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Aim: To estimate the health economic impact of osteosynthesis (OS) in fracture care over six decades in
17 high-income countries. Patients & methods: Applying a decision tree model, we assumed a hypotheti-
cal absence of OS and compared OS (intervention) with conservative treatment (CONS; comparator). We
included patients with femur, tibia and radius fractures (age <65 years) and for proximal femur fractures
also elderly patients (≥70 years). Results: We estimated savings in direct and indirect costs of 855 billion
Swiss francs in the working age population in addition to 4.6 million years of life gained. In the elderly
population, 69 billion Swiss francs were saved in direct costs of proximal femur fractures in addition to
73 million years of life gained. Conclusion: OS contributed to maximize health gains of society.
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Background
The "Arbeitsgemeinschaft für Osteosynthesefragen" (AO) was established in 1958 in Switzerland to improve patient
care in musculoskeletal disorders. At that time, the treatment of long bone fractures would mostly consist of cast
and extension treatment and patients would stay in hospital for an extended period of time, as is often the case
today in low income countries [1].

The AO established the concept of osteosynthesis (OS) on a broader scale. The objectives were to improve patient
outcome and reduce the patients’ pain, but also to reduce time in hospital and time until return to work. Four main
principles of OS were established to reach these aims: anatomical reduction, stable fixation, preservation of blood
supply and early mobilization. The AO pioneers and their followers chose a holistic approach with standardized
surgical methods and products, educational programs and surgeon training as well as applied research. As a result,
they revolutionized fracture care worldwide.

Surprisingly, this medical innovation has never been formally evaluated for its health economic impact on patients
and society. Several books exist but they are more anecdotal, dealing with historical developments and people as
well as medical developments [1,2]. To better understand the different steps of this technology penetration, we
developed a conceptual framework. We distinguished between input (i.e., a new concept of fracture care), output
(e.g., number of surgeons trained and OS procedures performed), outcome (improved individual patient care) and
health-economic impact at the society level (e.g., years of life gained; impact on costs). We were not interested in
the number of surgical procedures according to AO principles in fracture care, as they represent an output rather
than the final impact on patients and society.

To estimate the health economic impact of the technological innovation of OS in fracture care, we performed a
health economic evaluation for three index bones over a period of 60 years in 17 high-income countries.
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Figure 1. Decision tree. We used a pragmatic simplification of fracture care. 1st stage: Decision of therapeutic
approach: OP treatment or CONS for fractures of each index bone (femur, tibia and radius) and all fracture locations
(promixal, shaft and distal) separately; 2nd stage: assignment of probabilities of complication-free fracture healing
and bone related complications; 3rd stage: assignment of probabilities of another typical complication (venous
thromboembolism).
CONS: Conservative treatment; OP: Osteosynthesis; VTE: Venous thromboembolism.

Methods
Advisory board
An advisory board was established in advance. This committee comprised experts who had intimate knowledge
about the historical development of the AO, as well as about the spread of OS as a technology over time. In
addition, management, medical, health-economic and epidemiologic expertise was covered by the committee.

Design
We aimed to estimate the impact of osteosynthesis in fracture care over six decades (time span from its invention in
1958 to 2017). For our estimation, we assumed a hypothetical absence of this technology. This strategy has been
used by other research groups [3–6].

We applied a modeling approach using a three-stage decision tree as a pragmatic simplification of fracture care in
our cost comparison study (Figure 1). In brief, we compared OS with conservative treatment (CONS; i.e., plaster or
extension treatment for many weeks) for fractures of three index bones (femur; tibia; radius). We included acute care
as well as rehabilitation. The three index bones were selected as they include frequent fracture locations of the upper
and lower extremities and have specifically profited from OS innovations. To provide best possible robust estimates
of the impact of OS, we have selected fractures where OS is the standard of care (femur fractures; tibia fractures).
Historically, these fractures resulted in high invalidity rates with CONS and today OS is performed in nearly all
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patients with these fracture types. To broaden the scope of our study, we decided to also include radius fractures.
This is a very common fracture type which is not life threatening and possible benefits of OA may only emerge
as productivity gains. Conservative treatment can be a common and valuable treatment option in radius fractures
and we wanted to include this in our model. As the decision about the optimal fracture treatment in, for example,
shoulder and vertebral fractures is not always straightforward and may also be influenced by specific guidance within
the healthcare system, we have not included such fractures in our model. Three anatomical locations (proximal,
shaft and distal fractures) were modeled separately for each index bone, as they comprise distinct clinical entities.
We assigned probabilities of complication-free healing, bone-related complications (e.g., device infection for OS
needing a second operation or nonunion for CONS resulting in prolonged rehabilitation and higher invalidity
rates) and venous thromboembolism as another typical complication (higher rates with CONS compared with OS).
We assessed direct medical costs, productivity losses and years of life gained (YLG) for both treatment options. For
Switzerland, we used a bottom-up approach, as we had detailed data for many input variables (probability inputs
in the model: Table 1; costs used in the model: Supplementary Material 1A). To estimate the impact in 16 other
high-income countries, we used a top-down approach and applied the findings from Switzerland to these countries,
taking a variety of country specific features into account (see below). Finally, outcomes from 17 countries over a
period of 60 years were summed up and compared.

