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v

 Up to the 1960s and early 1970s, it was common to see crippled women and 
men, with hip and knee joint deformities and serious restriction of movement, 
tottering very short distances using various walking aids. Patients often 
described how agonisingly painful their arthritic joints were. In November 
1962, just over 50 years ago, the pioneer of hip reconstruction surgery, Sir 
John Charnley, made a modern breakthrough. Thanks to basic scientists, 
engineers, the industry and dedicated orthopaedic surgeons who have invested 
their scientifi c and professional lives to adult reconstructive surgery, we can 
now provide arthritic patients with painless joint movement and restoration of 
function. 

 The origins of total knee arthroplasty (TKA) can be traced back to 1889 in 
Berlin, where Themistocles Gluck gave a series of lectures describing a sys-
tem of joint replacement using a unit made of ivory, using pumice and plaster 
of Paris. In the 1950s, the fi rst surface replacement of the tibia was developed 
by McKeever. During the next decade, designers focused their efforts on con-
strained or hinged prostheses or on condylar replacement. Pioneering implant 
designs were problematic, mainly due to a high percentage of component 
loosening, breakages of the components and infection. Due to the complexity 
of knee joint biomechanics and kinematics, the clinical use of effective TKA 
designs was delayed by at least 15 years when compared with total hip arthro-
plasty (THA). The design phase of the 1970s and 1980s resulted in two dif-
ferent approaches, the anatomical and the functional, and this was the real 
advent of satisfactory clinical use of TKAs. 

 Total joint arthroplasty developed into one of the most important fi elds of 
surgery in the twentieth century [1]. However, the road to success for TKA 
has been neither easy nor without obstacles. Problems of surgical technique 
and soft tissue balancing arose; low-quality implants were used; patterns of 
failure were recognised; patellofemoral joint issues produced a high inci-
dence of failure; surgeons have had to learn from devastating clinical failures, 
and patients have often been “fashion victims” in both TKA and THA [2]. 

 During the early decades when the fi eld arthroplasty was developing, sur-
geons were infl uenced by expert opinions and by studies undertaken by the 
designers of materials, which were sometimes biased. Industry-infl uenced 
data was neither fi ltered nor thoroughly assessed. We were led to believe that 
the implant is to blame for failures, and due to the lack of strong evidence to 
support the principles of our surgical techniques, we familiarised ourselves 
with both good and bad arthroplasty stratagems. Fortunately, we now have 
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reliable educational and training programmes, we critically review 
 high- quality literature and have evidence-based studies (Level I and II RCTs, 
meta-analysis and national registry data), and continental regulatory bodies 
inform and scrutinise industrial proposals. We also carefully record the com-
plications that arise in our procedures and take preventive measures. It is now 
accepted that the long-term survival of a TKA is a multifactorial issue, since, 
other than the implant, factors related to diagnosis, the patient, the surgeon 
and surgical technique are also important. Added to these issues, there is the 
matter of fi nance. Health providers justifi ably question the cost-effectiveness 
of arthroplasty procedures and especially the need for the introduction of 
newer, more expensive techniques and implants, which makes the need for 
systematic and credible research all the more important. 

 The knee joint functions as a type of biological transmission whose pur-
pose is to accept and transfer a range of loads between and among the femur, 
patella, tibia and fi bula without causing structural or metabolic damage. The 
purpose of a joint arthroplasty is to maximise the envelope of function for a 
given joint as safely as possible. It is a matter of optimised load transfer, the 
kinematics of the artifi cial joint, design issues and soft tissue metabolic and 
functional status. In the late 1990s, it was suggested that knees which had had 
joint arthroplasty surgery do not replicate the functional status of a healthy, 
uninjured adult joint. It has been also observed that patients with TKAs walk 
differently compared to normal controls. They show slower walking speed, 
shorter stride length, less time spent in the stance phase and stiff-legged gait. 
Many subjects also demonstrate an anterior sliding of the femur on the tibia, 
a phenomenon named paradoxical motion which has signifi cant implications 
for the functional results of TKA. In the light of these observations, compli-
cations like irregular kinematics, abnormal patellar tracking, polyethylene 
wear and poor range of motion can be explained. Functional recovery in TKA 
is slow; a signifi cant number of patients are not happy with the functional 
outcome of the procedure and feel that their surgery was not successful in 
enabling them to resume their regular physical activities or participate in age- 
appropriate recreational and sports activities. 

 For current practice and the future development of TKA, we need to be 
able to reply to the following questions: What is the optimal design and fi xa-
tion of the implants we use for knee arthroplasty reconstruction? What are the 
gold standards? Can we do better? In an attempt to throw light on these ques-
tions, the present authors critically evaluate data from long-term clinical stud-
ies and assess various factors which may infl uence outcome. It is our opinion 
that even though much effort has been put into research, both by individual 
research centres and the implant industry, this has not always translated into 
the improvement of clinical outcome, and cost-effectiveness has not often 
been taken into account. It is also apparent that theoretical and laboratory 
studies do not always hold up in the cold morning light of long-term clinical 
studies and that there are few quality Level I and II clinical outcome studies. 

 In this book we focus on the long-term outcome of TKA, and we hope it 
will be useful both for the novice who seeks a quick introduction to this spe-
cifi c topic and for more experienced surgeons who seek an in-depth critical 
review of current practices. 
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      A Brief History of Total Knee 
Arthroplasty 

           Konstantinos     Makridis      and     Theofi los     Karachalios     

           Introduction 

 The development of total knee arthroplasty 
(TKA) is characterized by the manufacturing of 
appropriate interposition materials, clinical 
application of knee biomechanics and the use of 
secure and reliable methods of component fi xa-
tion. Since the introduction of resection and 
interposition arthroplasty procedures and the 
introduction of polycentric and geometric knees, 
signifi cant improvements and important innova-
tions have been made. The design of the total 
Condylar knee set the standard for modern TKA 
in combination with the surgical techniques of 
fl at bone cuts, symmetrical fl exion/extension 
gaps and careful ligament release. TKA has thus 
become one of the most successful orthopaedic 
surgical procedures. Recent innovative ideas 
such as patient specifi c instrumentation and 

computer- assisted surgery have the potential to 
further improve the effectiveness, durability and 
longevity of TKA designs. 

 The main indication for surgery, in patients 
with an arthritic knee, is constant pain and dis-
ability which negatively affect the quality of life 
and functional status of the patient, in activities 
such as standing, walking and climbing stairs. 
The aim of surgery is to restore damaged carti-
lage and underlying bone, creating an artifi cial 
joint which will function as a normal knee. 
Restoration of limb alignment and joint kinemat-
ics are crucial, since malalignment of knee pros-
theses has been implicated in long term 
complications, including stiffness, patello- 
femoral instability, accelerated polyethylene 
wear, and implant loosening [ 1 ]. 

 The evolution of TKA has passed through 
various steps and stages. The initial trials to 
reconstruct a degenerative joint included the pro-
cedures of resection and interposition arthro-
plasty, but the results were disappointing. 
Following these primitive techniques, fi rst gen-
eration implants were manufactured and intro-
duced including polycentric and geometric knees. 
While short term results were promising, time 
has revealed many disadvantages and complica-
tions. It can be said that the modern era began 
during the decade of 1970, where the basic 
 concepts and principles of TKA were set and 
most of the modern designs were developed [ 2 ]. 
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2

 The purpose of this chapter is to provide a 
brief review of the historical development of 
TKA (Table  1.1 ) and to present the step by step 
evolution from the initial surgical techniques 
through the primitive and fi rst generation knee 
implants up until the current designs.

       History of the TKA 

 The fi rst attempts to reconstruct a damaged or 
degenerated knee joint were reported at the end 
of nineteenth and the beginning of twentieth cen-
tury. Resection arthroplasty of the knee was fi rst 
reported by Fergusson in 1861, a procedure in 
which an incision was made and excess bone was 
removed to improve motion and stability [ 3 ]. 
Verneuil et al. [ 4 ] in 1863 tried to prevent bone 
growth between the resected joint surfaces by 
inserting a fl ap of joint capsule between them. In 
an attempt to simplify the mechanics of the knee, 
Gluck proposed the complete resection of articu-
lating surfaces and cruciate ligaments and used a 
hinged prosthesis made of ivory to recreate the 
joint. The beginning of 1900 was the era of inter-
position arthroplasty and several substances were 
used, like fat (Lexer in 1917), chromatized pig’s 
bladder (Baer in 1918), fat and fascia lata 
(Murphy in 1913, Putti in 1921 and Albee in 
1928), cellophane (Sampson in 1949), sheets of 
nylon (Kuhns in 1950) and skin (Brown in 1958). 
Campbell popularized the use of free fascial 
transplants as an interposition material. Some of 
these techniques had limited success in anky-
losed knees, but in general the mid and long-term 
results were disappointing [ 5 – 13 ]. 

 Between 1950 and 1960 several authors used 
different types of metallic molds in the form of 
femoral or tibial hemiarthroplasties [ 14 ,  15 ], 
while other surgeons designed and developed 
specifi c hinged implants for cases of severe 
arthritis and instability. The application of intra-
medullary stems improved the function of these 
prostheses which was an extra motivation for fur-
ther development. Judet presented the fi rst hinged 
prosthesis made of acrylic [ 16 ], while Magnoni, 
Waldius and Shiers reported similar devices 
which also used medullary stems to provide sta-
bility and restore limb alignment [ 17 – 19 ]. To 

   Table 1.1    History of the TKA   

 1800 

   1861 → Ferguson resection arthroplasty 

   1863 → Verneuil resection arthroplasty 

   1891 → Gluck ivory hinged prosthesis 

 1900 

   1913 → Murphy fat and fascia lata 

   1917 → Lexer fat 

   1918 → Baer chromatized pig’s bladder 

   1921 → Putti fat and fascia lata 

   1924 → Campbell free fascial transplants 

   1928 → Albee fat and fascia lata 

   1947 → Judet acrylic hinge 

   1949 → Sampson cellophane, Magnoni acrylic hinge 

   1950 → Kuhns sheets of nylon 

    1951 – 1958  → Brown skin interposition, Walldius/
Shiers metallic hinges, 

   1960 → McKeever metal tibial components 

   1966 → MacIntosh metal tibial components 

    1969  → Gunston Polycentric knee, Eftekhar Mark I 

    1970  → Kodama – Yamamoto Mark I, Freeman- 
Swanson knee 

   1971 → Geomedic knee, Duocondylar knee, 
Sheehan hinged prosthesis 

   1972 → UCI knee, Anatomic knee, Leeds knee 

   1973 → Attenborough hinged prosthesis, Geometric 
II, ICLH, Eftekhar Mark II 

    1974  → Total Condylar knee, Duopatella knee 

   1975 → Ewald, Kodama Mark II, Cloutier, 
Anametric, Posterior Cruciate Condylar 

   1976 → Guepar hinged, Oxford Meniscal knee, 
Total Condylar II, New Jersey knee 

   1977 → Buechel-Pappas, Bringham, Gustilo knees 

   1978 → Install-Burstein Posterior Stabilized, 
Kinematic Posterior Stabilized & Cruciate Sparing 

   1979 → Gliding Meniscal Knee, Freeman-Samuelson 

   1980 → LCS mobile bearing, PCA 

   1983 → AGC 

   1980 → PFC Sigma, Miller-Gallante, Stanmore hinged 

   1987 → Natural knee 

   1989 → Install-Burstein Posterior Stabilized II, Kinemax 

   1990 → Duracon 

   1992 → Interax 

   1993 → Profi x 

   1995 → Nex-Gen, Advance 

   1996 → Scorpio 

   1997 → Wright Medical medial pivot 

 2000s 

 Genesis I, Genesis II, Legion and Journey II, Natural knee 
Flex and LPS-Flex Mobile, Triathlon and Scorpio NRG, 
Vanguard, patient specifi c techniques and computer-
assisted surgery 
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deal with the problems of patellofemoral pain 
and loosening, McKeever [ 20 ] and MacIntosh 
[ 21 ] introduced the concept of patellar prostheses 
and the use of metal tibial components. However, 
biomechanical issues, poor metallurgy, improper 
fi xation and frequent infection resulted in high 
failure rates. 

 Innovations such as the use of bone cement as 
a fi xation material and the introduction of high 
density polyethylene plastic as a bearing surface 
gave great impetus to the further development of 
TKA. The polycentric and geometric designs 
launched the era of fi rst generation knee replace-
ments and Gunston was one of the fi rst surgeons 
to experiment on these prostheses [ 22 ]. The 
Gunston polycentric knee was a minimally con-
strained implant and consisted of two separate 
high density polyethylene surfaces. Mimicking 
the low friction concept used earlier by Charnley 
in THA, minimizing bone cuts and preserving 
both cruciate ligaments, Gunston tried to repro-
duce the polycentric motion of the normal knee. 

