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Background: As the utilization of reverse total shoulder arthroplasty (RSA) grows, it is increasingly important to examine
the relationship between hospital volume and RSA outcomes. We hypothesized that hospitals that perform a higher
volume of RSAs would have improved outcomes. We also performed stratum-specific likelihood ratio (SSLR) analysis with
the aim of delineating concrete definitions of hospital volume for RSA.

Methods: The Nationwide Readmissions Database was queried for patients who had undergone elective RSA from 2011
to 2015. Annual hospital volume and 90-day outcome data were collected, including readmission, revision, complica-
tions, hospital length of stay (LOS), supramedian cost, and discharge disposition. SSLR analysis was performed to
determine hospital volume cutoffs associated with increased risks for adverse events. Cutoffs generated through SSLR
analysis were confirmed via binomial logistic regression.

Results: The proportion of patients receiving care at high-volume centers increased from 2011 to 2015. SSLR analysis
produced hospital volume cutoffs for each outcome, with higher-volume centers showing improved outcomes. The volume
cutoffs associated with the best rates of 90-day outcomes ranged from 54 to 70 RSAs/year, whereas cost and resource
utilization cutoffs were higher, with the best outcomes in hospitals performing >100 RSAs/year. SSLR analysis of 90-day
readmission produced 3 hospital volume categories (1 to 16, 17 to 69, and ‡70 RSAs/year), each significantly different
from each other. These were similar to the strata for 90-day revision (1 to 16, 17 to 53, and ‡54 RSAs/year) and 90-day
complications (1 to 9, 10 to 68, and ‡69 RSAs/year). SSLR analysis produced 6 hospital volume categories for cost of
care over the median value (1 to 5, 6 to 25, 26 to 47, 48 to 71, 72 to 105, and ‡106 RSAs/year), 5 categories for an
extended LOS (1 to 10, 11 to 25, 26 to 59, 60 to 105, and ‡106 RSAs/year), and 4 categories for non-home discharge (1
to 31, 32 to 71, 72 to 105, and ‡106 RSAs/year).

Conclusions: We have defined hospital surgical volumes that maximize outcomes after RSA, likely related to surgical
experience, ancillary staff familiarity, and protocolized pathways. This information may be used in future policy decisions
to consolidate complex procedures, such as RSA, at high-volume destinations, or to encourage lower-volume institutions
to strategize an approach to function as a higher-volume center.

Level of Evidence: Therapeutic Level IV. See Instructions for Authors for a complete description of levels of evidence.

E
lective anatomic total shoulder arthroplasty (TSA) and
reverse shoulder arthroplasty (RSA) are common sur-
gical options used to treat traumatic and degenerative

conditions of the shoulder.With an increasing number of shoulder
arthroplasties performed each year, there has been an accompa-
nying focus on quality improvement initiatives to enhance out-
comes and curtail the rising costs of this procedure1-5. While
identifying patient-level factors is critical, understanding poten-

tially modifiable hospital and system-based factors associated with
improved outcomes and decreased health-care utilization is also
important.

Studies of TSA have shown high-volume hospitals to be
associated with decreased health-care utilization, including
decreased cost, hospital length of stay (LOS), and non-home
discharge destination6-10. Hospital volume has been defined
differently in a multitude of studies, but a general consensus is
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that low-volume hospitals perform <1 procedure per quarter,
medium-volume hospitals perform <1 procedure per month
but >1 per quarter, and high-volume hospitals perform >1
procedure per month6,9, with other studies assigning cutoffs
more arbitrarily8. Recent studies have also generated more
data-driven hospital-volume categories to accurately charac-
terize the relationship between surgical volume and resource
utilization, specifically examining cost and LOS7.

Establishing volume thresholds for RSA has become even
more important, given its exponential increase since it was
approved by the U.S Food and Drug Administration approval
in 2004, increasing 53% between 2005 and 2010 and again
between 2011 and 2016. It is now used for the majority of
revision shoulder arthroplasties, and projections for the annual
growth of primary RSA over an 8-year period have been as high
as 322%2,3,11. However, RSA also has a considerable complica-
tion profile unique to its design and indications, including
nerve injury, scapular notching, mechanical failure, and acro-
mial fracture12-15. Thus, use of the reverse prosthesis involves a
learning curve, with 40 cases required to minimize postoperative
complications16,17; there is a greater learning curve for RSA than
TSA18. However, in the 15-year period since approval, the tech-
nical education of shoulder surgeons, improved implant tech-
nology, and increasing clinical indications19-21 have been drivers of
the increased utilization of RSA in the U.S.22,23. Most importantly,
RSA has shown promising clinical outcomes, despite use in older
and more medically complex patients22,24,25. As such, historical
cutoff parameters for surgical volume and their relationship to
outcomes should be reassessed given the expanding growth and
indications for RSA. Furthermore, more specific and concrete
evidence-based volume thresholds are critical, as currently pub-
lished arbitrary cutoffs fail to differentiate between performing
just 16 cases and >100 cases per year.