Data sources
We used claims data of the Swiss Statistics in Accident Insurance (SSUV) [7]. This database covers about 60%
of the Swiss population and extrapolation of the caseload to the full Swiss population is possible. There are two
independent social insurance systems for healthcare in Switzerland [18]. First, there is compulsory health insurance
for illness for all inhabitants. Second, there is accident insurance that is compulsory for all people in salaried
employment. For others, such as the elderly, children, students or the self-employed, their health insurer also
covers the costs of treatment in the case of accidents via additional accident insurance. Accident insurance for theB
employed has more generous benefits than health insurance. For instance, it also covers loss of working hours. The
two parallel systems have evolved historically. The compulsory accident insurance scheme is operated by one large
national insurance company (SUVA, with a partial monopoly for the manufacturing sector) and several private
insurance companies that cover mainly employees from the service sector [18]. Both kinds of accident insurances
contribute to the SSUV database.

In addition, we used data from the Swiss MedStat database that covers all in-patient treatments and includes
patients beyond working age [19]. For example, all patients aged ≥70 years with femur fractures and in-patient
treatment can be identified for specific treatment years. As age groups in the Medstat database are grouped in fixed
age classes of ‘40–69’ and ‘70+’, we were not able to include patients from 65 to 69 years for analysis of patients
beyond working age. For estimation of the impact in 16 example high-income countries, we used Organisation
of Economic Cooperation and Development (OECD) [20] and World Bank data to adjust for country specific
features [21].

Patient population
We included the employed Swiss population (aged <65 years), as documented in the SSUV database. Nonemployed
people in working age (e.g., students or persons with unpaid work at home) were excluded. For proximal femur
fractures, we also included elderly patients (≥70 years) from the MedStat database because proximal femur
fractures of elderly people are a considerable and increasing disease burden for healthcare systems of high-income
countries [8,22,23]. Included patients had to have as a main diagnosis a fracture of one of the three index bones:
femur, tibia and radius (ICD codes: Supplementary Material 1B; distribution of patients across anatomical fracture
locations: Supplementary Material 2; change of fracture case load over time: Supplementary Material 3). Patients
with other main diagnoses or concomitant index fractures (i.e., non-main diagnosis index fractures) were excluded.
Without this distinction, one may be estimating costs of unrelated care or unrelated invalidity, which could be high
if fractures are comorbidity of other expensive conditions.

Intervention
OS of fractures of the three index bones (femur; tibia, radius).
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Table 1. Key input parameters of decision tree model.
Stage of model Stage 1 Stage 2 Stage 3 Stage 3 Overall Overall Stage 2 Stage 2 Stage 3 Ref.

Age
group

Initial
therapy

Compli-
cations†

VTE‡

(without
complica-
tion in
stage 2)

VTE‡ (after
complica-
tion in
stage 2)

Mortality§

(model
year 1958)

Mortality§

(model
year 2017)

Total
absence
from
work¶

(without
complication

†

in stage 2)

Total
absence
from
work¶

(after
complication

†

in stage 2)

Additional
absence
from work#

(after VTE3)

Type of model
parameter

Years p-event p-event p-event p-event p-event Months Months Months

Femur fracture
prox.

�65 OS 0.06 0.05 0.08 0.05 0.003 4 9 2 [7–11]

CONS 0.05 0.10 0.20 0.10 0.03 8 155 2

�70 OS 0.06 0.05 0.08 0.40 0.27

CONS 0.05 0.10 0.20 0.60 0.60

Femur fracture
shaft

�65 OS 0.05 0.05 0.08 0.08 0.003 8 17 2 [7]

CONS 0.05 0.10 0.20 0.15 0.03 8 373 2

Femur fracture
distal

�65 OS 0.05 0.05 0.08 0.06 0.003 3 7 2 [7,12]

CONS 0.05 0.10 0.20 0.12 0.03 7 376 2

Tibia fracture
proximal

�65 OS 0.05 0.05 0.08 0.02 0.001 3 6 2 [7,13,14]

CONS 0.05 0.10 0.20 0.03 0.01 6 274 2

Tibia fracture
shaft

�65 OS 0.05 0.05 0.08 0.02 0.001 5 9 2 [7,14,15]

