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Abstract

Background: Traditional socket prostheses are not a viable option for all
lower-limb prosthetic users. Discomfort, pain in the residual limb, and
problems related to the fit of the socket are common and have been shown
to negatively impact quality of life and mobility. Osseointegrated or bone-
anchored prosthetic implants have evolved over the past 2 decades as a
promising alternative for patients who are experiencing substantial issues
with socket prostheses.

Methods: A review of the literature was performed to identify studies
focusing on the evolution, clinical outcomes, success rates, and compli-
cations of osseointegrated lower-limb prostheses. Articles were summa-
rized according to the implant type, amputation level, and study
characteristics, with rating of the Level of Evidence. Information on patient
selection criteria, outcomes, and complications was extracted.

Results: Fourteen articles (with Level-Il, Ill, or IV evidence) met the inclusion
criteria. Infection and soft-tissue irritation at the stoma were the most
common complications. It is evident that, over the years, changes in
implant design, surgical technique, perioperative and postoperative care,
and rehabilitation protocols have resulted in improvements in functional
outcomes and health-related quality of life, and reduction in rates of
complications.

Conclusions: Osseointegration for limb amputation has become an
established clinical treatment option for persons with lower-limb ampu-
tation not tolerating traditional socket prostheses. Osseointegration could
provide substantial benefits regarding function and quality of life for
appropriately selected patients who accept the documented risks.

Level of Evidence: Therapeutic Level IV. See Instructions for Authors for
a complete description of levels of evidence.
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19%>* of all major extremity injuries
sustained, which has potendially shifted
the prevalence of amputations to youn-
ger individuals, including a higher
prevalence of multiple limb
amputations5 .
Prosthetic limbs have evolved, with
substantial technological advancements
in the past 2 decades, but there are still
limitations to their use. The conven-
tional method of attaching a prosthetic
limb to the body is through a custom-
designed socket®. The socket must fit
securely to the residual limb to maximize
comfort, to transmit the forces of the
skeleton to the ground through the in-
terposing soft tissues, and to allow the
movement of the residual limb to con-
trol the artificial limb. The quality of the
interface between the residual limb and
the socket is one of the most critical as-
pects for the success of any prosthesis,
complicated by the fact that the residual
limb is a dynamic organ (i.., it tends to
atrophy over time, or may swell with
heat or weight gain), which can lead to
irritation and loss of socket fit'. Dis-
comfort and problems related to the fit
of the socket are common and have been
shown to negatively impact the quality
of life and mobility of the user”'®. The

Osseointegration for Lower-Limb Amputation

most commonly faced issues with socket
prostheses reported in a survey of 97
individuals with transfemoral amputa-
tion included heat or sweating in the
prosthetic socket (72%), sores or skin
irritation from the socket (62%), in-
ability to walk in woods and open fields
(61%), inability to walk quickly (59%),
and pain in the residual limb (51%)°.
Other studies have shown that between
one-fourth of 78 participants inter-
viewed® and one-third of 935 partici-
pants interviewed'® expressed
dissatisfaction with their prosthesis; they
reported problems with wounds, skin
irritation, and pain and considered
themselves to have a poor or extremely
poor quality of life".

These problems led to the devel-
opment of new techniques of attaching
prosthetic components directly to the
skeleton of the residual limb, thereby
bypassing the need for a socket interface.
Osseointegration refers to the direct
structural and functional connection
between living bone and the surface of
an artificial metal implant] 1 providing
stable fixation between remodeled bio-
logical tissues and a titanium implant
without initiating rejection mecha-
nisms'2. In the 1950s, Per-Ingvar

Total Search Results: 475
Pubmed (129)

EMBASE (126)

Scopus (53)

CINAHL (46)

Web of Science (116)
Cochrane Central (5)

Brinemark used a titanium implant
chamber to study blood flow in rabbit
bone and noted that the chambers could
not be removed at the end of the exper-
iment'?. Following this remarkable
discovery that bone can integrate with
titanium components, he coined the
term osseointegration.

Direct skeletal fixation by
osseointegration is currently used in to-
tal joint replacements, dental implants,
the edentulous mandible, craniofacial
deficiencies, maxillofacial reconstruc-
tion, orbital prostheses, bone-anchored
hearing aids, and, since the 1990s, per-
cutaneous implants for attachment of
prosthetic limbs. The use of osseointe-
grated prosthetic implants for limb am-
putation is now being performed in
several centers in the world, and re-
cently, in the United States, clinical trials
are under way with a U.S. Food and
Drug Administration Humanitarian
Use Device designation14. Various
osseointegration approaches have
emerged and have evolved over the past
several years. This goal of this article was
to present a comparative descriptive
review of the use, safety, and reported
outcomes of lower-limb osseointegrated
prosthetic implants.

v

446 met the primary
exclusion criteria or
were duplicates

Fig. 1
Flow diagram of search results.