The goal of this study is to empirically define the precise
thresholds for volume strata that can serve as predictors of
institutional outcomes after RSA, such as cost, LOS, read-
missions, revisions, and complications. In doing so with amore
data-driven approach with a nationwide database, we aimed to
improve the external validity of the effect of hospital volume on
shoulder arthroplasty compared with what was possible with
prior state-specific databases, which may be sensitive to local
policies that directly influence outcomes of interest. In addi-
tion, as the utilization of RSA rapidly expands, developing RSA
procedure-specific volume cutoffs that reflect modern surgi-
cal volume trends has become increasingly important. We
hypothesized that hospitals that perform a higher volume of
RSAs would have improved outcomes. Furthermore, we uti-
lized stratum-specific likelihood ratio (SSLR) analysis with
the aim of delineating concrete definitions of volume to
provide more specific, data-driven thresholds than classic
arbitrary quartiles.

Materials and Methods
Data Set

This was a retrospective cohort study utilizing the Nation-
wide Readmissions Database (NRD). This database contains a

patient identifier to identify and link all inpatient encounters for a
patient in a given year and contains data for 17 million hospital
encounters from 27 separate states, representing 57.8% of the U.S.
population26. The database captures all same-state readmissions
for a patient, even if the patient presents at a separate center. The
NRD was used to identify all patients who had undergone RSA
(International Classification of Diseases, Ninth Revision [ICD-9]
procedure code 81.88) from 2011 to 2015.

Patient Selection
Patients who had undergone surgery for a proximal humeral
fracture were excluded from the analysis. Using a previously
validated approach, we eliminated patients who had undergone
surgery in the fourth quarter of the year from the analysis to
ensure capture of all patients with 90-day readmissions and
90-day complications27. Patients with a prior shoulder arthro-
plasty or prior elbow arthroplasty (ICD-9 diagnosis codes
V43.61 and V43.62, respectively) were excluded when we
calculated the 90-day prosthesis-specific complication rate, to
ensure that revisions were due to the index shoulder arthro-
plasty procedure. Overall, 38,246 patients had 90-day data
available for analysis.

Hospital Volume
Using a unique hospital identifier provided by the NRD, we cal-
culated annual hospital procedural volume aggregating all RSA
procedures performed per hospital. The unique hospital identifier
cannot be tracked over different calendar years; hence, hospital
volume was stratified on a per-year basis.

Outcomes Analyzed
Patient outcomes occurring within 90 days after the RSA were
identified with ICD-9 diagnosis and procedure codes. ICD, Tenth
Revision (ICD-10) diagnosis and procedure codes were used to
capture outcomes and readmissions in the fourth quarter of 2015,
as the transition from ICD-9 to ICD-10 took place on October 1,
2015. A previously validated expanded procedure-specific com-
plication list was used to define 90-day complications28,29. Revision
RSA was defined as an encounter with an ICD-9 or ICD-10 code
for revision upper-extremity arthroplasty or shoulder prosthesis
removal (81.97, 80.01, 0RWJ08Z, 0RWJ0JZ, 0RWK08Z, 0RWK0JZ,
0RPJ08Z, 0RPJ0JZ, 0RPK08Z, or 0RPK0JZ).

Cost, LOS, and discharge status were extracted. Cost
was adjusted for inflation to 2015 dollars with the U.S.
Consumer Price Index30. Increased cost was defined as any
value over the median cost ($18,452). Extended LOS was any
hospital stay of >2 days. Non-home discharge was discharge
to any facility.

Statistical Analysis
SSLR analysis31,32 was performed to generate cut points for hospital
volume at which volume ranges for the outcome of a given
parameter (e.g., LOS) were statistically distinct from those adjacent
to it. SSLR analysis has been used extensively in the orthopaedic
literature for defining volume categories that relate to patient
outcomes7,31-37. SSLR portions receiver operating characteristic
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(ROC) curves to identify break points at which the risk of an
adverse event changes. The cohort is first portioned into as many
strata as possible. Adjacent strata are joined until the 95% confi-
dence intervals (CIs) of the risk ratios of adjacent strata are no
longer overlapping.

