
RESEARCH REPORT

Economic Value of Advanced 
Transfemoral Prosthetics

Hangsheng Liu, Christine Chen, Mark Hanson, Ritika Chaturvedi, 

Soeren Mattke, Richard Hillestad

C O R P O R A T I O N

https://www.rand.org/pubs/research_reports/RR2096.html
https://www.rand.org/


Limited Print and Electronic Distribution Rights

This document and trademark(s) contained herein are protected by law. This representation of RAND 
intellectual property is provided for noncommercial use only. Unauthorized posting of this publication 
online is prohibited. Permission is given to duplicate this document for personal use only, as long as it 
is unaltered and complete. Permission is required from RAND to reproduce, or reuse in another form, any of 
its research documents for commercial use. For information on reprint and linking permissions, please visit  
www.rand.org/pubs/permissions.html.

The RAND Corporation is a research organization that develops solutions to public policy challenges to help make 
communities throughout the world safer and more secure, healthier and more prosperous. RAND is nonprofit, 
nonpartisan, and committed to the public interest. 

RAND’s publications do not necessarily reflect the opinions of its research clients and sponsors.

Support RAND
Make a tax-deductible charitable contribution at  

www.rand.org/giving/contribute

www.rand.org

For more information on this publication, visit www.rand.org/t/rr2096

Published by the RAND Corporation, Santa Monica, Calif.

© Copyright 2017 RAND Corporation

R® is a registered trademark.

Cover image courtesy of the American Orthotic and Prosthetic Association

Library of Congress Cataloging-in-Publication Data is available for this publication.

ISBN: 978-0-8330-9888-7

http://www.rand.org/t/rr2096
http://www.rand.org/pubs/permissions.html
http://www.rand.org/giving/contribute
http://www.rand.org


 iii 

Preface  

Advanced prosthetics with microprocessor-controlled knees offer improved quality of life for 
many patients who must live with a transfemoral amputation. However, such prosthetics are 
more expensive than traditional mechanical devices, and payers have recently started questioning 
their value for money.  

To explore this issue, we developed a simulation model to assess the differential clinical 
outcomes and costs of microprocessor-controlled knees compared with non–microprocessor-
controlled knees. The model utilizes parameters mined from existing literature regarding clinical 
and economic outcomes achieved by transfemoral amputees. This report is targeted to payers and 
policymakers with roles in the regulation and functioning of the prosthetics market, payments for 
prosthetic procurement and services, and public investment in innovation.  

This research was sponsored by the American Orthotic and Prosthetic Association (AOPA), 
and conducted in RAND Health, a division of the RAND Corporation. A profile of RAND 
Health, abstracts of its publications, and ordering information can be found at 
www.rand.org/health. We note that the material contained in this report is the responsibility of 
the research team and does not necessarily reflect policy positions of AOPA. Comments or 
inquiries concerning this report should be sent to the lead author, Hangsheng Liu, at 
hliu@rand.org.   

http://www.rand.org/health
mailto:hliu@rand.org
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Summary  

It is estimated that about 1.9 million individuals in the United States are living with the loss 
of a limb. Of that number, 18.5 percent are transfemoral amputees. Due to recent advances in 
technology, prosthetic knees and feet allow for more-dynamic movements and improved quality 
of life, but payers have recently started questioning their value for money. To answer this 
question, we developed a simulation model to assess the differential clinical outcomes and costs 
of microprocessor-controlled knees (MPKs) compared with non-MPKs (NMPKs). 

We conducted a literature review of the clinical and economic impacts of prosthetic knees, 
convened technical expert panel meetings, compiled the input parameters required, and 
constructed and implemented a simulation model over a ten-year time period for unilateral 
transfemoral amputees with Medicare Functional Classification Levels of 3 and 4. The results are 
summarized as an incremental cost-effectiveness ratio (ICER) from a societal perspective, i.e., 
the incremental cost of MPKs compared with NMPKs for each quality-adjusted life year gained. 
All costs were adjusted to 2016 U.S. dollars and discounted using a 3-percent rate to the present 
time.  

We found that compared with NMPKs, MPKs are associated with substantial improvement 
in physical function and reductions in incidences of falls and osteoarthritis. The effect on low-
back pain, depression, obesity, diabetes, and cardiovascular disease could not be quantified due 
to the lack of data. Our simulation results show that compared with NMPKs over a ten-year time 
period: 

•   for every 100 people, MPKs result in 82 fewer major injurious falls, 62 fewer minor 
injurious falls, and save 11 lives 

•   for every 100 people, MPKs result in 16 fewer incidences of osteoarthritis  
•   on a per-person-per-year basis, MPKs reduce direct health care costs by $3,676 and 

indirect costs by $909, but increase device acquisition and repair costs by $6,287 and 
total costs by $1,702 

•   on a per-person basis, MPKs are associated with an incremental total cost of $10,604 
•   on a per-person basis, MPKs increase the number of life years by 0.11 and quality-

adjusted life years by 0.91 
•   MPKs have an ICER of $11,606 per quality-adjusted life year 
•   the economic benefits of MPKs are robust in various sensitivity analyses. 
Our study demonstrates that advanced prosthetics for transfemoral amputees, specifically 

MPKs, are associated with improved clinical benefits compared with conventional prosthetic 
knees. Translated into economic benefits, MPKs are associated with reductions in direct health 
care costs and indirect costs, and provide good value for the money using the standard criterion 
of $50,000 per quality-adjusted life year gained. The economic benefits of MPKs are similar to 
or even greater than those of other medical technologies currently reimbursed by U.S. payers. 
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Chapter  One.  Introduction  

It is estimated that 185,000 amputations are performed annually in the United States (Ziegler-
Graham et al., 2008). The Centers for Disease Control and Prevention estimates that there are 
roughly 1.9 million individuals living with the loss of a limb, a figure expected to rise to 3.6 
million by 2050 (Centers for Disease Control and Prevention, 2015; Ziegler-Graham et al., 
2008). Of this number, it is estimated that 18.5 to 21.0 percent are transfemoral amputees 
(Adams, Hendershot, and Marano, 1999; National Center for Health Statistics, 2004). 
Transfemoral amputation, or the removal of a limb above the knee joint, is performed to remove 
ischemic, infected, or irreversibly damaged tissue and is generally a life-saving procedure. The 
majority (about 82 percent) of transfemoral amputations are due to peripheral artery disease 
and/or diabetes, followed by trauma, cancer, infection, and congenital defects (Dillingham and 
Pezzin, 2005; Remes et al., 2008). 

Transfemoral amputation is classified as a disability by the International Classification of 
Functioning, Disability, and Health. Consistent with this, transfemoral amputees experience 
profound lifestyle changes following rehabilitation. The consequences of transfemoral 
amputation include impairment of body function (e.g., decreased muscle strength, decreased 
range of motion, balance problems, changed gait pattern, low-back pain, osteoarthritis, phantom 
pain, and skin problems), activity limitations (mobility and activities of daily living), and 
participation restrictions (e.g., employment) (Pell et al., 1993). Mobility restoration and 
independent ambulation is variable and dependent on a number of factors, including patient 
motivation, strength, coordination, and prosthetic management. 

Conventionally, transfemoral prosthetics have included a socket to attach to the residual 
limb, a prosthetic knee, shank, and a foot-ankle assembly. Together, these component parts aim 
to help patients regain basic ambulation (Hafner et al., 2007). However, transfemoral amputees 
can have a very difficult time regaining normal movement. It is estimated that a transfemoral 
amputee must use 35- to 65-percent more energy to walk than a person with two legs due to 
complexities in the knee joint (Traugh, Corcoran, and Reyes, 1975; Gjovaag et al., 2014; 
Starholm et al., 2016; Russell Esposito, Rábago, and Wilken, 2017). Over the last decade, major 
technological advancements, such as bionics, osseo-integration, and microprocessors have 
catalyzed the modernization of prosthetics (Seymour et al., 2007). Such advances are driven by 
an increasing number of young, otherwise healthy service members suffering from war-related 
traumatic amputations, who are more demanding of a return to their normal activity levels. As a 
result, advanced prosthetic knees and feet were developed to allow for more-dynamic 
movements (running, jumping, climbing stairs, walking on uneven ground), thus improving user 
quality of life (Seymour et al., 2007; Bellmann, Schmalz, and Blumentritt, 2010; Kaufman, 
Frittoli, and Frigo, 2012). 
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The payment system, however, has not yet evolved with the advancement in technology, and 
remains rooted in the historical treatment of prosthetics as commodity products and an ensuing 
emphasis on unit cost, which can result in restricting patient access to clinically superior 
prosthetics.  

