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Abstract
Background Centralization of cancer care to high-volume
facilities has been shown to improve the overall survival of
patients with soft-tissue sarcomas. Current evidence re-
garding the impact of increased hospital volume on treat-
ment patterns and survival rates for patients with primary
malignant bone tumors remains limited. Understanding the
facility volume-outcome relationship for primary malignant

bone tumors will further discussion on ways to promote
delivery of quality cancer care across the nation.
Questions/purposes (1) Is there a difference in overall
survival for patients with primary malignant bone tumors
undergoing treatment at a high-volume facility (at least 20
patients per year) versus those treated at a low-volume
facility (less than 20 patients per year)? (2) Do surgical
treatment patterns (limb-salvage versus amputation) and
margin status (positive versus negative) vary between
high-volume and low-volume facilities?
Methods The 2004 to 2015 National Cancer Database was
queried using International Classification of Disease for
Oncology topographical codes to identify patients un-
dergoing treatment (surgery, chemotherapy, and/or radiation
therapy) for primary malignant bone tumors of the extremi-
ties (C40.0-C40.3, C40.8, and C40.9) or pelvis (C41.4).
Histologic codes were used to group the tumors into the
following categories: osteosarcomas, Ewing’s sarcomas,
chondrosarcomas, chordomas, and other or unspecified.
Patients who did not receive any treatment (surgery, che-
motherapy, and/or radiotherapy) at the reporting facility were
excluded from the study. Facility volume was calculated
based on the average number of patients per year for the
entire study period. A preliminary stratified Cox regression
model was used to identify evidence-based thresholds or
cutoffs for high-volume and low-volume facilities, while
adjusting for differences in patient, tumor, and treatment
characteristics. We identified high-volume facilities as those
treating at least 20 patients per year and low-volume facilities
as those treating fewer than 20 patients per year. A Kaplan-
Meier survival analysis was used to report overall unadjusted
5-year survival rates at high-volume and low-volume facili-
ties. Multivariate Cox regression analyses were used to as-
sess whether undergoing treatment at a high-volume facility
was associated with a lower risk of overall mortality, after
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controlling for differences in baseline demographics, tumor
presentation, and treatment characteristics. For patients un-
dergoing surgery, multivariate regression models were used
to evaluate whether patients receiving care in a high-volume
facility were more likely to receive resections with limb
salvage surgery than to receive amputation and whether fa-
cility volume was associated with a patient’s likelihood of
having a positive or negative surgical margin.
Results A total of 14,039 patients were included, 15%
(2115) of whom underwent treatment in a high-volume
facility. Patients undergoing treatment at a high-volume
facility were more likely to be white, have tumors in-
volving the pelvis, have larger tumor sizes, and have a
higher tumor grade at presentation than those undergoing
treatment at a low-volume facility. Unadjusted 5-year
overall survival rates were greater for high-volume facili-
ties than for low-volume facilities (65% versus 61%; p =
0.003). After controlling for differences in patient de-
mographics, tumor characteristics (including histologic
type, grade, stage, size, and location) and treatment factors,
we found that patients treated at high-volume facilities
had a slightly lower overall mortality risk than those treated
at low-volume facilities (hazard ratio 0.85 [95% CI 0.77 to
0.93]; p < 0.001). Patients treated at high-volume facilities
were also slightly more likely to undergo resection with
limb-salvage surgery to than to undergo amputation (odds
ratio 1.34 [95% CI 1.14 to 1.59]; p = 0.001). Patients un-
dergoing surgical treatment at high-volume facilities also
had a lower odds of having positive resection margins than
those undergoing treatment at low-volume facilities (OR
0.56 [95% CI 0.44 to 0.72]; p < 0.001).
Conclusions Patients undergoing treatment for primary
malignant bone tumors at high-volume facilities experience a
slightly better overall survival than those receiving treatment
at low-volume facilities. Further research questioning the
value of care at high-volume facilities is required before
sweeping changes in regionalization can be considered.
Level of Evidence Level III, therapeutic study.

Introduction

Evidence has shown an improvement in short-term and
long-term patient complications and/or readmissions when
patients receive care in a high-volume facility or hospital.
This so-called volume-outcome relationship has been
demonstrated for various surgical procedures, including
total joint arthroplasty [14, 26, 28, 38], spine surgery [3],
hip fracture care [23], coronary artery bypass grafting [21],
and cancer surgery [13, 15, 18]. For oncologic operations
specifically, health policy makers in the United States often
have debated the need for centralization of these proce-
dures to high-volume centers to ensure delivery of quality
care [31]. However, most evidence advocating for the

centralization of cancer care has revolved around abdom-
inal oncologic procedures, such as those of the pancreas
[17], liver [34], and colon [32].