Volume categories generated through SSLR analysis were
confirmed through multivariate analysis adjusted for patient
comorbidities (obesity, diabetes, smoking status, and rheu-
matoid disease), demographics (age, ZIP-code income quartile,
patient insurance status, and sex), and hospital characteristics
(ownership, bed size, and teaching status). Pairwise comparisons
were made to confirm statistical difference between adjacent
categories. To validate our analysis, SSLR volume categories were
compared with those generated from categorizing volume into

quartiles (1 to 14, 15 to 31, 32 to 57, and ‡58 RSAs/year). These
quartile volume categories were compared with those generated
with SSLR analysis through the comparison of the Akaike infor-
mation criterion (AIC). The AIC can be used to compare the
quality of different models in fitting the data, where lower values
indicate a better model fit. P < 0.05 was considered significant.
SSLR analysis was performed in Excel 2016 (Microsoft). All other
analyses were performed in SPSS version 25.0 (IBM).

Results
Demographics

The analysis included 38,246 patients who underwent RSA.
Patients at higher-volume hospitals (fourth quartile) were

more likely to be male, have a positive smoking status, and be

TABLE I Patient Demographics and Comorbidities Grouped by Hospital Volume Quartiles*

1st Quartile 2nd Quartile 3rd Quartile 4th Quartile P Value

Sex <0.001

Female 5,686 (61.5) 6,046 (61.7) 5,631 (59.9) 5,637 (57.5)

Male 3,555 (38.5) 3,747 (38.3) 3,771 (40.1) 4,173 (42.5)

Age <0.001

£49 yr 249 (2.7) 247 (2.5) 263 (2.8) 379 (3.9)

50-59 yr 1,282 (13.9) 1,351 (13.8) 1,453 (15.5) 1,543 (15.7)

60-69 yr 3,701 (40) 3,971 (40.5) 3,727 (39.6) 3,996 (40.7)

70-79 yr 3,391 (36.7) 3,614 (36.9) 3,374 (35.9) 3,333 (34)

‡80 yr 618 (6.7) 610 (6.2) 585 (6.2) 559 (5.7)

Comorbidities

Obesity 1,155 (12.5) 1,350 (13.8%) 1,327 (14.1%) 1,561 (15.9%) <0.001

Current smoking 649 (7) 665 (6.8) 663 (7.1) 639 (6.5) <0.001

History of smoking 1,457 (15.8) 1,687 (17.2) 1,526 (16.2) 2,010 (20.5) <0.001

Uncomplicated diabetes 1,916 (20.7) 1,938 (19.8) 1,930 (20.5) 1,869 (19.1) 0.015

Complicated diabetes 244 (2.6) 228 (2.3) 196 (2.1) 191 (1.9) 0.008

Control/ownership of hospital

Government, nonfederal 1,097 (11.9) 954 (9.7) 1,013 (10.8) 1,328 (13.5) <0.001

Private, nonprofit 6,428 (69.6) 6,842 (69.9) 6,999 (74.4) 7,452 (76)

Private, investor-owned 1,716 (18.6) 1,997 (20.4) 1,390 (14.8) 1,030 (10.5)

Hospital bed size <0.001

Small 2,096 (22.7) 1,820 (18.6) 1,430 (15.2) 1,464 (14.9)

Medium 2,928 (31.7) 2,901 (29.6) 2,708 (28.8) 1,626 (16.6)

Large 4,217 (45.6) 5,072 (51.8) 5,264 (56) 6,720 (68.5)

Teaching status <0.001

Metropolitan non-teaching 4,623 (50) 4,469 (45.6) 3,395 (36.1) 2,546 (26)

Metropolitan teaching 3,223 (34.9) 4,292 (43.8) 5,628 (59.9) 7,130 (72.7)

Non-metropolitan hospital 1,395 (15.1) 1,032 (10.5) 379 (4) 134 (1.4)

Payer code <0.001

Private 1,111 (12) 1,192 (12.2) 1,263 (13.4) 1,425 (14.5)

Medicare 7,385 (80) 7,976 (81.5) 7,548 (80.3) 7,621 (77.7)

Medicaid 222 (2.4) 144 (1.5) 152 (1.6) 135 (1.4)

Other 510 (5.5) 475 (4.9) 432 (4.6) 627 (6.4)

*First quartile = 1 to 14 RSAs/year, 2nd = 15 to 31, 3rd = 32 to 57, and 4th ‡ 58.
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obese. Hospitals in the fourth quartile (‡58 RSAs/year) were
more likely to be teaching or government-sponsored hospitals or
private, nonprofit hospitals. Lower-volume hospitals were more
likely to be private and for-profit. Demographics and comor-
bidities grouped by hospital volume quartiles are listed in Table I.