CONS 0.05 0.10 0.20 0.04 0.01 6 299 2

Tibia fracture
distal

�65 OS 0.05 0.05 0.08 0.02 0.001 6 12 2 [7,14,16]

CONS 0.05 0.10 0.20 0.04 0.01 9 279 2

Radius fracture
proximal

�65 OS 0.13 0 0 0 0 2 3 0 [7,17]

CONS 0.05 0 0 0 0 2 60 0

Radius fracture
shaft

�65 OS 0.05 0 0 0 0 2 4 0 [7]

CONS 0.05 0 0 0 0 5 61 0

Radius fracture
distal

�65 OS 0.05 0 0 0 0 2 4 0 [7]

CONS 0.05 0 0 0 0 2 52 0

Bold figures are subject to sensitivity analyses. For cost figures: Supplementary Material 1A.
†Complications: complications of OS in stage 2 include: device infection, device dislocation, nonunion; complications of CONS in stage 2 include: nonunion; mal-union. We applied the
following assumption in case of lacking data: probabilities of complications for OP and CONS were assumed to be identical and unchanged over all time periods to ensure a conservative
estimate of the benefit of OP compared with CONS.
‡VTE: in case of lacking data, we used the following assumptions (based on clinical expert knowledge) for the two modeled scenarios over all time periods: probability of VTE without
prior complications in stage 2 (OP: 5%; CONS 10%) and probability of VTE after prior complications in stage 2 (OP: 8%; CONS 20%). Complications of OS in stage 2 include: device
infection, device dislocation, nonunion; complications of CONS in stage 2 include: nonunion; mal-union (for example: patient with femur shaft fracture [mean age 34 years] with OS
treatment and second OS due to device infection: probability of VTE is assumed to be 8% compared with 5% in case of complication free fracture healing without second surgery).
§Mortality: in the working-age population, probabilities of mortality from 1958 to 2017 for OS and CONS are based on available historical and current data. In case of lacking mortality
data, we assumed a linear secular trend of improvement, also for CONS. Femur fracture proximal: in the elderly population of 70+ years, mortality data were used for ‘mortality after
365’ days, to account for nonsurgical complications due to polymorbidity. Such complications arrive later after proximal femur fracture and are of utmost importance for the very bad
prognosis in this age group. Thus, probability of mortality for CONS after proximal femur fracture was set to be 60% (clinical expert opinion) for absence of surgery in this vulnerable
group and unchanged over all time periods; mortality of 50% after 365 days was assumed in the sensitivity analysis [10]. For radius fractures, mortality was set at 0%, as mortality is not
a relevant issue for this fracture type.
¶Absence from work: absence from work for OS and CONS comprises intermediate (e.g., due to rehabilitation) or permanent absence (e.g., due to invalidity) from work. Data taken
from [7] and on clinical expert knowledge. Invalidity rates are subject to sensitivity analyses to account for changes in working environment over years. Applied Swiss median wage (2015;
age-specific; adjusted for level of employment): CHF 5329.
Example 1: patient with femur shaft fracture (mean age 34 years) with OS treatment and complication nonunion: assumed revision surgery with new implant and overall 17 month-
absence from work after injury. Example 2: same 34-year old patient with femur shaft fracture with CONS treatment and permanent non-union: assumed 373-month absence from work
for the residual period until age 65, corresponding to 100% invalidity.
#Additional absence from work after VTE: assumptions based on clinical expert knowledge: 2 months of additional absence from work due to VTE after OP or CONS; the estimates
were assumed to be identical and unchanged over all time periods to ensure a conservative estimate of the benefit of OP compared with CONS. Applied Swiss median wage (2015;
age-specific; adjusted for level of employment): CHF 5329.
CHF: Swiss franc; CONS: Conservative therapy; OS: Osteosynthesis; OP: Osteosynthesis; p: Probability; VTE: Venous thromboembolism (includes deep vein thrombosis; pulmonary em-
bolism).

Comparator
Conservative treatment (CONS) of fractures of the three index bones (femur; tibia, radius).
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Costs
Fracture-related direct medical costs (Swiss francs [CHF]) for acute care treatment and rehabilitation (comprising
all inpatient and outpatient after-care) of index bone fractures in patients <65 years were taken as calculated in
the SSUV database (number of used resource units multiplied by current Swiss prices). Direct medical costs for
treatment and rehabilitation of proximal femur fractures in the elderly population (≥70 years) were derived from
the Swiss MedStat database, which covers all inpatient treatments (number of hospitalizations multiplied by current
Swiss prices).