Bone and soft-tissue sarcomas, although only accounting
for 2.2% of all cancers, are associated with substantial
morbidity and mortality [33]. These sarcomas are typically
treated with a multidisciplinary approach to care, consisting
of surgical treatment, radiotherapy, and/or systemic chemo-
therapy. Given the coordination between highly sub-
specialized team members, as well as the overall rarity of
these diseases, providers have debated centralizing the care
of these cancers at higher-volume facilities. Current evidence
to support such a strategy is scant. Only recently did research
studies seem to suggest that a higher facility volume is linked
to improved survival of patients with soft-tissue sarcomas [1,
19, 22]. Although these studies had similar conclusions, they
were limited by their arbitrary definitions of volume
thresholds. In contrast, evidence regarding the volume-
outcome relationship in malignant bone tumors is limited.
Having a better understanding about the facility volume-
outcome relationship in primary malignant bone tumors will
help health policy makers in further discussion on ways to
promote delivery of quality cancer care nationwide.

In the light of these observations, we used a validated
national cancer dataset to answer our proposed questions: (1)
Is there a difference in overall survival for patients with
primary malignant bone tumors undergoing treatment at a
high-volume facility (at least 20 patients per year) versus
those treated at a low-volume facility (less than 20 patients
per year)? (2) Do surgical treatment patterns (limb-salvage
versus amputation) and margin status (positive versus neg-
ative) vary between high-volume and low-volume facilities?

Patients and Methods

Database and Patient Selection

This study was a retrospective study of patients with
cancer registered in the National Cancer Database
(NCDB). Owned by the American Cancer Society and the
American College of Surgeons, the NCDB gathers di-
agnostic, treatment, and outcome data from more than
70% of cancer patients across 1500 cancer programs in the
United States [4]. The data are de-identified and made
available to prospective researchers from participating
institutions. To maintain the Commission on Cancer ac-
creditation, the database requires participants to ensure at
least a 90% annual follow-up rate on reported patients.
This database was preferred over other available national
cancer registries (such as, the Surveillance, Epidemiology
and End Results database) as it offers unique facility
identification numbers that allow researchers to conduct
facility-level analyses. Further details about the NCDB
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can be found on its official website (https://www.facs.
org/quality-programs/cancer/ncdb). Because the database
was de-identified, this study was exempt from in-
stitutional review board approval.

We queried the 2004 to 2015 NCDB using International
Classification ofDisease for Oncology topographical codes to
identify all patients undergoing treatment (surgery, chemo-
therapy, and/or radiotherapy) for primary malignant bone
tumors of the extremities (C40.0-C40.3, C40.8, and C40.9) or
pelvis (C41.4). Primarymalignant spinal osseous tumorswere
not included for two main reasons. First, primary osseous
spinal neoplasms are very rare tumors, with only about one to
two patients per center every year, and they are not uniformly
represented throughout the nation. Not all centers had patients
with spinal osseous neoplasms. This is because these cancers
are often operated on by orthopaedic spine surgeons and/or
neurological surgeons rather than orthopaedic oncologists.
We do know of certain scenarios where the main treatment
(for example, surgery) is done in private practice setting by an
orthopaedic or neurological spine surgeon, and the individual
undergoes remainder of the treatment in another setting. Our
observations have been supported by recent reports showing
an absence of patients with spine tumors logged by early-
career orthopaedic oncologists [11, 24]. All of these factors
prevented us from getting amore homogenous patient sample
that underwent complete treatment in a single facility, and
they were thus excluded. We used histologic codes to group
the tumors into the following categories: osteosarcomas,
Ewing’s sarcomas, chondrosarcomas, chordomas, and other.
Patients with benign tumors were excluded. Pediatric patients
(age 18 years or younger) and adult patients (age older than 18
years) were both included because malignant bone tumors
occur in both age groups. Patients who did not receive any
treatment in the reporting facility (class of case 00) were ex-
cluded. The one patient with missing or unknown status at the
last follow-up examination was right-censored during sur-
vival analysis. The 674 patients who did not receive any
treatment (surgery, chemotherapy, and/or radiotherapy) were
also excluded. The median range of follow-up was
39.4 months [interquartile range 16.4 to 77.1].

Included Variables

Baseline patient demographics and characteristics included
in the analysis were age (stratified into 18 years or younger,
19-50 years, 51-75 years, and older than 75 years), sex, race
(white, black, Asian, other, and unknown), insurance status
(private, Medicare, other government, Medicaid, un-
insured, and unknown), median household income (USD),
proportion of patients without a high school education,
Charlson comorbidity score, and distance from the facility
(based on tertiles or three equal groups of 0-13 miles, 13-49
miles, and further than 49 miles).

