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Abstract
Purpose Total knee arthroplasty (TKA) rates have increased substantially in the recent decades worldwide, with Germany 
being one of the leading countries in the prevalence of TKA. The aim of this study was to provide an overview of treatment 
changes during the last decade and to project the expected burden of primary and revision TKA (rTKA) for the next 30 years.
Methods Comprehensive nationwide data from Germany was used to quantify primary and revision TKA rates as a function 
of age and gender. Projections were performed with use of a Poisson regression models and a combination of exponential 
smoothing and autoregressive integrated moving average models on historical procedure rates in relation to official popula-
tion projections from 2020 to 2050.
Results The incidence rate of primary TKAs is projected to increase by around 43% to 299 per 100,000 inhabitants [95% CI 
231–368], leading to a projected total number of 225,957 primary TKAs in 2050 (95% CI 178,804–276,442). This increase 
has been related to a growing number of TKA performed in male patients, with the highest increase modelled in patients 
between 50 and 65 years of age.
At the same time, the annual total number of revision procedures is forecast to increase even more rapidly by almost 90%, 
accounting for 47,313 (95% CI 15,741–78,885; IR = 62.7 per 100,000, 95% CI 20.8–104.5) procedures by 2050. Those 
numbers are primarily associated with a rising number of rTKAs secondary to periprosthetic joint infection (PJI).
Conclusions Using this country- specific forecast approach, a rising number of primary TKA and an even more rapidly 
growing number of rTKA, especially for PJI, has been projected until 2050, which will inevitably provide a huge challenge 
for the future health care system. As many other industrialized nations will face similar demographic and procedure-specific 
developments, these forecasts should be alarming for many health care systems worldwide and emphasize the tremendous 
need for an appropriate financial and human resource management in the future.
Level of evidence Level III, prognostic study, economic and decision analysis.
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Introduction

Over the last decades total knee arthroplasty (TKA) has 
been widely established as a highly successful treatment for 
advanced osteoarthritis of the knee in terms of pain relief 

and improvements in function and health-related quality of 
life [5, 17, 28, 41]. Based on these experiences and sup-
ported by constant advancements in long-term patient-
oriented outcomes [7, 15, 16], this has led to an increas-
ing number of surgeons offering total knee arthroplasty to 
younger and higher-demanding patients more frequently 
nowadays. Although perioperative mortality rates remain 
low (∼0.5%), about 3–5% of all TKA fail each year due 
to septic or aseptic loosening or component failure [33]. 
This is of particular concern as the financial and economic 
impact of revision knee arthroplasty is substantially greater 
compared with primary TKA [1, 8], due to longer times of 
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surgery, more expensive prostheses, longer length of stay 
and higher rates of complications [42]. In this context, revi-
sions due to periprosthetic joint infection (PJI) are one of the 
most severe complications after arthroplasty that affect the 
quality of a patient’s life and also place the highest (finan-
cial) burden on the health care system [29, 30].

Prior studies from countries all over the world [40, 47, 49, 
52] have almost exclusively focused on the projections of the 
future demand of primary TKA and reported a further rise in 
the near future, mainly driven by a constantly aging popula-
tion and an increase of unfavorable risk factors, including 
obesity and osteoarthritis [11]. However, studies providing 
an outlook on the future burden revision knee arthroplasty 
are almost completely missing. Based on the rising num-
ber of primary TKA, it was hypothesized that the volume 
of revision procedures, especially due to PJI, will rapidly 
increase in the future, which will place an immense burden 
on future health care systems and also raises the question, 
if current clinical standards and treatment strategies have to 
be reconsidered.

Methods

An analysis of data from the national inpatient statistics of 
Germany 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 is 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 proce-
dures in Germany. These statistics contain anonymized data 
from the Federal Bureau of Statistics, sustaining plausibility 
checks, and data validation on a medical and economic level. 
All cases reported between 2005 and 2018 were analyzed 
based on the corresponding OPS codes in its most recent 
version [6]. All patients with knee arthroplasty, including 
either bicondylar or unicompartmental arthroplasty and all 
revision knee arthroplasties and explantations, were iden-
tified, although data regarding different types of primary 
arthroplasties were not available prior to 2008. Age was cate-
gorized in the following groups: < 50, 50–55, 55–59, 60–64, 
65–69, 70–74, 75–79, 80–84, and older than 85 years.

