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Abstract: Although the demand for shoulder arthroplasties has reached its highest number world-
wide, there remains a lack of epidemiologic data regarding recent and future trends. In this study,
data for all shoulder arthroplasties (hemiarthroplasty, reverse/anatomic shoulder arthroplasty) from
the nationwide inpatient statistics of Germany (2010-2019) and population forecasts until 2040 were
gathered. A Poisson and a negative binomial approach using monotone B-splines were modeled
for all types of prostheses to project the annual number and incidence of primary and revision
arthroplasty. Additionally, trends in main indicators were also gathered and expected changes were
calculated. Overall, the number of primary shoulder replacements is set to increase significantly
by 2040, reaching at least 37,000 (95% CI 32,000—44,000) procedures per year. This trend is mainly
attributable to an about 10-fold increased use of fracture-related reverse shoulder arthroplasty in
patients over 80 years of age, although the number of procedures in younger patients will also rise
substantially. In contrast, hemiarthroplasties will significantly decrease. The number of revision
procedures is projected to increase subsequently, although the revision burden is forecast to decline.
Using these country-specific projection approaches, a massive increase of primary and revision shoul-
der arthroplasties is expected by 2040, mainly due to a rising number of fracture-related procedures.
These growth rates are substantially higher than those from hip or knee arthroplasty. As these trends
are similar in most Western countries, this draws attention to the international issue, of: if healthcare
systems will be able to allocate human and financial resources adequately, and if future research and
fracture-prevention programs may help to temper this rising burden in the upcoming decades.

Keywords: shoulder arthroplasty; reverse shoulder arthroplasty; proximal humerus fracture; hemi-
arthroplasty; projections; revision

1. Introduction

With the baby boomer generation reaching 65 years of age, the socioeconomic issues
of an aging population, with higher incidences of degenerative joint diseases [1] and
fractures, will certainly affect inpatient care. While the increase in the number of hip
and knee arthroplasties is predicted to slow down over the next decades [2-7], only
a few studies have examined national trends for upper extremity arthroplasties [8,9].
However, in contrast to hip and knee arthroplasty, the demand and impact of shoulder
arthroplasty have been underestimated in the past, probably due to a smaller number of
arthroplasties performed per year. In the United States, which is commonly used as a
reference in other orthopedic studies, current growth rates for shoulder arthroplasties are
reported to be comparable with, or even higher than the growth rates for total hip and
knee procedures [8,10]. Furthermore, the projected demand for shoulder arthroplasty is
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anticipated to increase more rapidly over the next decade based on the future demographic
development of the U.S. [9]. However, in contrast to the United States, Germany and many
other Western (European) countries face population declines in the near future due to lower
birth and immigration rates, which are unable to make up for the aging of the population.
Based on current projections, many other countries will likely be heading in the same
direction within the next few decades [11,12]. As the incidence of shoulder arthroplasty
is higher for older patients, an increased burden in the future has to be expected, as age-
related diseases, like osteoarthritis, osteoporosis, frailty-syndrome or injuries are becoming
increasingly important. In Germany, the incidence of shoulder arthroplasty is amongst the
highest around the world [13], due to a relatively old population and a social healthcare
system, which provides almost unlimited access to all parts of orthopedic treatment.
However, as the working population is shrinking and increasingly aging, the healthcare
system faces the challenge of higher demand and costs.

Furthermore, newer implant designs and expanded indications, such as the use of
reverse total shoulder arthroplasty (rTSA) for proximal humerus fractures [14,15], have
also led to the rising surgical volume of shoulder arthroplasties in recent years. A shift to-
wards total shoulder arthroplasty (TSA) and away from hemiarthroplasty (HA) procedures
have also been reported, presumably because of better outcomes both in degenerative
and traumatic conditions [16,17]. However, the contribution of rTSA to future projec-
tions of shoulder arthroplasties has not been evaluated yet. Furthermore, the revision
burden of these procedures appears to be rising as well [8], which is of particular con-
cern because revision surgery tends to be more complex and cost-intensive than primary
arthroplasty [18].

Therefore, the aim of this study was to provide a reliable projection of the future need
for primary and revision shoulder arthroplasty to assist orthopedic surgeons, politicians,
healthcare providers and other stakeholders (insurances, industry) in providing enough
human and financial resources to maintain the current standard of care.