29 unique results met the
inclusion criteria

criteria

15 met the secondary exclusion

5| Non-English (5)
Conference abstracts (4)
Systematic reviews (3)
Protocols only (2)

Case studies (1)

14 articles included in the
review
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TABLE | iteria and Contraindications in the Published Literature

Summary of Patient Selection

Patient selection criteria

Problems with conventional socket prostheses 82023252830

Discomfort, pain, poor suspension, or an inability to use conventional socket prostheses at all' %232

Recurrent skin infections and ulceration, a short stump, soft-tissue scarring, volume fluctuation of the stump, extensive areas of skin grafting,
socket retention problems due to excessive perspiration>°

Expected to have problems with conventional prosthesis°

Have reached full skeletal maturity'820-222425:30

Normal skeletal anatomy'2°
Age criteria: <70 years'#2%3°, >18 years*>?°, or >20 years®

Be suitable for surgical procedure on the basis of medical history and physical examination
20,25,30

18,20,30
Agree to comply with the treatment program and follow-up

Contraindications

Severe peripheral vascular disease'®202%2425.28,29

Dia bete520,22,24,25,28,29

Current chemotherapy treatment
24,25,28,29

18,19,22,24,25,28,29 19,20,24,28,29

, corticosteroid use'®, or immunosuppressant drugs
Limb exposure to radiation

Preg na ncy1 8,20,22,28,29

Mental illness or disabling psychiatric disorder?>2>28:2°

24,25,28,29

Smoking , encouraged to quit or decrease

Osteoporosis>?, atrophic bone conditions®*
Body weight in excess of 100 kg'®3°

Infection®?, not further specified

Skin disease involving the amputated limb*°

Noncompliant during preoperative screening and evaluation?2°

Satisfied with conventional socket technology®*

Materials and Methods

A computer-based literature search was
performed to identify studies focusing
on osseointegrated lower-limb prosthe-
ses. Our search utilized the following
databases from their inception to April
7,2017: PubMed, Embase, Scopus,
CINAHL, Web of Science, and
Cochrane Central Register of Con-
trolled Trials. The search terms used
(truncation indicated with an asterisk)
were: (osseointegrat® OR bone-
anchored OR bone anchored) AND
(prosthe*) AND (leg OR lower limb*
OR lower extremit* OR transfem*
OR transtib*). The following MeSH
keywords were also used if they
were required by the database:
Osseointegration, Prostheses and
Implants, Artificial Limbs, Leg,
Femur, and Tibia.

Inclusion criteria were articles
pertaining to physical, functional, and
health-related quality-of-life outcomes,
implant survival rate, infections, and
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complications. Primary exclusion crite-
ria were articles pertaining to animal
models; loading or stress evaluation;
biomechanical, radiographic, microbio-
logical, or histological evaluation; the
upper limb; and myoelectric implants.
Secondary exclusion criteria were study
protocols, single-case studies, systematic
reviews, conference abstracts, and arti-
cles in languages other than English.
Data on clinical outcomes, walking
ability, quality of life, infections, and
other complications were systematically
extracted and were tabulated to illustrate
the published evidence on efficacy and
safety of lower-limb osseointegrated
prostheses. Although the protocol for
this review generally followed the
PRISMA-P (Preferred Reporting Items
for Systematic Review and Meta-
Analysis Protocols) guidelinesls, meta-
analysis was deemed infeasible because
of heterogeneity in the surgical tech-
nique, implant design, study design,
methodology, follow-up times, and

reported outcomes. Included studies
were individually assessed with regard to
the Level of Evidence as per the Centre
for Evidence-Based Medicine'®.

Results

Fourteen articles were included in this
review (Fig. 1): with regard to Level of
Evidence, 5 were Therapeutic Level II,
5 were Therapeutic Level III, and 4 were
Therapeutic Level IV. All studies were
evaluated as having a risk of bias inherent
to nonrandomized prospective and ret-
rospective cohort studies, with lack of
blinding of participants or study per-
sonnel, and patient selection criteria in-
cluding individuals currently having
difficulties (and therefore more likely
to show improvement).

Published patient selection criteria
were relatively consistent across studies
and are summarized in Table I. A tabu-
lated descriptive summary of study
characteristics is provided in Table II,
reported clinical outcomes are provided
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TABLE Il Patient Characteristics per Article in the Published Literature*
Reference Type of Implant Study Design LOE Period of Follow-up No. of Subjects
Sullivan (2003)%° OPRA 1997-2003 Retrospective, Il NR 11
descriptive
Hagberg (2008) '8+ OPRA 1999-2004 Prospective cohort (i.e., I 2yr 18
consecutive patients)
Hagberg (2009)"° OPRA 1990-2008§ Retrospective 1] 3moto17.5yr 100
Tillander (2010)? OPRA 2005 Retrospective \Y 3yr 39
Branemark (2014)°%#  OPRA 1999-2007 Prospective cohort Il 2yr 51
Hagberg (2014)3"#* OPRA 1999-2007 Prospective cohort Il 2yr 39
Aschoff (2010)* ILP 1999-2009 Retrospective I NR 37
Van de Meent ILP 2009-2011 Prospective case-control Il 12 mo 22
(2013)*
Juhnke (2015)** ILP 1999-2013 Retrospective I Group 1: 74 mo (range, 6 69: 30 in Group 1 (Design
comparative, treated over to 144 mo); Group 2: 32 A or B) and 39 in Group 2
15 yr with 3 types of mo (range, 1 to 59 mo) (Design C)
implant design
Al Muderis (2016)%° ILP 2009-2013 Prospective cohort vV Median, 34 mo 86
Khemka (2015)%° OPL (custom Case series v 1to3yr 4
total knee
replacement)
2012-2014
Khemka (2016)%” OPL (custom Case series vV 1.5t02.5yr 3
with total hip
replacement)
2013-2014
Al Muderis (2016)?® ILP and OPL 2011- Prospective cohort Il Minimum, 1 yr; mean, 50
2014 21.5mo
Al Muderis (2017)%° OPL 2013-2014 Retrospective cohort I} 1yrmedian (mean, 14 mo 22
[range, 10 to 30 mo])
*LOE = Level of Evidence, and NR = not reported. tThe values are given as the mean, with or without the standard deviation, in years, with or without
the range in parentheses. +These data were subsequently reported by Branemark et al. (2014)%°. §Note that the change in protocol occurred in 1999.
#The preliminary report was by Hagberg et al. (2009)'®. **This was the same cohort as that in the study by Branemark et al. (2014)%.