Prosthetic devices are reimbursed by five main payers in the United States: private insurance, 
Medicare, Medicaid, the U.S. Department of Defense, and the Veterans Health Administration. 
Government payers account for a majority of reimbursements for limb prosthetics, setting the 
market standards for reimbursement in the United States. Currently, the Centers for Medicare 
and Medicaid Services (CMS) reimburses prosthetic devices and services based on the L-code 
system, whereby a single payment covers the device, supplies, and auxiliary services. CMS and 
other payers restrict reimbursement of prosthetics based on the Medicare Functional 
Classification Level, an index for classifying the functional mobility and productivity potential 
of individuals with lower-limb loss (Gailey et al., 2002; Hafner and Smith, 2009). Prior to the 
passage of the Affordable Care Act (ACA) in 2010, private insurers used a lifetime cap for 
prosthetics, exerting downward pressure on the prosthetics market. Such lifetime caps made it 
difficult for patients to obtain reimbursement for replacement devices or repairs. The ACA 
included rehabilitative services as an essential health benefit, eliminating such lifetime caps. 
However, the current congressional debate surrounding health care reform may reverse the 
provisions included in the ACA, casting doubt on the future of reimbursement for prosthetic 
services. In general, amputees can expect to pay roughly 20 percent of the device cost out of 
pocket each time they acquire a new device that is covered under Medicare. If, however, patients 
desire a device outside of their designated functional level, they may be expected to pay for the 
entire device out of pocket. As a result, patients often opt for low-cost devices and may not 
achieve their full rehabilitation potential (Rice and Matsuoka, 2004).  

In addition, payers are increasingly under cost-cutting pressure, which in turn has increased 
pressure on the prosthetics industry. After a downward trend in the Medicare payment for 
orthotics and prosthetics and associated services since 2010, CMS aimed to further tighten the 
rules for reimbursing lower-limb prosthetics by issuing new local coverage decisions in July 
2015, on the basis of a 2011 report by the Office of the Inspector General (American Orthotic 
and Prosthetic Association [AOPA], 2015). These new rules included provisions restricting the 
reimbursement of certain advanced prosthetics to those amputees who ever used a cane, crutches, 
walker, or wheelchair. Although CMS has held off on its proposal for now, the possible 
implementation of such a proposal will have important consequences for the 1.9 million people 
living with limb loss in the United States (National Limb Loss Information Center, 2007), 
especially if private payers and the Veterans Health Administration follow suit.  

Evidence for the incremental value of advanced prosthetics in comparison to conventional 
prosthetics can be used to facilitate a dialog between stakeholders. On the one hand, it is 
important to ensure that patients have access to advanced technologies with proven health 
benefits. On the other hand, payers have the fiduciary obligation to contain ever-expanding 
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health care costs. It is apparent that pure cost-cutting without considering value likely dampens 
the utilization of advanced technologies and therefore deprives patients of potential benefits. To 
address this issue, quality clinical and economic data as well as rigorous studies are required to 
demonstrate the value of prosthetics and associated required services. The Prosthetics 2020 
Initiative launched by the AOPA has started collecting clinical and economic data, and it is 
planning to establish a patient registry in the future to inform this dialogue.  

In the absence of head-to-head clinical trial data, in the short term a simulation study can 
leverage existing evidence to determine the economic value of advanced prosthetics and 
associated services. The AOPA therefore commissioned this report to compare conventional and 
advanced prosthetic knees. 
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Chapter  Two.  Methods  

We quantified the value of advanced transfemoral prosthetics in comparison to conventional 
prosthetics from a societal perspective based on clinical endpoints, such as physical function and 
quality of life, and economic endpoints, including direct health care costs and indirect costs such 
as the impact on caregiving expenses, transportation expenses, and work productivity. To 
implement the analysis, we conducted a literature review of the clinical and economic impacts of 
advanced prosthetics, convened technical expert panel meetings, compiled the input parameters 
required, and constructed and implemented a simulation model.  

We conducted a formal cost-effectiveness analysis that compared clinical and economic 
benefits of microprocessor-controlled prosthetic knees (MPKs) with non-MPKs (NMPKs). This 
analysis generated an incremental cost-effectiveness ratio (ICER), which is a commonly 
accepted measure for cost-effectiveness, or value for money. ICERs measure the additional 
resource requirements per unit of additional health gained, typically in quality-adjusted life years 
(QALYs).  

Higher ICERs mean that more money has to be spent to achieve gains in health, i.e., lower 
cost-effectiveness, or value for money. Unlike in national health systems, such as in the United 
Kingdom, no formal threshold for acceptable ICERs exist in the United States, but ratios of 
$50,000 to $150,000 per QALY are typically used (Neumann, Cohen, and Weinstein, 2014; 
Institute for Clinical and Economic Review, 2017). This method allows us to compare the ICER 
for MPKs to that of other health care technologies that are reimbursed by Medicare and other 
payers in the United States to put its value for money into perspective.  

All costs were inflated to 2016 U.S. dollars using the medical care component of the 
Consumer Price Index (Bureau of Labor Statistics, 2017) and, when applicable, were converted 
to U.S. dollars using the exchange rate at the time the study was conducted (OANDA 
Corporation, 2017). This study was approved by RAND’s Human Subjects Protection 
Committee.  

Analytic  Framework  
Figure 2.1 illustrates the analytic framework informing our literature review and cost-

effectiveness model. We assumed that the prosthetic literature would provide evidence on 
differences in biomechanical metrics (e.g., gait, step length, walking speed, kinetics, kinematics) 
based on the prosthetic intervention (MPK versus NMPK). We further assumed that such 
biomechanical differences based on intervention type would be linked to clinically relevant 
health outcomes through differential probabilities in developing medical conditions. For 
example, improved gait symmetry may lead to lower rates of osteoarthritis in the healthy limb. 
Finally, differential health outcomes are assumed to be associated with differential costs, 
including direct health care costs and indirect costs such as lost wages and cost of caregivers for 
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support. This basic framework was used to identify model parameters needed from the literature 
and expert opinion. 

Figure  2.1.  Analytic  Framework  

 

Target  Population  
Our analysis focuses on the Medicare population because CMS represents the largest payer 

for prosthetic devices. CMS also sets the market standard for reimbursement levels against which 
commercial payers and the Department of Veterans Affairs often benchmark. For coverage 
decisions, amputees are typically classified based on their expected functional level after device 
fitting, i.e., their recovery potential. There are five Medicare Functional Classification Levels: 
K0–K4 (see Table A.1 in the appendix for more detail). K0 patients are amputees who do not 
have the ability to walk without assistance from others and, as a result, a prosthetic device does 
not improve his or her mobility or quality of life. K1 amputees can typically use a prosthetic 
device and walk on a level surface in a limited environment, such as his or her home. With the 
help of prosthetics, K2 amputees are able to walk around a community and overcome low-level 
environmental barriers, such as curbs and stairs. K3 amputees have the ability to transverse most 
environmental barriers in a typical community and may be able to engage in vocational and 
exercise activities beyond simple locomotion. K4 amputees may have the ambulation skills of an 
active adult or an athlete that involve high-impact or energy levels. Since unilateral K3 and K4 
transfemoral amputees have historically been the primary users of advanced prosthetics, they are 
the target population of our analysis. In the sensitivity analysis, we also examined unilateral K1 
and K2 transfemoral amputees. Dobson and DaVanzo, LLC, provided basic characteristics of the 
target populations for the simulation model based on 2011–2014 Medicare claims data (see 
Table A.2 in the appendix for more information).  
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Data  Sources  

Literature  Review  

Based on the analytic framework, we conducted a comprehensive literature search for input 
parameters, including physical function, health outcomes, quality of life, direct health care costs, 
and non–health care or indirect costs. The health outcomes included falls; musculoskeletal 
diseases, such as osteoarthritis and low-back pain; and chronic illnesses, such as obesity, 
diabetes, cardiovascular diseases, and depression. To the extent possible, we established the links 
between the use of prosthetics and health and cost outcomes in transfemoral amputees. 

We searched peer-reviewed literature via databases including PubMed, Embase, CINAHL, 
PsycINFO, Web of Science, and Google Scholar. The non–peer-reviewed literature was 
examined for technical reports produced by government agencies or industry associations. 
Forward and backward searches based on the identified articles complemented our initial search.  

Comparative studies evaluating differential biomechanical, health, and economic benefits 
between advanced and conventional prosthetics were prioritized. Input parameters that are not 
relevant to the direct comparison of MPKs to NMPKs, such as baseline mortality rates of the 
target population and the cost of falls, may be extracted from publications that provide such 
parameters in similar populations, such as general lower-extremity amputees, the elderly 
population, or Medicare beneficiaries. For each input parameter, we compiled a range of 
estimates from the literature whenever possible, where the median value served as the base case 
while the upper and lower bounds were used in the sensitivity analysis. 

Expert  Panel  Process  

We convened an expert panel to supplement our literature review, to validate our 
assumptions, to ensure adequate and complete understanding of the prosthetics literature, and to 
ensure appropriate model development and construction. In addition, experts provided estimates 
of input parameters that were not available in the literature.  

Fifteen experts were selected based on their publication record in the various topics that 
informed our model. Several consultation methods were used. First, we convened two telephone-
based panel discussions with a majority of participating experts. In addition, we conducted one-
on-one interviews with several experts to thoroughly understand a particular research area. Each 
interview was semi-structured, consisting of open-ended questions developed iteratively based 
on the literature review, and lasted approximately 60 minutes.  