 During the same year, Eftekhar presented his 
design using a metal-backed tibial component 
with modular polyethylene inserts [ 23 ]. Implants 
were fi xed with cement and the use of long intra-
medullary stems would secure fi xation. The 
Eftekhar Mark I knee would evolve into a condy-
lar TKA design later, the Eftekhar Mark II. The 
fi rst geometric knee arthroplasty (Geomedic or 
Geometric I Knee) was presented by Coventry, 
Riley, Finerman, Turner and Upshaw [ 24 ]. The 
preservation of both cruciate ligaments, high 
conformity, improved fi xation of the tibial com-
ponent with the use of small pegs and non- 
resurfacing of the patella were the main concepts 
of this design. The evolution of this implant was 
the Geometric II knee. The concept of geometric 
design was applied to another two implants man-
ufactured by Zimmer in 1975. The Geotibial 
knee had a tibial peg to improve fi xation and the 
Geopatellar knee had a femoral fl ange to improve 
patellar tracking. The evolution of these implants 
was the Multi-Radius, Miller Galante, Miller 
Galante II, and Nexgen knees. In the same year, 
Howmedica presented a similar but more ana-
tomical design, the Anametric knee which would 
evolved into the porous coated anatomical knee 
(PCA) and eventually the Duracon knee. 

 Simultaneously with the development of fi rst 
generation arthroplasties, several hinged prosthe-
ses were developed, like the Sheehan, 
Attenborough, Stanmore and the most popular 
Guepar prosthesis. Despite the initial enthusiasm, 
however, these prostheses failed because of a 
high rate of patellofemoral complications, break-
age of the implant, early wear and loss of fi xa-
tion. Nowadays, hinged arthroplasties are used in 
revision, tumour and cases with a high risk of 
instability. 

 Alongside with the development of the poly-
centric and geometric knees the idea of creating 
total condylar TKA evolved. Aiming to recon-
struct normal joint surfaces, these designs con-
sisted of a single piece femoral component 
covering both medial and lateral condyles, a sin-
gle piece tibial component resurfacing both the 
medial and lateral plateaus, and bone cement was 
used for fi xation. The patella femoral joint was 
not necessarily included in the design; some 
types had a femoral fl ange, but patellar buttons 
had not yet come into use. Surgical techniques 
were based on two philosophies: the anatomic 
and functional approaches. According to the fi rst 
approach, only the articular surfaces were 
replaced or resurfaced, both cruciate ligaments 
and most of the soft tissue constraints were pre-
served and the implant surfaces were designed in 
such a way as to minimize the risk of soft tissue 
impingement. According to the functional 
approach, the mechanics of the knee were simpli-
fi ed by resection of the condyles and the cruciate 
ligaments and the main concern was to create 
parallel and equal gaps in fl exion and extension. 

 In 1970, Kodama and Yamamoto introduced 
the fi rst anatomical total condylar knee [ 25 ]. The 
single piece polyethylene tibial component had a 
central cut out for preservation of both cruciate 
ligaments and fi xation was based on press-fi t 
enhanced by fi ns and staples. This knee later 
evolved as Mark I, II, III and fi nally the New 
Yamamoto Micro-Fit knee manufactured by 
Corin. At the same time, Waugh and Smith pre-
sented the UCI knee which had no femoral fl ange. 
This implant later evolved into the Gustillo-Ram 
and Genesis I and II knees [ 26 ]. 

 Patellar buttons were probably fi rst used in the 
Anatomical knee designed by Townley. 

1 A Brief History of Total Knee Arthroplasty
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Patellofemoral tracking was assisted by the con-
struction of a femoral fl ange, while range of 
motion was improved with the design of different 
sagittal and medio-lateral radii of curvatures [ 27 ]. 
The Total Knee Original was the evolution of this 
implant. Another development, the Leeds knee, 
was more complex than the Anatomic knee [ 28 ]. 
Unfortunately, the concept of creating curved 
bone surfaces to fi t the femoral component and 
the complexity of tibial component design led to 
signifi cant diffi culties in its manufacturing and 
usage. In a similar way, the Ewald knee became 
less popular due to its high conformity design 
which restricted the motion of the joint. 

 The Hospital of Special Surgery (HSS) was 
the major center where the manufacturing and 
development of TKA was fl ourished. In 1971, 
Ranawat implanted the fi rst Duocondylar knee 
which was symmetrical, anatomical and 
cemented [ 29 ]. An improved design was pre-
sented some years later (the Duopatella knee), 
having an additional anterior femoral fl ange and 
a single tibial insert with a posterior cut out for 
preservation of the PCL. The Duopatella knee 
would evolve into the PFC Modular and PFC 
Sigma knee design (Depuy) as well as the 
Kinematic, Kinematic II, Kinemax and Kinemax 
Plus systems (Howmedica). 

 The functional approach to knee design was 
applied in the use of the Freeman Swanson knee 
[ 30 ]. Both cruciate ligaments were sacrifi ced to 
simplify the kinematics of the knee, while the 
femoral cuts were made to be fl at, preserving the 
bone. The introduction of specifi c instrumenta-
tion, spacers and intramedullary guides were 
very innovative for those years. The Imperial 
College London Hospital knee (ICLH) (Protek 
and Howmedica) and the Freeman Samuelson 
knee were the descendants of this implant. 

 The Total Condylar knee (TC) was the most 
substantial design that has infl uenced all modern 
implants. This knee combined the advantages of 
the anatomical bicondylar and the conforming 
surface design. Its sagittal radius mimicked the 
natural knee and patellar tracking was improved 
by the anterior femoral fl ange and a patellar but-
ton made of polyethylene. The bearing surfaces 
were double dished to provide better stability. 

The surgical technique, which included fl at bone 
cuts, symmetrical fl exion/extension gaps and 
careful ligament release led to a high success rate 
[ 31 ]. The evolution of the Total Condylar knee 
included the Total Condylar II and the Insall- 
Burstein Posterior Stabilized knee systems. 

 During 1975–1980, several mobile bearing 
arthroplasties were presented. Unrestricted rota-
tional movements, low constraint forces and mini-
mal loosening were proposed as the main 
advantages of these prostheses. O’Connor and 
Goodfellow presented the Oxford Meniscal Knee 
arthroplasty [ 32 ], while Buechel and Pappas 
described the bicruciate-retaining and rotating 
platform designs which would be named as the 
New Jersey Knee System which would later 
evolve as the Low Contact Stress (LCS) and the 
LCS Rotating Patellar Replacement knee (DePuy) 
[ 33 ]. In 1977, Polyzoides and Tsakonas presented 
another mobile meniscal bearing knee named the 
Gliding Meniscal knee (Zimmer) which would 
later evolve into the Rotaglide knee (Corin) [ 34 ]. 

 During the decades of 1980 and 1990 only 
small changes and modifi cations were made to 
existing prostheses. The main issues needing fur-
ther clarifi cation and research were fi xation with 
or without cement, polyethylene wear, use of 
fi xed or mobile bearings, achievement of good 
alignment, and patella replacement. In 1980, 
DePuy introduced the LCS mobile bearing knee 
and Howmedica the PCA total knee system. In 
1983, Biomet presented the AGC knee, and 
1 year later Johnson & Johnson promoted the 
PFC Sigma knee and Zimmer introduced the 
Miller-Galante knee. In 1987, the Natural knee 
was manufactured by Intermedics and in 1989 
the Insall-Burstein II posterior stabilized knee 
was available on the market. The same year 
Howmedica introduced the Kinemax knee and 
1 year later the same company presented the 
Duracon implant. In 1992 Howmedica intro-
duced the Interax total knee system and in 1993 
Smith & Nephew manufactured the Profi x knee. 
Three years later Zimmer introduced the NexGen 
and Wright Medical the Advance knee system. In 
1996, Osteonics promoted the Scorpio knee and 
in 1997 Wright Medical presented the medial 
pivot knee. 
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 Newer implants were manufactured over the 
following years, the most popular ones including: 
Genesis I, Genesis II, Legion and Journey II by 
Smith & Nephew, Natural knee Flex and LPS- 
Flex Mobile by Zimmer, Triathlon and Scorpio 
NRG by Stryker and Vanguard knee by Biomet. 
Furthermore, recent innovations have been pro-
moted by several companies based on the con-
cepts of patient specifi c knee solutions and 
computer-assisted knee surgery. Visionaire sys-
tem (Smith & Nephew), Tru-Match protocol 
(DePuy), Persona knee (Zimmer) and Signature 
knee (Biomet) consist the most popular patient 
specifi c knee systems. Navigation surgery sys-
tems are available by Stryker, DePuy and 
B-Braun Aesculap companies.  

    Conclusions 

 The reconstruction of the knee joint has passed 
through various steps and stages. Over the 
years and following resection and interposition 
arthroplasties, signifi cant improvements were 
made in the fi eld of knee biomechanics, surgi-
cal approach, fi xation techniques and implant 
design. Introduction of the Total Condylar knee 
proved to be the keystone in the modern devel-
opment of TKA. By preserving the main prin-
ciples of this knee design and adding some new 
elements to later developments of knee implants, 
TKA has became one of the most successful sur-
gical procedures in Orthopaedic science.     
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      Kinematics of the Natural 
and Replaced Knee 

           Lisa   G.     Coles    ,     Sabina     Gheduzzi    ,     Anthony   W.     Miles    , 
and     Harinderjit     S.     Gill    

           Introduction 

 The human knee comprises two articulating 
joints: the tibiofemoral joint and the patellofemo-
ral joint, and a complex soft tissue envelope 
(Fig.  2.1 ). It has evolved to meet our current loco-
motion needs over millions of years, and is rela-
tively unique within the mammalian world [ 1 – 4 ]. 
Few mammals can stand fully extended on their 
hind legs and even fewer can walk in a bipedal 
stance allowing the body to rotate around the 
extended knee [ 5 ]. In contrast to other mammals, 
the human knee has, therefore, evolved to with-
stand the large lateral quadriceps forces required 
to achieve this motion. This, alongside many 
other evolutionary developments, has resulted in 
the complex structure we term the human knee.  

 This chapter discusses the historical and con-
temporary understanding of natural knee kine-
matics and the effect of total knee arthroplasty 
(TKA) on the kinematics of the joint. Initially, 
the issues associated with understanding the 
kinematics of a joint comprising three rigid bod-
ies, which can each move in six degrees of free-
dom, will be discussed. The methods that have 
been used to assess knee kinematics will be 

 highlighted and the issues involved in the analy-
sis and interpretation of kinematic data consid-
ered. The main body of the chapter will then 
detail the historical development of the modern 
understanding of human knee kinematics, and 
fi nish with a discussion of the kinematics of the 
replaced joint.  

    Rigid Body Kinematics 

 The human knee comprises four bones: the tibia, 
the fi bula, the femur and the patella; and two 
articulating joints: the tibiofemoral joint and the 
patellofemoral joint. The fi bula provides no artic-
ulating surface at the knee joint and is, therefore, 
omitted from discussions of kinematics. Each of 
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these bones, which are generally considered as 
rigid bodies, is free to move in six degrees of 
freedom: three rotations and three translations 
(Fig.  2.2 ). The knee is also constrained by a mul-
titude of passive and active soft tissue structures. 
Most notable are the collateral and cruciate liga-
ments, and the extensor and fl exor mechanisms 
[ 6 ]. Knee motion is governed by bone geometry 
and the soft tissue envelope. Assessing and 
describing the overall motion of the knee is, 
therefore, a complex task.  

 The assessment of the motion of the bones 
within the knee, the kinematics, is normally con-
sidered individually for the two separate joints. 
This simplifi es the situation to some extent, by 
limiting the problem to the description of the 
movement of one rigid body, e.g. the tibia, rela-
tive to a second rigid body, e.g. the femur. 

 The measurement of the movement of a rigid 
body can be a highly erroneous process. There are 
many methods to assess the movement of a rigid 
body, each with associated limitations. However, 
perhaps more signifi cant, but less well under-
stood, are the errors and uncertainties commonly 
introduced as a result of the methods used to com-
bine, transform, and represent the kinematics of 
two bodies moving relative to one and other. 