in Table ITI, and complications are pre-
sented in Table IV. Comparison across
groups was challenging as not all centers
reported the same outcomes; however,
literature consistently reported im-
proved functional mobility, physical
performance, and physical health, as
well as several domains of health-related
quality oflife after osseointegration. The
most frequently used outcome measure
was the Questionnaire for Persons with
a Transfemoral Amputation (Q-TFA),
designed and validated for evaluating

prosthetic use, mobility, problems, and
global health of patients using lower-
limb prostheses”, with demonstrated
criterion validity relative to the Short
Form-36 Health Survey (SF-36).

The most common complication
was superficial skin infection at the

. 18-2
stoma site °

, typically managed by
local wound care and a course of
oral antibiotics. Deep infections®®
and/or removal of the implant due to

20,22,24,30

infection were reported less

commonly. With subsequent iterations

of design and rehabilitation protocols, a
reduction in the rates of complications
was observed. In the earliest iteration of
the Osseointegrated Prosthesis for the
Rehabilitation of Amputees (OPRA),
the infection rate was 66%>° in a study
with 51 subjects. In the most recent
prospective cohort of 86 subjects using
the Osseointegration Group of Australia
Accelerated Protocol (OGAAP), the in-
fection rate was 34%2°. This is consis-
tent with the iterative comparison
showing fewer infections with the most
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TABLE Il (continued)

Sex Aget
Ratio
(M:F) Level of Amputation At Amputation At Implantation Cause of Amputation
NR Transfemoral NR NR NR
8:10 Transfemoral 31 (14 to 60) 45 (22t0 62) Trauma (12), tumor (5), arterial
embolus (1)
61:39 Transfemoral 32 (10to 63) NR Trauma (67), tumor (21), vascular
including arterial embolus (3),
diabetes (2), infection (7)
21:18 Transfemoral (33), transtibial (1), NR 49 (28 to 74) “Either trauma or neoplasia”
transulnar (4), transradial (4),
transhumeral (3)
28:23 Transfemoral 32 (13 to 64) 44 (20 to 65) “Trauma and malignant tumour”
17:22 Transfemoral 31+ 148 44 += 124 Trauma (23), tumor (11), other (5)
30:7 Transfemoral 33 (14 1o 56) 44 (17 to 69) Trauma (30), tumor (4), other (3)
18:4 Transfemoral NR 46 (23 t0 67) Trauma (20), tumor (2)
56:13 Transfemoral NR Group 1:46 (17 to 69); Trauma (51), tumor (7), infection (3),
Group 2:45 (24 to 76) fourth-degree burn (1), other (7)
65:21 Transfemoral 32+ 14 48 = 14 Trauma (65), tumor (11), infection (8),
congenital (1), other (1)
31 Transtibial with socket-related 40 (23 to 69) (calculated) 55 (38to 77) Trauma (3), infection (1)
problems, arthritis,and/or a short
residuum (<40 mm)
1:2 Transfemoral with short 38 (34 to 46) (calculated) 49 (35 to 65) Trauma (2), tumor (1)
residuum (<10 cm) with socket-
related problems, arthritis, with
or without osteoporosis
34:16 Transfemoral NR 484 Trauma (32), tumor (8), infection (5),
blast injury (3), congenital (2)
17:5 Transfemoral NR 46 (20 to 67) Trauma (16), tumor (4), infection (2)
recent Integral Leg Prosthesis (ILP) de- loosening19’20, mechanical complica- Discussion

sign24. Encouragingly, the rate of severe
infection (deep bone infection or infec-
tion of the implant) was nil in the most
recent series”*>>?’, The safety study on
the Australian protocol also identified
specific patient risk factors for compli-
cations, namely, increased odds ratios
for women, with a sixfold higher risk of
severe infection; those with a body mass
index of >25 kg/m?, with a threefold
higher risk of mild infection; and
smokers, with a sevenfold higher risk of
recurrent infection®. Other noninfec-
tious complications (Table IV) included

24,25,28

fractures of the femur , implant

OCTOBER 2017 + VOLUME 5, ISSUE 10 + €10

20,30

tions with the abutment , revision

22,25,28

surgical procedures , soft-tissue

25:28.29 and implant

refashioning
breakage?>?®. Reports on phantom or
other limb pain were inconsistently
reported. Limited information on pros-
thetic components was provided'’;
however, most protocols mentioned the
importance of a safety device to prevent
excessive torque from being transmitted
to the implant'>*>%,

The discussion is presented in his-
torical order according to implant type
to illustrate the development and

evolution of the technology.