Production losses of all index bone fractures in patients <65 years were derived from the SSUV database using
the human capital approach. We multiplied: months of temporary absence from work due to injury; months of
permanent absence due to invalidity; or months of permanent absence due to premature death before age 65 by
current average Swiss wages. Wages were age-specific and took mode and level of employment into account [24].
Different levels of participation in the labor market among men and women were also accounted for, as we only
used data of employed persons.

Clinical outcome
We calculated YLG using mortality rates after index bone fractures for OS compared with CONS. We relied on
published country-specific life expectancies to take other sources of mortality into account [20]. Relevant clinical data
was taken from literature on complications [9,12,13,15–17,25], venous thromboembolism [13] and mortality [10,11,14]

as well as from the SSUV database for mortality (Table 1) [7]. Literature was retrieved via focused searches in
electronic databases. Discrepancies between publications were resolved via discussion among the clinical experts in
the advisory board. In case of missing data for some time periods, we assumed a linear trend of change.

Selection of 17 high-income countries
We defined a sample of 17 countries to estimate the impact of OS on fracture care worldwide: 11 countries
from Europe (Switzerland, Germany, Austria, Belgium, the Netherlands, Luxemburg, UK, Denmark, Norway,
Sweden and Finland), two from North America (USA and Canada) and four from Asia/Pacific (Japan, Korea,
Australia and New Zealand). We only included selected high-income countries to obtain a group of sufficiently
homogeneous countries regarding economic conditions, medical technology penetration, population patterns and
life-style factors. A ‘naive’ extrapolation of Swiss data to these high-income countries would not be a valid approach
without application of further adjustments. In our model, we adjusted for the following five country-specific
features [20,21]: population size; healthcare expenditures; life expectancy; gross domestic product per capita; a
country-specific ‘technology penetration factor’ to account for historical differences in the technology penetration
speed of OS compared with Switzerland (Supplementary Material 4 and 5). This technology penetration factor
was estimated based on historical knowledge of interviewees as well as on sale rates of Synthes OS products and the
AO’s local educational activities (Germany, Austria: 5-year delay; other included European countries: 10-year delay;
included Northern America and Asia/Pacific countries: 25-year delay; from 2000 onwards, technology penetration
rate was assumed to be 100% for all included countries) [26,27].

Analysis
With our approach, we finally derived an estimate of the accumulated difference in YLG, in addition to direct and
indirect costs of fracture care with OS compared with CONS for three index bones (modeled for nine anatomical
locations) in 17 high-income countries over a period of 60 years.

For our cost-analysis, the time horizon for extrapolation of future productivity losses/gains in the SSUV
population was from injury to end of working age (65 years). We used a fixed discount rate of 3% for indirect
costs. For example, if the mean age of femur shaft fractures in the SSUV population was 45 years, we discounted
future productivity gains of OS compared with CONS for the next 20 years until age 65 with a discount rate of
3%. Direct medical costs were not discounted, as they are incurred usually close to the time of fracture. The few
historical cost data that were available went more or less in parallel with the 2015 Health Component of the Swiss
consumer price index over the last 60 years. Thus, we applied 2015 Swiss costs for all modeled years (1958–2017;
inflation rate from 2015 to 2017 in Switzerland is negligible; official 2017 conversion rate: 1 CHF = 1.026 $US).

For our analysis of YLG, the time horizon was from injury to statistically expected end of life for the SSUV and
the elderly population aged ≥70 years. We discounted the YLG in the working age and in the elderly population
using a fixed discount rate of 3%.
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Table 2. Savings due to osteosynthesis compared with conservative treatment 1958–2017.
Fracture location Savings in Switzerland

direct costs
(CHF)
(per patient)

Savings in Switzerland
indirect costs (CHF)
(per patient)

Savings in Switzerland
total costs
(CHF)
(per patient)

Savings in Switzerland
total costs
(CHF)
(1958–2017)

Savings in
17 HICs†

total costs
(CHF)
(1958–2017)

Femur, age �65 4000 127,000 131,000 5 billion 272 billion

Proximal femur, age ≥70 3000 Not included in
calculation (retired)

3000 1.1 billion 69 billion

Tibia, age �65 2000 102,000 104,000 9.8 billion 507 billion

Radius, age �65 -4500 18,200 13,700 1.5 billion 77 billion

†HIC: (Switzerland, Germany‡, Austria, Belgium, the Netherlands, Luxemburg, UK, Denmark, Norway, Sweden, Finland, USA, Canada, Japan, Korea§, Australia, New Zealand).
‡Federal Republic of Germany and German Democratic Republic combined for the time before 1989.
§Korea only since 2000, when it became an Organisation of Economic Cooperation and Development high-income country.
Costs are in Swiss francs (CHF; official 2017 conversion rate: 1 CHF = $US1.026; source: www.exchange-rates.org/Rate/USD/CHF/12-31-2017).
HIC: High-income country.

