because the
FREE-2 study did not include a VP treatment arm, utility
weights for VP patients were assumed to be identical to those
observed for BKP.

Beyond 24months, utility in the CMMgroup was based on
the 24-month utility calculated for CMM patients at the 24-
month visit of the FREE-2 trial. For the BKP and VP groups,
patients’ utility between 24 months and 36 months was as-
sumed to decrease linearly from the value at the 24-month
visit to equal the 36-month value in the CMM group
(0.668). Beyond 36 months, utility for VP and BKP patients
was set equal to CMM patients. If a patient suffered a subse-
quent fracture, utility values were re-set. This assumption of
no additional utility benefit by the end of 3 years is consistent
with the assumptions made by Svedbom et al. [17], namely
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that any effects of treatment on QoL would be confounded at
time points further from the intervention, at which point the
older age of the patient cohort plays a more central role in
utility.

The Medicare-aged population used for the base case of
this model (mean 79–82 years) was older than patients in the
FREE-2 trial (mean 72–74 years). To incorporate the effect of
age, all utility weights used in the model were adjusted by
multiplying by age-specific general-population utilities from
the USA (Supplemental Content Table S9), as reported in 10-
year age bands by Szende et al. [26]

Data analyses and model validation

For each treatment comparison, the incremental cost-
effectiveness ratio (ICER) was calculated according to the
formula:

ICER ¼ Δ Cost surgical treatment−Cost CMMð Þ
Δ QALY surgical treatment−QALY CMMð Þ

We then undertook a series of scenario analyses to explore
the uncertainty related to specific model inputs. The base-case
model assumed that the utility weights for patients undergoing
VP were identical to those applied to patients receiving BKP.
To test the impact of changing this assumption, we varied the
VP utilities within the ranges of their 95% confidence inter-
vals (i.e., setting all utilities to the lower limit and again to the
upper limit of each distribution). For completeness, we con-
ducted an equivalent analysis for the BKP treatment compar-
isons. Furthermore, we used a similar approach to vary the
age-specific relative risks of subsequent fracture within their
confidence limits, running the model after setting all these
parameters to their lower 95% confidence and again using
the upper limit of each distribution.

Probabilistic sensitivity analysis (PSA) was performed to
explore the impact of the joint uncertainty in all inputs upon
the cost-effectiveness results. To obtain meaningful results
from a PSA, appropriate distributions were selected to repre-
sent the uncertainty in each input parameter. To reflect the
skew often found in cost data and to avoid sampling negative
cost values, Gamma distributions were applied to all cost pa-
rameters using the mean and standard deviation of each cost
input from the Medicare analysis. Variability in utility param-
eters was represented via beta distributions, again using the
mean and standard deviation reported for each utility, to en-
sure sampled values bounded by 0 and 1. Beta distributions
were also used for proportions such as those for gender, pa-
tients receiving each type of post-acute care, and the baseline
fracture probabilities. Uncertainty in relative risks and hazard
ratios was represented using lognormal distributions, and the
mean age of patients in the model was sampled from a normal
distribution. For some inputs, no information was reported in

the literature regarding the level of uncertainty (e.g., a confi-
dence interval or standard deviation). For such parameters,
distributions were approximated by assuming the 95% confi-
dence interval around the mean was represented by values
20% either side of the mean.

The PSA for each treatment comparison was run by sam-
pling 500 sets of the input parameters (outer loop), within
which 1000 patients were simulated (inner loop) each time.
Mean costs and QALYs were recorded for each treatment
group for each outer loop simulation (i.e., averaging across
the 1000 patients in the inner loop), to give 500 sets of costs
and QALYs for each group. This information was then used to
construct a cost-effectiveness plane and cost-effectiveness ac-
ceptability curve (CEAC) for each treatment comparison to
determine the level of uncertainty in the ICER.

Finally, we reviewed our model reporting against the
Consolidated Health Economic Evaluation Reporting
Standards (CHEERS) checklist to ensure complete reporting
on all components of our model [27].