Osseointegrated Prosthesis for the
Rehabilitation of Amputees

Carrying on the work of Per-Ingvar
Branemark, a group in Sweden at

the University of Gothenburg led by
Rickard Branemark was the first to use
percutaneous osseointegrated implants
for lower-limb amputation in the 1990s.
Their implant and protocol are known
as OPRA (Integrum), involving a 2-
stage surgical procedure. In the first
stage, a threaded titanium implant is
inserted into the medullary canal of the
femur, and the soft tissue is closed
around the end of the limb. The second
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TABLE Il Reported Clinical Outcomes per Article in the Published Literature
Reported Clinical Outcomes

Reference Prosthetic Use Walking Quality of Life or Other

Sullivan 9 of 11 patients using prosthesis daily, Reduced perceived energy Improved proprioception;

(2003)*° all day consumption; ability to walk further and osseoperception or improved sensory
do more work wearing the feedback; perceived ability to participate
osseointegration prosthesis fullyinactivities of daily living; “no longer

felt disabled”

Hagberg 17 of 18 using osseointegration 14 of 17 osseointegration prosthesis SF-36 improved in physical component

(2008)8+ prosthesis with no restrictions at 2-yr users reported that they normally used a score (p = 0.001); Q-TFA significantly

follow-up; Q-TFA showed improved walking aid outdoors; Q-TFA prosthetic improved in problem score (p = 0.002)
prosthetic use (p = 0.013) mobility score significantly improved and global score (p = 0.002); overall
(p = 0.001); walking habit subscore improvements in general and condition
significantly improved (p = 0.013) specific health-related quality of life
Hagberg 68 of 100 patients (74 implants) using Subcohort results reported’”"?; 3 case Subcohort results reported'”'?; case
(2009)" osseointegration prosthesis; mean 5-yr studies reported using walking aid study Q-TFA improved in prosthetic use,
follow-up (3 mo to 17.5 yr); 3 case outdoors, unaided indoors mobility, and global score (7-yr follow-
studies reported full day prosthetic use up)
at 2-yr follow-up

Tillander Not reported Not reported Not reported

(2010*'

Branemark 47 of 51 patients using Q-TFA prosthetic mobility score SF-36 showed significant improvement

(2014)°t osseointegration prosthesis at the time significantly improved (p < 0.001) in general quality of life (p < 0.0001);

of follow-up; 92% (95% confidence Q-TFA scores improved (p < 0.0001):
interval, 80% to 97%) cumulative prosthetic use, prosthetic mobility,
survival after 2 yr; 89% using prosthesis global situation, and fewer problems
daily compared with 57% prior to
osseointegration
Hagberg Of 39 patients, increased prosthetic Walking energy cost (Physiological Cost 6 of 7 Q-TFA scores improved compared
(2014)*'% use reported by 26, same use reported Index) significantly decreased at 2-yr with baseline (p < 0.0001); physical
by 11, and less use reported by 2 follow-up (p < 0.0001); 21% reported functioning, physical component scores
walking 500 m without stopping several improved (p < 0.0001); single index of
days per week at baseline; this increased health (Short Form-6 Dimensions)
to >50% at the time of follow-up; no significantly improved (p = 0.007)
significant change in use walking aids

Aschoff Not reported Not reported 35 of 37 patients stated they would

(2010* choose to have the procedure again

under similar circumstances

Van de Prosthetic use significantly improved Significant improvements in 6-minute Significant improvements with

Meent (p < 0.001) with osseointegration walk test (27%; p = 0.002) and Timed osseointegration prosthesis compared

(2013)%3 prosthesis compared with socket Up-and-Go test (44%, p = 0.002); with socket prosthesis in Q-TFA global

prosthesis subjects with osseointegration score (p = 0.001) for prosthesis-related
prosthesis were capable of walking quality of life
further faster and with 18% less oxygen
requirements (p = 0.001) compared
with socket prosthesis

Juhnke Not reported Not reported Not reported

(2015*

Al Muderis Not reported Not reported Not reported

(2016)*

Khemka “Participants reported being able to All subjects improved ambulation and Improved SF-36 physical component

(2015)%° use their prosthesis all through the day activity level, daily number of steps, and and Q-TFA (p = 0.07); pain-free knee and

if needed” duration of physical activity (p = 0.1); 37 no phantom-limb sensation at the time
to 84 m improvement in 6-minute walk of follow-up, compared with
test (p = 0.07) preoperative phantom sensation and
pain
continued
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TABLE lll (continued)

walking at 1-yr follow-up (1 died)

test (30%) (p < 0.05) at 1-yr follow-up

Reference Prosthetic Use Walking Quality of Life or Other
Khemka Not reported Two of 3 patients changed from being Improved SF-36 (physical and mental
(2016)%” wheelchair-bound (K-level 0) to being components) and Q-TFA in all 3 patients
community ambulators (K-level 3); all 3 (p = 0.11); phantom-limb sensation was
patients were able to perform 6-minute reduced in all 3 patients; pain-free hip
walk test (>200 m) and Timed Up-and- and normal hip range of motion at the
Go test (<15 seconds) after time of follow-up
osseointegration
Al Muderis Not reported Significant improvements in Significant improvement in SF-36
(2016)%® amputation mobility predictor, K-level physical component summary (p <
(p = 0.001), Timed Up-and-Go test (p < 0.001) and Q-TFA global score (p <
0.01),and 6-minute walk test (p < 0.001); 0.001)
14 wheelchair-bound patients able to
perform mobility tests postoperatively
Al Muderis 9 of 10 wheelchair-bound patients Significant improvements in 6-minute Q-TFA and SF-36 scores were
(2017)%° using osseointegration prosthesis and walk test (128%) and Timed Up-and-Go significantly higher at the time of follow-

up than preoperatively (p < 0.05)

*These data were subsequently reported by Brinemark et al. (2014)%°. tThe preliminary report was by Hagberg et al. (2009)"°. $This was the same
cohort as that in the study by Branemark et al. (2014)%.