Population data was available from official population 
projection statistics until 2050 [45]. These population pro-
jections consider the future mortality and increased life 
expectancy for the oldest population groups, and the immi-
gration rate.

Data from 2005 to 2018 (baseline years) and population 
forecasts up to the year 2050 were then used to project the 

annual incidence of primary and revision arthroplasty in 
Germany. A linear (Poisson, “classic approach”) regres-
sion analysis was performed to estimate the expected inci-
dence with calendar year, sex, and patient age as covari-
ates, as recently reported by Schwartz et al. [50]. 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 fore-
cast. Expected mean incidence was adjusted for population 
size using the age-specific logged population numbers as 
off-set. To overcome overdispersion problems that could 
result in an underestimation of variance, a robust sandwich 
covariance matrix estimator for variance calculation was 
used. To minimize the error of variance underestimation 
of the estimated parameter because of overdispersion, a 
quasi-Poisson regression to the data in accordance with 
the theory of quasi-likelihood was applied.

Due to the fact, that Poisson regression can theoretically 
provide exponential growth to infinity, some authors have 
tried alternative estimation models of future projections, 
e.g., using asymptotic or logarithmic regressions [40, 
47]. These models seem to be more economic-logically 
than knowledge-driven, as regressions based on loga-
rithm or an exponent will only fit optimally, if this is the 
exact nature of the true relationship. To overcome this 
issue, time series forecasting has become more and more 
popular in recent years, especially in the context of eco-
nomic issues. Exponential smoothing and autoregressive 
integrated moving average (ARIMA) models are the two 
most widely used approaches [18, 39], and provide com-
plementary approaches to the problem. While exponential 
smoothing models are based on a description of the trend 
and seasonality in the data and weigh averages of past 
observations, with the weights decaying exponentially as 
the observations get older, ARIMA models aim to describe 
the autocorrelation in the data. In both cases, future values 
are constrained to be linear functions of past observations. 
In this study, a grouped time series analysis for model-
ling time effects and accounting for respective gender and 
age groups was used. These models contained a combi-
nation of ARIMA and exponential smoothening models 
(ETS) as introduced by Hyndman et al. [13]. Based on the 
stepwise Hyndman–Khandakar algorithm, the best model 
was selected using a combination of Kwiatkowski–Phil-
lips–Schmidt–Shin (KPSS) unit root test, minimization 
of the Akaike’s Information Criterion for small samples 
(cAIC) [3] and maximum likelihood method algorithm. 
After forecasting [14], the prediction accuracy of each 
model was verified by splitting the dataset into training 
(years 2005–2015) and testing subsets (years 2016–2018) 
and comparing the mean absolute percentage error 
(MAPE) of the prediction, which was defined as follows:
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 where XI denotes the observed ED visits at month I, and X
I
 

denotes the predicted ED visits at year I. The MAPE is a per-
centage error that measures the relative difference between 
the actual and forecast values of a given model. The lower 
the MAPE, the more accurate is the model’s forecast. Based 
on the validation dataset, the Poisson model for primary 
TKA and the ARIMA model for revision TKA appeared 
to fit the historical data best, although all models did not 
show highly significant differences (Table 1). Therefore, this 
investigation ultimately opted for a data-driven model-aver-
aging strategy (by minimizing model errors) that considers 
all models, which has been considered the golden standard 
in the economic literature, assuming that a combination of 
forecasts will surpass individual forecasts [38].

Because of the anonymization of the diagnosis-related 
group DRG data, arthroplasty patients who underwent a 
revision (replacement or explantation) could not be indi-
vidually followed, and therefore, actual revision rates could 
not be calculated. Instead, the revision burden (RB) was 
estimated by dividing the number of revisions in the form 
of replacements or extractions by the number of all primary 
and revision arthroplasties, which is a concept previously 
introduced by Malchau et al. [36]

All statistical analyses were performed using R Version 
3.6.3 (R Development Core Team, The R Foundation for 
Statistical Computing, Vienna, Austria).