Trends in Arthroplasty Volume
In 2011, 46.4% of the RSA procedures were done at hos-
pitals performing between 1 and 20 RSAs/year, while only
3.3% of the procedures occurred at hospitals that performed
‡101 RSAs/year (Fig. 1). By 2015, 13.3% of the RSAs were
done at hospitals that performed ‡101 RSAs/year, while
only 26.8% were performed at hospitals performing 1 to 20
RSAs/year.

Hospital Volume and 90-Day Outcomes
There was an inverse relationship between hospital volume
and the rates of all 90-day complications, with the rates
decreasing with each subsequent volume category generated
by SSLR analysis. Three hospital volume categories were
identified with different risks of 90-day complications (Fig. 2).
Compared with the highest-volume category generated by SSLR
analysis (‡69 RSAs/year), the lowest hospital-volume category
(1 to 9 RSAs/year) was associated with a 1.42 (95% CI = 1.27 to
1.58) times increased odds of any medical complication (Fig. 3).
Furthermore, 3 volume categories were identified for 90-day
readmission (Fig. 2), with a 1.38 (95% CI = 1.23 to 1.54) times
increased odds of any readmission in the lowest-volume cate-
gory (1 to 16 RSAs/year) compared with the highest-volume
category (‡70 RSAs/year) (Fig. 3). Finally, 3 volume categories
were identified for 90-day revision (Fig. 2), and the lowest-
volume category (1 to 16 RSAs/year) was associated with a 1.88
(95% CI = 1.44 to 2.47) times increased odds of any 90-day

revision procedure compared with the highest-volume category
(‡54 RSAs/year (Fig. 3).

Hospital Volume and Resource Utilization Outcomes
Hospital volume was also a significant predictor of increased
health-care utilization in the postoperative period. Six hospital
volume categories defined supramedian cost of care (Fig. 2),
with the lowest-volume category (1 to 5 RSAs/year) associated
with a 4.03 (95% CI = 3.57 to 4.54) times increased odds of
increased cost of care compared with the highest-volume category
(‡106 RSAs/year) (Fig. 3). Five volume categories for LOS of
>2 days were identified (Fig. 2), with the lowest hospital-volume
category (1 to 10 RSAs/year) associated with a 2.26 (95% CI =
2.03 to 2.52) times increased odds of an LOS of >2 days compared
with the highest-volume category (‡106 RSAs/year) (Fig. 3).
Finally, 4 categories with different rates of non-home postopera-
tive discharge were defined (Fig. 2), with the lowest-volume cat-
egory (1 to 31 RSAs/year) associated with a 1.68 (95%CI= 1.48 to
1.91) times increased odds of non-home discharge comparedwith
the highest-volume category (‡106 RSAs/year) (Fig. 3).

Traditional Quartile Analysis
Classic division of the cohort into volume quartiles resulted in
hospital-volume categories of 1 to 14, 15 to 31, 32 to 57, and
‡58 RSAs/year (Fig. 2). Comparing the results of the multi-
variate models from the SSLR and quartile methods demon-
strated that SSLR produced a higher-quality model, with AIC
values decreased by ;7% to ;18% in the SSLR models com-
pared with the quartile models.

Discussion

We believe that this is the first study examining the
volume-outcome relationship specific to RSA. We were

Fig. 1

Proportion of reverse RSAs performed at certain hospital-volume thresholds in 2011 (left) and 2015 (right).
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able to successfully identify annual hospital volume strata that
were distinct from one another in terms of the odds of all
outcomes of interest. Our data confirmed our hypothesis that

increasing institutional RSA volume was associated with
improved rates of all 90-day complications and resource
utilization outcomes. Given that these data were obtained

Fig. 2

Raw percentages of RSA postoperative 90-day outcomes and periprocedural cost outcomes from analyses using cut points derived through SSLR analysis

or traditional quartiles of hospital volume.
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from hospitals across the U.S., our findings are less influ-
enced by potential regional bias compared with those in
previous reports9.

When interpreting the findings of this study, we do not
propose raw surgical volume to be a direct influence on surgical
outcomes. Surgical volume should be used as a composite marker

Fig. 3

Odds ratios and 95% CIs for RSA postoperative 90-day outcomes and resource utilization outcomes from categories derived through SSLR analysis or

traditional quartile analysis.
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of the synergy between surgeon experience and the nuances of
RSA, hospital system competence with optimal perioperative care
for patients undergoing RSA, support-staff familiarity with neces-
sary care, prophylaxis to prevent complications, and protocolized
pathways that expedite safe discharge. This is consistent with prior
literature, which shows a correlation between decreased LOS and
complication rates with higher single-surgeon volume10,38-41. Fur-
thermore, hospital TSA volume has also been inversely correlated
with 60-day readmission rates9,41 as well as directly correlated
with high rates of home discharge8. Evidence-based volume
thresholds have also proven useful in predicting outcomes after
lower-extremity arthroplasty and general surgery7,32,33,36,42-46, con-
sistent with trends noted in our study.