stage of the surgical procedure follows
6 months later, which includes the
attachment of a titanium extension,
known as an abutment, to the osseoin-
tegrated fixture. The soft tissues and skin
are closed around the abutment, to
which the prosthetic components can
then be directly connected. Varying
lengths of residual femur can be
implanted, with the most recently
reported series classifying the length of
the residual limb as long in 4 patients
(10%), medium in 27 patients (69%),
and short in 8 patients (21%)'. A re-
habilitation protocol following the sec-
ond surgical procedure®* was developed
in the late 1990s. The rehabilitation
protocol involves gradual loading of the
bone-implantinterface overa period of 6
months to stimulate and facilitate the
process of osseointegration. There is an
initial training period using a short
training prosthesis (4 to 6 weeks fol-
lowing the surgical procedure) and in-
volving axial weight-bearing and gentle
weight shifting, avoiding any rotation.
This is followed by gradually increased
prosthetic use using crutches (16 to 24
weeks following the surgical procedure)
to prepare the user for eventual unre-
stricted prosthetic use.

OCTOBER 2017 + VOLUME 5, ISSUE 10 + €10

To our knowledge, the first peer-
reviewed, descriptive, retrospective re-
port on osseointegrated implants for
transfemoral amputees was published in
2003° by a group in the United King-
dom. They reported that, at the time of
publication, 11 patients had undergone
both stages of the surgical procedure and
a comprehensive rehabilitation process.
Of'those patients, 9 were able to use their
osseointegrated prostheses every day,
and 2 required removal of the implant
due to infection.

The Branemark team’s first pro-
spective report on the outcome for in-
dividuals treated with OPRA implants
was published in 2008'®. Using 2 self-
reporting questionnaires, SF-36 and the
Q-TFA, the investigators reported that,
at the 2-year follow-up, 17 of 18 patients
were using the osseointegrated prosthe-
ses. Significant improvement was
reported in physical functioning, bodily
pain, prosthetic use, prosthetic mobility,
overall health, and all components of the
SE-36. The patients demonstrated a
general improvement in health-related
quality of life compared with their
preoperative quality of life.

In 2009, Hagberg and Branemark
presented the results of 100 patients

treated with osseointegrated trans-
femoral prostheses between 1990 and
2008"?. Tt was reported that the majority
of treatment failures occurred in patients
before a strict rehabilitation protocol
was established in 1999. By 2009, 68 of
100 patients were still using their pros-
theses; superficial infections treated with
oral antibiotics were the most common
complication, but 11 patients had per-
manent removal of the implant. The
implementation of graded rehabilitation
was found to be most effective for im-
proved results.

In a prospective study” of 51 pa-
tients treated with the OPRA protocol
between 1999 and 2007, 92% (47 pa-
tients) were using the osseointegrated
transfemoral prosthesis at the 2-year
follow-up; 89% used it daily compared
with 57% who had used the socket
prosthesis prior to the surgical proce-
dure. Improvement in physical func-
tion, prosthetic use, mobility, and
overall situation was reported. Superfi-
cial infection was reported to be the most
frequent complication, occurring 41
times in 28 patients. Four patients ex-
perienced deep infections, and 1 of them
required removal of the implant due to
loosening. Four patients experienced



JB&JS

REVIEWS

Osseointegration for Lower-Limb Amputation

TABLE IV

Reported Complications per Article in the Published Literature

Reference

Reported Complications

Infections

Other Complications

Sullivan
(2003)*°
Hagberg
(2008)'8*
Hagberg
(2009)"®

Tillander
(2010)*'

Branemark
(2014)%°+

Hagberg
(2014)*'+
Aschoff
(2010)*2

Van de Meent
(2013)%

Juhnke
(2015)*

Al Muderis
(2016)**

Khemka
(2015)%°

Khemka
(2016)%7
Al Muderis
(2016)%®

Al Muderis
(2017)%°

Two of 11 had internal fixture removed due to infection

Two of 18 patients had superficial infection at the skin penetration
area

Three case studies discussed as illustration of complications,
including 2 with superficial infections treated with oral antibiotics

Of 39 patients, 2 had implant infection at inclusion (at least 3 mo

after osseointegration) and 7 had experienced implant infections
at 3-yr follow-up; 7 had local infection in the 6-mo period preceding
inclusion, 4 were treated with oral antibiotics; 11 had a history of

local infection at the stoma during the 6-mo period before follow-
up, 6 were treated with short-term oral antibiotics

Superficial infection occurred 41 times in 28 of 51 patients; deep
infection occurred in 4 patients (immediately after first stage to 42
days after second stage), 3 treated with antibiotics and 1 with
removal of implant at 6 mo

Not reported

Fourteen of 37 subjects underwent minor revision due to stoma; 2
of these 14 were due to severe infection (but no deep infection)

Eight of 22 mild infections of soft tissue

Group 1 (first 2 ILP iterations): soft-tissue infections occurred in 13
of 31 early and 10 of 18 at the time of follow-up (late); Group 2 (most
recent ILP iteration): no soft-tissue infections in 38 patients

Of 86 patients, 29 had infections; of these 29 patients, 25 were low-
grade soft-tissue infections: 23 were treated with oral antibiotics,
1 was treated with parenteral antibiotics, and 1 required surgical
intervention; 4 were high-grade soft-tissue infections that required
surgical intervention

One case of superficial infection (of 4 patients), treated with oral
antibiotics; no deep infections

Superficial infection in 1 patient (of 3 cases); treated with oral
antibiotics

Of 50 patients, 21 experienced =1 soft-tissue infections: 13 were
treated with oral antibiotics, 5 were treated with intravenous
antibiotics, and 3 required surgical soft-tissue debridement; no
intramedullary (deep) bone infections