Results

Between 2014 and 2016, a total of 75,524 patients in the CMS
100% standard analytical file claims data were diagnosed with
VCF. After all inclusion and exclusion criteria were applied,
the final dataset was represented by 2071 patients in the inpa-
tient BKP group, 3708 in the outpatient BKP group, 720 in the
inpatient VP group, and 1042 in the outpatient VP group, with
an equivalent number of propensity-matched CMM patients
for each treatment group. Table 1 summarizes demographics
for each treatment group.

Table 2 shows the deterministic cost-effectiveness results
for each treatment comparison. Results are presented separate-
ly for discounted and undiscounted scenarios. The discounted
ICER for inpatient BKP versus CMMwas $43,455 per QALY
gained (Table 2). For outpatient BKP versus CMM, the ICER
was $10,922 per QALY. The ICER for the inpatient VP ver-
sus CMM was $39,774 per QALY gained, and the ICER for
outpatient VP versus CMM was $12,293 per QALY gained.

In a one-way sensitivity analysis, the mortality benefit as-
sociated with surgery was “turned off,” i.e., the hazard ratio
was set to 1. Resulting ICERs were as follows: inpatient BKP
vs. CMM was $283,579 per QALY gained; outpatient BKP
vs. CMM was $55,485 per QALY gained; inpatient VP vs.
CMMwas $314,958 per QALY gained; and outpatient VP vs.
CMM was $53,077 per QALY gained. These results con-
firmed that mortality was a key driver of model results.
Varying the BKP and VP utility weights within their 95%
confidence limits led to ICER ranges as follows: $37,152 to
$53,321 (BKP inpatient); $8,698 to $15,022 (BKP outpa-
tient); $34,673 to $47,357 (VP inpatient); and $9,599 to
$17,566 (VP outpatient). Varying the age-specific relative
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risks of subsequent fracture within their 95% confidence
limits yielded the following ICER ranges: $42,375 to
$45,400 (BKP inpatient); $10,004 to $11,970 (BKP outpa-
tient); $38,516 to $41,494 (VP inpatient); and $10,712 to
$13,915 (VP outpatient).

A full PSA was undertaken to evaluate the cumulative un-
certainty for all model inputs. Cost-effectiveness planes con-
firm all model results, for each treatment comparison, fell into
the upper-right quadrant with costs greater for the surgical
cohorts but with higher QALY values relative to CMM
(Fig. 2a–d). Probabilistic results were clustered around the
deterministic result, with greater variability in the QALY out-
comes relative to costs.

Figure 3a–d summarizes probabilistic results in CEAC for-
mat. At willingness-to-pay (WTP) thresholds greater than
$45,000, BKP in the inpatient setting had a higher probability
of being cost-effective relative to CMM. Using the typical US
WTP threshold of $50,000 per QALY, BKP had an ~ 80%
chance of being considered cost-effective across all model
runs (Fig. 3a). For BKP in the outpatient setting at the US

threshold of WTP, outpatient BKP had an ~ 100% probability
of being considered cost-effective compared with CMM
across all model runs (Fig. 3b). Results for inpatient and out-
patient VP versus CMM were similar (Fig. 3c–d).

In further model validation, we compared the two-year
Kaplan-Meier curves for survival derived using the CMS
claims analysis vs. model predictions. Results were highly
concurrent, with absolute differences between predicted and
observed survival proportions ranging from 0 to a maximum
of 2% for all comparisons. These results suggest that the mod-
el accurately captures the mortality effects associated with
treatment.

Discussion

This analysis focused on a comparison of surgical intervention
(BKP or VP) versus CMM in patients with osteoporotic VCF,
in both inpatient and outpatient settings. In all 4 of the treat-
ment scenarios tested, surgical intervention was predicted to

Table 2 Deterministic results
Discounted results Undiscounted results

Treatment Costs, USD Life-
years

QALYs Costs, USD Life-
years

QALYs

BKP versus CMM; inpatient (N = 2,071)

CMM 32,324 2.95 1.47 32,901 3.17 1.58

BKP inpatient 58,986 3.98 2.08 60,463 4.39 2.29

Incremental 26,662 1.03 0.61 27,561 1.22 0.71

ICER per LY 25,813 22,564

ICER per QALY 43,455 38,661

BKP versus CMM; outpatient (N = 3,708)