Tumor characteristics included location (upper extrem-
ity, lower extremity, pelvis, and not specified), histologic
type (osteosarcoma, chondrosarcoma, Ewing’s sarcoma,
chordomas, and other [see Appendix, Supplemental Digital
Content 1, http://links.lww.com/CORR/A252]), tumor size
(0-8 cm, greater than 8 cm, or unknown), metastases at
diagnosis, grade (I: well-differentiated or low-grade; II:
moderately differentiated or intermediate-grade; III: poorly
differentiated or high-grade; and IV: undifferentiated or
high-grade and unknown), and American Joint Committee
on Cancer clinical stage (I, II, III, IV, and unknown) [5].

Treatment variables included surgical procedure (no
surgical procedure received, local excision or partial re-
section, resection with limb salvage, amputation, un-
specified operation, and unknown), surgical margins
(negative: R0; positive: R1 or R2; and unknown), and
whether individuals received adjuvant therapy, including
radiation therapy and/or chemotherapy.

Defining Evidence-based Thresholds for
Facility Volume

Facility volume was defined as the average annual number
of malignant bone cancer patients treated in a facility
throughout the study period (2004-2015). Unlike published
reports investigating the volume-outcome relationship in
surgical oncology [1, 9, 10, 22], we did not arbitrarily define
volume thresholds for high-volume and low-volume facili-
ties. Instead, we used an evidence-based approach to iden-
tifymeaningful thresholds for high-volume and low-volume
facilities. Similar to a spline regression analysis performed
for categorical variable analyses [2, 7, 37], we performed a
preliminary stratum-specific Cox regression hazard analysis
assessing the incremental impact of increasing volume (four
patients per year, five patients per year, six patients per year,
and seven patients per year, up to 22 patients per year), while
controlling for differences in baseline demographics, tumor
characteristics, and treatment patterns. Adjusted hazard ra-
tios and 95% CIs for each stratum (four patients per year,
five patients per year, six patients per year, and seven
patients per year, up to 22 patients per year) were plotted on a
linear graph (Fig. 1). We identified a cutoff point at which
there was a “dip” in the hazard ratio (HR)-volume curve (20
patients per year) and used it to divide facilities into two
cohorts: high-volume (at least 20 patients per year) and low-
volume (fewer than 20 patients per year) facilities. Similar
evidence-based approaches to identifying meaningful cut-
offs have been used for other elective orthopaedic proce-
dures [27, 29, 36]. An evidence-based approach not only
reduces variability induced by arbitrary or quartile-based
definitions of volume cutoffs, but also allows health policy
makers to better identify hospitals that could serve as cen-
tralization “hubs.”
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Baseline Demographics, Tumor Characteristics, and
Treatment Patterns

A total of 14,039 patients undergoing surgery in 840 hos-
pitals were included, 15% (2115) of whom underwent
treatment in at least one of six high-volume facilities; 85% of
patients (11,924) patients were treated in a low-volume fa-
cility (n = 827 facilities) (Table 1). Patients undergoing
treatment at a high-volume facility were more likely to be
white, have tumors involving the pelvis, have a larger tumor
size, and have a higher tumor grade at presentation than
those who underwent treatment at a low-volume facility
(Table 2). Limb-salvage surgery was more likely to be car-
ried out in high-volume facilities (Table 3). High-volume
facilities were also more likely to be located further away
from the patient, at a median distance of 77 miles, than low-
volume facilities, with a median distance of 22 miles.

Statistical Analysis

We used Pearson’s chi-square tests to assess for unadjusted
differences in baseline demographics, tumor characteristics,
and treatment patterns between high-volume and low-
volume facilities. A Kaplan-Meier survival analysis was
used to compare 5-year overall survival rates between high-
volume and low-volume facilities. It is important for readers
to note that Kaplan-Meier survival analyses are unadjusted
for any confounders, and therefore do not account for the
variation in baseline demographics, tumor characteristics,

and treatment between high-volume and low-volume facil-
ities. Therefore, multivariate Cox regression analyses, ad-
justed for baseline demographics, tumor characteristics and
treatment patterns, were used to assess whether undergoing
treatment at a high-volume facility was associated with
improved overall survival. We ran an additional sensitivity
analysis using Cox regression, after excluding data from
variables with at least 5% of missing/unknown information
(insurance status, surgical margins, tumor size, grade and
stage). We also used multivariate regression models to
evaluate whether patients receiving surgical care in a high-
volume facility were more likely to undergo resections with
limb salvage surgery or an amputation, and whether facility
volume was associated with a patient’s likelihood of having
positive resection margins. All statistical analyses were
performed using SPSS version 24 (IBMCorp,Armonk, NY,
USA). The results of the Cox regression and multivariate
logistic regression models are reported as adjusted HR and
odds ratios, respectively, along with their 95% CIs. For all
statistical analyses, a p value less than 0.05 was considered
statistically significant.