 The methods used presently and historically 
to assess human knee kinematics are discussed in 
detail by Freeman and Pinskerova [ 7 ] and 
Pinskerova et al. [ 8 ], and summarised in this 
chapter. Before the advent of imaging techniques, 
such as X-rays, the movement of the bones within 
the knee joint was assessed through anatomical 
dissections of cadaveric samples [ 8 ]. Cadaveric 
bone samples were sliced and the shapes of the 
articulating surfaces assessed [ 9 ]. The infl uence 
of soft tissue structures has also been studied 
through sequential anatomical dissection of indi-
vidual soft tissue structures [ 10 – 12 ]. These meth-
ods are destructive and invasive, and do not allow 
the assessment of the joint throughout the full 
range of motion [ 7 ]. 

 As X-ray technology became more widely 
available and improved, surgeons and scientists 
were able to assess the joint articulating surfaces 
of both cadaveric and  in vivo  subjects in different 
static positions. However, X-rays only give a 2D 
view of what is a 3D joint and are generally taken 
in anatomic, but ultimately arbitrary, planes. They 
commonly led to a narrow and non- physiological 
view of knee motion, and the development of 
complex theories of motion which, although still 
prominent today, often led to an imperfect under-
standing of joint movement [ 8 ]. 

 More recently, a variety of methods using a 
combination of X-rays, fl uoroscopy, RSA, CT, 
MRI, and image matching methods have been 
developed to allow the assessment, in 3D, of the 
relative motions of the articulating surfaces, or 
the motion of the contact points between the 
bones during passive and active motions [ 7 ]. It is 
important to note that the relative motions of the 
articulating surfaces and the motion of the  contact 
point between the bones are not equivalent mea-
surements, and cannot be used interchangeably. 

  Fig. 2.2    Rigid body       
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An assessment of the relative motion of the artic-
ulating surfaces is usually achieved by tracking 
the displacement of the bones directly using ana-
tomical reference landmarks and 3D image regis-
tration. An assessment of the motion of the 
contact point between two surfaces is achieved 
by tracking the point where the distance between 
the bone surfaces is smallest. This does not cor-
respond to the motion of the bones [ 7 ]. It is also 
important to note the difference between a pas-
sive and an active situation. During an active 
kinematic assessment, when the muscles are 
loaded, the knee joint soft tissues will be under 
tension. The soft tissues will, therefore, guide 
and limit knee motion to a greater extent than 
during passive motion. This has been demon-
strated to affect joint kinematics [ 13 ,  14 ]. 

 Medical imaging techniques are often limited 
to static, quasi-static, or, at most, very controlled 
dynamic situations. Conversely, movement analy-
sis methods can be used to assess joint kinematics 
during a wide variety of daily living activities. 
Markers located on the skin of the subject are 
tracked using optical sensors. A minimum of three 
non-orthogonal markers can be used to calculate 
the instantaneous position and attitude (rotational 
position) of a bone segment. Such calculations 
assume the segment is a rigid body and that mini-
mal slip of skin and soft tissues occurred [ 15 ]. 

 Mathematical methods, based on the model of 
the human body as a kinematic chain, comprising 
multiple links or bone segments, can then be used 
to estimate the kinematics of a joint, such as the 
knee. This estimation requires the reliable and 
consistent selection of a global reference system, 
repeatable anatomical landmark registration, and 
appropriate manipulation of position vectors and 
attitude matrices [ 16 ]. There are many ways to 
interpret position and attitude matrices: based on 
Cardan angles, helical axes, geometrical assump-
tions or anatomical locations [ 1 ,  17 ]. Some meth-
ods are at risk of gimbal-lock at certain degrees of 
fl exion, and all of the methods are complicated by 
the coupled relationship between the different 
rotational degrees of freedom [ 17 ,  18 ]. Analysis 
has demonstrated that in degrees of freedom with 
relatively little motion, i.e. external/internal rota-
tion of the knee, different methods can result in the 

calculation of angles which vary by more than 30° 
[ 17 ]. Issues associated with anatomical landmark 
registration and the discussion of whole joint kine-
matics in a consistent manner can also occur when 
imaging methods are used to assess joint motion. 
This complex subject is discussed in greater detail 
by Cappozzo et al. [ 17 ] and Woltring [ 18 ]. 

 The assessment and description of the six 
degrees of freedom motion of rigid bodies, such 
as the bones within the knee, is complex, associ-
ated with a number of errors, and open to misin-
terpretation. These issues have to be borne in 
mind when assessing kinematic studies. However, 
as will be discussed in the following sections, 
consistent theories can be constructed, when the 
results of multiple studies are combined and 
compared in light of these limitations.  

    Normal Knee Kinematics 1  

 The kinematics of the human knee has been 
investigated for over 150 years (Fig.  2.3 ). The 
periods of development that lead up to the current 
understanding can be broadly split into three: 
early understanding, classical theory and modern 
theory (Fig.  2.3 ).  

    Early Understanding 

 In 1836, the Weber brothers [ 9 ] dissected a 
human cadaver and examined the shapes and 
relative movements of the bones within various 
lower limb joints. They demonstrated the circular 
nature of the posterior femoral condyles, and that 
longitudinal rotation, around a medial pivot, 
occurs alongside fl exion. Further early work, 
using an early form of motion capture systems, 
supported the assertion that the knee joint 
 experiences longitudinal rotation coupled to any 
fl exion movement [ 8 ]. 

 The fi rst radiographic study to be carried out 
on the knee led to the suggestion that it could be 
modelled as a linkage mechanism. Zuppinger 

1   Elements of this section are taken from the fi rst author’s 
PhD thesis (Thesis copy-write retained by author). 

2 Kinematics of the Natural and Replaced Knee
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assumed that the cruciate ligaments remain taut 
throughout the fl exion range and, along with the 
tibia and femur, formed a rigid four bar linkage. 
Other early work disputed the assumption that 
the posterior cruciate ligament (PCL) was taut 
throughout the range of fl exion. However, it was 
only the four bar linkage image that was remem-
bered and incorporated into classical theory in 
the 1970s. Many of the other early studies, car-
ried out largely by anatomists, were in German 
and largely forgotten as English became the pri-
mary language of science [ 8 ].  

    Classical Theory 

 Little work to develop understanding of knee joint 
kinematics was carried out in the period from 1917 
to 1970. However, in the 1970s, scientists and 
engineers, mostly unaware of much of the early 
work published in German and French, began 
using X-rays and other imaging techniques to 
attempt to describe knee kinematics [ 8 ]. Sagittal 
plane X-rays were taken of cadaveric and  in vivo  
knees. The axis of tibiofemoral fl exion was 

assessed using the Rouleaux method, making the 
assumption that the two axes of the joint are pla-
nar. Such analyses, which are subject to signifi cant 
errors if images are not taken in the plane of 
motion, demonstrated that the instantaneous cen-
tre of rotation of the knee, when viewed in the sag-
ittal plane, moves in a semi-circle or a J shaped 
curve [ 2 ,  21 – 23 ]. The four bar linkage mechanism, 
originally proposed by Zuppinger and reprinted by 
Kapandji has classically been used to describe the 
complex motion inferred by the moving centre of 
rotation. This model was considered to describe 
not only fl exion-extension of the knee joint, but 
also the femoral posterior translation and rotation 
known to occur with fl exion. The four bar linkage 
mechanism does not take into account the axial 
rotation of the tibia relative to the femur previ-
ously reported to occur alongside fl exion [ 2 ,  3 ].  

    Modern Theory 

 In the 1980s there was renewed interest in the 
anatomy of the distal femur, and how this may 
inform understanding of knee kinematics. 

Weber & Weber 1836

Braune & Fischer 1891 Kapandji 1970

Frankel et al 1971

Goodfellow & O’Connor 1978

Kurosawa et al 1985

Hollister et al 1993

Eckhoff et al 2007

Zuppinger 1904

Strausser 1917

Early
understanding Classical theory Modern theory

Human cadaveric dissection;
demonstration of circular
posterior femoral condyles

First study to use
stereophotogrammetry;
highlighted the rotation
which accompanies flexion

Reprinted Zuppinger’s
four bar linkage model

Used sagittal x-rays and the
Rouleaux method to
demonstrate constantly
changing instantaneous centre
of rotation - “J Curve”

Used a mechanical device and
MRI to demonstrate that knee
motion occurs around 2 fixed and
non-orthogonal axes. Showed that,
when viewed along the flexion-
extension axis the posterior
femoral condyles are circular

Used CT to demonstrate that the
flexion-extension axis does not
correspond to the trans
-epicondylar axis

Used mechanical model to
demonstrate that the four bar
linkage model describes
posterior roll back and sliding
of the knee during flexion

X-ray study demonstrating that
the posterior surface of the femoral
condyles can be modelled as spheres
and that tibial rotation occurs around
a medial pivot throughout flexion

First radiography study;
described four bar
linkage model

Noted that the four bar
linkage could not explain
knee kinematics as the
PCL was not taut
throughout flexion

  Fig. 2.3    Timeline depicting the development of the modern knee kinematic theories [ 2 – 4 ,  8 ,  19 ,  20 ]       
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Kurosawa et al. [ 4 ], used X-ray images and cal-
liper measurements of cadaveric knees to demon-
strate that the posterior femoral condyles can be 
modelled as spheres. The circularity of the distal 
femoral condyle was further demonstrated by 
Elias et al. [ 24 ], who indicated that the centre of 
the lateral and medial spheres corresponded with 
the insertion points of the collateral ligaments. 

 In 1993, Hollister et al. [ 20 ] demonstrated, 
using cadaveric specimens, that knee motion can 
be simply described as rotations around two non- 
orthogonal axes. These axes are not related to 
normal planes of motion and can, therefore, be 
diffi cult to interpret anatomically and surgically. 
Hollister was also able to demonstrate that the 
fl exion axis, which coincides with the circular 
centres described by Elias et al. [ 24 ], does not 
move relative to the femur during the majority of 
the fl exion range. The longitudinal axis of the 
knee passes though the medial plateau of the tibia 
and is not in the same plane as the fl exion axis. 

 Using MRI scans Hollister also confi rmed 
that, when viewed along the fl exion axis, the pos-
terior femoral condyles have a constant radius 
[ 20 ]. This work was taken further by Freeman, 
Eckhoff, and others [ 25 – 29 ], who demonstrated, 
using 3D imaging techniques such as MR, CT, 
and fl uoroscopy, that the posterior section of the 
femoral condyles can be modelled as cylinders 
with coincident axes. This coincident axis is the 
fl exion axis of the knee and does not correspond 
with the surgical transepicondylar axis [ 19 ]. 

 The work of Hollister, Freeman, and others 
has led to the formulation of modern knee kine-
matic theory [ 1 ,  7 ,  20 ]. Modern theory is based 

around the notion that knee motion occurs in 
three distinct phases, as depicted by Fig.  2.4 .  

 The “Screwhome” arc of motion describes tib-
iofemoral fl exion/extension from full extension 
to approximately 20° of fl exion. In full extension 
both the collateral and cruciate ligaments are taut 
[ 12 ]. During a passive extension motion, at 
approximately 20° of fl exion, the knee appears to 
rock as the femoral condyles shift from the fl ex-
ion to the extension facets. The medial condyle 
rolls up on to the tibial extension facet causing its 
centre to move approximately 1.2 mm posteri-
orly, whereas the lateral condyle rolls down the 
tibial anterior horn moving up to 2 mm distally as 
the lateral collateral ligament (LCL) relaxes. This 
results in posterior roll back and a net internal 
tibial rotation, relative to the femur, in the order 
of 1° axial rotation for every 2° of fl exion [ 1 ,  7 , 
 12 ,  30 ,  31 ]. 

 At, and near, full extension of the tibiofemoral 
joint, the patella is located proximal to the troch-
lear groove of the femur [ 32 ]. During this phase 
of motion, there is little femoral geometry to con-
strain the patella movement. It is, therefore, 
restricted largely by soft tissues, namely the reti-
naculum and quadriceps mechanism [ 33 ]. 