2. Materials and Methods
2.1. Data Collection

An analysis of the data from the national inpatient statistics of Germany (DeStatis)
was conducted. This database includes all annual inpatient treatment reports from all
German hospitals and medical institutions, making this study a nationwide survey (except
military and psychiatric facilities). The data are based on the International Statistical
Classification of Diseases and Related Health Problems, Tenth Edition (ICD-10) and the
German procedure classification system (OPS), which is the official classification system
for encoding surgical procedures in Germany. These statistics contain anonymized data
sustaining plausibility checks and data validation on a medical and economic level. All
cases reported between 2010 and 2019 were analyzed based on the corresponding OPS
codes in its most recent version [19], as well as their associated ICD diagnosis. Data after
2019 was intentionally excluded because of the interference due to the COVID-19 pandemic,
which led to a massive reorganization of the medical system in 2020 and early 2021. All
patients with shoulder arthroplasty, including either anatomic or reverse arthroplasty and
all hemiarthroplasties, as well as all revision shoulder arthroplasties and explanations,
were identified. During the study period, no coding changes were performed. Age was
categorized in the following groups: <55, 55-59, 60-64, 65-69, 70-74, 75-79, 80-84, 85-89,
and older than 90 years.

Population data was available from official population projection statistics until
2040 [20]. These population projections consider the future mortality and increased life
expectancy for the oldest population groups, and the immigration rate.

2.2. Data Analysis

Data from 2010 to 2019 (baseline years) and population forecasts up to the year 2040
were used to project the annual incidence of shoulder arthroplasty in Germany. A linear
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(Poisson, “classic approach”) regression analysis was performed to estimate the expected
incidence with the calendar year, sex, and patient age as covariates. The incidence was
calculated by dividing the estimated number of arthroplasties for the national total and for
each age subgroup by the corresponding official population forecast. An offset variable
for the size of the population was chosen to ensure that the procedural number did not
exceed the total population number. To overcome overdispersion problems that could
result in an underestimation of the variance, we used a robust sandwich covariance matrix
estimator for variance calculation. To minimize the error of variance underestimation of
the estimated parameter because of overdispersion, we applied a quasi-Poisson regression
to our data in accordance with the theory of quasi-likelihood.

As regressions based on logarithm, or an exponent, like Poisson, will only fit optimally
when that is the exact nature of the true relationship, they might not be economically
plausible, as in principle the projected counts can rise to infinity. In contrast, it seems quite
reasonable to imagine that there might rather be an asymptotic or curvilinear relationship.
To overcome this issue, an alternative estimate of the TSA projections was also determined
by fitting the incidence rates (counts per 100,000 persons and year) with a negative binomial
regression model using a monotone B-spline approach (“new approach”) for modeling
time effects and accounting for respective gender and age groups. Splines are used in
statistics in order to mathematically reproduce flexible shapes. Knots are placed at several
places within the data range, to identify the points where adjacent functional pieces join
each other. The advantage of using splines for yearly data compared to the traditional
approach is the more accurate curve estimation for the nonlinear trend changes and the
simple way of modeling interactions between the time variables.

To compare the prediction accuracy of each model, the dataset was then split into
training (years 2010-2017) and testing subsets (years 2018-2019). Both models were ana-
lyzed regarding common forecast accuracy measurement instruments (mean squared error
(MSE), root mean squared error (RMSE), the mean absolute percentage error (MAPE) and
Theil’s U inequality coefficients, of which the first (U1) is a measure of forecast accuracy and
the second (U2) is a measure of forecast quality [21]), which showed lower and thus more
accurate values for the negative binominal approach using monotone B-splines (Table 1).

Table 1. Two-year forecast accuracy using an out-of-sample training-test validation set (minor
numbers indicating greater forecast quality).

Model MSE RMSE MAPE U1 U2
Poisson 48,816.735 220.945 6.595 0.018 0.009
B-spline 19,724.682 140.445 3.108 0.012 0.006

MSE: mean squared error; RMSE: root mean squared error; MAPE: mean absolute percentage error; U1/2: Thiel’s
U inequality coefficients.

Because of the anonymization of the diagnosis-related group DRG data, arthroplasty
patients who underwent a revision (replacement or explanation) could not be individually
followed and therefore, actual revision rates could not be calculated. Instead, we estimated
the revision burden (RB) by dividing the number of revisions in the form of replacements
or explanations by the number of all primary and revision shoulder arthroplasties (HA and
TSA), as described previously [22]. Future projections for revision arthroplasty were also
calculated, as mentioned above. For better comparison, a “constant rate” approach was
used, based on the average revision burden during the baseline years and the projections
of shoulder replacements in 2040.