Results

From 2005 to 2018 a total of 2,151,448 primary TKAs 
were recorded in Germany. During that time, the annual 
number of procedures rose from 128,932 in 2005 to 
170,494 in 2018, representing an increase of 32.4%. 
Respecting the population growth, the annual overall 
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incidence changed substantially from 157 per 100,000 to 
209 per 100,000 inhabitants (P < 0.001). Overall, almost 
two third of all TKA were performed in women, although 
the proportion of male patients rose steadily from 31.0% 
(2005) to 38.5% (2018). 41% of all TKAs were performed 
in patients between 70 and 80 years of age, with a sub-
stantial increase in younger patients during the course of 
the study.

Regarding different types of implants, a significant 
increase in utilization of unicompartmental knee arthro-
plasty (UKA) (5.6% → 10.7%) has been reported, particu-
larly in younger (55–65 years), male patients (48%).

During the same period, 326,019 revision procedures 
were performed, with a significant increase in the annual 
total number and incidence (19.6 per 100,000 inhabitants 
in 2005 and 30.8 per 100,000 in 2018) over time (P < 0.01). 
Most revisions were performed in female patients aged 
75 years and older (~ 67.1%). Gender ratio was almost even 
in younger patients.

In this context, revision burden (~ 10%) for TKA showed 
no significant change during the study period despite a rise 
in total number. At the same period, however, the number 
of revisions for UKA significantly increased about 42.6%. 
However, due to a simultaneously higher increase in primary 
unicompartmental procedures, the revision burden for these 
implants has also decreased (22.0 → 13.7%).

Most common indications for rTKA were mechanical 
complications (~ 55%), like aseptic loosening, prosthetic 
joint infection (PJI) (~ 21%) and fracture (~ 2–3%). Male 
patients had a substantially higher relative revision burden 
(RR = 1.6) for PJI, whereas the RR for periprosthetic frac-
ture was higher in women (RR = 2.2). Although mechanical 
complications have remained the most common indications 
for revision at every time point of the study, there was little 
change in total number during the study period. In contrast, 
both an increase in PJI (+ 47.6%) and periprosthetic fractures 
(+ 320.1%) was documented.

Based on the projection models used, an average increase 
of 43% in the incidence rate of primary TKAs to 299 per 
100,000 inhabitants [95% CI 231–368] is projected, leading 
to a mean projected total number of 225.957 primary TKAs 
in 2050 (95% CI 178,804–276,442) (Figs. 1 and 2). This 
increase has been mainly related to a growing number of 
TKA performed in male patients, with the highest increase 
modelled in patients between 50 and 65 years of age, whose 
numbers more than tripled until 2050 (Fig. 3a, b].

With the number of primary TKAs rising, an enormous 
increase in the total number of revision procedures by an 
average of 88% is also projected, accounting for 47,313 
per year (95% CI 15,741–78,885; IR = 62.7 per 100,000, 
95% CI 20.8–104.5) procedures by 2050 (Fig. 4). Although 
this increase can be mainly attributed to a rising number in 
patients 70 years and older, younger patients (aged 55–64) 

Table 1  Accuracy of the different prediction models used in this 
study

RMSE root mean squared error, MAPE mean absolute percentage 
error

Type Model RMSE MAPE

TKA arima 581.24 2.52%
ets 744.87 3.54%
poisson 324.75 1.77%

rev TKA arima 61.09 2.00%
ets 131.34 3.95%
poisson 236.27 11.17%
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showed a significant upward trend in revision procedures 
during the study period, as well (Fig. 5a, b).

These trends have been mainly associated with a rising 
number of rTKAs secondary to PJI (Fig. 6) and peripros-
thetic fracture, while revisions due to mechanical complica-
tions, such as aseptic loosening, only showed little change 
over time.

Discussion

Based on the present analysis, the most important findings of 
this study were the substantial increase in incidence of pri-
mary TKA and an even higher rise in revision TKA over the 
next three decades, which will inevitable place an immense 
burden on the future health care system. It also draws atten-
tion to the important problem of rapidly growing rates of 
PJI and its associated challenges, which will certainly affect 
the clinical care. In combination with an expected popula-
tion decline due to further aging and lower birth rates in the 

upcoming decades, this raises the question, if an already 
financially strained healthcare system will be able to cover 
this demand in the future [44]. At the same time, it empha-
sizes the need for qualified surgeons and for future research 
to improve the reliability and survivorship of TKA [28, 31].