 During the active fl exion arc, approximately 
20–120° of fl exion, the femur rotates about the 
fl exion axis [ 1 ,  7 ,  20 ]. During passive motion, in 
this range of fl exion, the femoral medial condyle 
moves very little anterioposteriorly, whereas the 
lateral condyle moves posteriorly. This equates to 
a small amount of posterior roll back, and tibial 
internal rotation around a medial pivot of approx-
imately 10–20° [ 1 ,  7 ,  13 ,  30 ,  34 – 37 ]. There are 

Passive 
flexion arc

Active
flexion arc

“Screwhome”
motion

120˚

20˚

0˚
  Fig. 2.4    Phases of knee 
motion (After: Freeman 
and Pinskerova [ 1 ])       
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multiple theories as to the cause of this tibial 
rotation, which is reduced when muscle forces 
are present [ 13 ]. It has been suggested that tibial 
rotation may be a result of the lack of symmetry 
in the collateral ligaments; throughout fl exion the 
medial collateral ligament (MCL) remains iso-
metric, but the LCL slackens slightly with fl exion 
[ 12 ,  38 ]. The posterior distal insertion point of 
the LCL also acts to force the lateral femoral con-
dyle posteriorly and hence induce rotation [ 38 ]. 
Alternatively, it may be due to the difference in 
constraint and conformity provided by the lateral 
and medial menisci [ 1 ,  39 ]. 

 Tibial rotation is undoubtedly necessary in 
deeper fl exion to facilitate the femur and tibia 
moving in relation to each other [ 40 ]. However, 
its role in early fl exion is less clear. Although 
tibial rotation is passively coupled to fl exion, it 
can be reversed or prevented when muscle load-
ing is applied, and may be an evolutionary hang-
over [ 7 ,  13 ,  28 ,  35 ,  40 ]. Posterior rollback in the 
natural knee is largely driven by the action of the 
cruciate ligaments and stabilised by the MCL 
[ 12 ,  41 ,  42 ]. 

 During active fl exion, the patella rotates 
around the femoral condyles with an axis of rota-
tion that is parallel to the femoral fl exion axis 
[ 43 – 47 ]. Patella fl exion is proportional to tibio-
femoral fl exion but lags by approximately 30 % 
[ 48 ]. The patella contacts the trochlear groove at 
approximately 10–20° of femoral fl exion [ 32 , 
 33 ]. From this point until approximately 90° of 
tibiofemoral fl exion, the patella runs deep within 
the congruent trochlear grove. Throughout this 
range of motion, femoral geometry forms the pri-
mary constraint to patella subluxation [ 33 ]. 

 The patella initially translates medially and 
then laterally from approximately 30° of tibio-
femoral fl exion onwards (Fig.  2.5 ) [ 32 ,  43 – 45 , 
 49 – 52 ]. With increased tibiofemoral fl exion, the 
patella also rotates medially to a maximum of 
approximately 15° at 50° of tibiofemoral fl exion 
[ 32 ]. This pattern is highly variable, even within 
the healthy population, and is greatly affected by 
foot orientation [ 43 ,  49 ,  53 ]. Similarly, the 
reported patterns of patella tilt vary widely. Many 
studies report a medial tilt in early tibiofemoral 
fl exion, which becomes lateral from approxi-
mately 30° to 90° of tibiofemoral fl exion [ 43 ,  49 , 
 53 ]. Conversely, other studies have indicated an 
entirely lateral tilt, often demonstrating a medial 
lean in tibiofemoral deep fl exion [ 43 – 45 ,  52 ,  54 , 
 55 ]. The high variability in reported patella kine-
matics may be a result of the inherent instability 
in the joint, which is a result of limited bony con-
straints. However, the high variability may also 
be due to the wide range of assessment methods 
and the assumptions that have to be made when 
assessing bone kinematics [ 52 ,  53 ].  

 Tibiofemoral fl exion in excess of approxi-
mately 120° is called passive fl exion as the mus-
cles have insuffi cient moment arms to actively 
move the limb. It is, therefore, only possible with 
additional external forces, such as body weight 
[ 1 ]. During the passive fl exion arc of motion the 
tibia ceases to axially rotate and the femur as a 
whole begins to move posteriorly as the femoral 
condyles articulate with the tibial posterior horns 
[ 1 ]. There is some evidence that tibial rotation 
continues in Asian subjects [ 37 ]. During this 
range of motion the patella sits deeply within the 
intercondylar notch [ 56 ].   

Lateral rotation

Lateral translation

Medial rotation

Medial translation

Flexion/extension

Medial tilt Lateral tilt

  Fig. 2.5    Patella degrees of freedom       
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    Knee Kinematics After Total Knee 
Arthroplasty 

 Early TKA designs aimed to facilitate load trans-
fer at the knee via a planar hinge. Although still 
in use for patients with severe deformities and 
soft tissue insuffi ciencies, hinge designs have 
largely been replaced by total condylar designs. 
Total condylar implants replace both the tibial 
and femoral surfaces, and sometimes the patella 
articulating surface, with components that are not 
mechanically linked. Signifi cant development 
has occurred in recent decades in terms of the 
design of the implants and the tools used to 
implant them [ 57 ]. 

 The design of the femoral prosthetic compo-
nent is not consistent across replacement systems 
[ 58 ]. Older implant systems are designed based 
on the traditional J curve or instantaneous centres 
of rotation theory of tibiofemoral kinematics. 
They, therefore, exhibit a range of sagittal radii in 
the functional range of motion and have been 
reported to suffer from mid-range instability as 
the collateral ligaments suddenly slacken when 
the centre of rotation changes [ 59 ,  60 ]. More 
recent designs are based on modern kinematic 
theory and only have one sagittal condylar radius 
in the functional range of motion. The centre of 
rotation of single radius knees is designed to 
coincide with the insertion points of the collateral 
ligaments. This maintains the natural ligament 
isometry in early and mid-fl exion, preventing the 
issues of mid-range instability. Femoral compo-
nent designs also vary in terms of frontal plane 
radii and trochlear groove design [ 61 ]. 

 In the majority of commercially available 
designs, the tibial implant is split into base plate 
and bearing components to allow ease of manu-
facture, fl exibility within surgery, and, if required, 
the ability to replace the bearing without requir-
ing a full revision [ 62 ]. The bearing can be per-
manently locked to the base plate using wires or 
pins, in what is known as a fi xed bearing confi gu-
ration. Alternatively, it may be allowed to rotate 
and/or translate with respect to the tibial base 
plate. This is known as a mobile bearing [ 63 ]. 
Modern implant systems are supplied with a vari-
ety of bearings, which provide varying degrees of 

constraint to the tibiofemoral joint. The most 
common systems are defi ned as Cruciate 
Retaining (CR), Cruciate Sacrifi cing (CS) or 
Posterior Stabilised (PS). 

 Early CR designs were based on the retention 
of both cruciate ligaments and provided little 
tibial constraint. However, the retention of both 
cruciates added a signifi cant amount of complex-
ity to the procedure and prevented effective 
reconstruction of signifi cant joint surface defor-
mities. Most modern total condylar implants, 
therefore, require the removal of the anterior cru-
ciate ligament (ACL) to enable placement of the 
prosthesis [ 64 ]. CR bearings have anterior cut 
outs to allow retention of the PCL, which is relied 
on to guide joint motion. The conformity, with 
respect to the femoral component, of CR bear-
ings varies with manufacturer and model. Some 
designs use relatively shallow tibial plateaus and 
rely on the PCL to provide constraint, while oth-
ers use conforming surfaces, which closely match 
the femoral geometry [ 58 ,  64 ,  65 ]. 

 The retention of the PCL is thought to enhance 
the physiological relevance of the joint motion as 
it prevents anterior motion of the femur in the 
natural knee [ 12 ]. However, studies have indi-
cated that the PCL may be unable to provide suf-
fi cient constraint without the ACL [ 66 ]. Some 
surgeons, therefore, routinely resect it. It may 
also be necessary to resect the PCL due to dam-
age or degeneration. In these cases the surgeon 
may choose to use a CS or PS bearing. CS bear-
ings are similar in design to CR bearings, but are 
all highly conforming [ 58 ], often with high ante-
rior lips to prevent excessive anterior motion 
[ 63 ]. PS bearings have a cam-post system, which 
provides additional anterioposterior, but not 
mediolateral constraint, especially in deeper fl ex-
ion [ 63 ]. The interaction of the post and cam 
guides the joint motion [ 65 ]. 

 As Fig.  2.6  highlights, the percentage of 
patellae resurfaced during primary TKA 
 procedures varies across the developed world 
[ 67 – 69 ]. Many papers and reports agree that the 
patellofemoral joint is one of the primary 
 reasons for revision following TKA [ 70 ], but 
there is no consensus as to whether resurfacing 
is or is not benefi cial [ 71 ]. Recent reviews and 
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retrospective registry studies have highlighted 
the increased risk of failure in non-resurfaced 
joints but note the lack of reliable evidence to 
support or explain this, and disagree as to its 
signifi cance [ 68 ,  72 – 76 ].  

 There are a variety of patella implant 
designs used in modern TKA [ 77 ,  78 ]. The 
majority of implants are designed to sit on the 
surface of the cut bone, but some are intended 
to be inset into the bone. Most modern systems 
include a dome patella button option [ 79 – 86 ]. 
Some commonly used systems are also pro-
vided with asymmetric, medialised dome but-
tons [ 81 ,  84 ], or an anatomical, asymmetrical 
design [ 85 ]. Dome shaped designs are intended 
to be relatively forgiving to malplacement and 
soft tissue changes within the joint. Conversely, 
asymmetrical designs are intended to facilitate 
more anatomical and congruent tracking, and 
to increase the contact area within the patello-
femoral joint [ 77 ]. 

 Signifi cant developments have taken place 
since early knee replacement designs were 
introduced in the 1970s. Despite this, as the fol-
lowing sub-sections will detail, in many ways 
modern TKA systems are not able to fully rep-
licate natural tibiofemoral and patellofemoral 
kinematics. 

    Tibiofemoral Kinematics 

 Various  in vivo  and cadaveric studies have been 
carried out using motion analysis and fl uoro-
scopic methods to assess the 3D kinematics of 
the tibiofemoral joint after TKA. There is limited 
evidence that some implant designs result in a 
reversal of the natural pattern of tibial internal 
rotation with knee fl exion [ 50 ]. However, the 
majority of studies indicate that, following TKA, 
irrespective of design or constraint, tibial rotation 
is maintained, but signifi cantly reduced [ 16 ,  34 , 
 87 – 92 ]. In contrast, evidence suggests that tibial 
rotation is maintained at pre-surgery levels fol-
lowing uni-condylar knee replacement [ 91 ]. Uni- 
condylar knee replacement involves the 
resurfacing of only one set of femoral and tibial 
condylar surfaces. There is, therefore, no need to 
remove any soft tissue structures. The cruciate 
ligaments are able to continue to guide knee 
motion in a natural manner [ 12 ]. 

 Reports are inconsistent with respect to how 
retaining the PCL after TKA affects the pattern of 
tibial femoral rotation [ 34 ,  50 ,  93 ]. However, 
resection of the PCL does appear to limit tibial 
rotation, unless the posterior constraint provided 
by the PCL is replaced in some way [ 12 ,  34 ]. The 
amount of tibial rotation induced by a PS system 
is partly dependent on the design of the post-cam 
mechanism and the amount of joint fl exion, 
which is allowed before the post and cam engage 
[ 34 ,  87 – 89 ]. The majority of systems use a poste-
rior cam system but recent developments have 
involved the addition of an anterior cam system, 
in an attempt to replicate the constraint provided 
by the ACL. Such highly constrained systems, 
often termed bi-cruciate systems demonstrate 
tibial rotational patterns approaching those of the 
native knee, but still do not reliably replicate nat-
ural joint mechanics [ 94 – 96 ]. The amount of tib-
ial rotation, which occurs after TKA, can also be 
infl uenced by tibial bearing design. Bearing sur-
faces can be designed to guide the femoral rota-
tion and hence induce rotation with or without 
the presence of a post-cam system [ 88 ]. 

 Little is known about the effect of slight varia-
tions in the design of the femoral component on 
tibial rotation, but the addition of relative motion 
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between the tibial base plate and bearing does not 
appear to affect tibial rotation [ 16 ]. It has been 
shown that, after TKA, the axis of tibial longitudi-
nal rotation is more varied and more central than 
in the natural knee, especially with CR bearings 
[ 88 ,  93 ,  97 ]. The use of an anterior cam mecha-
nism may improve this [ 95 ], as may the use of a 
medial pivot design instead of a post-cam system. 
In a medial pivot design, the tibial bearing geom-
etry provides signifi cantly greater constraint to 
the medial rather than lateral compartment [ 96 ]. 