CMM 24,234 6.16 3.08 25,923 7.17 3.59

BKP outpatient 32,972 7.50 3.88 35,829 8.96 4.63

Incremental 8,738 1.34 0.80 9,906 1.80 1.05

ICER per LY 6,544 5,508

ICER per QALY 10,922 9,466

VP versus CMM; inpatient (N = 720)

CMM 31,005 2.95 1.47 31,569 3.17 1.58

VP inpatient 61,342 4.27 2.23 63,041 4.74 2.48

Incremental 30,338 1.32 0.76 31,472 1.57 0.89

ICER per LY 22,918 20,008

ICER per QALY 39,774 35,240

VP versus CMM; outpatient (1,042)

CMM 23,789 6.03 3.02 25,437 6.99 3.50

VP outpatient 32,301 7.15 3.71 35,399 8.49 4.39

Incremental 8,512 1.12 0.69 9,962 1.50 0.89

ICER per LY 7,578 6,654

ICER per QALY 12,293 11,151

BKP, balloon kyphoplasty;CMM, conservative medical management; ICER, incremental cost-effectiveness ratio;
LY, life-year; QALY, quality-adjusted life-year; VP, vertebroplasty
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be cost-effective compared to CMM at current WTP thresh-
olds, with ICERs ranging from $11,000 to $43,000 per QALY
gained (Table 2). BKP and VP had similar cost-effectiveness
profiles compared with CMM over a lifetime horizon. This
may be due to the lack of utility inputs specific to VP at two-

year follow-up; our inputs relied on the BKP arm of FREE-2
trial data [24]. The results suggested that both BKP andVP are
more cost-effective in the outpatient setting than in the inpa-
tient setting. This effect was not solely due to the surgical
location itself and the associated cost, but more importantly

Fig. 2 Cost-effectiveness scatter
plots. aBKP vs CMM (inpatient).
b BKP vs CMM (outpatient). c
VP vs CMM (inpatient). d VP vs
CMM (outpatient)

Fig. 3 Cost-effectiveness acceptability curves
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the different patient-level clinical profiles who underwent
treatment in each setting. Scenario analyses suggested that
the model results were robust to changes in the utility weights
(and their application to VP patients) and the relative risk of
subsequent fracture.

The probabilistic analyses suggested a high probability of
cost-effectiveness for both BKP and VP, compared with
CMM (Figs. 2 and 3). Survival outcomes were validated by
comparing 2-year survival projections from the model with
empirical survival data from the CMS analysis, which indicat-
ed that the model could accurately replicate short-term mor-
tality outcomes. The model assumption of a survival benefit
associated with surgery is not only supported by other analy-
ses ofMedicare claims data [10, 12, 13] but also an analysis of
claims from a German health insurance fund covering 2.4
million persons [28].

Our model was based largely on a similar analysis from the
UK [17], and our findings that BKP is more cost-effective
than CMM are consistent with the UK model. In that study,
Svedbom and colleagues found that the ICER for BKP was
estimated at GBP 2,706 per QALY compared with that of
CMM. They performed a sensitivity analysis varying mortal-
ity and QoL benefits from BKP and confirmed that the cost-
effectiveness of BKP versus CMM was robust.

Similar cost-effectiveness findings have been found in oth-
er studies of BKP. In a report that served as an earlier precur-
sor to Svedbom and colleagues’ model, Ström et al. found in
2010 that BKP was cost-effective compared with CMM in the
UK, with an ICER of 8,840 GBP [16]. In 2011, Fritzell and
colleagues performed a cost-effectiveness analysis using
FREE trial data combined with Swedish societal costs (from
the index procedure through 24months follow-up), finding an
ICER of SEK 884,682 (€92,154 or $134,043) [14]. While
authors concluded that cost-effectiveness could not be dem-
onstrated, cost data collected were limited, based on a total of
63 patients and reliant on hospital billing systems, hospital
price lists, and patient diaries.