Of atotal of 22 patients, 15 cases of minor infection in 12 patients; of
these cases, 12 resolved with oral antibiotics and 3 resolved with
intravenous antibiotics

Five of 11 abutments replaced due to mechanical deformation with
falls; 2 abutments fractured

One implant loosening with pain during weight-bearing; unable to
wear the prosthesis

Of 100 patients, 20 had implants removed, 11 permanently (not
replaced); 4 patients with implant not using prosthetic limb due to
phantom pain, osteomyelitis, or contralateral limb problems

One implant extracted due to mechanical loosening in a previously
irradiated femur; 1 abutment removal due to chronic skin infection
(not included in follow-up)

Total of 46 of 51 patients had =1 complications; total of 101
complications, 49 classified as “serious” complications in 39
patients; implant removed in 4 patients (1 infection, 3 aseptic
loosening); 5 patients had episodic pain during rehabilitation,
without loosening; 4 patients with 5 fractures, 3 in the ipsilateral
hip, 1 below the elbow, and 1 vertebral compression; no peri-
implant fractures reported; 9 mechanical abutment complications
in 4 patients (6 in same patient), replaced with no long-term effect

No significant change in phantom-limb pain or bodily pain; other
complications reported elsewhere'®

Of 37 patients, 17 had no complications or minor complications
and 20 had =1 revisions; of these 20 patients, 4 required
explantation (1 due to intramedullary infection, 2 due to chronic
soft-tissue problems, 1 due to failure 7 yr after surgery), 2
successfully reimplanted; 14 of 37 patients had minor revision due
to stoma, 12 of which were exchange of coupler

Not reported

Group 1: 1 structural failure of implant, 4 explanations, 3 fractures,
77% had intervention due to soft-tissue stoma and 80% due to “any
unplanned intervention”; Group 2: no structural failures or
explantations, 2 peri-implant fractures (did not require implant
removal), and 1 intervention due to soft-tissue stoma

Of 86 patients, 31 had no complications or adverse events; 26 did
not develop infections but had =1 other complications requiring
intervention: stoma hypergranulation (17 patients); soft-tissue
redundancy (14 patients); proximal femoral fracture (3 patients);
implant replacement due to inadequate osseointegration (1
patient); implant breakage (2 patients)

No major complications or adverse events
No major complications or adverse events

Of 50 patients, 23 had no complications or adverse events and 27
patients experienced at least 1 adverse event; 10 patients
underwent soft-tissue refashioning; 4 patients sustained peri-
implant fractures as a result of falls and all 4 were managed without
interfering with the osseointegration of the implant; 2 patients
required implant revision

Six of 22 patients underwent elective soft-tissue refashioning; no
cases of revision surgery, fracture, or implant failure

*These data were subsequently reported by Branemark et al. (2014)°. +The preliminary report was by Hagberg et al. (2009)'°. £This was the same cohort as that
in the study by Branemark et al. (2014)%°.
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falls and 5 fractures; however, there was
no fracture involving the implant.

The authors reported on physical
health-related quality of life and walking
energy cost in a subset of 39 unilateral
transfemoral amputees who received the
OPRA prostheses and reported signifi-
cant improvements in prosthetic use,
mobility, walking habits, and overall
amputation situation®” at the 2-year
follow-up. Twenty-six patients reported
increased prosthetic use, and walking
energy cost was also significantly re-

duced (p < 0.0001).

Integral Leg Prosthesis

The success of the osseointegrated
prostheses in Sweden spurred design of
implants in Germany in the late 1990s.
The German implant design diverted
from screw-type fixation to intramed-
ullary press-fit, porous-coated, alloy
devices similar to those used in joint
arthroplasty. This group, led by Horst
Aschoff, termed their implant the Inte-
gral Leg Prosthesis (ILP) (ESKA Or-
thopaedic), although, in the first few
design iterations, it was known as the
Endo-Exo Femur Prosthesis. The in-
tramedullary implant had a porous
patented Spongiosa-Metal II surface
(Orthodynamics) for osseointegration
implantation without cement, which
was directly implanted into the residual
femur in a retrograde fashion during the
first stage of the surgical procedure. It
was reported that 12 to 15 cm of the
distal part of the femur was needed for
successful ILP implant-stem place-
ment*2, The initial design also utilized
a bone-stabilizing bracket attachment
that was deemed necessary to prevent
fatigue failure of the implant. Approxi-
mately 6 to 8 weeks later, a stoma was
created in the second-stage surgical
procedure to expose the distal aspect of
the implant and to attach a dual cone
adaptor for fixation of the prosthetic
components’?.

Thirty-seven transfemoral ampu-
tees were reported to have undergone
treatment with the ILP between 1999
and 2009%2, Twenty of 37 patients un-

derwent =1 revisions, with 4
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undergoing removal of the implant (2 of
these were subsequently successfully
replaced). Fourteen of the 37 patients
underwent minor revisions due to
problems at the stoma, typically as a re-
sult of soft-tissue irritation. It was de-
termined that the porous surface of

the transdermal coupler caused hyper-
granulation tissue, which was uncom-
fortable for the patient and necessitated
soft-tissue debridement procedures.
This led to subsequent design iterations
of the implant.