In terms of 90-day rates of readmission, revision RSA,
and complications, outcome-predicting surgical volumes are
broken into tertiles. As our analysis showed a lowest-volume
category of 1 to 16 RSAs/year for readmission and revision and
1 to 9 RSAs/year for complications, we recommend a target
volume of >9 RSAs/year to avoid the highest risk of detrimental
90-day outcomes. Furthermore, on the basis of the highest-
volume categories generated by our study, we advocate for a
minimum annual volume of 70 RSAs to maximize the associ-
ation of volume with minimizing 90-day risks. Again, while we
clearly define the interaction between annual institutional volume
and 90-day outcomes, these thresholds should best be used as a
surrogate of the level of institutional synergy required to keep
patients safe in the first 90 postoperative days. Thus, avoiding
90-day complications requires the greatest possible institutional
sophistication that likely includes a rehabilitation team that is
well-educated on postoperative therapy advancement protocols.
It may also require a strong primary care and medical subspe-
cialist network that facilitates care with surgeons for optimal
preoperative patient optimization, postoperative pain manage-
ment, complication prophylaxis, and complication surveillance.
Finally, it may require a strong relationship with ancillary ser-
vices such as home health care, medical equipment delivery,
social workers, and rehabilitation facilities.

When we examined cost-related outcome measures, the
risk of a high cost of care was broken down into volume sex-
tiles, prolonged LOS was separated into quintiles, and non-
home discharge was divided into quartiles. A plateau effect of
volume on these outcome measures was seen when >105 RSAs
were performed per year. While the highest risks of supra-
median cost of care and an LOS of >2 days were seen in hos-
pitals performing 1 to 5 and 1 to 10 RSAs/year, respectively, the
high-risk category for non-home discharge was 1 to 31 RSAs/
year. This outlier value is likely explained by the known high
prevalence of non-home discharge in the RSA population47,
and that a regimented systemic coordination of care is indi-
cated to ensure safe home discharge of these patients. Unlike 90-
day outcomes, the findings with regard to non-home discharge
likely speak more to preoperative and acute postoperative care
organization. Preoperative medical and physical optimization
can maximize a patient’s preoperative functional status. The
inpatient postoperative interdisciplinary care team may then
anticipate obstacles to home discharge to fine-tune medical and

functional barriers to enable safe home discharge. It is likely that
higher institutional volumes also may better educate surgeons
and hospital staff regarding the routine postoperative functional
status of RSA patients and thus give them a greater sense of
comfort with home discharge.

There are several weaknesses to our study. Most importantly,
we are not able to use hospital volume to predict shoulder functional
outcomes, long-term complications, or prosthetic survivorship
measures with the information available to us, which is a byproduct
of the database-sized cohort required to run an accurate SSLR
analysis; this weakness has been noted in prior shoulder arthroplasty
volume studies48. In parallel, the use of a database comes with the
obvious data accuracy/availability limitations inherent to all database
studies; however, we took great care to ensure accurate attribution of
available data to appropriate conclusions. Furthermore, in order to
be able to determine 90-day complication rates, we could not
include procedures performed in the fourth quarter of each year.
Additionally, as this database only represents 27 states, there may be
differences in states not represented by the database.

Conclusions
Our findings demonstrate an association between RSA vol-
ume and 90-day outcomes and resource utilization, and the
hospital-volume thresholds generated here should serve as
guidelines to optimize the care environment when performing
RSA. As the incidence and cost of RSA are burgeoning2,3,5,6, it is
clear that surgical care teams that are most experienced in the
complexities of the surgical and medical aspects of managing
these patients provide the highest quality of care. The study’s
findings suggest that consolidation of care for RSA patients at
high-performing institutions would avoid the care disparities
and exorbitant resource utilization that have been seen in knee
arthroplasty. The findings may encourage lower-volume
institutions to strategize an approach to function as a higher-
volume center, which could be achieved through education and
communication between low-volume and high-volume insti-
tutions49. Furthermore, these evidence-based hospital volume
thresholds are proxies for hospital competence in managing
complex patients. For those institutions that meet the highest-
volume classification, the differences between highest-volume
and lowest-volume thresholds for each outcome define the
institutional cooperation required to optimize each measure,
and may help identify areas for improvement. n
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