Just recently, Rupp et al. published their projections of 
primary TKA and total hip arthroplasty in Germany from 
2016 through 2040 based on the same database. Using a 
Poisson approach with general health expenditures as addi-
tional covariate, they projected the total number of TKAs 
to rise by 45% until 2040, with the greatest increase being 
predicted to occur in patients aged 40–49 years (269%) 
[48]. These findings are strongly supported by the projec-
tions of the present investigation, with an average increase 
of 43% of primary TKA between 2018 and 2050. Similar 
trends and rates have also been reported for other European 
countries [5, 40, 47]. For the U.S. an even higher increase 
has been projected (+ 673% between 2005 and 2030) [28]. 
However, different population structures and methodologies 
may be responsible for observed differences and also other 

Fig. 1  Projected total number of TKA until 2050 depending on the model used (confidence intervals in shades)
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nondemographic factors (e.g., access and reimbursement 
costs) have to be considered, when discussing potential dif-
ferences in use. In Germany, unrestricted access to all offi-
cial medical treatment is guaranteed, which is certainly not 
the case for all countries. Still, a worldwide trend towards 
a higher future TKA volume is evident. In this context, a 
large part of the projected increase will be associated with 
a higher utilization of TKA in younger patients, indicating, 
that its potential benefits may have transferred to a higher 
operation volume over the last decades.

As indications further expand to a younger, more active 
population, revision rates have also been shown to markedly 
increase in those patients in recent investigations [37, 43]. 
This raises the fear of an uncontrolled further growth of 
these revision procedures in the future, if the rise in volume 
of TKA cannot be slowed down by new advancements (like 
prevention of or non-operative strategies for osteoarthritis) 
or, if survivorship of the implants cannot be sufficiently 
prolonged.

In this context, Schwartz et al. have recently tried to fore-
cast the numbers of revision knee arthroplasty in the U.S., 
projecting the incidence of rTKA to increase between 78 
and 182% by the year 2030 [50]. Patients aged between 55 
and 74 showed the highest increase in revision incidence, 
whereas incidence in the 75–84 age group decreased. These 

findings can also be supported by the present study, as an 
88% increase of rTKA has been projected by 2050, with a 
rising number of patients requiring revision surgery earlier 
in their lifetime. As the longevity of rTKAs is far inferior 
to primary TKA, a growing population of multiple-revised 
patients has to be expected in the future [22]. The combina-
tion of a considerably aging population and an increasingly 
younger rTKA population [24] is an alarming trend, espe-
cially considering the impairment many patients are suffer-
ing following (multiple) rTKA. According to a study from 
the UK 93% of all patients were still working before rTKA, 
while afterwards patients rarely (7%) return to work [51]. In 
addition to an already shrinking working population, due to 
the constantly aging population, this will inevitably add up 
to the already enormous economic challenge for healthcare 
and social systems [42].

Furthermore, a significant increase in utilization of UKA 
was observed, especially in young, male patients. Although 
usually good outcomes can be achieved [21, 23, 35], revision 
rates of UKA have been shown to be significantly higher 
compared to TKA [4, 10, 34]. If the current trend continues, 
this will probably result in an even further increase in the 
demand of revision surgeries in future decades.

Although perioperative mortality rates remain low 
(∼0.5%), about 3–5% of all TKA and up to 10% of UKA 

Fig. 2  Projected incidence rate of TKA for men (blue) and women (red) until 2050 (per 100,000 inhabitants, Poisson modelling)
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Fig. 3  Projected total number of TKA (in thousands) for men (a) and women (b) per age age group until 2050
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fail each year due to septic or aseptic loosening or compo-
nent failure [25, 33]. However, many problems associated 
with TKA in the past, such as mechanical complications like 
implant breakage and wear, might have been successfully 
addressed over the years. This is supported by the presented 
results, as revision due to mechanical complications showed 
a decreasing incidence over the last decade. In contrast, the 
problems associated with PJI and periprosthetic fractures 
remain unsolved and will lead to an even greater challenge 
in the future, as their incidence is rising to worrisome rates 
[26, 32]. As the number of revisions secondary to PJI is 
increasing, its share is also projected to rise to over one third 
of all revision procedures by 2050, with male patients hav-
ing the highest risk, as previously described [24, 27]. This 
is of utmost interest, as the clinical and economic burden of 
rTKA for PJI is eminent [19] and also provides a major risk 
for uncontrolled growth in cost for future generations [20].