Finally, we performed a series of one-way sensitivity analyses on key parameters (assumed invalidity rates, discount
rates, ratio between Swiss and international wages; mortality of elderly patients) to assess the magnitude of influence
on outcomes. Analyses were performed using the Microsoft Excel software package (MS Office Professional Plus
2016, USA).

Results
Femur fractures (working-age population)
In the Swiss working-age population, we analyzed 72,360 femur fracture cases (all locations) from 1958 to 2017 with
1.7 million modeled person years (mean age at fracture: 33.5–51.8 years, depending on location; Supplementary
Material 2). In patients with femur fractures, modeled average direct medical costs in Switzerland in 2015 are a
fifth lower for OS (CHF 19,600) compared with (hypothetical) CONS treatment (CHF 24,200). While the acute
care hospital costs for OS are higher than for CONS treatment (e.g., femur shaft fracture without complications:
CHF 15,500 vs 10,720), a shorter and less costly rehabilitation period for patients with OS (CHF 3000 vs 12,540),
finally leads to higher direct medical costs for CONS treatment according to our model assumptions. The difference
in indirect costs is more pronounced. Average indirect costs in Switzerland for OS are only a fifth (CHF 31,000)
of the costs for CONS treatment (CHF 158,000) in this patient group. This is mainly due to a shorter period of
absence from work compared with CONS and higher return-to-work rates. In addition, lower mortality rates for
OS lead to 28,000 YLG until age 65 (40,000 YLG until end of life) which in turn results in decreased productivity
losses due to premature death before age 65 (spread of OS and decrease of mortality: Supplementary Material 6).
In summary, savings due to OS compared with CONS in patients with femur fractures in this age group are CHF
131,000 per patient, which is mainly due to savings of indirect costs (CHF 127,000).

Annual savings in total costs for femur fracture treatment due to OS increased from 1958 to 2017, due to an
increase in technology penetration and a change in epidemiology of fractures. Estimation of the impact in 17
high-income countries resulted in total savings of CHF 272 billion for femur fracture treatment (all locations)
in the modeled population (age <65; Table 2). Across 17 high-income countries, we estimated 2.5 million YLG
(about 2/3 of these life years are gained before age 65 and included in productivity gains, i.e., indirect cost savings;
Table 3).

Proximal femur fractures (elderly population)
In the Swiss elderly population, we analyzed 508,000 proximal femur fracture cases from 1958 to 2017 with
5.8 million modeled person years (mean age at fracture: 75.5 years; Supplementary Material 2). For elderly
patients, we modeled only the impact of OS on proximal femur fractures, as this fracture type represents about 85%
of femur fractures in this age group [19]. Our modeled incidence of low-impact hip fractures was 154 cases/100,000
inhabitants per year, which was derived from Swiss hospital statistics [19]. This incidence rate was in the range of
several other high-income countries [28–31].

For an estimate of direct medical costs, we used the same cost input variables as for the working population
but applied an age-specific caseload per year and higher age specific complication rates [8,10,11,29]. For the period
1958–2017, total savings in direct medical costs for treatment of proximal femur fractures in 17 high-income
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Table 3. Years of life gained due to osteosynthesis compared with conservative treatment 1958–2017.
Fracture location Life years gained in Switzerland, total Life years gained in 17 HICs† total

Femur, age �65 40,000 2.5 million

Proximal femur, age ≥70 0.9 million 73 million

Tibia, age �65 37,000 2.1 million

Radius, age �65 Mortality is not a relevant issue Mortality is not a relevant issue

†HIC (Switzerland, Germany‡, Austria, Belgium, the Netherlands, Luxemburg, UK, Denmark, Norway, Sweden, Finland, USA, Canada, Japan, Korea§, Australia, New Zealand).
‡Federal Republic of Germany and German Democratic Republic combined for the time before 1989.
§Korea only since 2000, when it became an Organisation of Economic Cooperation and Development high-income country.
YLG are calculated until expected end of life for each population according to published life expectancy.
HIC: High-income countries; YLG: Years of life gained.
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Figure 2. Years of life gained in proximal femur fractures of the elderly across five countries. Change of annual YLG
(in thousands) of the elderly population (‘age 70+’) for each of five modeled high-income countries is depicted from
1958 to 2017. Increase of YLG over time is mainly driven by OS technology penetration and the growing share of
elderly persons in high-income countries.
OS: Osteosynthesis; YLG: Years of life gained.

countries resulted in CHF 69 billion (Table 2). In addition, we estimated 73 million YLG (Table 3; pattern across
countries: Figure 2).