Results

Association of Facility Volume with Overall Survival

The Kaplan-Meier survival analysis showed that patients
undergoing treatment in high-volume facilities had a lon-
ger mean survival time than those undergoing treatment at

Fig. 1 This hazard ratio-volume linear curve shows a dip in overall mortality at 20 patients per year (HR 0.85 [95%CI 0.77 to 0.93]; p < 0.001).
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Table 1. Baseline patient demographics at high-volume and low-volume facilities

Baseline characteristics
High-volume (at least 20

patients per year) (n = 2115)
Low-volume (fewer than 20

patients per year) (n = 11,924) p value

Age (years) 0.015a

# 18 30% (637) 30% (3532)

19-50 40% (839) 39% (4598)

51-75 26% (543) 26% (3037)

> 75 5% (96) 6% (757)

Sex 0.516

Male 57% (1216) 57% (6765)

Female 43% (899) 43% (5159)

Race < 0.001a

White 84% (1786) 81% (9702)

Black 8% (167) 12% (1369)

Asian 3% (72) 3% (359)

Other 3% (52) 2% (286)

Unknown 2% (38) 2% (208)

Insurance status < 0.001a

Private 51% (1073) 59% (7064)

Medicare 10% (214) 16% (1873)

Other government 2% (40) 2% (239)

Medicaid 12% (247) 17% (1991)

Uninsured 2% (40) 5% (577)

Unknown 24% (501) 2% (180)

Median household income 0.015a

< USD 38,000 17% (358) 17% (2064)

USD 38,000-USD 47,999 23% (488) 24% (2823)

USD 48,000-USD 62,999 24% (513) 27% (3158)

$ USD 63,000 35% (748) 32% (3805)

Unknown < 1% (8) <1% (74)

Proportion without high
school education

< 0.001a

< 7% 26% (541) 25% (2963)

7%-12.9% 28% (600) 31% (3733)

13%-20.9% 24% (506) 25% (3014)

$ 21% 22% (461) 18% (2147)

Unknown < 1% (7) <1% (67)

Charlson comorbidity score < 0.001a

0 91% (1922) 88% (10,467)

1 8% (163) 10% (1150)

2 1% (27) 2% (226)

3 < 1% (3) < 1% (81)

Distance from facility (miles) < 0.001a,b

Median distance (IQR) 77 (24-184) 23 (9-59) < 0.001a

0-13 16% (333) 35% (4129)

13-49 24% (517) 35% (4225)

$ 49 60% (1259) 30% (3512)

Unknown < 1% (6) < 1% (58)

aIndicates statistical significance.
bMann-Whitney’s U test was used for non-parametric variables; IQR = interquartile range.
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low-volume facilities (107.4 months [95% CI 103.9 to
110.8] versus 102.6 months [95% CI 101.1 to 104.1]; p <
0.001). Overall 5-year survival rates were also greater for
high-volume facilities than for low-volume facilities
(65% [standard error 1.2] versus 61% [standard error 0.5];
p = 0.003) (Fig. 2). After controlling for differences in
patient demographics, tumor characteristics (including
histologic type), and treatment factors (including the type
of surgery, radiation therapy or chemotherapy) in the
multivariate Cox regression model, we found that patients
treated at high-volume facilities had a slightly lower
overall risk of mortality than those undergoing treatment
at low-volume facilities (HR 0.85 [95% CI 0.77 to 0.93];
p < 0.001) (Table 4). Other important risk factors asso-
ciated with an increased risk of overall mortality were
increasing age, higher Charlson comorbidity index score,
pelvic or lower-extremity tumor location, tumor size

greater than 8 cm, having metastases at diagnosis, in-
creasing grade and stage, and presence of positive surgical
margins (Table 4). A sensitivity analysis that excluded
missing/unknown data for insurance status, surgical
margins, tumor size, stage and grade, showed a consistent
observation of treatment at high-volume facilities asso-
ciated with a lower overall risk of mortality (HR 0.78
[95% CI 0.68 to 0.89]; p < 0.001). Regarding chon-
drosarcoma patients, a total of 1459 patients underwent
treatment for well-differentiated chondrosarcomas. After
excluding patients with well-differentiated chon-
drosarcomas from the analysis, we still noted that patients
undergoing treatment at high-volume facility was asso-
ciated with lower overall risk of mortality (HR 0.85 [95%
CI 0.77 to 0.93]). This was essentially the same as our
overall results, as grade was adjusted for as a confounder
during prior analysis.