All statistical analyses were performed using R Version 3.4.0 (R Development Core
Team, The R Foundation for Statistical Computing, Vienna, Austria).
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3. Results
3.1. Historical Data: Baseline Years 2010-2019

The procedural volume of primary shoulder arthroplasties increased by approximately
14% each year from 13,678 to 25,294 patients, amounting to an incidence rate of 30.4 per
100,000 in 2019 (Figure 1). This development has mainly been attributed to increased
utilization of rTSA, for which the number of procedures has almost quadrupled since 2010.
In addition, the use of HA decreased by over 70%, while the number and incidence of
anatomic total shoulder arthroplasty procedures (aTSA) showed almost steady progress
over time. Regarding the demand in different age groups, in 2010, 5.2% of all primary
shoulder arthroplasties and only 1.8% of all rTSA procedures were performed in younger
patients (55 years or younger). By the end of 2019, the relative size of this population
had decreased to 4.1% and 1.4%, respectively. Overall, an enormous increase in fracture-
related arthroplasty could be identified, with the number of fracture-related rTSA showing
an almost ten-fold increase during that time span (Figure 2). Additionally, the overall
number of osteoarthritis (OA)-related procedures also almost tripled, with rTSA becoming
increasingly important compared to aTSA or HA.
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Figure 1. German population, shoulder arthroplasty incidence (A) and type of procedure (B) from 2010 to 2017.
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Figure 2. Historical and projected main indications for reverse shoulder arthroplasty from 2010 to 2040.

During the study period, 19,190 revision procedures (replacements or explanations)
were undertaken, which included 5748 revisions for HA and 13,241 for TSA, with an overall
RB of 12.9% for HA and 7.0% for TSA. However, we identified a slight RB decrease for TSA,
while the RB for HA significantly increased (from 7.1% to 18.4%). For both procedure types,
a 1.2-fold higher relative risk for revision was calculated for males compared with females.

3.2. Projection of Primary Shoulder Arthroplasty: Years 2020-2040

Based on our quasi-Poisson projection model, the annual number of shoulder replace-
ments is estimated to grow to 95 x 10% (95% CI 79-112 x 10%) by 2040 (Figure 3). The
forecasted incidence rate was projected to be 112 (95% CI 91-134) per 100,000 German
residents, resulting in a more than seven-fold growth from 2010 to 2040. Additionally,
we used a negative binomial approach with monotone B-splines to achieve a different
projective view on the future demand for shoulder arthroplasty. This model projected
the annual number of shoulder replacements to rise to 37 x 10® (95% CI 32-44 x 10%) by
2040, leading to an incidence rate of 47 (95% CI 41-55) per 100,000 inhabitants, which still
represents a rise of approximately 175% since 2010.
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Figure 3. Projections of the incidence (A) and total number (B) of shoulder arthroplasties by the year 2040 based on a
Poisson (red) and a negative binomial regression model using a monotone B-spline approach (blue). The black points
represent the historical numbers.

3.3. Projections of Shoulder Arthroplasty as a Function of Age

Considering age, the incidence rates almost doubled in each age group, while the
total amount of shoulder replacements showed the highest increase in older patients
(Figure 4). This increase can mainly be attributed to the rising utilization of rTSA, which
will be responsible for over 90% of all shoulder replacements in 2040 if our projections
hold true (Figure 5). These arthroplasties will be performed due to a massive increase in
fracture-related scenarios, which could reach an eight-fold increase by 2040 (Figure 2).
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Figure 4. Reported and predicted case numbers per age group from 2010 to 2040.
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Figure 5. Projected share of reverse total shoulder arthroplasties (rTSA) in total shoulder arthroplasties from 2010 to 2040.

Despite a simultaneously rising number of TSA in younger patients, the demand for
primary shoulder arthroplasties among patients aged 55 y or younger was projected to

decrease from 5.2% in 2010 to 3.2% (95% CI, 2.7-3.6) of all recipients by 2040.
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3.4. Projections of Revision Shoulder Arthroplasty

Along with the rising number of primary replacements, the number of revision
procedures is projected to increase as well. Based on our models, this number will reach its
maximum of approximately 4000 (upper 95% CI limit: 9000) procedures in 2040, which
represents an increase of approximately 300%. However, because of the higher future
number of rTSA, which was associated with a lower RB, the overall estimated RB will
decline. For better comparison, we also calculated the number of revision procedures using
a constant-rate approach. Here, we calculated the highest number of revision procedures
of 4100 (95% CI 3568-4852, monotone B-spline approach) and 10,500 (95% CI 8817-12,558,
Poisson modeling), respectively, which represents a 2.5 to 8.4-fold increase in revision
procedures (Figure 6).