The next iteration of the ILP im-
plant in 2009 saw the incorporation of a
smoothly polished (nonporous) surface
for the coupler to reduce soft-tissue
irritation, elimination of the bone-
stabilizing bracket attachment, short-
ening of the bridging connector to adjust
to the deep soft-tissue channel, and
coating of the connector and bone-
capping portion of the osseointegrated
implant with a nonabrasive titanium
niobium oxynitride ceramic. Between
2009 and 2013, 39 patients were treated
with the final iteration of the ILP im-
plant®* and the results of these patients
were compared with 30 patients who
received the prior implant design. There
was a significant reduction in the rate of
stoma-associated infections, with a 77%
absolute risk reduction (p < 0.001) of
any interventions due to soft-tissue
problems at the stoma. All patients
remained infection-free using a simple
defined wound-hygiene protocol
(cleaning the site with mild soap and
water twice a day). The implant did not
have to be removed in any patient with
the final design of the ILP. For physical
rehabilitation, patients were engaged in
partial weight-bearing (crutch walking,
initially 5 to 10 kg) and a vertical posture
immediately after the second surgical
procedure and progressed to full weight-
bearing without crutches at 4 to 6 weeks
after the second surgical procedure.

In a prospective study, Van de
Meent et al.>? assessed walking ability
and quality of life of 22 transfemoral
amputees with ILP implants, compared
with their performance at baseline with
socket prostheses. At the 12-month

follow-up, overall, participants had sig-
nificantly improved prosthetic use (p <
0.001) and prosthesis-related quality of
life. The Q-TFA global score with the
osseointegrated prosthesis was signifi-
cantly higher at 68% (p < 0.005).
Prosthetic use improved by 45%, from
56 hours per week with the socket
prosthesis to 101 hours per week with
the osseointegrated prosthesis. Partici-
pants with the osseointegrated prosthe-
sis walked significantly faster, by 44%
(p < 0.005), and, at the preferred
walking speed, they used 18% less oxy-
gen (p < 0.005). During the 12-month
follow-up period, 8 participants had
mild infections of the soft tissue at the
stoma site. Overall, the participants in
this study experienced substantial im-
provement in their ability to walk and
prosthesis-related quality of life with
osseointegrated prostheses.

Al Muderis et al. reported on the
safety of press-fit ILP implants® used
in Australia and the Netherlands. In a
prospective study, they examined ad-
verse events in all patients with trans-
femoral amputation who were managed
with a press-fit implant between 2009
and 2013 at the 2 centers. Eighty-six
patients (some bilateral, for a total of
91 implants) were included in the study
and were followed for a median of 34
months. Thirty-one patients (36%) had
no complications, 29 developed an in-
fection (most resolving with oral anti-
biotics), and 26 did not develop an
infection but had 1 or more other com-
plications that required intervention.
Five infections required surgical de-
bridement with revision of the stoma.
Four patients had high-grade soft-tissue
infection with abscess formation that
needed surgical debridement. No pa-
tient experienced deep peri-implant
infection or implant failure due to in-
fection. Importantly, this article out-
lined a standard classification system
for infectious complications based on
clinical and radiographic findings™.

Osseointegrated Prosthetic Limb
The next development in the field
occurred in 2011 when Munjed Al
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Muderis at the Macquarie University in
Sydney, New South Wales, Australia,
introduced the Osseointegrated Pros-
thetic Limb (OPL) (Permedica). The
design of this implant is similar to the
ILP with a highly polished smooth
transcutaneous dual cone adaptor
coated with titanium oxide to minimize
soft-tissue friction, but also includes a
distal flare within the intramedullary
portion to assist with bone zmchorage25
and an option for inserting top cross-
screws for short residual limbs. Insertion
of the press-fit implant involves 2 sur-
gical stages, approximately 4 to 8 weeks
apart. In the firststage, the soft tissues are
prepared with refashioning of the
stump, excess subcutaneous fat is ex-
cised, neuromas are removed, and the
bone is prepared to accept the implant
(excision of irregular distal bone, ream-
ing of the medullary canal, and use of
locally obtained autologous bone graft
when needed). The intramedullary
component of the prosthesis is then
inserted to achieve mechanically stable
press-fit fixation. The second stage in-
volves the creation of the skin opening
and insertion of the transcutaneous
dual-cone adaptor. Externally, the
adaptor is fixed to a torque control safety
device, which then connects to the
prosthetic limb®®.

The Australian group developed
a well-defined rehabilitation and
outcomes tracking protocol, the
OGAAP-1. In a prospective study of 50
consecutive unilateral transfemoral am-
putees followed for a minimum of 1 year
post-surgery>®, adverse events were
tracked and were analyzed. These pa-
tients were fitted with either the ILP or
the OPL; therefore, this study evaluated
both press-fit implants with the same
rehabilitation and surgical protocol. It
was reported that a cross-screw was
inserted through the femoral neck if the
residuum was shorter than 16 cm. A
total of 23 patients (46%) did not ex-
perience any adverse events, 18 patients
(36%) had superficial infections that
resolved with antibiotics, and 3 patients
(6%) underwent surgical debridement.

Infections were confined to soft tissue,

Osseointegration for Lower-Limb Amputation

and no deep bone infection was reported.
Refashioning of the soft-tissue residuum
was performed on 10 patients because
of redundancy, and 4 patients experi-
enced periprosthetic fractures. There
was 1 implant fatigue failure and 1 failure
of osseointegration related to an under-
sized implant, both of which were
revised successfully.