  In vivo  and cadaveric studies of overall joint 
kinematics have also demonstrated that TKA affects 
the amount of femoral roll back experienced during 
fl exion. In the most part, modern PS systems appear 
to fulfi l their design aims and reliably induce femo-
ral posterior roll back [ 88 ,  90 ], as do medial pivot 
designs [ 96 ]. However, the use of mobile bearings 
or CR systems has been demonstrated to result in 
consistent anterior femoral motion [ 16 ,  45 ,  50 ,  93 ]. 
This is likely because resection of the ACL, and in 
some cases the PCL, has altered the anterioposterior 
stability of the joint [ 12 ]. 

 The anterioposterior position of the femur can 
also be inferred from the patella tendon angle 
(Fig.  2.7 ). A negative patella tendon angle implies 
a posterior position of the femur; whereas an 
increasingly positive angle suggests anterior 
movement. The patella tendon angle may also be 

altered by tibiofemoral rotations and patella move-
ments and is therefore only an indicator, not a 
direct measure, of sagittal plane knee kinematics.  

 In the natural knee the patella tendon angle 
reduces linearly with increasing fl exion as the 
femur rolls back. The degree to which this is rep-
licated after TKA is highly design dependent [ 96 , 
 98 ]. However, modern, single radius and bi- 
cruciate stabilised designs appear to induce more 
natural kinematics [ 96 ,  99 ,  100 ]. Only uni- 
condylar replacements have been shown to reli-
ably replicate a natural patella tendon angle 
throughout the range of motion [ 96 ,  101 ].  

    Patellofemoral Kinematics 

 In contrast to studies concentrating on the tibio-
femoral joint, those investigating the patellofemo-
ral joint use largely cadaveric methods. TKA has 
generally been shown to cause an increase in 
patella fl exion [ 46 ,  51 ]. However, modern single 
radius designs may replicate more natural fl exion 
patterns [ 44 ,  102 ]. Modern implant systems have 
also been reported to result in more superior 
patella positions after TKA. Other reported patella 
variables such as, mediolateral shift, mediolateral 
tilt, and rotations are inconsistent after TKA [ 44 ]. 

 The tilt of the patella following TKA has been 
reported to be both more medial, and more lateral 
than the natural knee [ 44 ,  45 ,  50 ,  51 ,  103 ,  104 ]. 
Changes in this degree of freedom appear to be 
very design specifi c and may be less signifi cant 
with PS and mobile bearing designs [ 102 ,  105 , 
 106 ]. Similarly, both lateral and medial shifts of 
the patella after TKA, and internal and external 
rotational changes, have been reported using a 
variety of implants, with a range of constraints 
[ 50 ,  51 ,  102 ,  103 ,  105 ,  106 ]. 

 TKA clearly affects the kinematics of the 
patellofemoral joint. This may suggest that 
implant trochlear groove geometry does not 
reproduce the conformity with the natural patella 
or a replaced patella button, which would be 
expected in the healthy knee. In terms of the non- 
resurfaced condition, this has been supported by 
computational measurements of trochlear groove 
geometries [ 107 ].   

Patella tendon
angle

Tibial axis

  Fig. 2.7    Patella tendon angle       
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    Conclusion 

 A multitude of contemporary and historical 
studies have helped to explain and describe 
natural knee kinematics. There are undoubt-
edly variations among even the healthy popu-
lation, especially in terms of patella kinematics, 
but common patterns are clear. Modern implant 
designs do not replicate natural or consistent 
kinematics in the replaced knee. If this ulti-
mate aim is to be achieved, greater effort needs 
to be concentrated on understanding precisely 
how modern design philosophies affect knee 
kinematics, as currently this is not clear. It may 
be necessary to return to the drawing board and 
reconsider how best to incorporate the modern 
understanding of natural knee kinematics into 
an artifi cial joint.     
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           Introduction 

 Total knee arthroplasty (TKA) is one of the most 
innovative surgical interventions, replacing the 
weight bearing surfaces of the knee joint in order 
relieve pain and improve function. It is com-
monly performed in people with advanced osteo-
arthritis and also for other knee diseases such as 
rheumatoid, psoriatic and post-traumatic arthri-
tis. Restoration of limb alignment and joint kine-
matics are crucial, since TKA malalingment has 
been implicated in long term complications, 
including stiffness, patellofemoral instability, 
accelerated polyethylene wear and implant loos-
ening. Thus, following the basic principles of 
TKA surgery and understanding the technical 
aspects inherent in the specifi c instruments used 
are of great importance in the pursuit of a satis-
factory outcome [ 1 ]. Developments in surgical 
expertise and technology have provided orthope-
dic surgeons with a plethora of options during 

surgery. Materials of advanced quality, high ver-
satility of the instrumentation and an increasingly 
detailed understanding of knee biomechanics 
have established TKA as one of the most success-
ful orthopaedic procedures [ 2 ]. Additionally, the 
advent of patient specifi c implants, along with 
computer-assisted and robotic surgery has given 
orthopaedic surgeons the option of performing 
femoral and tibial cuts, enabled correction of the 
mechanical axis and implant insertion with high 
accuracy and minimum error rate [ 3 ]. 

 Similarly, in the years preceding the rapid 
development of TKA, surgeons had to overcome 
serious technical diffi culties and complications 
using the fi rst generation of implants and tech-
niques. In this chapter we provide an overview of 
early clinical outcomes, complications and les-
sons learned from the use of the fi rst generation 
of TKAs.  

    First Generation (Polycentric 
and Geometric) TKAs 

 The modern era of TKAs started at the end of 
1960s and at the beginning of 1970s. The main 
concepts and proposed techniques included mini-
mal bone cuts (resurfacing implants), use of 
 single piece femoral components covering both 
medial and lateral condyles and the use of single 
piece tibial components covering both tibial condyles. 
Bone cement (PMMA) was used for fi xation. 
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Although some implants had a femoral fl ange, 
patellofemoral articulation was not necessarily a 
design feature and patellar implants – buttons 
were rare. The anametric approach was then 
adapted and several designers developed TKAs 
in which articular surfaces were replaced or 
resurfaced, cruciate ligaments and most of the 
soft tissue constraints were preserved and the 
implant surfaces were designed in such a manner 
that confl ict with soft tissue constraints was 
avoided. 

 Gunston was the fi rst to experiment on mini-
mally constrained components [ 4 ]. His design 
combined the characteristics of the low friction 
concept and materials used in the development of 
the Charnley total hip arthroplasty. The relatively 
fl at tibial component consisted of two separate 
high density polyethylene surfaces, while the 
femoral one was narrow, made of steel and had a 
round shape to replace the posterior portion of 
femoral condyles (Fig.  3.1 ). Both components 
were fi xed with bone cement. It was designed to 
reproduce the polycentric motion of the normal 
knee so the condition of collateral ligaments and 
proper ligamentous balance were important. The 
cruciate ligaments were preserved in order to 
enhance rotational stability and absorb high 
stresses on both tibial inserts. Despite the initial 
encouraging results, this implant failed at a later 

stage due to the small contact area, minimal 
amount of prosthetic material and rotational 
constraint.  

 The fi rst metal backed tibial component with 
modular polyethylene inserts was designed and 
implanted by Nas Eftekhar at the New York 
Orthopaedic Hospital in 1969 [ 5 ]. It was sug-
gested that metal backing and accurate articular 
geometry would permit the use of thinner poly-
ethylene inserts. Implants were fi xed with 
cement, but it was the use of long intramedullary 
stems which would secure fi xation. This knee 
design (Eftekhar Mark I) would evolve into a 
condylar total knee design (Eftekhar Mark II) 
(Fig.  3.2 ). Early in the 1970s, Coventry (Mayo 
Clinic), Riley (Johns Hopkins), Finerman 
(UCLA), Turner (Harvard) and Upshaw (Corpus 
Christi) introduced the fi rst geometric knee 
arthroplasty (Geomedic or Geometric I Knee) 
[ 6 ]. This design was based on Bob Averill’s idea 
of creating a conforming device which allowed 
preservation of both cruciate ligaments. The fem-

  Fig. 3.1    The polycentric total knee arthroplasty is shown       

  Fig. 3.2    The geometric total knee arthroplasty is shown       
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oral components were made of chromium and 
cobalt and joined together with a narrow metal 
bar, while the polyethylene tibial insert had three 
small pegs to improve fi xation. The patella was 
not replaced and both cruciates were preserved 
(Fig.  3.3 ). It was designed in order to reduce 
stresses using a conforming geometry of the fem-
oral and tibial components, but this implant also 
eventually failed due to rapid and excessive 
loosening.   

 The next step in the evolution of this implant 
was the Geometric II knee.  In  1975, Zimmer pre-
sented two similar geometric knees. In the fi rst, a 
tibial peg was added in order to improve fi xation 
(Geotibial knee) and in the second, a femoral 
fl ange was used in order to improve patellar 
tracking (Geopatellar knee). Both designs had an 
increased sagittal radius of curvature of the tibial 
polyethylene liner in order to increase constraint. 

Further designs emerged from these implants – 
the Multi-Radius, Miller Galante, Miller Galante 
II, and Nexgen knees. In the same year, 
Howmedica presented a similar but more ana-
tomical design, the Anametric knee, which would 
evolve into the porous-coated anatomical knee 
(PCA) and eventually the Duracon knee. 

 During the same period, several hinged pros-
theses were developed, like the Sheehan prosthe-
sis, the Attenborough prosthesis and the most 
popular Guepar total knee replacement (Fig.  3.4 ). 
Despite the initial enthusiasm, however, these 
prostheses failed because of a high rate of patel-
lofemoral complications, breakage of the implant, 
early wear and loss of fi xation. Nowadays, hinged 
and rotating hinge arthroplasties are only used in 
revision and tumour cases.   

  Fig. 3.3    The Eftekhar Mark II total knee arthroplasty is 
shown       

  Fig. 3.4    The Guepar hinge total knee arthroplasty is 
shown       
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    Outcomes of First Knee 
Replacements 
and Evidence-Based Data 

 The literature is relatively poor regarding the out-
comes of fi rst generation knee arthroplasties. An 
early publication describing a polycentric knee 
design Scolnick et al. [ 7 ] presented satisfactory 
outcomes of a unicompartmental polycentric 
knee arthroplasty, but follow-up was only 1 year 
and it is diffi cult to draw reliable conclusions. 
However, the authors supported the use of uni-
compartmental geometric implants and defi ned 
the indications for their use (one compartment 
osteoarthritis, osteoarthritis unsuitable for valgus 
upper tibial osteotomy, osteoarthritis after condy-
lar fracture and necrosis and failed prior high 
tibia osteotomy). Similar results were presented 
by Jones et al. [ 8 ] (a series with unicompartmen-
tal polycentric and geometric designs). Follow up 
was longer (2.6 years), but again too short to be 
reliable. The main causes of failure in this series 
were loosening of the tibial implant and unex-
plained pain. The proposed indications for use 
were the same as Scolnick et al. and the authors 
suggest that adequate knee movement and 
increased levels of independence and activity 
could be achieved with these implants. Gunston 
himself presented the results of 89 polycentric 
knee arthroplasties with 2–7 years follow up [ 9 ]. 
The majority of patients had an improvement in 
function and mobility, but loosening rates of the 
prosthetic components were also high (10 %). 
Bryan and Petersen [ 10 ] reported a prognostic 
assessment of polycentric knees with a 5–7 years 
follow up. Outcomes were better in the patients 
with rheumatoid rather than degenerative arthritis 
and failures occurred due to infection, loosening 
of the tibial component, dislocation, instability 
and progression of patellofemoral arthritis. The 
authors emphasized the need for improving sur-
gical techniques and using more durable and non 
constrained implants. Probably one of the biggest 
series with polycentric knee replacements and 
the longest follow-up was that published by 
Lewallen et al. [ 11 ]. Although the study was ret-
rospective, important conclusions could be made 
regarding outcomes and complications. The failure 

rate in this series proved to be high (34 %), with 
the main causes being instability, loosening, 
infection and patellofemoral joint pain. According 
to this study, proper axial alignment was a critical 
factor in the reduction of complication rates. 