Tibia fractures (working-age population)
In the Swiss working-age population, we analyzed 210,974 tibia fracture cases (all locations) from 1958 to 2017
with 5.1 million modeled person years (mean age at baseline: 39.9–41.7 years; Supplementary Material 2). Similar
distributions of direct and indirect costs for OS and CONS were found for tibia fractures as for femur fractures
in this age group. Savings due to OS compared with CONS in patients with tibia fractures are CHF 104,000 per
patient (direct and indirect costs), which is mainly due to savings of indirect costs (CHF 102,000).

Estimation of the impact in 17 high-income countries resulted in total savings of CHF 507 billion for tibia
fracture treatment (Table 2; share of savings across countries: Figure 3). Across 17 high-income countries, we
estimated 2.1 million YLG (again, about 2/3 of these YLG before age 65 are included in productivity gains,
i.e., indirect cost savings; Table 3).

Radius fractures (working-age population)
For radius fractures, we included in our model only the rate of fracture cases, where an indication for OS is given
according to current practice for each fracture location (age <65 years: radius proximal: 65%; radius shaft: 100%;
radius distal: 90%) [17,32]. This is in contrast to femur and tibia fractures, where the number of patients with a
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Figure 3. Estimated savings for tibia fractures across 17 high-income countries. Savings in total costs in patients with
tibia fractures (all anatomic locations: osteosynthesis vs conservative treatment) in 17 high-income countries from
1958 to 2017. Savings in million 2015 Swiss francs (CHF); discount rate 3%.

fracture diagnosis is today almost identical with the number of patients with clear indication for OS. We finally
analyzed 312,000 radius fracture cases with indication for OS (all locations; thereof 80% distal radius fractures)
from 1958 to 2017 with 7 million modeled person years (mean age at baseline: 39.3–42.7 years; Supplementary
Material 2).

Savings due to OS compared with CONS in patients with radius fractures are CHF 13,700 per patient (higher
direct costs: CHF 4500; lower indirect costs: CHF -18,200). For the period 1958–2017, estimation of the impact
in 17 high-income countries resulted in CHF 77 billion (Table 2; pattern across fracture types in Switzerland:
Supplementary Material 7). We have not calculated YLG, as mortality is not a relevant issue for these fractures.

Overall impact & sensitivity analyses
Taking the three index bones together for the working-age population, we estimated savings of total costs over a
period of 60 years in the 17 selected high-income countries of CHF 856 billion (base-case ‘best guess’ at discount
rate 3%; currency: 2015 Swiss francs). The minimum-to-maximum range in our sensitivity analysis was from CHF
360 billion (most conservative case) to 1213 billion (Figure 4; for detailed figures: Supplementary Material 8).

For the working-age population, a change in the discount rate has the biggest absolute effect on savings in total
costs (scenario 0%: CHF 1213 billion; scenario 6%: CHF 635 billion). Assumed invalidity rates after complications
with CONS have the next strongest effect on indirect costs (high degree of invalidity [base-case scenario]: savings
of CHF 856 billion; intermediate invalidity: CHF 728 billion; low invalidity: CHF 602 billion). Changes in the
relationship between Swiss and international wages lead to less pronounced effects on outcomes.
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Savings total cost 
(3 index bones; working age population)

Savings direct cost 
(femur proximal fractures; population age 70+)

 YLG
(femur proximal fractures; population age 70+)

Discount rate (6%: lower savings; 0%: higher savings)

CONS: invalidity rate after complication (fem & tib 60%; rad 10%)

GDP per person ratio (international wages: 20% lower)

CONS: invalidity rate after complication (fem & tib 80%; rad 15%) 

GDP per person ratio (international wages: 20% lower)

GDP per person ratio (international wages: 10% lower)

CONS: mortality fem prox fractures: 50%

Discount rate (6%: lower savings; 0%: higher savings)

GDP per person ratio (international wages: 10% lower) 

400,000

Base-case savings = CHF 855,792 Mio
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50,000

Base-case savings = CHF 697,285 Mio

55,000 80,00075,00070,00065,00060,000
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Figure 4. Summary of sensitivity analyses. Tornado diagram of sensitivity analyses for three outcomes: savings in
total costs (three index bones; working age population); savings in direct costs (proximal femur fractures; population
age ≥70 years); years of life gained (YLG [proximal femur fractures; population age ≥70 years]).
CONS: Conservative therapy; YLG: Years of life gained.

For the elderly population, the range of YLG (base-case: 73 million) is between 85 million (discount rate 0%)
and 63 million (discount rate 6%) or 56 million (at an assumed mortality of CONS after proximal femur fracture
of 50%; base-case: 60%).