Cost  of  Device  Acquisition  

The costs of device acquisition, repair, and physical therapy were based on the analysis of 
2011–2014 Medicare claims conducted by Dobson and DaVanzo, LLC. In our analysis, cost of 
device acquisition does not represent the manufacturer list price but instead is approximated 
using the current Medicare payment amount. Ideally, we would like to use the cost of 
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manufacturing the devices for the simulation. In the absence of data on the actual cost of 
producing the devices, we used Medicare payment amounts to approximate costs. As mentioned 
above, CMS is the largest payer for prosthetic devices, and once it sets a payment rate for a 
device, other payers in the market will follow suit. In this context, Medicare payments better 
represent the actual amount of resources consumed than the manufacturer list price. Throughout 
the report, we use Medicare device payment and device acquisition cost interchangeably. To 
quantify the current Medicare payment amount, we identified the two most frequent 
combinations of L codes among the new unilateral transfemoral amputees in the Medicare claims 
data and applied the allowed payments on the 2016 Medicare fee schedule (Medicare Payment 
Advisory Commission, 2010). We constructed the base-case value using expert input on 
acquisition cost and computed the upper and lower bounds by summarizing the 2016 Medicare 
fee schedule–allowed payments for the two most frequent combinations of L codes. The cost of 
device repair and physical therapy was identified as the median of the Medicare-allowed 
payments in the two years after the device fitting.  

Simulation  Model  

Structure  

We developed a cohort-level Markov model suited to this analytic problem to simulate the 
clinical and economic outcomes for a hypothetical K3 and K4 Medicare population with a 
unilateral transfemoral amputation (Sonnenberg and Beck, 1993; Hazen, 2011). This 
hypothetical cohort was assigned to two different treatment strategies, NMPK or MPK, with all 
other prosthetic components being the same. For this modeling process, we limited the 
simulation to up to ten years because the existing evidence comes from relatively short-term 
studies, which make longer predictions subject to large uncertainty.  

We constructed two modules for the model: a fall module and an osteoarthritis module 
because the data available from the literature allowed us to convert clinical benefits for these two 
conditions into economic benefits. The lack of data prevented us from quantifying the potential 
benefit for other medical conditions, such as obesity and vascular disease.  

In the fall module, there are three health states: fall, no fall, and death. Falls can be either 
medical, i.e., require medical attention, or nonmedical. Medical falls can be minor, major, or lead 
to death. Major injurious falls are associated with an admission to a medical facility. A patient 
may enter the “death” state from the “no fall” state due to causes other than falling. While 
Markov models are “memoryless,” meaning the health state at a subsequent step depends only on 
the state at the previous step, our model updates the annual probability of falling to simulate the 
effect of learning. The osteoarthritis module has three states as well: no osteoarthritis, 
osteoarthritis, and death. Based on the transitional probabilities from the literature, patients can 
move from one state to another until the end of the ten-year time period or death.  
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Once populated with parameters, the model records health experiences of each cohort and 
associated economic consequences annually over a ten-year period. All health outcomes and cost 
outcomes were discounted to the present time using a 3-percent discount rate. After 
implementing the model, we performed validation testing to ensure that the computations were 
done correctly and the outputs responded appropriately to changes under a range of key 
parameter input values. In particular, the model was validated during and after development 
through the checking of code by a second researcher. The model was programmed in Visual 
Basic for Applications for Microsoft Excel and we followed the modeling guidelines of the 
International Society for Pharmacoeconomics and Outcomes Research (Weinstein et al., 2003). 

Parameters  and  Assumptions  

Model parameters were compiled from the literature review, expert consultation, and the 
analysis of Medicare claims data. When parameters were not available from published literature, 
expert opinion was used and, if needed, assumptions were made. The model incorporates two 
target population characteristics from Medicare claims: the baseline mortality rate, 9.3 percent 
and 18.0 percent in K3/K4 and K1/K2 prosthetics users, respectively; and the baseline 
prevalence of intact knee arthritis, 19.1 percent and 16.3 percent in K3/K4 and K1/K2 prosthetics 
users, respectively. The model parameters, data assumptions, and data sources are listed in Table 
A.3 in the appendix to this report.  

The probabilities of falling among MPK and NMPK users were estimated by the percentages 
of fallers in each group reported in Kahle, Highsmith, and Hubbard (2008) and Dederer (2013). 
Dederer conducted a prospective survey in a cohort of community-dwelling transfemoral 
amputees and compared the probability of falling in MPK users to that in NMPK users. Kahle, 
Highsmith, and Hubbard reported the number of participants who fell during a 60-day time 
period. In the latter case, we assumed that the percentage of fallers remains constant over a one-
year period. In addition, the probability of falling was assumed to decline over time due to 
learning or other compensation strategies. According to Miller et al. (2001), having an 
amputation for more than four years is protective against falling, and the chance of falling 
decreased by 47 percent compared with those who were amputated within three years. Therefore, 
we assumed the probability of falling declines linearly in the first four years with an odds ratio of 
0.53 by the end of the fourth year and then the probability of falling remains unchanged 
throughout the rest of the ten-year time frame.  

Kahle, Highsmith, and Hubbard (2008) and Wong, Rheinstein, and Stern (2015) reported the 
number of falls per person per year over the past 60 days and the past year, respectively. 
Considering the potential recall bias resulting from a recall period as long as 12 months, we used 
Kahle, Highsmith, and Hubbard’s estimates as the base case and included Wong, Rheinstein, and 
Stern’s results in the sensitivity analysis. 

Medical (or injurious) falls are defined as falls that require medical attention. The proportion 
of nonfatal medical falls out of all falls was computed from various sources that report incidence 
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rates of falls and/or injurious falls based on National Health Interview Survey 2001–2003, 
MOBILIZE Boston, and National Health and Nutrition Examination Survey 2004–2013 data sets 
(Schiller, Kramarow, and Dey, 2007; Kelsey et al., 2010; Verma et al., 2016). The estimates 
were derived as the ratios of the incidence rates of injurious falls to the incidence rates of any 
falls from all possible combinations of the sources. The estimate for the proportion of fatal 
medical falls was derived from Sterling, O’Connor, and Bonadies (2001), where the authors 
examined fall outcomes in a sample of elderly patients. All of these parameters came from a 
nonamputee population.  

Medical falls were further categorized by severity due to their cost implications; where minor 
injuries only require visits to a physician’s office or an emergency room, major injuries 
necessitate hospitalization or admission to a skilled nursing facility. The worst scenario is when 
injuries lead to death despite treatments. The estimates for the proportions of medical falls in 
each category were derived from two studies. Mundell et al. (2017) examined fall episodes of 77 
adults with above-knee amputations enrolled in the Rochester Epidemiology Project between 
2000 and 2014. Due to the lack of studies that assess the severity of fall injuries in transfemoral 
amputees, we also included the estimates from Kim et al. (2016), who analyzed the Medicare 
claims data of 2,011 community-dwelling elderly patients with a high risk of falling and 
identified fall episodes that required care in acute inpatient or skilled nursing facilities in addition 
to emergency visits. 

The estimates of direct costs per fall by severity come from publications that utilized 
Medicare claims data, Medical Expenditure Panel Survey data, Healthcare Cost and Utilization 
Project data, and the Centers for Disease Control and Prevention’s Web-Based Injury Statistics 
Query and Reporting System (Stevens et al., 2006; Burns, Stevens, and Lee, 2016; Kim et al., 
2016). In particular, we utilized a recent publication on the cost of falls among transfemoral 
amputees who had a prosthetic knee, the only study that provides fall-related cost data in an 
amputee population (Mundell et al., 2017).  

It is well accepted in the prosthetics research community that osteoarthritis of the intact limb 
is associated with chronic prosthetic use (Gailey et al., 2008). It is estimated that 63 percent 
(range: 17–75 percent) of amputees have knee osteoarthritis in their residual limb based on cross-
sectional studies (Hungerford and Cockin, 1975; Burke, Roman, and Wright, 1978; Mussman et 
al., 1983; Kulkarni et al., 1998). However, currently published studies do not assign differential 
probabilities of osteoarthritis onset and progression based on type of prosthetic intervention. Gait 
asymmetry may be the cause of osteoarthritis, although the literature on gait metrics is 
conflicting (Datta, Heller, and Howitt, 2005; Kaufman et al., 2007). The major difference 
between the two prosthetics is demonstrated in Kaufman et al.’s study of knee moments, an 
indirect measurement of the force absorbed by the knee (2007). In the absence of published 
literature, we consulted experts on knee mechanics associated with osteoarthritis, who suggested 
that the moment about the knee is a reasonable surrogate for osteoarthritis. As such, we assumed 
the moment to be linearly associated with the incidence of osteoarthritis.  
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There is limited literature comparing the indirect costs attributable to the use of MPK and 
NMPK in the United States. The indirect cost estimates are based on the work of Gerzeli, 
Torbica, and Fattore (2009), conducted in Italy. Caregiving cost includes the time cost from 
taking care of a patient during leisure time and lost working days. We converted the mean hours 
of leisure time spent per patient per day and the mean lost working days per year into annual 
costs using the 2015 wage estimates from the Bureau of Labor Statistics (2015b). Wage loss 
results from lost jobs, switching from full-time to part-time jobs, and lost working days. The total 
annual cost of lost productivity was calculated based on the median wage of people older than 65 
and adjusted by the employment rate (18.2 percent) within this age group (Bureau of Labor 
Statistics, 2015a; Pension Rights Center, 2016). 