Table 2. Differences in tumor characteristics between high-volume and low-volume facilities

Tumor characteristics
High-volume (at least 20

patients per year) (n = 2115)
Low-volume (fewer than 20
patients per year) (n = 11,924) p value

Location < 0.001

Upper extremity 17% (353) 18% (2183)

Lower extremity 54% (1134) 57% (6809)

Pelvic 30% (623) 23% (2705)

Not specified < 1% (5) 2% (227)

Histology < 0.001

Osteosarcoma 38% (798) 40% (4745)

Chondrosarcoma 30% (644) 29% (3437)

Ewing’s sarcoma 14% (304) 15% (1803)

Chordoma 6% (124) 4% (438)

Other 12% (245) 13% (1501)

Tumor size < 0.001

0-8 cm 37% (774) 39% (4669)

> 8 cm 47% (1001) 42% (5024)

Unknown 16% (340) 19% (2231)

Metastases at diagnosis 15% (321) 17% (2003) 0.005

Grade < 0.001

I 13% (265) 14% (1651)

II 13% (273) 12% (1444)

III 24% (501) 24% (2797)

IV 26% (557) 17% (2072)

Unknown 25% (519) 33% (3960)

AJCC stage < 0.001

I 33% (698) 31% (3737)

II 37% (776) 31% (3643)

III 30% (64) 2% (252)

IV 14% (303) 14% (1662)

Unknown/NA 13% (274) 22% (2630)

AJCC = American Joint Committee on Cancer; NA = not applicable.
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Variation in Treatment Patterns and Margin Status
Between High-volume and Low-volume Facilities

After controlling for patient demographics, tumor charac-
teristics (including American Joint Committee on Cancer
stage, tumor size, and tumor grade) and other treatments
(radiation therapy or chemotherapy), we found patients
treated at high-volume facilities were slightly more likely
to undergo resection with limb salvage surgery than to
undergo amputation (OR 1.34 [95% CI 1.14 to 1.59]; p =
0.001). Patients undergoing surgical treatment at high-
volume facilities also had lower odds of having positive
resected margins than those undergoing treatment at low-
volume facilities (OR 0.56 [95% CI 0.44 to 0.72]; p <
0.001). With the numbers we had, we could not find dif-
ferences in the use of radiation therapy (OR 0.94 [95% CI
0.78 to 1.13]; p = 0.519) and chemotherapy (OR 0.89 [95%
CI 0.73 to 1.09]; p = 0.262) between high-volume and low-
volume facilities.

Discussion

As the current healthcare system evolves toward imple-
menting value-based approaches, there is an increased
emphasis on improving the delivery of oncology care while
controlling healthcare costs. With evidence consistently
showing that higher facility volume is associated with
better survival, centralization of cancer care at high-volume
facilities or centers of excellence has long been advocated
and, to some extent, has been successfully implemented for
complex general surgical oncology [32]. Centralization
efforts largely remain unheard of in the bone sarcoma

community, either because of the relative dearth of reports
supporting the presence of a volume-outcome relationship
for these cancers or due to the complex logistical and fi-
nancial issues associated with access to care at high-
volume facilities. Using a national cancer dataset, we
demonstrated that individuals with primary malignant bone
tumors undergoing treatment at a high-volume facility
were likely to have a slightly better overall survival than
those receiving care at low-volume facilities. Furthermore,
patients had a slightly higher risk-adjusted odds of un-
dergoing limb salvage procedures versus amputations if
treated in high-volume facilities and had lower rates of
positive resection margins.

Limitations

There are several important limitations to our study.
First, we only investigated the impact of hospital vol-
ume on long-term outcomes and did not evaluate the
effect of individual surgeon volumes. The NCDB does
not contain individual surgeon identifiers that would
allow an appropriate calculation of surgeon volume. As
mentioned, malignant bone tumors are often treated by a
multidisciplinary approach to care, involving input from
and coordination between the surgical teams, radiol-
ogists, and medical and radiation oncologists. Although
surgery is an important facet of the overall management and
treatment of malignant bone tumors, radiation therapy and
systematic chemotherapy play a critical role in determining
the survival of most patients with bone tumors. Therefore,
overall facility volume rather than surgeon volume may
be a better metric for determining the volume-outcome

Table 3. Treatment characteristics of patients at high-volume and low-volume facilities

Treatment characteristics
High-volume (at least 20 patients per

year) (n = 2115)
Low-volume (fewer than 20 patients

per year) (n = 11,924) p value

Surgery < 0.001

None 18% (373) 18% (2178)

Local excision/partial resection 12% (248) 18% (2163)

Radical resection/limb salvage 59% (1248) 49% (5800)

Amputation 11% (232) 14% (1614)

Surgery, not specified < 1% (14) 1% (139)

Unknown 0% (0) < 1% (30)

Surgical marginsa < 0.001

Negative 61% (1288) 64% (7636)

Positive 4% (93) 8% (976)

Unknown 18% (373) 18% (2178)

Radiation therapy 13% (274) 17% (2040) < 0.001

Chemotherapy 57% (1194) 57% (6766) < 0.001

aPatients who received surgery.
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relationship and evaluating the quality of oncology care.
Regardless, musculoskeletal tumor societies need to advo-
cate for the construction of registries that capture surgeon-
level/physician-level data to allow researchers to further
investigate the surgeon-volume outcome relationship.