HHHHHH
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2020 2030 2040
Year

Figure 6. Projections for revision shoulder arthroplasty procedures using a “constant-rate” approach based on a Poisson

(red) and a negative binomial regression model using a monotone B-spline approach (blue).

4. Discussion

Despite a rising number of projection studies for hip and knee arthroplasties in recent
literature, we still lack empirical results on studies for the upper extremities. Although
current growth rates for shoulder arthroplasties are reported to be comparable with, or
even higher than the growth rates for total hip and knee procedures [8,10], the demand
and impact of shoulder arthroplasty have been underestimated in the past. However,
based on evolving scientific evidence regarding good functional outcomes and due to an
expanding indication spectrum, shoulder arthroplasty has been one of the main focus in
orthopedic surgery in recent years. Therefore, we opted for a data-driven model selection,
by minimization of model errors to investigate the trends for primary and revision shoulder
arthroplasty procedures from 2010 to 2040. Although both models predicted a slightly
different total number due to their distinct intrinsic model assumptions, they showed an
important trend during the upcoming decades. Using these models, the number of total
shoulder replacements was estimated to grow up to 700%, mainly due to rising adoption
of rTSA in fracture-related conditions of the elderly. These growth rates are substantially
higher than the current rates of hip and knee arthroplasty [2,7], indicating the immense
importance for orthopedic surgeons in the future.
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With the total number and incidence of primary TSA procedures rising, we also
modeled a rising number of revision procedures, highlighting its increasing burden in the
future.

4.1. Projections of Shoulder Arthroplasty and International Comparison

When comparing our projections with other countries, we found that the trend of
a rising volume of primary shoulder arthroplasties has also been reported in the United
States [10,23,24]. Schwartz et al. detected an over five-fold increase in primary shoulder
arthroplasty between 2001 and 2010 [24], while Wagner et al. projected even higher
growth rates in upper extremity arthroplasty compared with total hip and knee procedures
by the year 2025 (+235% in total volume) [25]. Padegimas et al. even projected the
future volume to increase by 755% by 2030. Similar to our results, this can mainly be
attributed to an exponential rise in the number of reverse shoulder arthroplasty in the
upcoming years, with its prevalence already rising from 7.3 to 19.1 per 100,000 in the
U.S. However, the demographic and economic characteristics of the United States cannot
easily be transferred to other industrialized countries, although the global demographic
pattern of an aging population is identical around the world. However, projections like
those of Wagner et al. [25] tend to be overestimated due to a steep increase of procedure
volume in the baseline years- a problem we also faced using a Poisson model. For this
reason, we implemented an alternative methodical approach, which included a rather
asymptotic development of shoulder arthroplasty in the future but still estimated an
increase in incidence that is several times higher than the projected increase in hip or knee
arthroplasty [2,4,5,26].

These findings are also in line with the most national recent trends for shoulder
arthroplasty in Europe. Although population and economic data, as well as procedure
selection for the major indications, vary between most countries, Liibbeke et al. [13]
reported a strong upward trajectory in the incidence of shoulder arthroplasty in nine
registries, concluding that due to growing demand, increasing health care capacity, and/or
expanding indications, countries could expect to see this continuation in growth in the
future. According to the most recent European study of Villate et al. derived from the
French hospital discharge database, the number of total shoulder arthroplasties is projected
to rise up to 322% by 2050, representing a future challenge for their healthcare system [27].

4.2. Projections as a Function of Age and Indication

Based on our data projections, this trend is mainly attributed to a considerably in-
creasing utilization and incidence of rTSA in patients older than 80 years, although the
number and incidence of procedures performed for younger patients are forecast to rise in
the future as well.

While this observed trend is in line with the findings from other countries [13,28],
including the United States [9], it is in contrast with the trend seen in hip and knee
arthroplasties, where the incidence rate in younger and older patients remained constant
over all age groups [2]. This difference may be explained by various factors. First, based
on the recent population growth in Germany, the share of patients > 65 years of age
is projected to increase from 21% to 30% by the year 2040, which may contribute to a
rapid increase in rTSA utilization, as reverse prostheses are rarely implanted in younger
patients. Second, the indications for rTSA have been expanding during the last decade, as
indicated by the almost ten-fold increase in the number of proximal humerus fractures in
this study. Many surgeons may also now see it as a possible solution for poor shoulder
conditions, which were previously seen as unsolvable [29]. In complex proximal humerus
fractures, which represent the third-most common fracture seen in patients aged > 60
years [30], rTSA was found to provide more reproducible function with better recovery,
as well as lower revision rates than HA [31,32]. However, recent studies also suggest,
that shoulder arthroplasty due to fracture could be associated with more inconsistent
outcomes [33,34] and an increased risk of postoperative complications compared with OA
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and cuff arthropathy [35]. Additionally, shoulder arthroplasty for fracture seems to lead to
an even higher resource utilization [36], which is especially important as we documented a
massive increase in these procedures in the upcoming decades, probably affecting future
healthcare costs. Against the background of moving toward the era of bundled payment
models, an appropriate risk adjustment based on the indication of surgery should, therefore,
be promoted to maintain the current standard of care for all patients.