Quality of life metrics in MPK and NMPK users, as measured by health utilities, come from 
several European studies (Brodtkorb et al., 2008; Gerzeli, Torbica, and Fattore, 2009; Seelen et 
al., 2009; Cutti et al., 2017). Several U.S. studies report the Prosthesis Evaluation Questionnaire 
(PEQ) scores (Hafner et al., 2007; Kaufman et al., 2008; Hafner and Smith, 2009; William, 
Beasley, and Shaw, 2013; Prinsen et al., 2015), but there are no published methods to convert 
these estimates into health utilities. One study (Seelen et al., 2009) reports the 36-Item Short 
Form Health Survey (SF-36) scores; we converted them to the EuroQol five dimensions 
questionnaire (EQ-5D) utility scores according to Ara and Brazier (2008). 

Due to the limitations of the literature, we were not able to extract K-level specific input 
parameters other than the baseline mortality and the prevalence of osteoarthritis. Both Kahle, 
Highsmith, and Hubbard (2008) and Wong, Rheinstein, and Stern (2015) studied K1/K2 and 
K3/K4 amputees. However, because of small sample sizes, the probability of falling and the 
average number of falls per person per year became unstable once we extracted data for K1/K2 
and K3/K4 separately. Therefore, we derived these parameters by including all K-level 
amputees.  

Sensitivity  Analysis  

To assess model performance and the robustness of model results, we conducted one-way 
sensitivity analyses where we changed input parameters one at a time. The one-way sensitivity 
analysis allowed us to inspect the sensitivity of model results to changes in key input parameter 
values as they were varied individually. We also conducted probabilistic sensitivity analyses on 
model inputs, assuming uniform distributions for all variables. That is, we randomly drew one 
data point from each parameter range and ran the model, and repeated the process 1,000 times. 
The probabilistic sensitivity analysis allows us to observe the uncertainty in the final estimated 
differences between the MPK cohort and the NMPK cohort. Sensitivity analyses were also 
conducted to examine the effectiveness of MPKs in the K1 and K2 transfemoral amputees.  

  



 11 

Chapter  Three.  Results  

Overall, we found that compared with NMPKs, MPKs are associated with meaningful 
improvement in physical function and reductions in incidences of falls and osteoarthritis. The 
effect on additional, more-distal health outcomes, such as low-back pain, depression, obesity, 
diabetes, or cardiovascular disease, could not be quantified due to the lack of data.  

MPKs are associated with considerable reductions in direct health care costs and indirect 
costs, such as lost wages. After considering device acquisition and repair cost, MPKs provide 
good value for money, if the standard evaluation criterion of $50,000 per QALY is applied, and 
its economic benefits are comparable to technologies commonly reimbursed by U.S. payers.  

Clinical  Benefits  

Physical  Function  

There are a number of publications employing repeated measures to examine the effects of 
advanced prosthetics on physical function. In these studies, biomechanical and physical 
performances were often compared when subjects wore NMPKs and after subjects were fitted 
with MPKs. Overall, there is strong evidence suggesting that compared with NMPKs, MPKs are 
associated with improvements in walking speed, gait symmetry, and the ability to negotiate 
obstacles in the environment; however, while there is some evidence suggesting improvement in 
other dimensions, such as energy efficiency and physical activity, the evidence is not clear. 

Orendurff and colleagues (2006), Segal and colleagues (2006), and Kahle, Highsmith, and 
Hubbard (2008) compared self-selected walking speeds on MPKs versus NMPKs. On average, 
transfemoral amputees walked at the rate of 1.21–1.31 ms–1 on MPKs, slightly faster than the rate 
on NMPKs (1.08–1.21 ms–1). 

Kaufman, Frittoli, and Frigo (2012) compared the symmetry of kinematic (joint motion) and 
kinetic (moments produced by the forces applied at the joints) characteristics for hip, knee, and 
ankle joints when subjects walked on level ground with the two prosthetics. While there was no 
significant difference in the symmetry of kinematics, significant improvement was observed in 
kinetic symmetry when MPKs were used, as measured by the symmetry index. The index value 
ranges from –1 to 1, where 1 indicates perfect symmetry and –1 indicates perfect asymmetry.  As 
shown in Figure 3.1, the use of MPKs appears to improve the symmetry index values on all three 
joints. Asymmetric gait biomechanics that increase joint loading were found to be associated 
with the development of osteoarthritis in the amputee population (Morgenroth, Gellhorn, and 
Suri, 2012).  

In general, MPKs outperform NMPKs in environmental negotiation. Kahle, Highsmith, and 
Hubbard (2008) and Seymour and colleagues (2007) recorded faster speeds on an obstacle 
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course when participants wore MPKs compared with NMPKs—1.25 versus 0.94 ms–1 and 1.06 
versus 0.96 ms–1, respectively. Prinsen and colleagues (2015) reported comparable performance 
between the two devices. Hafner and colleagues, while observing the opposite result (1.05 versus 
1.12 ms–1), found faster rates during hill climbing when MPKs were used (0.73 versus 0.52 ms–1 
and 3.04 versus 2.17 ms–1, respectively) (Hafner et al., 2007; Hafner and Smith, 2009). 

Studies assessing oxygen consumption or energy efficiency show inconsistent results: 
Schmalz, Blumentritt, and Jarasch (2002); Orendurff and colleagues (2006); Seymour and 
colleagues (2007); and Kaufman and colleagues (2008) found no significant difference, while 
others found reduced oxygen consumption when using MPKs at slower walking speeds (Datta, 
Heller, and Howitt, 2005; Johansson et al., 2005) or only among established K4 MPK users 
(Seymour et al., 2007). Klute and colleagues (2006) and Hafner and colleagues (2007) found no 
differences in daily step counts or duration of activity. Kaufman and colleagues (2008) examined 
metabolic energy expenditure using a doubly labeled water technique. The authors found that the 
energy expenditure associated with physical activity significantly increased when participants 
used MPKs despite the fact that total daily energy expenditure did not differ between MPK and 
NMPK users. 

Figure  3.1.  Physical  Function  Among  MPK  and  NMPK  Users  

NOTE:  The  gait  symmetry  index  value  ranges  from  –1  to  1,  where  1  indicates  perfect  symmetry  and  –1  indicates  
perfect  asymmetry.    

SOURCES:  Orendurff  et  al.,  2006;;  Segal  et  al.,  2006;;  Hafner  et  al.,  2007;;  Kahle,  Highsmith,  and  Hubbard,  2008;;  
Hafner  and  Smith,  2009;;  Kaufman,  Frittoli,  and  Frigo,  2012;;  Prinsen  et  al.,  2015.  
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Falls  and  Fall-­Related  Mortality  

The published literature shows that the probability of falling per year in MPK users decreases 
substantially compared with NMPK users: 26.0 (range: 22.2–32.0) percent versus 82.0 (range: 
75.0–87.5) percent (Kahle, Highsmith, and Hubbard, 2008; Dederer, 2013). Nonetheless, among 
fallers, the average number of falls per faller per year is similar between MPK and NMPK users: 
3.2 versus 3.9 (Kahle, Highsmith, and Hubbard, 2008; Wong, Rheinstein, and Stern, 2015).  

According to the simulation results, the incidence rate of major injurious falls is 22 per 1,000 
person-years among MPK users compared with 104 among NMPK users. For minor injurious 
falls, the incidence rate is 16 versus 78 per 1,000 person-years (Figure 3.2). The incidence rate of 
fall-related deaths is three and 14 per 1,000 person-years among MPK and NMPK users, 
respectively. Put simply, 11 lives are saved by MPKs if we observed 1,000 amputees for one 
year. 

Figure  3.2.  Injurious  Falls  and  Fall-­Related  Deaths  Among  MPK  and  NMPK  Users  

 

Incidence  of  Osteoarthritis  

Based on the study by Kaufman et al. (2007), when compared to NMPKs, MPKs reduce the 
moment about the knee—an indirect measurement of the force absorbed by the knee—of the 
prosthetic limb by 30 percent. Based on expert opinion, it was assumed that MPKs would reduce 
the osteoarthritis incidence rate from 20 percent to 14 percent in a ten-year period. Once these 
parameters were incorporated into the simulation model, the results showed that MPKs 
accounted for 16 fewer incidences of osteoarthritis per 100 people over the model period. 
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Quality  of  Life  

Various instruments were used to assess subjects’ self-reported function and quality of life, 
including the PEQ, SF-36, and EQ-5D. Collectively, compared with NMPKs, MPKs are 
associated with improved quality of life. 