Second, the NCDB does not report data on recurrence
rates and/or disease-free survival, which would have
been useful for further understanding the long-term im-
pact of the volume-outcome relationship on patients with
malignant bone tumors. The database also lacks data on
the costs associated with the entire episode of care,
which would have allowed us to better understand the
financial ramifications of centralization policies. Al-
though we included a comprehensive set of de-
mographic, tumor, and treatment variables that are
known to impact survival, the database does not contain
functional outcome scores. We also did not have
surgery-specific data on patients with pelvic, acetabular,
or lower-extremity tumors who underwent

reconstructive procedures (arthroplasty or rotation-
plasties). The NCDB also does not report whether
facilities/surgeons adhered to guideline-driven care,
which would have been an important metric for de-
termining quality. Furthermore, the histologic grade,
surgical margin, and American Joint Committee on
Cancer stage was unknown for several patients. To
prevent a selection bias and to maintain an appropriate
study sample, we chose to include these patients and
adjust for them in subsequent multivariate regression
analyses. This approach to managing unknown data has
been used in other studies [12, 16]. To further support our
findings, we ran an additional sensitivity analysis that
excluded missing data on insurance status, surgical
margins, tumor size, stage and grade and noted a similar
trend toward better survival when treatment was received
at a high-volume facility compared with a low-volume
facility. Regardless, the possibility of bias due to missing
data should not be ruled out [20].

Fig. 2 Kaplan-Meier survival curves show5-year survival rates for patients undergoing treatment at high-volumeand low-volume facilities.
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We also did not assess differences in the sequence of ra-
diation therapy and chemotherapy because this was beyond
the scope of this study. We did not analyze differences in
chemotherapy regimens over time and/or participation in
clinical trials between high-volume and low-volume facilities
because this information is not available in the database. The
NCDB only records the definitive surgical treatment if more
than one procedure was performed. For instance, if a patient
underwent a prior limb-salvage surgery, and then underwent a
subsequent amputation, the database will only contain in-
formation about the latter operationWe also did not include or
adjust for the effect of facility type (academic or integrated
cancer network or community cancer program) or hospital
region on survival outcomes. This was because the NCDB
purposely does not report data regarding facility type and
region for individuals younger than 40 years. Nearly 56% of
our study population was younger than 40 years, and an at-
tempt to include facility type and region would have
introduced a bias to our results. The NCDB only reports
endpoint follow-up status as “alive” or “dead,” making it
difficult to understand disease-specific survival rates. Finally,
although the NCDB provided an adequate sample size of
more than 14,000 malignant bone tumors, it only recorded
data from more than 1500 hospitals across the United States
and does not represent the entire national cohort.

Survival is Slightly Higher Among Patients Treated at
High-volume Centers

After controlling for confounding variables (including
baseline demographics, tumor characteristics and treatment

Table 4. Multivariate Cox regression hazards showing
significant factors associated with a higher overall risk
of mortality

Factors Hazard ratio (95% CI) p value

High-volume facility 0.85 (0.77 to 0.93) < 0.001

Age (years)

# 18 Ref.

19-50 1.58 (1.46 to 1.71) < 0.001

51-75 2.64 (2.40 to 2.91) < 0.001

>75 5.29 (4.61 to 6.09) < 0.001

Male sex 1.13 (1.06 to 1.19) < 0.001

Insurance status

Private Ref.

Medicare 1.52 (1.39 to 1.67) < 0.001

Other government 1.18 (0.96 to 1.44) 0.124

Medicaid 1.11 (1.02 to 1.21) 0.012

Uninsured 1.13 (0.98 to 1.29) 0.097

Unknown 1.09 (0.94 to 1.26) 0.237

Median household income

< USD 38,000 Ref.

USD 38,000-USD 47,999 0.94 (0.86 to 1.03) 0.207

USD 48,000-USD 62,999 0.89 (0.81 to 0.98) 0.020

$ USD 63,000 0.85 (0.75 to 0.95) 0.003

Unknown 0.75 (0.24 to 2.36) 0.627

Proportion without high
school education

< 7% Ref.

7%-12.9% 0.96 (0.89 to 1.04) 0.341

13%-20.9% 0.97 (0.88 to 1.06) 0.468

$ 21% 0.86 (0.77 to 0.97) 0.010

Unknown 0.80 (0.13 to 4.84) 0.811

Charlson comorbidity score

0 Ref.

1 1.06 (0.96 to 1.16) 0.238

2 1.72 (1.45 to 2.04) < 0.001

3 1.84 (1.43 to 2.38) < 0.001

Location

Upper extremity Ref.

Lower extremity 1.09 (1.00 to 1.18) 0.046

Pelvis 1.41 (1.29 to 1.55) < 0.001

Not specified 1.12 (0.90 to 1.40) 0.314

Histology

Osteosarcoma Ref.