 Tietjens and Cullen [ 12 ] presented the prelim-
inary results of the geometric TKA in 1975. 
Results were encouraging, but the population 
sample was small and the follow up short. Three 
years later, Riley and Hungerford [ 13 ] reported 
the results of 54 geometric knees with a longer 
follow up (24–64 months). All patients had rheu-
matoid arthritis and the improvement of pain 
symptoms and mobility was signifi cant. Patellar 
pain, fl exion contracture and tibial loosening 
were the causes of the three cases of revision. 
Finerman et al. [ 14 ] reported their early experi-
ence with the Geometric II knee. They called it 
the anametric knee because it was designed to 
mimic the anatomy of the normal knee. 
Improvements in pain symptoms and function 
were attributed to the addition of further sizes 
and tibial fi xation options. An interesting com-
parative study by Wilson et al. [ 15 ] showed no 
differences in midterm outcomes and revision 
rates between the Walldius and geometric knee 
prostheses. Attention to surgical procedures and 
reduction of technical errors were emphasized by 
the authors in order to avoid complications. Lowe 
and McNeur [ 16 ] reported a comparative study of 
Geometric TKA used in two groups of patients 
with different diagnoses. Patients with rheuma-
toid and those with degenerative arthritis had 
similar levels of satisfaction, although more 
rheumatoid arthritis patients considered their 
results disappointing. The revision rate was 5 % 
and the main causes were instability or loosen-
ing. In contrast, Hunter et al. [ 17 ] supported the 
use of geometric designs in patients with rheu-
matoid arthritis demonstrating its benefi ts in pain 
relief, good function and low risk of  patellofemoral 
problems. He also recognized that these immuno-
compromised patients were at risk of developing 
late infection. Imbert and Caltran [ 18 ] analysed 
the results of 63 fi rst generation Geometric 
arthroplasties with a follow up of more than 
5 years. They reported an increased rate of com-
plications, mainly loosening and infection. 
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Coventry and Rand [ 19 ] also showed similar 
complication (12 %) and revision rates (20 %) 
with the use of this implant. All their patients had 
osteoarthritis and one third of them experienced 
implant loosening. The 10 year survival of the 
prosthesis was 69 % with revision or moderate to 
severe pain as an end point. Eftekhar [ 5 ] pre-
sented the midterm results of his knee design 
(4–9 years follow up) in 1983. Although one 
third of the patients showed evidence of a non 
progressive radiolucent lines around the tibial 
component, functional outcome was very satis-
factory. Only 2 out of 112 patients had a revision 
for loosening and deep infection was the major 
complication. 

 Concerning the different hinged prostheses, 
Attenborough [ 20 ] reported satisfactory results 
using the design carrying his name. He classifi ed 
this implant as a combination of hinged and con-
dylar prostheses and suggested that its character-
istics could provide both stability and normal 
gliding movements during fl exion and extension. 
Short term outcomes showed no loosening and 
the author suggested the use of this implant in 
those cases with severe deformities. Cameron 
and Jung [ 21 ] used 27 Guepar II knee replace-
ments in cases with bone loss, non union of tibial 
or femoral fractures and major instability. The 
3 year follow up showed good to excellent results 
in the majority of patients and a low incidence of 
loosening. Its use was recommended for these 
specifi c indications [ 21 ]. Similar indications and 
results were recorded by Lettin et al. [ 22 ] using 
the Stanmore hinged TKA. The follow up was 
short (2 years), but again the achievement of sta-
bility and deformity correction were emphasized 
as important benefi ts of these implants. In con-
trast, Karpinski and Grimer [ 23 ] reported poor 
results when performing this procedure in revi-
sion TKA and proposed its limited use. The 
Seehan prosthesis produced unsatisfactory results 
due to design features and faults which were not 
able to withstand high valgus/varus forces [ 24 ]. 
The publication of unsatisfactory outcomes with 
the use of hinged prostheses continued with the 
prospective study of Hui and Fitzgerald [ 25 ]. 
Despite initial encouraging functional results, 
major complications occurred including sepsis, 

loosening and patellar instability. Likewise, other 
studies reporting outcomes of the Guepar knee 
showed a high incidence of patellofemoral pain 
and subluxation, aseptic loosening, fl exion con-
tractures and instability [ 26 ,  27 ]. In order to 
oppose all these recommendations for limited use 
of the hinged prostheses, Blauth and Hassenpfl ug 
[ 28 ] presented the long term results of the knee 
implant having his name. According to the 
authors, the effi ciency of total knee hinged pros-
theses should not be judged by the results 
obtained with the pioneer implants, because the 
designs and techniques were in an immature 
state. The Blauth prosthesis was found to be very 
effective with a low incidence of aseptic loosen-
ing, instability and patellofemoral problems. 

 Finally, it is worth mentioning four studies 
which have reported comparative data across dif-
ferent TKA designs. Insall et al. [ 29 ] presented 
the outcomes of unicondylar, duocondylar, 
Guepar and geometric implants. The unicondylar 
implants produced lower rate of complications, 
but they were used for the less complex cases and 
the results were not superior to other replace-
ments. The duocondylar implant was recom-
mended for patients with rheumatoid arthritis and 
mild deformity, while the geometric knee was 
found to be ideal for osteoarthritis with moderate 
to severe deformity. The Guepar prosthesis was 
proposed for complex cases with severe deformi-
ties and as a salvage procedure. Despite the short 
follow up (2–3.5 years), radiologic loosening was 
high and patellofemoral pain was common [ 29 ]. 
Cracciolo et al. [ 30 ] reported the results of a pro-
spective study comparing polycentric and geo-
metric TKAs with a mean follow up of 3.5 years. 
Pain relief, functional improvement and failure 
rates were similar in both groups and the authors 
pointed out the importance of proper choice of 
design characteristics of the implant. Riley [ 31 ] 
published comparative outcomes between 
 geometric and anametric TKAs. Both designs 
provided clinically signifi cant improvement in 
pain and functional activities, but 3 out of 51 geo-
metric components required revision because of 
loosening. Instead, anametric implants developed 
radiological loosening only without any clinical 
manifestation. Another important observation 
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was the development of radiolucent lines, in high 
rates, around metal backed tibial trays posing 
questions regarding their safety. The fourth com-
parative study was published by Thomas et al. in 
1991 [ 32 ]. The polycentric designs showed 
higher revision rates than those of total condylar 
implants and the major causes of revision were 
loosening, instability and patellofemoral pain. 
The total condylar prostheses proved to be more 
durable and the main cause of revision was 
infection.  

    Conclusions 

 The reconstruction of the knee joint is by defi -
nition a very diffi cult and challenging task and 
its evolution has passed through many stages 
of experimentation. The results were some-
times encouraging and in some cases disap-
pointing. However, the continuous evaluation 
of implants, a better understanding of knee 
anatomy and biomechanics, and improve-
ments in implant design and materials have 
led to signifi cant overall progress. The pre-
liminary outcomes of the fi rst generation knee 
replacements were very impressive regarding 
pain relief, mobility and functional improve-
ment of the patients. Nevertheless, mid and 
long term evaluations have revealed a high 
incidence of complications, mainly aseptic 
loosening, instability and patellofemoral joint 
problems. As shown above, there is a paucity 
of strong evidence in the literature, since most 
studies were retrospective with a short term 
follow up. However, all the aforementioned 
studies and publications have enabled us to 
extract useful information about the design 
characteristics and function of the primitive 
implants and comprise a substantial platform 
for the future growth of TKA.     
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           Introduction 

 Although the knee is classifi ed biomechanically 
as a hinge joint, its kinematics are more complex, 
involving motion in variable axes and in three 
separate planes. Moreover, the stability of the 
joint is highly dependent on the ligaments and 
other soft tissues around it (joint capsule, menisci, 
pes anserinus, iliotibial band, popliteus tendon) 
[ 1 ]. The performance of a satisfactory total knee 
arthroplasty (TKA) requires a comprehensive 
knowledge of both anatomy and biomechanics, 
correct and accurate surgical technique and the 
use of the appropriate implants. Implant design 
characteristics should promote normal knee func-
tion and minimize the risk of complications [ 2 ]. 

 Ideal TKA components must fulfi l the follow-
ing requirements: (a) provide restoration of nor-
mal limb alignment; (b) preserve ligaments and 
soft tissues around the knee as much as possible; 
(c) provide appropriate ligament balance and knee 
stability; (d) restore normal knee kinematics, and 
(e) resist the forces and loads applied to the knee 
joint. The femoral component must replace the 
same amount of bone that is resected, while the 
patellar sulcus should be anatomically shaped with 
an asymmetric right and left femoral surface. It 
should also be convex in two planes in order to 
mimic natural femoral condyles and conform to 
the concave surfaces of the tibial component. 
Regarding the tibial component, it has been dem-
onstrated that metal backing decrease polyethyl-
ene deformation and infl uences load transmission 
to the interface. The use of medullary stems can 
improve fi xation and promote stability in the coro-
nal, sagittal and transverse planes. In contrast, a 
metal backing design of the patellar component 
has been shown to rapidly fail because of wear and 
delamination. Ultra high molecular weight poly-
ethylene is the current material in use as a bearing 
surface in TKA, and improved  manufacturing can 
critically affect its longevity. Following the initial 
period of experimentation and clinical trials with 
primitive TKAs, lessons were learnt and signifi -
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cant improvements were performed until the intro-
duction of modern TKAs. The transition from the 
fi rst generation replacements to the total condylar 
prostheses was one of the most critical steps in the 
history of TKA and its evolution will be presented 
in this chapter.  

    Total Condylar Knee Prostheses 
(Second Generation TKAs) 

 In the 1970s, many new and important innovations 
were applied to the resurfacing of both the femoral 
and tibial condyles. The earlier ones which estab-
lished the use of polyethylene and biological bone 
cement in total hip replacement and fi rst genera-
tion TKAs eventually evolved into Total Condylar 
TKAs. At that time, there were two well-defi ned 
trends in surgical techniques. One was the ana-
tomical approach, in which the articular surfaces 
were replaced or resurfaced, both cruciate liga-
ments and most of the soft tissue constraints were 
preserved and implants were designed in order to 
avoid confl ict with soft tissue constraints. The sec-
ond was the functional approach, in which knee 
mechanics were simplifi ed by resection of the con-
dyles and the cruciate ligaments and contact sur-
face areas were maximised in order to decrease 
polyethylene contact stresses. Restoration of ana-
tomical knee geometry was not the primary pur-
pose of this approach. 

 In 1970, Kodama and Yamamoto introduced 
the fi rst anatomical Total Condylar knee [ 3 ]. The 
femoral component had a femoral fl ange com-
bined with a minimally constrained single piece 
polyethylene tibial component with a central cut 
out for preservation of both cruciate ligaments. 
Press fi t fi xation was facilitated by the thin femoral 
capping geometry, the fi ns on the femoral side and 
the two anterior staples on the tibial component 
(Fig.  4.1 ). This design later evolved as Mark I, II, 
III and fi nally the New Yamamoto Micro Fit knee 
manufactured by Corin. At the same time, Waugh 
and Smith presented the UCI knee (Fig.  4.2 ) which 
consisted of a duplication of femoral condyles and 
tibial plateaus using  casting techniques aiming to 
achieve unrestricted rotational freedom [ 4 ]. The 
femoral side molds were made in such a way as to 
attempt to reproduce the multiple radii of curvature. 

The tibial molds were sombrero shaped, which 
after preparation gave horse shoe shaped tibial 
components with central and posterior recesses in 
order to preserve the cruciate ligaments. The patel-
lofemoral compartment was not a priority, so there 

  Fig. 4.1    The Kodama-Yamamoto TKA is shown       

  Fig. 4.2    The UCI TKA is shown       
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was no femoral fl ange. This implant later evolved 
into the Gustillo-Ram and Genesis I and II TKAs.   

 The Anatomical knee, designed by Townley, 
was the fi rst TKA with a patellar button (Fig.  4.3 ). 
Femoral condyles and patellar fl ange were asym-
metrical, while the largely nonconforming sur-
faces were designed in order to enhance movement 
and produce low constraint forces in an effort to 
decrease loosening [ 5 ]. This and the Leeds TKA 
were the fi rst cemented cruciate retaining tricom-
partment Total Condylar TKAs. Townley tried to 
reproduce the normal anatomy of the knee so his 
design had different radii of curvatures in the 
frontal and sagittal planes. This design feature 
was expected to improve range of motion. 
Moreover, the retention of both cruciate ligaments 
was thought to promote stability and improve 
femoral roll back. Generally, Townley recognized 
and set many of the principles that are still used 
today in the fi eld of TKA reconstruction. He 
strongly suggested the restoration of normal 
mechanical axis and alignment, emphasized 
proper implant sizing and the use of the thinnest 
possible polyethylene insert, supported the pres-
ervation of both cruciate ligaments to enhance 
stability and proprioception and noted the impor-
tance of patella resurfacing. The Anatomical knee 

is now distributed by Biopro as the Total Knee 
Original, however several other designs have been 
infl uenced by its principles including the AGC 
(Biomet), Axiom (Wright), Natural (Centerpulse), 
PCA and Duracon (Howmedica).  