Hafner and colleagues (2007), Hafner and Smith (2009), Kaufman and colleagues (2008), 
and Prinsen and colleagues (2015) compared PEQ scores when MPKs and NMPKs were used, 
while William, Beasley, and Shaw (2013) only assessed subjects who used MPKs. On average, 
subjects had a 10-percent improvement in the summary score of nine items when using MPKs. In 
terms of the SF-36, Seelen and colleagues (2009) reports significantly higher summary scores of 
nine items among all amputees as well as recent amputees when subjects wore MPKs compared 
with NMPKs (Figure 3.3). Overall, amputees experienced 37-percent improvement in quality of 
life as measured by the SF-36 when MPKs were used. Once converted, SF-36 scores correspond 
to an EQ-5D score of 0.92 and 0.71 for MPK and NMPK users, respectively. Brodtkorb and 
colleagues (2008), Gerzeli, Torbica, and Fattore (2009), and Cutti and colleagues (2017) 
assessed utilities among patients wearing MPKs and NMPKs using EQ-5D. On average, the 
MPK group scored 21-percent higher in EQ-5D than the NMPK group.  

Figure  3.3.  Quality  of  Life  Among  MPK  and  NMPK  Users  

  
SOURCES:  Hafner  et  al.,  2007;;  Brodtkorb  et  al.,  2008;;  Kaufman  et  al.,  2008;;  Gerzeli,  Torbica,  and  Fattore,  2009;;  
Hafner  and  Smith,  2009;;  Seelen  et  al.,  2009;;  William,  Beasley,  and  Shaw,  2013;;  Prinsen  et  al.,  2015;;  Cutti  et  al.,  

2017.  
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According to the simulation results, if we observe 100 MPK users and 100 NMPK users over 
ten years, the total number of life years in MPK users is 8.8 years more than in NMPK users 
(554.4 versus 545.7). Once adjusted for quality of life, the total number of QALYs is 91.4 years 
more in MPK users compared with NMPK users (453.3 versus 361.9). The probabilistic 
sensitivity analysis supports the same conclusions: On average, the number of life years 
increases by 14 years, ranging from five to 25 years per 100 MPK users; the discounted QALYs 
gained an average of 102 years, ranging from 82 to 125 years per 100 MPK users.  

Economic  Benefits  
We were able to convert improvements in clinical benefits into economic benefits for falls 

with injuries and osteoarthritis (see Figure A.1 in the appendix to this report).  

Direct  Health  Care  Cost    

According to the literature, a major injury due to a fall costs $24,845, a minor injury costs 
$1,332, and a fall-related death costs $27,338 (see Figure A.2 in the appendix). Based on the 
Medicare data analysis, for MPK users, physical therapy costs $1,987 and $1,622 in the first and 
second year after device fitting, respectively. Physical therapy in NMPK users costs $1,649 in 
the first year and $1,347 in the second year. 

In a ten-year period, for every 100 new unilateral amputees, our simulation shows a reduction 
of 82 major injuries, 62 minor injuries, and 11 fall-related deaths, corresponding to a reduction in 
direct health care cost of $3,496 per person per year. Compared with NMPKs, an MPK-related 
30-percent reduction in the incidence of intact knee osteoarthritis leads to a reduction in direct 
health care cost of $180 per amputee per year. Overall, on a per-person-per-year basis, MPK 
users have a lower direct health care cost than NMPK users: $2,890 versus $6,566 (Figure 3.4).  

Indirect  Cost  

Gerzeli, Torbica, and Fattore (2009) assessed the impact of MPKs on indirect costs, 
including lost wages, caregiving expenses, and transportation expenses. After converting the 
currency to U.S. dollars and adjusting for inflation, the use of MPKs is associated with a 
reduction of $417 in lost wages and $634 in caregiving expenses, but is associated with an 
increase of $142 in transportation expenses. The simulation shows a reduction of $909 ($4,268 
versus $5,177) in indirect cost in MPK users versus NMPK users (Figure 3.4).  
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Figure  3.4.  Savings  Derived  from  the  Use  of  MPKs  in  Direct  Health  Care  Cost  and  Indirect  Cost  

  
NOTE:  Results  are  reported  on  a  per-­person-­per-­year  basis.  All  costs  are  in  2016  U.S.  dollars.    

Cost  of  Device  Acquisition  

The cost of MPKs, inclusive of other prosthetic components as needed, was estimated to be 
$28,000 and last for about five years based on expert input. In other words, the device has to be 
replaced once in a ten-year period. Based on the top two most-frequent combinations of L codes 
and the 2016 Medicare fee schedule, the cost of MPKs ranges between $22,375 and $29,059. 
Experts estimated the cost of NMPKs to be $5,500 and last about three years (i.e., two 
replacements in a ten-year period). The Medicare fee schedule gave a range of $2,595 and 
$7,367 for the acquisition cost of NMPKs. Medicare data show that device repair costs $192 and 
$136 per person per year for MPKs and NMPKs, respectively.  

During a ten-year time period, the simulation shows that MPK acquisition and repair costs 
$7,925 per person per year after considering the effect of survival, varying from $6,054 to 
$8,379 based on the probabilistic sensitivity analysis. Similarly, on a per-person-per-year basis, 
NMPK acquisition and repair costs $1,638, varying from $785 to $2,183 according to the 
probabilistic sensitivity analysis.  

Total  Cost  

The resulting total cost in the simulation, defined as the summation of direct ($2,890 versus 
$6,566), indirect ($4,268 versus $5,177), and device acquisition and repair cost ($7,925 versus 
$1,638), is $15,083 and $13,382 per person per year for MPK and NMPK users, respectively. A 
one-way sensitivity analysis suggests that for both MPK and NMPK users, the total cost is 
sensitive to the proportion of medical falls among all falls, the average number of falls per faller 
per year, the medical cost per major or minor injury fall, the osteoarthritis-related medical cost, 
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and the discount rate (see Figure A.3 in the appendix). Of note, the total cost for MPK users is 
sensitive to device acquisition cost but the cost for NMPK users is not. Based on the probabilistic 
sensitivity analysis, the total cost for MPK users ranges from $8,545 to $22,551 while that for 
NMPK users ranges from $11,484 to $17,906 per person per year. In the best scenario, the total 
cost of MPKs is $5,042 lower per person per year than that of NMPKs; in the worst scenario, 
MPKs cost on average $5,268 more per year compared with NMPKs.  

In the K1 and K2 population, the benefits of using MPKs decrease slightly compared with 
the K3 and K4 population, but MPKs remain cost-effective. MPKs are associated with a 
reduction of $4,237 per person per year in direct cost and $928 in indirect cost. The total cost 
associated with MPKs is $2,022 higher per person per year compared with NMPKs. In the best 
scenario, the total cost of MPKs is actually $5,671 lower and in the worst scenario, it is $6,074 
higher than the cost of NMPKs.  

Combining  Economic  and  Clinical  Benefits  
When we used the base case input values and combined clinical benefits, economic benefits, 

and device acquisition and repair cost together, for a ten-year time period, MPKs resulted in an 
increase of 0.91 QALYs per person and an increase of $10,604 in total cost per person, as 
illustrated in the orange square in Figure 3.5. The corresponding base case ICER is $11,606 per 
QALY. That is, it takes $11,606 to generate an additional QALY.  

The blue diamonds in Figure 3.5 are from the probabilistic sensitivity analysis. In comparing 
MPKs to NMPKs, MPK devices are more effective in all of the simulations, but they are also 
more expensive in 83 percent of the simulations. The probabilistic sensitivity analysis results in 
an ICER varying between –$25,355 and $36,357 per QALY. That is, in the best scenario, MPKs 
dominate NMPKs, resulting in lower total cost and greater QALYs at the same time. In the worst 
scenario, the ICER becomes $36,357 per QALY, which is still below the $50,000 threshold. 
Overall, it seems the results are reasonably robust to simultaneous random changes in the input 
variables.  
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Figure  3.5.  Incremental  Cost  and  Effectiveness  of  MPKs  in  Comparison  to  NMPKs  in  K3/K4  
Amputees  

 

  NOTE:  All  costs  are  in  2016  U.S.  dollars.    

In the K1 and K2 population, MPKs have an ICER of $13,568 per QALY, which is still less 
than the $50,000 threshold. MPKs may dominate NMPKs, as suggested in the probabilistic 
analysis, and have an ICER of –$28,302 per QALY, meaning they incur lower total cost and lead 
to higher health status than NMPKs (see Figure A.4 in the appendix). The highest ICER is 
$41,498 per QALY in the probabilistic sensitivity analysis.  
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Chapter  Four.  Discussion    

Clinical  Benefits  
Our study, the first of its kind in the prosthetics literature in the United States, demonstrates 

that advanced prosthetics for transfemoral amputees, specifically MPKs, are associated with 
substantial clinical benefits compared with conventional knees, or NMPKs. The published 
literature has consistently shown functional improvements, such as improved walking speed, gait 
symmetry, and obstacle assessment. Improved function turns into clinical benefits, such as fewer 
falls, a lower incidence rate of osteoarthritis, and a lower mortality rate.  