Discussion
In our bottom-up approach, we modeled the clinical course of 595,000 fracture patients from the Swiss working-
age population (13.8 million person years from 1958 to 2017) and of 507,000 patients from the Swiss elderly
population (5.8 million person years). Furthermore, we estimated the impact of OS in 17 selected high-income
countries. The impact of osteosynthesis in fracture care for femur, tibia and radius fractures is substantial for both
individual patients and for society as a whole: savings of total costs in the working-age population are mainly due
to productivity gains. Compared with OS, CONS treatment for long bone fractures is linked with considerable
productivity losses due to long absence from work and often sub-optimal functional outcome. For the elderly
population and the working-age population alike, OS leads to a substantial number of life years gained due to lower
mortality after long bone fractures. Together with better functional results, this leads to improved quality of life of
patients and their relatives, although we had no data to quantify that.
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Results in context
The magnitude of estimated savings is difficult to interpret, as cognitive references are often made to a specific
country, a specific time window (often 1 year) or a benchmark (e.g., gross domestic product [GDP] of a country).

To break our figures down, we provide some comparisons (Supplementary Material 9). A US research group
assessed the impact of better controlled blood pressure on cardiovascular disease (myocardial infarction and stroke),
calculating savings in direct medical costs and the number of deaths avoided [3]. In terms of excess deaths avoided, the
annual impact of osteosynthesis on femur and tibia fracture care in the USA is of a similar size as the annual impact
of antihypertensive care in the USA (osteosynthesis: 2600 lives saved [population age: <65 years] plus 126,000
lives saved [population age: ≥70 years; proximal femur fractures only]; antihypertensive drugs for cardiovascular
disease: 86,000 lives saved [population age: 30–79 years]).

For comparison of cost savings, we used our combined estimates (femur, tibia and radius fractures; all locations;
direct and indirect costs; population age <65 and ≥70 years). The impact of osteosynthesis in the USA in
the year 2016 is of a similar size to the annual impact of antihypertensive care in the USA (osteosynthesis:
US$15.3 billion saved; antihypertensive drugs for coronary heart disease and cerebrovascular disease combined:
US$16.5 billion saved; population age: 30–79 years). However, the savings due to antihypertensive drugs in the
USA may be substantially underestimated, as no indirect costs were included by the US researchers [3]. A comparison
of savings with the GDP provides additional information. The estimated cost savings for osteosynthesis and for
antihypertensive drugs are in a comparable range of 0.05–0.09% of GDP in three example countries (USA,
Germany and Switzerland).

Study strengths & limitations
Our analysis has several strengths: we used real-world patient-care data from a large Swiss accident insurance
company and had access to historical treatment data for Switzerland. We cross-checked the plausibility of the
annual caseload of high impact fractures [33] as well as direct medical costs using results of a Swiss study on
non-communicable diseases (NCD) that included injuries [34]. In addition, we validated our model input by cross-
comparison with other results (e.g., number of OS teaching events in some countries; international sale rates of OS
devices; specific fracture data in the USA and New Zealand).

In summary, our results represent conservative estimates as we applied conservative assumptions for the input
parameters of our model. First, we included only cases with a fracture of an index bone as the main diagnosis, as
we wanted to isolate the impact on fracture care of the index bone (e.g., no cases were included with fracture of an
index bone as a secondary diagnosis in multi-trauma patients with brain injury, which would have contaminated
cost-analysis). Second, in working-age patients, we used YLG before age 65 years for calculation of productivity
gains. Additional YLG in this population (from end of working age until end of life expectancy) were not used for
calculation of indirect costs in our human capital approach. This approach, however, leads to an underestimate of
total benefits over the entire expected life span. Third, possible effects in other (excluded) high- or middle-income
countries (e.g., BRIC-countries: Brazil, Russia, India and China) are not covered. These effects are potentially huge
according to the Global Burden of Disease study [35]. During the transition process, these middle-income countries
have a high burden of injury-related morbidity and mortality, for example, via road injuries with high-impact bone
fractures [35].

Our modelling approach also has several limitations as it is based on critical assumptions. First, the workforce
of high-income countries has changed over time (changing sector mix with decreasing proportion of blue collar
and increasing proportion of white collar workers). While this has implications for injury patterns during work
time, which are included in the SSUV data, it also has implications for calculation of invalidity rates and success of
occupational redeployment. In our sensitivity analysis, we have varied invalidity rates toward lower values, which
reflects a higher proportion of white collar workers. Second, we used fracture-specific cost data for Switzerland,
but no such national data was available in the same granularity for the other high-income countries. Third, from
the year 2000 onward, we assumed a technology penetration rate of 100% in all included high-income countries.
This may not always and in all regions be the case, as studies about regional variations in healthcare systems have
shown empirically [36]. Comparing a policy with OS for all fractures (where OS is indicated) with CONS for all
fracture patients may, thus, sometimes be an overestimation. Fourth, complication rates may differ substantially
depending on regional case mix and surgeon caseload [37]. We had no data to take these factors into account in
our study. Fifth, for some high-income country features, we assumed similar conditions over time to those in
Switzerland (i.e., change of age structure of population; epidemiology of changes in fracture incidence over time).
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Finally, organizational and financial responsibilities in a healthcare system may differ across countries. For example,
our approach is derived from the perspective of a social insurance-based healthcare system. Such a perspective is not
valid for the whole observation period for all countries (e.g., mostly private health insurance system in the USA,
until the Affordable Care Act in 2012). Furthermore, in National Health Service (NHS) countries the indication
for operative treatment of radius fractures may be different compared with the treatment decisions in Switzerland
as an example of a non-NHS country.