 The Leeds TKA was presented by Bahaa 
Seedhom at the same time as the Anatomic knee 
[ 6 ]. It had an anterior femoral fl ange with congru-
ous patellar articulation throughout fl exion and 
there was no need for patellar resurfacing. Femoral 
condyles were anatomical and asymmetrical and 
fl ared posteriorly in order to provide stability in 
the sagittal plane. Aiming to mimic the normal 
curvatures of the distal femur, bone surfaces were 
cut to create curved rather than fl at surfaces. The 
tibial component was a single piece of polyethyl-
ene with two oval concaved discs and similar sur-
face geometry to the femoral component allowing 
substantial anteroposterior and rotational laxity in 
fl exion. An anterior bridge was formed to join the 
two parts of tibial insert having a recess in the mid-
dle to allow for preservation of the cruciate liga-
ments. There were right and left femoral and tibial 
components, a trend that would later be adopted 
by many future manufacturers (Fig.  4.4 ). 
Complexities in manufacturing techniques of the 
femoral and tibial implants and specifi c marketing 

  Fig. 4.3    The anatomical TKA is shown       

  Fig. 4.4    The Leeds TKA is shown       
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reasons at that time made this knee design less 
popular among orthopaedic surgeons.  

 The Ewald TKA consisted of an anatomical 
cobalt chrome femoral cap articulated with an all 
polyethylene tibial component (Fig.  4.5 ). The 
bearing surfaces were highly conformed in order 
to increase the contact area; however, the design 
was highly constrained and was not so popular.  

 The designs introduced by the Hospital of 
Special Surgery (HSS) in New York proved to be 
very infl uential on the modern TKA. In 1971, 
Ranawat implanted the Duocondylar knee which 
was a symmetric, anatomical and cemented 
implant [ 7 ]. The linked femoral component had 
no anterior fl ange and both condyles were paral-
lel. There were two separate tibial components 
providing minimal stability (Fig.  4.6 ). There was 
no provision for patellar replacement, but preser-
vation of anterior and posterior cruciate liga-
ments was predicted. Although this was not a true 
condylar knee, signifi cant conclusions were 
drawn from the experience of its use. Mainly, it 
was considered that resurfacing of the patello-
femoral joint should be benefi cial, preservation 
of both cruciate ligaments could probably inter-
fere with the correction of deformities and fi xa-
tion with cement might be insecure beneath the 
two separate tibial components. All these fea-
tures would be taken into account and applied to 
the design of the next HSS implant, the Duopatella 
knee. Anatomical design and symmetry were 
preserved, but an anterior femoral fl ange was 

added in order to solve the problems of the 
Duocondylar knee. Moreover, a single tibial 
insert was used with a posterior cut out for pres-
ervation of the PCL. The anterior cruciate liga-
ment was planned to be sacrifi ced. This implant 
was used in the treatment of patients with polyar-
ticular rheumatoid arthritis with the expectation 
that the preservation of the PCL would enhance 
knee fl exion. A few years later, the medial tip of 
the femoral trochlear fl ange was removed, creat-
ing right and left designs based on the asymmetry 
of the proximal femoral fl ange in order to reduce 
the medial overhang in small size knees. The 
Duopatella implant would evolve into the PFC 

  Fig. 4.5    The Ewald TKA is shown       

  Fig. 4.6    The duocondylar TKA is shown       
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Modular and PFC Sigma knee design (Depuy) as 
well as the Kinematic, Kinematic II, Kinemax 
and Kinemax Plus systems (Howmedica). At the 
beginning of 1979, Howmedica presented the 
PCA knee, which was anatomical with asymmet-
ric medial and lateral femoral condyles similar to 
the Leeds and the original Townley implants. Its 
most important feature was the introduction of 
the porous coating concept. The femoral, tibial 
and patellar side were metal backed and sintered 
with 1.5 mm thick cobalt chrome beads.  

 The fi rst representative of the functional 
approach concept was introduced during the mid 
1960s, the Freeman – Swanson TKA [ 8 ]. In order 
to address the problem of high contact stresses, 
polyethylene wear and deformities, several sug-
gestions were made. Both cruciate ligaments 
were resected in order to simplify the kinematics 
of the knee, reduce femoral rollback and permit a 
“roller-in-trough” design. Femoral cuts were 
made to be fl at in order to preserve bone and no 
attempt was made to reproduce knee joint anat-
omy. A femoral component with a single radius 
of curvature was designed in order to articulate 
with a tibial implant of an identical radius, thus 
enlarging the contact areas considerably. The 
femoral component had a short stem, placed 
anteriorly, to fi t into the hole left by the intramed-
ullary guide used for alignment, while the tibial 
part had no stem but a dovetail to promote fi xa-
tion with the bone (Fig.  4.7 ). There was only one 
implant size. Freeman’s contribution and innova-
tive ideas were substantial. He emphasized the 
importance of creating and using specifi c instru-
ments for proper implant alignment, introduced 
the use of spacers to check gaps remaining after 
the bone cuts and he recommended the use of 
tensor devices for ligament balancing. The fi rst 
Freeman-Swanson design did not have a real 
anterior femoral fl ange and patella tracking was 
partly based on the femoral component and partly 
on the native joint. Later on, a long, fl at patellar 
fl ange was added and the implant was renamed as 
the Imperial College London Hospital knee 
(ICLH) (Protek and Howmedica) and later as the 
Freeman-Samuelson knee.  

 The fi rst truly satisfactory, widely used and 
functional cruciate sacrifi cing implant was the 

Total Condylar TKA (TC) which was designed 
and introduced by Insall, Ranawat and Walker 
(Fig.  4.8 ). The TC combined the advantages of 
the anatomical bicondylar and the conforming 
surface design. The femoral component had a 
rounded medio-lateral geometry, while the sagit-
tal radius mimicked the natural knee. There was an 
anterior femoral fl ange to improve patellar track-
ing and stability and a patellar button made of 
polyethylene was also provided. Bearing surfaces 
were of double dished shapes to provide better 
stability. The tibial component had a tibial peg to 
give additional but not primary fi xation. Medio-
lateral stability was enhanced by a central tibial 
eminence fi tting a femoral intercondylar recess, 
while over-all knee stability was  accomplished 

  Fig. 4.7    The Freeman-Swanson TKA is shown       

  Fig. 4.8    The total condylar TKA is shown       
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by combining joint surface geometry and soft tis-
sue tension. The concept of fl at bone cuts, cre-
ation of equal and parallel fl exion and extension 
gaps and of careful ligament releasing was sub-
stantial. Keeping the principles of Total Condylar 
knee, Howmedica manufactured two cruci-
ate retaining variants. These were the Cruciate 
Condylar knee, which preserved both cruciate 
ligaments, and the Posterior Cruciate Condylar 
knee, which preserved only the PCL. Some years 
later, Walker and Insall designed a central tib-
ial post which engaged the femur in fl exion in 
order to promote anteroposterior stability, ensure 
femoral roll back and avoid complications such 
as dislocations. This was the Total Condylar II 
design. The main problems of the Total Condylar 
knee were increased polyethylene wear, anterior 
instability and insuffi cient fl exion. Burstein, fol-
lowing biomechanical studies, redesigned the 
implant shifting the point of contact of the joint 
more posteriorly and named it the Insall-Burstein 
Total Condylar knee. Adding a cam mechanism 
in order to reproduce the progressive rollback 
function of the PCL, posterior stabilized designs 
of the Hospital of Special Surgery were produced 
including the Insall- Burstein Modular posterior 
stabilized (IBPS II) (Zimmer), the Optetrak pos-
terior stabilized (Exactech) and the Advance pos-
terior stabilized (Wright Medical).  

 Another signifi cant and innovative design 
based on the functional approach was the mobile 
bearing knee (bicruciate retaining and rotating 
platform) introduced by Buechel and Pappas in 
1977. The main concept was to achieve lower 
polyethylene contact stresses, while maintaining 
knee fl exion and to avoid overload of the implant 
bone interfaces. The femoral component had a 
small posterior radius of curvature in order to 
provide normal kinematics during fl exion and 
reduce the risk of polyethylene extrusion. This 
implant was named the New Jersey Knee System 
and would later evolve as the Low Contact Stress 
(LCS) and the LCS Rotating Patellar Replacement 
knee (DePuy) with the application of bone 
ingrowth surfaces into the components. Instead 
of having a dome shaped patella similar to the 
Total Condylar knee, the design of the patellar 
button was thick and anatomical in shape in order 

to properly fi t into the femoral groove. In 1977, 
Polyzoides and Tsakonas presented another 
mobile meniscal bearing knee named the Gliding 
Meniscal knee (Zimmer). Similarly to LCS, 
articular surfaces in knee fl exion were not fully 
congruent. This implant would later be improved 
and it evolved into a fully congruent rotational 
and gliding platform implant called the Rotaglide 
knee (Corin). 

 During the decades of 1980 and 1990, only 
small changes were recorded in existing prosthe-
ses. Alterations in the names of the implants did 
not mean signifi cant modifi cations or innovations 
in kinematics, approach or design. Important 
issues for continuing research were fi xation with 
or without cement, polyethylene wear, use of fi xed 
or mobile bearings and patellofemoral problems.  

    Long Term Outcomes of Total 
Condylar Knee Replacements 
and Evidence Based Data 

 The evolution of TKA involved not only implant 
design, fi xation techniques, instrumentation and 
surgical procedure. There was also a signifi cant 
improvement in the fi eld of research and the 
 performance of quality studies assisting an improved 
understanding and evaluation of TKA outcomes. 

 Yamamoto [ 3 ] published his initial results in 
1979 and these were encouraging. Aseptic loos-
ening appeared not to be a major problem any-
more, but interestingly the author suggested that 
bone cement was harmful to bone and soft tissues 
and they did not recommend its use [ 3 ]. Ten years 
later, Yamamoto et al. [ 9 ] reported the results of 
the uncemented Mark II TKA. At 2–7 years fol-
low up, the majority of patients showed good to 
excellent outcomes with a mean fl exion of 96.5°. 
Aseptic loosening was not the major complica-
tion, but its incidence was still high (4.4 %). 

 In 1976, Evanski et al. [ 10 ] reported the short 
term results of the UCI knee. Clinical improve-
ment was satisfactory, but mechanical complica-
tions including instability, tibial component 
loosening or deformation, and patellar problems 
were common. Nevertheless, the authors recom-
mended the use of this implant. In a similar study 
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several years later, Hamilton [ 11 ] emphasized the 
high incidence of the above complications and 
discontinued the use of the implant in his prac-
tice. The modern evolution of UCI TKA (Genesis 
TKA) defi nitely showed better results. In a recent 
study, with a minimum of 10 years follow up, sat-
isfactory outcome of the cruciate retaining 
Genesis I TKA regarding range of motion, low 
risk of clinical loosening and survival rate 
(96.7 %) was reported [ 12 ]. Moreover, a system-
atic review (level II) performed by Bhandari et al. 
[ 13 ] showed good clinical performance and sur-
vival (96.% at 12 years) of the Genesis II knee 
and further studies with a longer follow up are 
expected to confi rm these results. 

 In 1985, Townley [ 14 ] presented the excellent 
mid-term results of the Anatomic TKA. Problems 
related to the patella and loosening of the tibial 
component were the predominant mechanical 
complications which required revision. He attrib-
uted these complications to implant malaling-
ment, defects in the bone-cement interface and 
the structural strength of polyethylene. 

 Duocondylar TKA has generated several prob-
lems, in the short term, including knee instability, 
loosening of the tibial component, and symptoms 
related to patellofemoral joint [ 15 ]. Duopatella 
TKA addressed all these issues causing failures of 
the Duocondylar TKA and showed improved out-
comes. Outcomes of Kinematic, Kinemax and 
PFC Sigma were even more promising. Two recent 
studies [ 16 ,  17 ] have reported outcomes of the 
PFC Sigma TKA at 10 and 14 years follow up 
respectively. Functional improvement was signifi -
cant, aseptic loosening minimal, revision rates low 
and the 10 year survival rate 97–98 %. Furthermore, 
a prospective randomised controlled trial showed 
no statistically signifi cant differences in functional 
outcome between the PFC Sigma fi xed bearing 
and rotating platform TKA systems in the short 
term [ 18 ]. Concerning Kinematic and Kinemax 
TKAs, two interesting papers have been published 
[ 19 ,  20 ] (Fig.  4.9 ). The fi rst is a biomechanical 
study evaluating long term PE wear characteristics 
 during movements in the axial, frontal, sagittal and 
transverse planes. Although wear tracks were 
slightly different between the two implants, the 
overall wear rate was similar. The second study 

analysed the 26 year survival of different implant 
designs. It was found that the Total Condylar, 
Press Fit Condylar (PFC), Kinematic, Kinemax 
and Anatomic Modular TKAs had similar satisfac-
tory survival rates with revision as the end point.  