Our findings suggest that the main clinical benefit of MPKs is derived from reductions of 
falls with injuries and osteoarthritis incidences, which is plausible from a functional perspective. 
The computer software in MPKs allows for the knee to dynamically adjust to uneven terrain, 
leading to improved stability and user confidence. The increased stability is thought to reduce 
cognitive burden and energy expenditure (Highsmith et al., 2010). The combination of these 
aspects is assumed to reduce the risk of falls (Hafner and Smith, 2009; Hafner and Askew, 
2015). This reduction in falls is primarily a consequence of a lower probability of falling: MPK 
users are about two-thirds less likely to have any falls than NMPK users (26 percent versus 82 
percent), whereas the average number of falls among fallers does not differ much between MPK 
and NMPK users. The fact that MPK users are two times less likely to become fallers is critical, 
as it helps MPK users avoid fall-related injuries, expenses, and mortalities completely. To 
illustrate, if we observed 1,000 people for one year, MPK users would experience 82 fewer falls 
with major injuries, 62 fewer falls with minor injuries, and 11 fewer deaths. 

Another key improvement in biomechanics in MPK users is the reduction in the knee 
moment, which is a surrogate for the force an individual absorbs when striking the ground during 
walking. NMPKs do not dynamically adjust to uneven ground, and therefore NMPK users are 
exposed to stronger forces than MPK users are due to the need for compensation. The forces are 
absorbed by the lower limb joints of the intact limb and increase the burden on the healthy knee, 
hip, and ankle, which is the expected mechanism through which osteoarthritis develops in the 
healthy limb (Felson, 2013).  

In addition, there are hypothesized effects of MPKs on other clinical outcomes, such as low-
back pain, residual limb tissue injury, obesity, diabetes, cardiovascular disease, and depression, 
that we could not quantify due to the lack of data in the published literature. Transfemoral 
amputation leads to impairment of body function, such as changed gait pattern, balance 
problems, low-back pain, osteoarthritis, and soft tissue injuries. Because MPKs mitigate these 
issues better than NMPKs, theoretically, MPKs would reduce musculoskeletal problems 
including low-back pain and soft tissue injuries as well. Better mobility due to the use of MPKs 
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may enable amputees to live independently and may increase the chance of participation in the 
workforce or social activities, which could be related to the incidence of depression. Better 
mobility could also potentially lead to more physical activity and thus, in the long run, reduce the 
incidence of obesity, diabetes, and cardiovascular disease. However, robust evidence from long-
term studies is needed to support the claim of such benefits of MPKs.  

MPK users gain about 0.09 life years per person over a ten-year time period compared with 
NMPK users, but about 0.91 QALYs per person, with the difference attributed to the 
improvement in quality of life. This finding is consistent with prior evidence that MPKs are 
associated with improved mobility, safety, user confidence, activities of daily living, ability to 
live independently, and satisfaction, and thus substantially better quality of life for amputees, 
with improvements ranging from 10 percent to 37 percent (Berry, Olson, and Larntz, 2009; 
Theeven et al., 2011; Theeven et al., 2012; Sawers and Hafner, 2013; Kannenberg, Zacharias, 
and Pröbsting, 2014).  

Economic  Benefits  
Once translated into economic benefits, we found that MPKs are associated with large 

reductions in direct health care cost and indirect cost and provide good value for the money, after 
considering device acquisition and repair costs.  

On the benefit side, MPKs are associated with a reduction of $3,676 per person per year in 
direct health care cost and $909 per person per year in indirect cost, such as lost wages and 
caregiving expenses. The majority of economic benefits comes from the reduction in falls, 
accounting for about 95 percent of direct health care cost reduction, and the improvement in 
quality of life. Because of the higher cost of MPK devices, overall annual cost is $15,083 per 
MPK patient and $13,382 per NMPK patient, a net increase of $1,702, based on current payment 
levels for devices and repair services.  

As we explained earlier, a cost-effectiveness analysis evaluates whether incremental 
spending for a medical technology is commensurate with its incremental cost by calculating 
incremental cost per QALY gained, referred to as ICER. In some cases where a medical 
innovation leads to net cost savings, i.e., reduces direct and indirect cost by more than the 
additional cost of the innovation, its ICER would be negative. A majority of medical innovations 
would result in a positive ICER, where a new technology leads to better health but costs more 
than conventional technologies. While no nationally binding ICER threshold exists in the United 
States, experts have argued that a range of $50,000 to $150,000 should be used (Weinstein, 
2008; Neumann, Cohen, and Weinstein, 2014; Institute for Clinical and Economic Review, 
2017). Simply speaking, spending between $50,000 and $150,000 to gain one QALY is regarded 
as acceptable value for money.  
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Over a ten-year time horizon, compared with NMPKs, MPKs increase QALYs by 0.91 per 
person for additional payments of $10,604. That is, MPKs have an ICER of $11,606 per QALY, 
which is substantially less than the lower bound of the accepted threshold for value for money.  

Our sensitivity analysis, which estimates a range from –$25,355 to $36,357 per QALY, 
underscores the robustness of this finding. The estimated range implies that, in the best case, 
MPKs actually cost less than NMPKs due to reduction in health care costs and indirect costs; 
even in the worst case, MPKs cost an additional $36,357 for every QALY gained, which is still 
well below the $50,000 threshold.  

That said, we should be aware that U.S. law does not allow CMS to use cost-effectiveness 
criteria to make coverage decisions, but specifies that technologies must be covered if they are 
necessary and reasonable for diagnosis or treatment of conditions, which has not been clearly 
defined. Nevertheless, prior research shows cost-effective technologies are more likely to get 
coverage and fewer restrictions on access (Chambers et al., 2012).  

The economic benefits of MPKs are comparable to other medical technologies commonly 
reimbursed by U.S. payers. We reviewed the literature on total knee arthroplasty and 
prophylactic cardioverter defibrillator implantation, two commonly used devices in the Medicare 
population, and found that the average ICERs for these two technologies are $14,572 and 
$76,396 per QALY, respectively (Losina et al., 2009; Ruiz et al., 2013; Waimann et al., 2014; 
García-Pérez et al., 2015; Elmallah et al., 2017). It appears that the economic benefits of MPKs 
are comparable to those of total knee replacement and better than the implantable cardioverter 
defibrillator. Therefore, MPKs do provide good value for money from a societal perspective.  

Limitations  
In general, there is a dearth of research that compares advanced prosthetics with conventional 

prosthetics directly, specifically MPKs to NMPKs. For a number of model parameters, we had to 
use published studies examining a nonamputee population. For example, the proportion of 
medical falls to all falls came from the nonamputee literature. We also needed to make the 
assumption that the cost of osteoarthritis in an amputee population was similar to that in a 
nonamputee population. The estimates of these model parameters from a nonamputee population 
could be different for an amputee population.  

The quality of the studies used to extract model parameters was not ideal in terms of sample 
size, observation period, and the population examined. The existing studies that compare MPKs 
and NMPKs are either prospective or retrospective cohort studies, but they often have small 
sample sizes that could lead to large uncertainty in estimates of the impact of MPKs. For 
example, the two studies used to derive the average number of falls per faller have a sample size 
of 19 and eight, respectively (Kahle, Highsmith, and Hubbard, 2008; Wong, Rheinstein, and 
Stern, 2015). Lacking other sources that better represent the target population, we included the 
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estimates for probability of falling from a dissertation by Dederer (2013), which is based on a 
relatively large sample of 151 community-dwelling transfemoral amputees.  

The absence of literature also represents a major limitation in determining costs associated 
with osteoarthritis. While it is generally accepted that differences in gait mechanics manifest in 
the development of osteoarthritis, there are no studies that demonstrate the causality. Expert 
consultation suggested that knee moments may represent a reasonable surrogate for the 
development of osteoarthritis; however, in the absence of long-term studies, it is a true 
limitation. 

In addition, studies comparing MPKs to NMPKs are short-term in nature, with an 
observation period varying between several weeks to one year. For the studies with an 
observation period of less than one year, we had to extrapolate the findings beyond the study 
period for modeling purposes. One limitation of having short-term studies is that long-term 
health outcomes have not been studied, such as obesity, diabetes, and cardiovascular diseases. 
Because we were not able to include these long-term outcomes, we might have underestimated 
the economic impact of MPKs. This also affected our decision to model the economic outcomes 
for a ten-year time horizon, although it is likely sufficient for payers’ decisionmaking.  

Another limitation of existing studies is that they focus on younger amputees and K3 or K4 
amputees and, as a result, the effects of MPKs on various outcomes might not be the same in the 
Medicare population. For the same reason, we do not have strong confidence in the sensitivity 
analyses for the K1 and K2 population based on current data, where the differences from the 
main analysis were the baseline mortality and the prevalence of osteoarthritis.  

One potential bias in the estimates of the impact of MPKs could be due to the industry 
sponsorship of the studies cited. One of the three studies, from which the probability of falling 
and the average number of falls per faller per year were extracted, was sponsored by the industry 
(Wong, Rheinstein, and Stern, 2015). Two out of the four studies contributing to the health 
utilities of MPKs were partially funded by the industry (Brodtkorb et al., 2008; Gerzeli, Torbica, 
and Fattore, 2009). Nevertheless, all industry-sponsored studies were conducted by academic 
researchers. 