Besides PJI, periprosthetic fractures have a similarly 
negative impact on cost and morbidity for the patient and 
the health care system [46, 50], albeit their incidence is 

way lower than PJI. Based on the tremendous rise in the 
incidence of periprosthetic fractures observed during the 
last decade, the future challenge of these complications is 
evident. For this reason, key strategies, such as prevention 
programs and the use of non-operative treatment options to 
delay primary TKA, if possible, should be a main focus of 
current research and healthcare providers [48]. Furthermore, 
stake-holders in the healthcare systems should be encour-
aged to provide additional capacity in geriatric treatment and 
care, to satisfy the requirements associated with the higher 
demand of rTKA in a more vulnerable patient cohort [2].

This study has several limitations, mainly due to the 
design of the database. First, the analysis and projections 
are mainly related to one country with a certain popu-
lation structure and may, therefore, potentially vary for 
other countries. While Germany and others (such as Italy, 
Russia or most Eastern European countries) face working 
population declines in the near future due to lower birth 
and immigration rates, that are unable to make up for the 
aging of the population, the working population in other 

Fig. 4  Projected total number of revision TKA for men (blue) and women (red) until 2050 (per 100,000 inhabitants, ARIMA modelling)
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Fig. 5  Projected total number of revision TKA (in thousands) for women (a) and men (b) per age age group until 2050
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countries is still growing due to high immigration and fer-
tility rates. However, most industrialized nations will face 
similar demographic and procedure-specific developments 
in the near future, which is why these forecasts should be 
alarming for many health care systems worldwide.

Secondly, the use of a database in general carries the 
inherent weaknesses of unverifiable accuracy of coding 
and data input. Furthermore, since the calculations were 
based on the historical growth of (revision) TKA numbers 
as well as the population projection of the Federal Bureau 
of Statistics of Germany, they might be biased from past 
trends that could change in the future.

Although the official forecast on population develop-
ments was included in the projections, this study could 
not take changes of lifestyle (such as increasing rates of 
obesity, and subsequent osteoarthritis) into account. This 
might directly affect the upcoming need for primary and 
revision knee arthroplasty surgery, as a higher BMI has 
been associated with a higher rate for revision [9]. Further-
more, index case complexity or pertinent comorbidities 
could not be included. At the same time, implant designs 
and materials may further improve, potentially being asso-
ciated with a greater implant survival rate, which would 
inevitably affect the number of future revision procedures. 
Additionally, potential limitations in the availability of 
surgeons or the limited economic resources of private and 
public payers and hospitals, as well as changes in indica-
tion or access to medical care could not be taken into con-
sideration. Therefore, these projections may be interpreted 
as a conservative estimation for the future socio-economic 
health community, if primary implant survival cannot be 
improved in the upcoming years.

Despite these limitations, this regression framework 
offers an economically acceptable model and its appli-
cability in forecasting total joint replacement makes this 
study especially relevant to other countries with a high 
incidence and volume of TKA, particularly in view of 

current economic difficulties (due to COVID-19 [12, 53] 
or future pandemic).

It also raises the globally-important question, if societies 
will be able and willing to shoulder the additional burden 
associated with the growing number of these procedures, or, 
if it may happen, that new coping strategies will arise (e.g., 
restricting access to TKA for certain patients or even ration-
ing them), to maintain cost coverage. This certainly holds 
the danger of restricting therapeutic freedom by government 
(cost-) control in the future. Ultimately, this study empha-
sizes the importance of critically assessing each patient´s 
need for knee arthroplasty by every single surgeon and 
maybe serves as a dynamo to reflect on possible alternative 
treatment options.

Conclusion

Using this country- specific forecast approach, a rising num-
ber of primary TKA and an even more rapidly growing num-
ber of rTKA, especially for periprosthetic joint infection, has 
been projected until 2050, which will inevitably provide a 
huge challenge for the future health care system. As many 
other industrialized nations will face similar demographic 
and procedure-specific developments, these forecasts should 
be alarming for many health care systems worldwide, and 
emphasize the tremendous need for an appropriate financial 
and human resource management in the future.
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