Although we documented a massive increase in fracture-related rTSA in our study,
current scientific evidence contrarily suggests, that non-operative treatment may be fa-
vorable in the elderly compared to surgical treatment in certain fracture patterns [37,38].
However, based on the increasing demand for self-independency in the elderly, there is
still a controversial debate, on which patients may be better treated by surgical interven-
tion. Therefore, it remains to be seen, if this trend may influence the treatment choice and
amount of implantations in the future, as the number of proximal humerus fractures will
be constantly rising in many European countries over the next decade [39,40].

4.3. Projections of Revision Shoulder Arthroplasty

With the total number and incidence of primary TSA procedures rising, we also
modeled a rising number of revision procedures, which has globally never been performed
up to date. While we were not able to calculate survival or revision rates because of the
aforementioned issue, we used the RB as a surrogate parameter to assess the procedure-
specific risk for revision. As a consequence, the actual revision risk, especially for TSA,
appears to be underestimated by our calculations, which is why we also used a constant
rate approach to estimate the number of revision surgeries based on the RB during the
baseline years, which still led to an up to 8.4-fold increase by 2040.

Based on our models, revision surgery for TSA will be significant in 2040 and would be
expected to increase even more over time as a direct result of the maturation of the increased
number of primary surgeries being performed. This raises the concern if there will be
enough resources and trained surgeons to carry out these difficult revision procedures in
the future. Against the background of a rising number of fracture-related rTSA, this also
highlights the enormous need for adequate fracture-prevention programs, in order to limit
the number of revision surgeries in the future, as well.

4.4. Study Limitations

The current study has some limitations. First, although the German population
forecasts provided rather good agreement between predicted numbers and confirmed
past numbers [2,20], they are typically based on hypothetical future assumptions and are,
therefore, potentially uncertain. Second, this type of study was based on the procedural
growth trajectory for the years 2010-2019, as a longer time frame was not possible due to
coding changes after 2009 and the occurrence of the COVID pandemic after 2019, assuming
that this trend will continue. However, it is possible, that after the world has overcome
all issues regarding the pandemic, new technologies, surgical innovations, or disruptive
innovation techniques, such as cartilage regeneration, tissue engineering, or drug therapies
that limit the progression of osteoarthritis or enhance fracture recovery or joint-preserving
surgery [41]; as well as health-care reforms or reimbursement changes, will meaningfully
affect the relationship between supply and demand for shoulder arthroplasty. Especially,
it remains to be seen, if the demand of rTSA for proximal humerus fracture will actually
see the projected rise in the future, as more and more studies suggest that non-operative
treatment may be more favorable in the elderly compared to a surgical approach [37,38,42].

Overall, in contrast to clinical studies, like randomized controlled trials, which draw
evidence from (allegedly) artificially generated data, large database studies, like the pre-
sented study, describe results of the actual treatment reality. The current study aims to
analyze the current practice and its changes over time, giving the reader an unselected
view on surgical demand, which cannot be obtained from case series or prospective studies.
Therefore, it has to be seen as an important additive or complementary instrument to clini-



J. Clin. Med. 2021, 10, 5123 12 of 14

cal studies, providing the possibility to examine the potential effects of current scientific
evidence on the daily surgical routine on the one side and to analyze treatment trends,
whose causal links can be further analyzed by randomized-controlled studies, on the other
side.

5. Conclusions

The current study demonstrates that using a data-driven modeling approach, the
rate of both primary and revision shoulder arthroplasty procedures is projected to rapidly
increase during the next 20 years, with the rate of fracture-related rTSA, performed in
elderly patients, showing the greatest impact of all procedures. In light of limited resources
and healthcare budgets, this emphasizes the need for adequate prevention programs on
the one side, but also for qualified surgeons to meet the demand and for future research to
improve the reliability and survivorship of shoulder arthroplasties on the other side.
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