Chondrosarcoma 1.00 (0.91 to 1.11) 0.992

Ewing’s sarcoma 0.69 (0.63 to 0.77) < 0.001

Chordoma 0.40 (0.33 to 0.49) < 0.001

Other 0.95 (0.87 to 1.05) 0.311

Tumor size > 8 cm 1.37 (1.28 to 1.46) < 0.001

Metastases at diagnosis 2.69 (2.41 to 3.01) < 0.001

Table 4. continued

Factors Hazard ratio (95% CI) p value

Grade

I Ref.

II 1.67 (1.42 to 1.97) < 0.001

III 3.53 (2.99 to 4.16) < 0.001

IV 3.67 (3.11 to 4.35) < 0.001

Unknown 2.57 (2.19 to 3.02) < 0.001

AJCC stage

I Ref.

II 1.22 (1.09 to 1.36) < 0.001

III 1.49 (1.24 to 1.79) < 0.001

IV 1.57 (1.36 to 1.82) < 0.001

Unknown/NA 1.25 (1.12 to 1.40) < 0.001

Positive surgical margins 1.71 (1.54 to 1.89) < 0.001

Adjustment was performed for all demographic, tumor
characteristics, and treatment patterns. AJCC = American Joint
Committee on Cancer; NA = not applicable.
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patterns), we observed that undergoing treatment for ma-
lignant bone tumors at a high-volume facility was associated
with better overall survival. Only one prior report, from
Japan, has evaluated the volume-outcome relationship in
malignant bone tumors undergoing surgical treatment [25].
The authors noted that higher hospital volume was associ-
ated with a lower rate of postoperative complications and in-
hospital mortality; however, they did not evaluate long-term
survival. Although no prior study has investigated the
volume-survival association in malignant bone tumors, our
findings are largely similar to previously reported volume-
outcome relationships on soft-tissue sarcomas. Using the
NCDB and an arbitrary definition of a high-volume facility
of at least 10 patients per year, Abarca et al. [1] found that
patients undergoing surgical treatment for non-metastatic
soft-tissue sarcomas of the extremities at low-volume fa-
cilities had lower odds of overall survival at 5 years than
those undergoing treatment at high-volume facilities. In a
similar NCDB analysis, Lazarides et al. [22] used a high-
volume facility cutoff of at least 20 patients per year and
concluded that higher volume is associated with a lower
odds of overall mortality. Though our findings add to prior
reports showing the presence of a volume-outcome associ-
ation in orthopaedic oncology, readers should interpret the
results with caution. This is important given that there was
only a slight improvement in survival when treatment was
sought in a high-volume center, as evidenced by the lower
end of the confidence interval of the hazard risk ratio
reaching 1 (HR 0.85 [95% CI 0.77 to 0.93]). Health policy
makers and surgeons should factor in the slight improve-
ment in survival when considering centralization of bone
sarcoma care, the challenges of which will be discussed in
following paragraphs.

Differences in Limb Salvage and Margin Status
Between High- and Low-volume Centers

We found a slightly greater likelihood of patients receiving
limb-salvage surgery at high-volume facilities than low-
volume facilities. Furthermore, we also observed that
patients who underwent surgical treatment for malignant
bone tumors at high-volume facilities had lower odds of
having positive resected margins. Even though our analysis
was adjusted for various confounders (including tumor
characteristics, such as stage, size and/or location), as with
most database studies, readers should be cautious about
deriving causality from the findings. Due to the availability
of resources, high-volume facilities may have more experi-
enced surgeons and more readily available multidisciplinary
surgical teams (such as plastic surgery) that make limb
salvage a feasible option. In addition, patients undergoing
limb salvage tend to benefit from specialized postoperative
care, primarily intense rehabilitation, to ensure adequate

functional outcomes. High-volume facilities may have
structured rehabilitation programs that positively influence
patient outcomes and bias providers and patients to elect
limb salvage surgery. Similarly, high-volume facilities, due
to a large pool of patients, will perform a greater number of
radical resection/limb salvage procedures, and through the
development of a learning curve/experience, should have a
better survival in their patients. Our findings are somewhat
similar to prior volume-outcome studies on soft-tissue sar-
comas [1, 22]. Using the NCDB both Lazarides et al. [22]
and Abarca et al. [1] observed that high-volume facilities
had lower odds of positive resected margins, but there was
no preferential bias towards choosing limb-salvage surgery
over amputations.