Finally, there are limitations of ICERs. For example, the numerator of an ICER, or the cost 
difference between two devices, is influenced by current payment levels. If payment levels of 
MPKs and NMPKs change in the future, the ICERs will change accordingly. Also, by default, 
MPKs are compared with NMPKs when calculating ICERs. However, it is possible that some 
amputees do not use NMPKs because of their limited functional improvement. The emergence of 
MPK technology may lead to MPK usage among these amputees. In this scenario, MPKs should 
be compared with no prosthetic knees, for which we do not have data at this point.  
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Chapter  Five.  Conclusion  

Our study represents the first attempt to quantify the economic benefits of MPKs in the 
United States. Given the gaps in current knowledge, more studies are needed to expand the 
evidence on advanced prosthetics and to validate and refine our estimates. More research should 
be conducted in the areas of falls, fall-related costs, and osteoarthritis to either confirm the 
findings from the few existing studies we cited or fill the knowledge gaps for the amputee 
population. For example, the probabilities of falls and the average number of falls per faller per 
year were based on only three studies and most fall-related cost data came from studies of 
nonamputee populations. Similarly, more studies should be conducted to link osteoarthritis to the 
type of prosthetic used, because the current analysis is based on expert opinion. To further 
develop the simulation model, in the short term, studies can be conducted to establish the link 
between type of prosthetics and the quantifiable biomechanical metrics that can be connected to 
health outcomes based on existing studies. For example, external flexion moments associated 
with knee instability, or external adduction moments, have been demonstrated to be associated 
with osteoarthritis or cause varus deformity (Henriksen et al., 2014), but little research has 
examined the relationship between destabilizing external moments in transfemoral amputees and 
knee devices. More importantly, long-term population-based studies are often required to 
establish the link between type of prosthetics and health outcomes that can only be measured 
during a long observation time period, including obesity, diabetes, or cardiovascular disease. The 
prosthetics research community may leverage existing medical record data and claims data, or 
establish patient registries for prosthetics users and accumulate data for future long-term studies. 
Finally, it might be fruitful to develop methodologies to convert PEQ scores to health utility 
scores, or develop a preference-weighted utility score system directly, which can be used for 
quality of life adjustment purposes.  

Given the rapid advances in prosthetics technologies, the reimbursement system often lags 
behind and such challenges may signify a need to shift the dialogue from a cost-driven payment 
approach to a value-based payment approach, which is consistent with where the U.S. health care 
system is headed. For example, CMS is moving quickly toward the goal of tying 50 percent of 
payments to value by 2018 (CMS, 2016). The prosthetics industry and payers may consider 
similar payment arrangements for prosthetics. As a matter of fact, the prosthetics industry has a 
good start because the current L code–based system bundles devices and services together, 
probably due to a significant need for customization in fitting; such a bundled payment method is 
exactly what CMS is advocating for joint replacement and treatments of other medical 
conditions. In contrast, cost-driven payment approaches, such as competitive bidding, tend to 
separate prosthetics from services, which could potentially negatively impact patient outcomes 
because prosthetics fitting requires significant customization. However, in setting up a payment 
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system to tie payments to outcomes associated with L codes or incorporate risk-sharing 
arrangements, sophisticated methodologies and robust evidence have to be developed. The 
industry has recognized the need for evidence, as reflected in AOPA’s Prosthetics 2020 Initiative 
that will build the infrastructure needed for evidence generation, such as establishing patient 
registries and collecting clinical and economic data. The initiative will help facilitate such a 
transition, while our analysis and the research gaps identified could serve as a good starting 
point. 

In summary, the existing published literature shows that among transfemoral amputees, 
MPKs are superior to NMPKs in improving parameters of physical function, such as walking 
speed, gait symmetry, and obstacle assessments. Those improvements lead to fewer falls and 
lower incidences of osteoarthritis in the intact limb. Economically speaking, MPKs also provide 
good value for the money compared with NMPKs. The economic benefits of MPKs are 
comparable to widely reimbursed technologies, such as total knee replacement and the 
implantable cardioverter defibrillator. It should be emphasized that the current analysis probably 
underestimates the clinical benefit and thus the value for money of MPKs because the effect on a 
number of outcomes, such as back pain and cardiovascular disease, could not be included in the 
model due to lack of data. If they become available, those data may increase the overall impact 
of MPKs.	
  More long-term population-based studies are warranted to overcome the limitations of 
existing studies and provide better evidence for a value-based payment system for prosthetics.  
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Appendix  

Table  A.1.  Medicare  Functional  Classification  Levels  

K-­Level   Descriptor   Foot/Ankle   Knee  

K0   This  patient  does  not  have  the  ability  or  potential  to  
ambulate  or  transfer  safely  with  or  without  assistance,  and  
a  prosthesis  does  not  enhance  his  or  her  quality  of  life  or  
mobility  

Not  eligible  for  
prosthesis  

Not  eligible  for  
prosthesis  

K1   This  patient  has  the  ability  or  potential  to  use  a  prosthesis  
for  transfers  or  ambulation  on  level  surfaces  at  fixed  
cadence—a  typical  limited  or  unlimited  household  
ambulator  

External  keel,  SACH  
feet,  or  single-­axis  
ankle/feet  

Single-­axis,  
constant-­friction  
knee  

K2   This  patient  has  the  ability  or  potential  for  ambulation  with  
the  ability  to  traverse  low-­level  environmental  barriers,  such  
as  curbs,  stairs,  or  uneven  surfaces—a  typical  community  
ambulator  

Flexible-­keel  feet  and  
multiaxial  ankle/feet  

Single-­axis,  
constant-­friction  
knee  

K3   This  patient  has  the  ability  or  potential  for  ambulation  with  
variable  cadence—a  typical  community  ambulator  with  the  
ability  to  traverse  most  environmental  barriers  and  may  
have  vocational,  therapeutic,  or  exercise  activity  that  
demands  prosthetic  use  beyond  simple  locomotion  

Flex-­foot  and  flex-­
walk  systems,  
energy-­storing  feet,  
multiaxial  ankle/feet,  
or  dynamic-­response  
feet  

Fluid  and  pneumatic-­
control  knees  

K4   This  patient  has  the  ability  or  potential  for  prosthetic  
ambulation  that  exceeds  basic  ambulation  skills,  exhibiting  
high  impact,  stress,  or  energy  levels—typical  of  the  
prosthetic  demands  of  the  child,  active  adult,  or  athlete  

Any  are  appropriate   Any  are  appropriate  

SOURCE:  Table  data  found  in  Hafner  and  Smith,  2009,  and  derived  from  CMS.  
NOTE:  SACH  =  solid  ankle  cushion  heel.    
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Table  A.2.  Baseline  Characteristics  of  Medicare  Patients  with  a  Unilateral  Transfemoral  
Amputation,  2011–2014  

Characteristics  
K1/K2  Patients  

  
K3/K4  Patients  

NMPK  Prosthetics      MPK  Prosthetics   NMPK  Prosthetics  
CPT  codes   Presence  of  L5321  

but  not  the  CPT  
codes  for  MPKs  

   Presence  of  L5321  
and  any  of  the  
following  codes:  
L5856,  L5857,  
L5858,  L5859  

Presence  of  L5321  
but  not  the  CPT  
codes  for  MPK  

Number  of  patients   878      549   348  
Age              
Mean   72.5      65.0   66.2  
Standard  deviation   11.1      12.3   11.9  
1st  percentile   47      29   30  
25th  percentile   66      58   59  
50th  percentile  (median)   72      67   67  
75th  percentile   81      73   73  
99th  percentile   94      88   92  

Gender              
Female   44.8%      25.7%   33.9%  

Race/ethnicity              
White   59.0%      77.6%   57.8%  
Black   28.8%      16.4%   32.8%  
Hispanic  and  other   12.2%      6.0%   9.5%  

All-­cause  mortality              
Death  within  1  year  of  device  fitting   20.2%      6.0%   13.5%  
Death  within  2  years  of  device  fitting   32.8%      12.2%   26.1%  

Etiology              
Trauma   41.3%      37.5%   39.1%  
Vascular  disease   56.8%      56.5%   56.9%  
Cancer   *      2.7%   *  
Other   *      3.3%   *  

Chronic  conditions              
Obesity   5.9%      6.4%   4.9%  
Diabetes   61.8%      45.2%   54.6%  
Rheumatoid  arthritis/osteoarthritis   45.8%      41.7%   39.4%  
Low-­back  pain   28.2%      29.5%   30.5%  
Depression   29.2%      24.8%   25.6%  
Acute  myocardial  infarction   5.5%      3.1%   6.0%  
Ischemic  heart  disease   69.5%      58.8%   62.1%  
Stroke/transient  ischemic  attack   13.9%      7.5%   9.5%  
Chronic  obstructive  pulmonary  disease   35.4%      27.7%   37.9%  
Atrial  fibrillation   17.7%      12.2%   12.9%  
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Characteristics  
K1/K2  Patients  

  
K3/K4  Patients  

NMPK  Prosthetics      MPK  Prosthetics   NMPK  Prosthetics  
Heart  failure   48.3%      25.7%   36.2%  
Hypertension   88.7%      78.3%   83.3%  
Osteoarthritis  (hip)   9.1%      8.4%   8.3%  
Osteoarthritis  (knee)   16.3%      20.6%   16.7%  