The only available US-based cost per life-year gained anal-
ysis was reported in 2012 by Edidin and colleagues [13].
Authors analyzed the cost-versus-mortality benefit alone (not
incorporating quality-adjusted life-years), finding that the cost
per life-year gained ranged from $1,863 to $6,687 for BKP and
from $2,452 to $13,543 for VP compared with CMM.

In the present study, we re-built the model in Microsoft
Excel to adapt it to the US setting. The model was populated
with demographic data from a CMS claims analysis, US-
specific VCF risks, and health state utilities from the FREE-
2 study which were recalculated to reflect US preference
weights. An analysis of CMS claims data provided all the
model cost inputs, and in addition was used to estimate the
treatment effect on patient mortality risk. To our knowledge,
this is the first analysis to evaluate patient subgroups by treat-
ment setting.

By stratifying patients into 4 groups based on treatment and
inpatient versus outpatient setting, we were able to show that
BKP and VP are cost-effective at a willingness-to-pay thresh-
old of < $50,000 per QALY. Generally speaking, ICER
values < $50 k are considered cost-effective treatments in
the USA [29].

There are some limitations to the model which warrant
discussion. Long-term patient outcomes were modeled using
a combination of data from clinical studies (QoL data from the
FREE-2 study) [24], observational studies (baseline fracture
risk inputs and general-population utilities), and data from
previous economic analyses (e.g., fracture risk adjustments).
However, the benefits of surgery are expected to be obtained
over a longer period of time than the two-year follow-up of the
FREE-2 study, and thus, alternative data and assumptions
were required to extrapolate the data to a lifetime horizon.

A propensity-score-matched analysis of CMS claims data
was performed to identify similar patients for each pairwise
treatment comparison. The matching exercise was performed
using large numbers of patients to ensure comparability of the
groups and generalizability to the patient population being
studied. The patients in the CMS analysis were older than
those in the FREE-2 study; however, the utility weights ob-
tained from the FREE-2 study were adjusted for the age of
patients in the CMS analysis, as were the ongoing risks of
mortality and subsequent fracture. Thus, this difference in
demographics has been addressed to the greatest extent
possible.

Another limitation identified in this analysis concerns the
mortality benefit associated with patients receiving BKP or
VP. This effect was incorporated using hazard ratios from a
Cox proportional hazards model from the CMS claims analy-
sis. The model results indicate that the use of BKP and VP in
the outpatient setting is cost-effective even if no mortality
benefit is assumed; however, in the inpatient setting, the
ICERs rise above accepted WTP thresholds for both BKP
and VP versus CMM. The mortality benefit is therefore a
key driver of cost-effectiveness, which, dependent on a pa-
tient’s expected lifespan, will vary conclusions on cost-
effectiveness at the individual level, rather than at the popula-
tion level.

The population evaluated in this model included only the
subset of patients receiving CMM that had demographic and
clinical characteristics similar to those undergoing interven-
tional treatment. Therefore, our conclusions around the cost-
effectiveness of surgical interventions relative to CMM are
limited to the subset of patients with similar profiles as pa-
tients selected for surgery. In an analysis of Medicare claims
data by Ong et al., prevalence of VCF was 209,337 in 2014,
while incidence of BKP and VP was 8,419 and 29,679 proce-
dures respectively [30]. Therefore, there is a large population
treated with conservative management (for a variety of
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reasons) that were not evaluated in our present cost-
effectiveness analysis.

In conclusion, the results of our model suggest that, from a
US Medicare payer perspective, BKP and VP are both more
costly than CMM in the near term, but are associated with
improved overall survival and quality-adjusted survival, there-
by making BKP and VP cost-effective compared with CMM.
These results are consistent with previous, non-US cost-effec-
tiveness analyses of BKP and VP. The observed mortality
benefit associated with BKP and VP is a key driver of cost-
effectiveness. It is noteworthy that the simulated patient pop-
ulation represents a subset of the total Medicare population.
Therefore, the cost-effectiveness findings are generalizable to
patients who were historically eligible for BKP or VP, includ-
ing patients treated with CMM. While the results may not
extend to patients who would have been considered poor can-
didates for surgery, this information is critically important to
consider when creating policy and considering value-based
payment models.
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