Implications for decision makers
The technology of osteosynthesis is well established in state-of-the-art fracture care. However, as with any technology,
new questions arise and old problems have to be resolved. For example, re-evaluation of the evidence base is an issue.
Clinical studies should continue to evaluate: if osteosynthesis leads to better results compared with conservative
therapy in some fracture types, where indication for surgery is under debate; or which approach of osteosynthesis
is more effective, where the indication for surgery is non-controversial [9]. In addition, device infection and device
failure are still complications with high impact on patients’ quality of life. Despite the great improvements made in
the development of high-tech implants in recent years, evolution of technical progress may further provide useful
innovations (e.g., concerning bone regeneration, polymers, stem cells) and even more effective strategies to prevent
device infection.

From a population health perspective, the knowledge base for evidence-based decisions has to be improved [38].
Examples are improved availability of real-world data in fracture care; registries with complete data for standardized
patient reported outcome measures, complications and mortality; combination of patient benefit data and costs to
assess real world cost–effectiveness of OS (‘value of healthcare’) [39]. These actions may allow an implementation
and continuous monitoring of impact indicators in fracture care in high-income countries. Furthermore, this issue
is of specific relevance for the success of the recently launched Global Emergency and Trauma Care Initiative of the
WHO in cooperation with the AO Alliance to transform trauma care systems in low- and middle-income countries
and improve outcomes for patients [40]. First, a thorough adaption of our model for structure and input parameters
in close contact with local experts of low- and middle-income countries is needed. Thereafter, the estimated impact
of OS could be used for comparison with projected benefits of, for example, interventions for non-communicable
diseases or improved maternal care as derived from other data sources.

Conclusion
Based on the data available, we found that the technology of OS had a significant impact on patient care
after bone fractures over the last 60 years, which is relevant to decision makers. Improved functional results
with higher return to work rates as well as decreased mortality rates after long bone fractures had a substan-
tial impact: OS led to significant productivity gains for society and saved a substantial number of life years.
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Summary points

Why impact evaluations matter
• Osteosynthesis (OS) has revolutionized fracture care.
• A formal impact evaluation of OS as a medical innovation can estimate the impact on health and productivity in

populations.
Our aim
• To estimate the health economic impact of OS in fracture care for three index bones over six decades in 17

example high-income countries.
How we proceeded
• We assumed a hypothetical absence of the technology of OS and compared OS (intervention) with conservative

treatment (CONS; comparator) from a societal perspective.
• We applied a decision tree model for our cost comparison study. We included fracture patients with femur, tibia

and radius fractures (age <65 years); for proximal femur fractures also elderly patients (≥70 years) were included.
• Outcomes were differences between OS and CONS in years of life gained (YLG) as well as in direct and indirect

costs (2015 Swiss francs [CHF] for all modeled years; discount rate 3%).
• We estimated the impact in 17 example high-income countries (e.g., Switzerland, Germany, USA, Japan and

Australia).
Our findings
• We modeled the clinical course of 595,000 fracture patients from the Swiss working-age population (13.8 million

person years from 1958 to 2017) and of 507,000 patients from the Swiss elderly population (5.8 million person
years).

• Estimation of the impact in 17 high-income countries showed savings in direct and indirect costs of CHF
855 billion (minimum 360 to maximum 1213) over six decades in the working-age population.

• A total of 4.6 million YLG resulted in this age group (2/3 of them before age 65 and incorporated in indirect
costs).

• In the elderly population, CHF 69 billion were saved in direct costs of proximal femur fractures in addition to
73 million YLG.

Potential implications of the findings
• The health economic impact of OS was substantial over six decades.
• After a thorough adaption of our model for structure and input parameters in close contact with local experts,

the findings may have implications for transforming trauma care systems in low- and middle-income countries to
improve outcomes for patients.

Availability of data and materials

Decision tree model structure, as well as key input parameters of decision tree model and parameters of sensitivity analyses are

included in this published article.
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