Challenges of Centralization

In our analysis, six high-volume facilities delivered the
highest quality care for only 2000 patients (15% of the entire
sample). In contrast, nearly 85% of individuals received care
in a low-volume facility, with approximately 34% of these
patients receiving care in a facility that treated, on average,
only five patients per year. Although centralization of bone
sarcoma care may be an interesting avenue to improve de-
livery of quality care, we were only able to detect a slight
improvement in overall survival when malignant bone
tumors were treated at a high-volume facility, as evidenced
by the lower end of the confidence interval nearing 1 (HR
0.85 [0.77 to 0.93]. As mentioned previously, the small
improvement in overall survival should be interpreted with
caution when translating the findings into health policy
changes. This is particularly important given that the current
healthcare system is undergoing a shift towards value-based
care, with an emphasis to maintain quality of care while
controlling/reducing costs.

A recently published study used a state-wide cancer
registry to investigate the value of undergoing treatment a
high-volume center to improve survival after pancreatic
cancer [8]. The authors defined high-value care as care that
resulted in overall survival of at least the fourth quintile ($
26months) and cost of care not to exceed the second quintile
(# USD 40,674). Interestingly, the study showed that even
though undergoing care at a high-volume facility was as-
sociated with a slight improvement in survival (HR 0.78
[95% CI 0.61 to 0.99], the care did not increase survival or
control costs enough to be defined as of high-value. Because
we did not have access to cost-based data in the NCDB, the
findings of the pancreatic cancer study highlight the need
for a similar cost-based survival analysis of patients with
musculoskeletal tumors to facilitate discussion on whether
centralization will indeed drive value in orthopaedic on-
cology. Rather than addressing the logistical and financial
issues fraught with expanding the capacity of high-volume
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facilities, we feel that improving/establishing referral poli-
cies at low-volume facilities (that is, five patients or fewer
per year) to transfer patients to relatively higher volume
facilities (that is, 15 or 16 patients per year) would eventually
increase the pool of high-volume facilities and be a better
way of centralizing care. Transferring patients with complex
conditions (such as a greater comorbidity burden, larger
tumor size, higher-grade tumor, and/or pelvic location) to
higher-volume centers may also be a feasible approach to
addressing centralization. However, geographic variation of
high-volume cancer centers will ultimately be a major ob-
stacle in the delivery of quality cancer care. In our study,
nearly 60% of all high-volume facilities were located at least
49 miles from the patient’s home. Not all patients have
sufficient means to travel to high-volume centers, even
though prior research in esophageal cancers has shown that
travel to high-volume centers may improve survival com-
pared with undergoing treatment at a nearby low-volume
center [30]. The study also went on to report that patients
who traveled to high-volume centers for esophageal cancer
treatment were typically younger, white individuals with
lower comorbidity burden, private insurance, and a lower
clinical stage at presentation [30].

In the light of latter observations, health-policy makers
should consider that centralization may actually introduce
barriers to access-of-care for vulnerable patient populations
(such as, black individuals or uninsured and/or Medicaid
patients). Such disparities are also reflected in our study,
with black individuals more likely to undergo treatment in a
low-volume versus high-volume facility (12% versus 8%).
Furthermore, compared with low-volume facilities, high-
volume facilities catered to a lower proportion of Medicaid
(12% versus 17%) and uninsured individuals (2% versus
5%). As the federal government begins to address un-
derlying racial and socioeconomic disparities in health care,
health policy makers must ensure that centralization policies
aim for amore uniform distribution of high-volume facilities
to keep care equitable and accessible to all.

According to the 2017 American Society of Clinical
Oncology report [6], only 6% of oncologists practice in rural
areas. Revamping the infrastructure by ensuring providers
are present in “oncology deserts” could be an effective way
of improving access to care for vulnerable patients with
malignant bone tumors. Unfortunately, a major obstacle to
increasing the number of surgical providers for patients with
malignant bone tumors is the low number of active,
fellowship-trained orthopaedic oncologists in the United
States [35]. Although there has been a relative increase in the
number of orthopaedic oncology fellowships in the nation
over the past decade, practice spectrum and employment
opportunities are limited. Conversely, increasing the number
of orthopaedic oncologists may also result in a division of
cases, preventing young surgeons from gaining exposure
and training expertise associated with a large-volume

practice, leading to an unintended decentralization of can-
cer care. A recent editorial has raised issues regarding the
need for reducing the number of fellowships [11], and/or
concentrating training at the highest volume sarcoma centers
to ensure that early-career orthopaedic oncologists have
enough breadth of cases to build a healthy practice.

Conclusions

By analyzing evidence from a large national sample of
patients with primary malignant bone tumors, our study
suggests that there is a slight survival benefit associated with
undergoing treatment at a high-volume facility. However,
we also noted that most of the bone sarcoma care is provided
in low-volume centers. One solution to this issue that has
been proposed is to create centralized tumor centers in this
country that could potentially improve sarcoma care, but
given the challenges associatedwith centralization, there is a
need for further prospective study using more granular
clinical data to facilitate next-level discussions on whether
centralization will indeed drive value in bone sarcoma care.
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