The patients reported significant
improvements (p < 0.001) in their
global amputation situation (Q-TFA),
physical health-related quality of life
(SE-36), and walking mobility. This
included 14 patients who were
wheelchair-bound preoperatively and
were able to walk postoperatively. Pa-
tients were mobilizing with crutches ora
forearm support frame on the third day
and were discharged home 5 to 7 days
following the first surgical procedure.
After the second surgical procedure, the
rehabilitation protocol began with lim-
ited weight-bearing on day 3, and pa-
tients were discharged from the hospital
in 5 to 10 days, followed by outpatient
therapy. Patients progressed from the
surgical procedure to unaided walking in
approximately 4.5 months, contrasting
with the 9 to 12 months seen with pre-
vious screw-fit implants'®3", Press-fit
fixation appeared to provide adequate,
immediate stability to allow more rapid
rehabilitation, mobilization, and
ambulation.

More recently, a single-stage
procedure has been introduced by the
Osseointegration Group of Australia,
usinga prospective cohortstudy, which
began in April 2014%, Retrospective
preoperative and postoperative clinical
data on 22 patients receiving the OPL
implant in 1 stage with 1-year follow-
up®? showed significant improvement
in functional walking tests and global
scores (p < 0.05), with main compli-
cations of superficial infection (15
cases in 12 patients) and soft-tissue
refashioning surgical procedures (in 6
of 22 patients) but no implant failures.
Nine of 10 patients who were wheel-
chair-bound were able to perform
walking tests at the 1-year follow-up.
Further comment will need to be

reserved until publication of the pro-
spective 2-year follow-up data.
Khemka et al.?® also reported on
the feasibility of combining total knee
replacement with an osseointegrated
fixation to the residual tibia in a case
series of 4 transtibial cases, and on the
feasibility of combining total hip re-
placement with an osseointegrated
transfemoral implant in 3 cases®”. These
procedures utilized custom implants
integrated modularly to the joint re-
placement components. Clinical out-
comes were assessed at baseline and after
1 to 3 years of follow-up. All patients
showed improved clinical outcomes,
including 2 of the transfemoral patients
who were wheelchair-bound at baseline
becoming community ambulatory.
Khembka et al. reported superficial in-
fection in 1 patient in each case series

and no other major complications.

Additional Outcomes

To enhance understanding of the expe-
rience of living with an osseointegrated
prosthesis, Lundberg et al. conducted

a qualitative in-depth interview study
on patients using bone-anchored pros-
theticlimbs®*. All participants described
living with an osseointegrated prosthesis
as a revolutionary change in their lives.
All of them described drastic functional
changes and being able to sit comfort-
ably and not needing to spend as much
time managing the prosthesis, which
contributed to an improvement in their
quality of life. Many participants
reported feeling that the osseointegrated
prosthesis became an integrated part of
their body; it had strengthened the fee-
ling of having a “whole body,” which
influenced their way of looking at and
experiencing the world. This impact on
their sense of self had been so profound
that the patients believed that they could
be more the people who they were before
the amputation. Osseoperception is the
term used to describe the ability of pa-
tients with osseointegrated fixtures to
identify sensory thresholds transmitted
through their prostheses®®, and it is
thought that this phenomenon
contributes to enhancing patients’
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subjective sense of integrating the
osseointegrated prosthesis into their
body schema.

In contrast to the substantial evidence
on functional and quality-of-life benefits of
osseointegrationl8’20’23’26'29’31’34, there
is limited evidence on cost-effectiveness.
One study showed that, compared with
socket prostheses, users of osseointe-
grated prostheses made fewer follow-up
visits to the hospital or workshop, and
the mean total annual cost of new pros-
theses, services, repairs, and adjustments
was 14% lower for osseointegrated
prostheses than for socket-suspended
prosthescs%. Overall, there is insuffi-
cient evidence to address the cost-effec-
tiveness of osseointegrated prostheses,
and further longitudinal study is
required.

In conclusion, osseointegration for
limb amputation has become an estab-
lished treatment option in several areas
of the world, with specific patient se-
lection criteria, rehabilitation protocols,
and follow-up. Major clinical benefits
from osseointegrated prosthesis include
improved quality of life!®2%2>26-29-3134)
prosthetic uselg’34, body imageM,
range of movementat the hip37, comfort
when sitting®, ease of fitting and
removing prosthesesl 8
osseoperception®>?, and walking
ability'>**263! Additional consider-
ations beyond the scope of this review
are the potential changes in bone mass
due to increased loading through the
skeletal tissues.

Considerations include the re-
quirement for rehabilitation that can
take between 4 months®® and 18
months'?, although the most recent
approach utilizes a single-stage proce-
dure with rapid rehabilitation and im-
mediate weight-bearing, as per the
principles of joint replacement surgical
procedures®. The skin area surround-
ing the abutment requires daily hygiene,
with skin irritation and mild infection
being the most commonly reported ad-
verse events. There are less common
risks of deeper soft-tissue infection,
fractures from falls, and loosening of the
implant. Users of osseointegrated
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prosthetic devices are advised to avoid
high-impact activities such as running or
jumping and the use of public swim-
ming pools to prevent infection”.
Lastly, a permanent abutment may be
considered less than desirable by some
patients for cosmetic reasons>”

Osseointegration appears to have
become an established treatment option
for a selected group of patients with limb
amputation not tolerating traditional
socket fittings. There is sufficient evi-
dence to fully inform patients as to the
possible risks and complications com-
pared with the benefits. Osseointegration
could provide substantial benefits to
function and quality of life for appropri-
ate patients who accept the documented
risks. As with any new technology, on-
going incremental iteration to optimize
outcomes is expected through this clinical
evolutionary phase. Adopting a standard
classification system for tracking out-
comes and complications would greatly
assist in ongoing and future evaluation
of implant techniques.
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