NOTES:  CPT  =  Current  Procedure  Terminology.  The  analysis  included  all  patients  who  had  a  unilateral  transfemoral  
amputation  and  received  a  prosthetic  device  during  2012–2013,  allowing  for  a  12-­month  observation  period  pre-­  and  
postdevice  fitting  for  baseline  and  follow-­up,  respectively.  There  was  a  total  of  2,635  Medicare  beneficiaries  included  
in  the  analysis,  with  860  of  them  having  a  missing  K-­level  classification.  After  2011,  only  K3  or  K4  patients  were  
eligible  for  MPKs  under  Medicare  reimbursement  rules.  The  mortality  rate  for  K1/K2  and  K3/K4  patients  is  18.0  
percent  and  9.3  percent,  respectively,  and  the  knee  osteoarthritis  prevalence  is  16.3  percent  and  19.1  percent,  
respectively.  Asterisks  indicate  device  categories  and  cells  with  fewer  than  11  observations  (including  zero)  or  are  
otherwise  blinded  for  Health  Insurance  Portability  and  Accountability  Act  (HIPAA)  compliance.  
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Table  A.3.  Model  Parameters,  Assumptions,  and  Data  Sources  

Model  Parameter   Base  Case   Range   Data  Sources   Comments  
Probability  of  falling  per  year        

Kahle,  Highsmith,  
and  Hubbard,  2008;;  
Dederer,  2013;;  

Studies  with  larger  
sample  sizes  and  longer  
study  observation  periods  

needed  

MPK   26.00%   22.20–32.00%  

NMPK   82.00%   75.00–87.50%  

Proportion  of  medical  falls   10.40%   6.20–19.60%  

Schiller,  Kramarow,  
and  Dey,  2007;;  

Kelsey  et  al.,  2010;;  
Verma  et  al.,  2016  

Data  from  an  amputee  
population  needed  

Proportion  of  fatal  medical  falls   7.00%   6.30–7.70%*   Sterling,  O’Connor,  
and  Bonadies,  2001  

Data  from  an  amputee  
population  needed  

Proportion  of  major  injury  falls   40.00%   32.60–40.00%   Kim  et  al.,  2016;;  
Mundell  et  al.,  2017  

More  data  from  an  
amputee  population  

needed  Proportion  of  minor  injury  falls   53.00%   53.00–60.50%  
Average  number  of  falls  per  faller  
per  year        

Kahle,  Highsmith,  
and  Hubbard,  2008;;  

Wong,  2015  

Studies  with  larger  
sample  sizes  and  longer  
study  observation  periods  

needed  

MPK   3.20   2.00–3.20  

NMPK   3.87   1.86–3.87  

Odds  ratio  of  falling  in  year  4  
versus  year  1   0.53   0.48–0.58*   Miller  et  al.,  2001   Data  from  an  MPK  

population  needed  

Medical  cost  per  major  injurious  fall   $24,844.52   $16,978.61–
$31,707.24   Burns,  Stevens,  and  

Lee,  2016;;  Kim  et  
al.,  2016;;  Mundell  et  

al.,  2017  

More  data  from  an  
amputee  population  

needed  Medical  cost  per  minor  injurious  fall   $1,332.47   $620.69–
$6,005.62  

Medical  cost  of  fall-­related  death   $27,337.76   $27,337.76–
$29,578.20  

Stevens  et  al.,  2006;;  
Burns,  Stevens,  and  

Lee,  2016  

Data  from  an  amputee  
population  needed  

Caregiving  expenses  per  person  
per  year        

Gerzeli,  Torbica,  
and  Fattore,  2009;;  
Bureau  of  Labor  
Statistics,  2015a;;  
Bureau  of  Labor  
Statistics,  2015b;;  
Pension  Rights  
Center,  2016  

U.S.  studies  needed  

MPK   $2,754.29   $2,478.86–
$3,029.72*  

NMPK   $3,477.60   $3,129.84–
$3,825.36*  

Lost  wages  per  person  per  year        
MPK   $1,669.11   $1,502.20–

$1,836.02*  

NMPK   $2,144.06   $1,929.65–
$2,358.47*  

Transportation  expenses  per  
person  per  year        

MPK   $463.46   $417.11–$509.81*  
NMPK   $300.36   $270.32–$330.40*  

Baseline  prevalence  of  
osteoarthritis  (knee)         Medicare  claims  

data  2011–2014  

  

K1/K2   16.30%   14.67–17.93%*  

K3/K4   19.10%   17.19–21.01%*  
Probability  of  developing  
osteoarthritis  per  year        

Kaufman  et  al.,  
2007;;   Long-­term  studies  needed  
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Model  Parameter   Base  Case   Range   Data  Sources   Comments  
MPK   1.50%   1.35–1.65%*   expert  opinion  

NMPK   2.21%   1.99–2.43%*  

Osteoarthritis-­related  medical  cost  
per  year   $6,639.72   $996.41–

$14,682.92   Xie  et  al.,  2016   Data  from  an  amputee  
population  needed  

Osteoarthritis-­related  indirect  cost  
per  year   $1,084.21   $606.89–

$1,192.63  

Berger  et  al.,  2011;;  
Dibonaventura  et  

al.,  2011  

Data  from  an  amputee  
population  needed  

Baseline  mortality  rate         Medicare  claims  
data  2011–2014     K1/K2   18.00%   16.20–19.80%*  

K3/K4   9.31%   8.38–10.24%*  
Device  acquisition  cost  in  ten  years        

2016  Medicare  fee  
schedule;;  

Medicare  claims  
data  2011–2014;;  
expert  opinion  

  

MPK  (plus  one  replacement)   $56,000.00   $44,750.00–
$58,118.00  

NMPK  (plus  two  
replacements)   $16,500.00   $7,785.00–

$22,101.00  
Device  repair  cost  per  year        

MPK   $192.23   $173.01–$211.45*  

NMPK   $135.95   $122.36–$149.55*  
Physical  therapy  cost  in  year  1        

MPK   $1,986.68   $1,788.01–
$2,185.35*  

NMPK   $1,648.62   $1,483.76–
$1,813.48*  

Physical  therapy  cost  in  year  2        
MPK   $1,621.68   $1,459.51–

$1,783.85*  

NMPK   $1,347.47   $1,212.72–
$1,482.21*  

Health  utilities        
Brodtkorb  et  al.,  
2008;;  Gerzeli,  
Torbica,  and  
Fattore,  2009;;  

Seelen  et  al.,  2009;;  
Cutti  et  al.,  2017  

U.S.  studies  needed  
MPK   0.82   0.75–0.83  

NMPK   0.66   0.60–0.92  

Discount  rate   3.00%   2.00–5.00%   Sanders  et  al.,  2016     
NOTE:  Asterisks  indicate  that  there  are  no  range  values  directly  from  the  literature;;  in  the  sensitivity  analyses,  the  range  
values  were  derived  through  varying  the  base  case  value  up  and  down  by  10  percent.  The  design  of  the  studies  
comparing  the  effectiveness  of  MPKs  to  NMPKs  include  prospective  cohort  studies  (Kahle,  Highsmith,  and  Hubbard,  
2008;;  Dederer,  2013;;  Wong,  Rheinstein,  and  Stern,  2015;;  Gerzeli,  Torbica,  and  Fattore,  2009);;  retrospective  cohort  
studies  (Seelen  et  al.,  2009;;  Cutti  et  al.,  2017);;  and  a  cross-­sectional  study  (Brodtkorb  et  al.,  2008).  
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Figure  A.1.  Potential  Pathways  Through  Which  MPKs  Impact  Clinical  and  Economic  Outcomes    

 
NOTE:  CVD:  cardiovascular  diseases.  The  boxes  with  type  in  white  represent  the  medical  conditions  for  which  we  

could  not  find  data  in  the  literature.    
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Figure  A.2.  Fall-­Related  Transitional  Probabilities  and  Associated  Cost  Outcomes  

 

NOTE:  All  of  the  proportions  shown  in  the  figure  represent  the  transitional  probabilities  that  enter  the  simulation  
model  (see  Table  A.3  for  the  data  sources).  The  parameters  in  red  are  the  base  case  input  values.  Medical  (or  
injurious)  falls  are  defined  as  falls  that  require  medical  attention.  Medical  falls  were  further  categorized  by  severity  
due  to  their  cost  implications,  where  minor  injuries  only  require  visits  to  a  physician’s  office  or  an  emergency  room,  
while  major  injuries  necessitate  hospitalizations  or  admission  to  a  skilled  nursing  facility.  All  costs  are  in  in  2016  U.S.  

dollars.    
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Figure  A.3.  One-­Way  Sensitivity  Analysis  of  Total  Cost  

 

NOTE:  The  red  bars  represent  reductions  in  total  cost  per  person  per  year,  whereas  the  blue  bars  represent  
increases  in  total  cost.  All  costs  are  in  2016  U.S.  dollars.    



 33 

Figure  A.4.  Incremental  Cost  and  Effectiveness  of  MPKs  Compared  with  NMPKs  in  K1/K2  
Amputees  

 

NOTE:  The  results  are  from  the  probabilistic  sensitivity  analysis  with  1,000  replications.  All  costs  are  in  2016  U.S.  
dollars.  
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