 Trieb et al. [ 21 ] analysed the long term clini-
cal and radiological results of 68 consecutive 
PCA TKAs performed on patients with rheuma-
toid arthritis. At a mean follow up of 11 years, 
clinical results were good, although revision rates 
were somewhat high. This may be attributed to 
fatigue type polyethylene wear in this type of 
prosthesis as shown by Rohrbach et al. [ 22 ] in 
their autopsy and revision retrieval study. 

 Goldberg and Henderson in 1980 [ 23 ] and 
Herbert and Andersson in 1982 [ 24 ] reported 
their experience with the use of Freeman- 
Swanson TKA. Correction of deformity, range of 

  Fig. 4.9    Satisfactory radiological outcome of a Kinemax 
TKA at 25 years follow up (Courtesy of Th Karachalios)       
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motion, and restoration of function appeared to 
be satisfactory; however, the revision rate was 
high and major problems were instability, loosen-
ing and patellofemoral problems. A few years 
later, Freeman and Samuelson [ 25 ] presented 
excellent results with the use of their prosthesis. 
The authors recognized the problems encoun-
tered with the use of Freeman-Swanson ICLH 
implant and described the advantages of the 
Freeman-Samuelson design. 

 The literature is relatively rich concerning treat-
ment outcomes of the Total Condylar TKA. Long 
term follow up studies evaluating the effectiveness 
of this implant exist. Rodriguez et al. [ 26 ] in 2001 
published a 20 year follow up study and showed 
signifi cant durability of the implant. The most 
common cause for revision was loosening of one or 
both components. During the same year, Pavone 
et al. [ 27 ] reported their series of 120 arthroplasties 
and showed that 23 year survival with revision as 
an end point was 91 %. Huang et al. [ 28 ] reported 
similar fi ndings in their 20 year follow up study. 
The overall survival rate was 91.9 %, while sur-
vival for the all polyethylene tibial component was 
96.4 % and for the metal backed tibial component 
was 88.4 %. Consequently, the authors recommend 
the use of the more cost effective and durable all 
polyethylene tibial implant [ 28 ]. 

 Long-term outcomes were also presented by 
Buechel et al. [ 29 ] concerning rotating implants. 
Survival rates of patients who underwent primary 
cementless posterior cruciate retaining meniscal 
bearing TKAs with an end point revision for any 
reason was 97.4 % at 10 years and 83 % at 16 years. 
Survival rates of the primary cemented rotating 
platform TKAs with the same end point were 
97.7 % at 10 and at 20 years. Finally, survival rates 
of the cementless rotating platform TKA was 
98.3 % at 10 years and at 18 years. The outcomes 
of another rotating platform design were equally 
good as reported by Polyzoides et al. [ 30 ]. Rotaglide 
TKA showed no mechanical failures, no platform 
bearing dislocations and satisfactory function.  

    Conclusions 

 With the evolution of TKAs, the incidence of 
complications has been reduced, clinical per-
formance improved and revision rates have 

decreased. Manufacturing of more durable 
designs, better understanding of knee kine-
matics and improvements in surgical tech-
niques have led to signifi cant growth in the 
fi eld of TKA. The decades of 1970 and 1980 
were very productive and many innovative 
ideas thrived. In the following years of con-
tinuous research, many noteworthy studies 
were reported describing specifi c design char-
acteristics, their function and their effective-
ness. A defi ning moment in the history of 
TKA was the development and clinical appli-
cation of the Total Condylar knee and mobile 
bearing knee replacements, because they set 
the standards for modern knee implants.     
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      Total Knee Arthroplasty. 
Evaluating Outcomes 

           Elias     Palaiochorlidis      and     Theofi los     Karachalios     

           Introduction 

 Total knee arthroplasty (TKA) is one of the most 
successful surgical procedures excellent 
15–20 year survival rates routinely reported by 
multiple surgeons in large series [ 1 ]. It is widely 
used in the treatment of severe knee osteoarthri-
tis, infl ammatory arthritis, posttraumatic arthritis, 
rheumatoid arthritis, gout and other general 
arthritic conditions [ 2 ]. It is standard procedure 
in current practice in modern orthopaedics. 

 Due to its widespread use, orthopaedic sur-
geons, patients, implant manufacturers, health 
economic providers and politicians all seek tech-
nical data related to long term outcome, compli-
cations and cost – benefi t issues. 

 Ideally, in order to estimate TKA outcomes, a 
globally accepted and validated outcome mea-
sure tool, incorporating both objective and sub-
jective recordings, should be used [ 3 ]. For 
decades existing evaluation scales have proved to 

be insuffi cient and non-standardized, creating 
confusion rather than assisting surgeons, patients 
and authorities to make future decisions [ 4 ]. 
Perhaps a combination of evaluation scales 
should be used and assessment should be site as 
well as pathology specifi c [ 5 ].  

    History 

 Evaluation of the quality of orthopaedic surgical 
treatment goes back to the beginning of the spe-
cialty. Initially, outcome measures after surgery 
were based on physical examination and radio-
logical parameters [ 6 ]. Progressively, a trend to 
move from an objective to a subjective evaluation 
of results has been developed and since the 1980s 
outcome assessment after orthopedic surgery has 
focused on the patient’s perspective [ 5 ]. Behind 
this trend is the basic observation that nearly all 
surgeons have treated patients whose objective 
outcome scores have improved as a result of treat-
ment and who yet have remained unsatisfi ed [ 7 ]. 

 The fi rst published report on total knee arthro-
plasty is often attributed to Gluck in 1890 [ 8 ]. 
Gluck employed an implant made of ivory for the 
treatment of knee joints destroyed by tuberculo-
sis. At the time, the only alternatives to this “radi-
cal” intervention were amputation, arthrodesis, 
inter positional arthroplasty, or supervised 
neglect. Faced with such severe joint disorders, 
Gluck’s surgical interventions were initially 
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deemed successful, mostly because the alterna-
tives to the prosthesis were so dismal. Still, Gluck 
later cautioned about the use of this implant due 
to unresolved problems with infection. This note 
of caution underscored the fi rst report on TKA 
outcomes, and based on the Gluck’s warnings 
inter positional arthroplasty continued as stan-
dard treatment for severely diseased knee joints. 
Inter positional materials included pigs’ blad-
ders, fascia lata, patellar bursae, vitallium covers, 
and cellophane [ 9 ]. In 1949, Speed reported on 
the outcome of 65 inter positional arthroplasties 
and graded them as good (n = 29), fair (17), poor 
(6) and failures (13) [ 10 ]. Miller reported on 37 
inter positional arthroplasties in 1952 which 
demonstrated worse results than Speed [ 11 ]. 
Eleven were reported as good, 8 as fair and 18 as 
failures. These primitive outcome measures were 
surgeon derived and did not rely on input from 
the patients. 

 In the face of such poor results and with the 
continued development of manufacturing, of 
modern anesthesia, aseptic technique and antibi-
otic prophylaxis, began the modern era of 
TKA. Shiers reported a case study of two patients 
using a stainless steel hinged prosthesis [ 9 ]. In 
one patient, heterotopic ossifi cation limited the 
results, but the other was deemed to be success-
ful. Shiers considered the operation a success 
because the patient was painfree, could walk with 
a stick, and could ascend and descend stairs. 

 Walldius reported encouraging results using a 
cobalt chromium hinged TKA [ 12 ]. Although no 
formal scoring systems were applied in these 
studies, the author did consider subjective and 
objective outcomes in the determination of the 
success of the operation. The introduction of 
these implants resulted in a relatively predictable 
outcome after TKA [ 13 ]. The net effect of the 
success and homogeneity of the second and third 
generation of implants (survival time with few 
design modifi cations) is the emerging emphasis 
on the quantitative documentation of subtler 
TKA outcomes [ 13 ]. 

 Knee pain is the most common reason for 
undergoing knee surgery. Disability varies among 
individuals who undergo knee surgery and 
depends on pain and loss of function. Disability 

for an elite athlete may involve inability to per-
form at a high level of competition, on the other 
hand, for an elderly individual with knee osteoar-
thritis, disability may involve diffi culties with 
activities of daily living or walking [ 14 ]. 

 A number of individual characteristics are 
known to affect pain and function after surgery 
[ 15 ]. Individual risk factors which impact on 
patient outcomes after TKA include age and gen-
der [ 16 – 18 ], antecedent diagnosis [ 19 ], body 
mass index [ 20 ,  21 ], ethnicity [ 22 ], psychological 
distress [ 23 ], baseline pain and functional dis-
ability [ 19 ], comorbidity profi le [ 24 ], socioeco-
nomic status [ 25 ], and severity of radiographic 
osteoarthritis [ 26 ]. Some of these, such as obesity 
and psychological distress, are potentially modi-
fi able, making accurate and meaningful capture 
and interpretation of outcome data imperative for 
both informing those at risk and for developing 
strategies to mitigate the risk of poor results and 
dissatisfaction. The objective of treatment must 
also be taken in account when selecting a tool for 
assessing TKA. If an inappropriate tool is used to 
evaluate the outcome of TKA, incorrect treat-
ment decisions can be made for future patients. It 
is therefore critical to use scales of clinical out-
come that are important for the patients who are 
evaluated, while also being relevant to the 
surgeon. 

 A measure of any kind is only useful if it is 
reproducible (reliable) and accurate (valid). In 
the assessment of health status, tools must also be 
able to detect improvement and worsening 
(responsiveness or sensitivity to change). So 
when considering selection criteria for a scoring 
system reliability, validity and responsiveness are 
essential properties [ 5 ]. 

  Reliability  equates to the consistency (repeat-
ability) of the system. It is not measured and can 
only be estimated. In other words, it is the extent 
to which a measurement gives results that are 
consistent. It is also known as reproducibility, 
because repeated administrations of the same 
questionnaire to stable patients should produce 
more or less the same result [ 27 ]. There are two 
trends in the estimation of reliability for health 
status tools. The fi rst is test and retest reliability 
which involves having patients who are in a sta-
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ble state respond to a questionnaire at two time 
interval points. The time period must not be too 
short, because individuals may remember their 
prior responses. The time period must also not be 
too prolonged, which allows for the possibility 
for clinical change. In general, a time period 
ranging from 2 days to 2 weeks is used [ 28 ]. 

  Validity , in statistics, is the extent to which a 
concept, conclusion or measurement is well 
founded and corresponds accurately to the real 
world. The word “valid” is derived from the Latin 
validus, meaning strong. The validity of a mea-
surement tool is considered to be the degree to 
which the tool measures what it claims to mea-
sure. Four types of validity are commonly exam-
ined and all are relevant to orthopaedic scoring 
and outcome measurement [ 28 ].  Conclusion  
validity asks if there is a relationship between the 
intervention and the observed outcome. Statistical 
conclusion validity is the degree to which conclu-
sions about the relationship among variables 
based on the data are correct or reasonable. This 
began as questioning whether the statistical con-
clusion about the relationship between the vari-
ables was correct, but now there is a movement 
towards moving to ‘reasonable’ conclusions that 
use: quantitative, statistical, and qualitative data. 
Statistical conclusion validity involves ensuring 
the use of adequate sampling procedures, appro-
priate statistical tests, and reliable measurement 
procedures. As this type of validity is concerned 
solely with the relationship that is found among 
variables, the relationship may be a correlation 
only.  Internal  validity is similar but examines 
whether the outcome seen is causal. Internal 
validity is an inductive estimate of the degree to 
which conclusions about causal relationships can 
be made (e.g. cause and effect), based on the 
measures used, the research setting, and the over-
all research design. Good experimental tech-
niques, in which the effect of an independent 
variable on a dependent variable is studied under 
highly controlled conditions, usually allow for 
higher degrees of internal validity than, for exam-
ple, single case designs. Eight kinds of confound-
ing variables can interfere with internal validity 
(i.e. with the attempt to isolate causal relation-
ships):  History , the specifi c events occurring 

between the fi rst and second measurements in 
addition to the experimental variables. 
 Maturation , processes within the participants as a 
function of the passage of time (not specifi c to 
particular events), e.g., growing older, hungrier, 
more tired, and so on.  Testing , the effects of tak-
ing a test upon the scores of a second testing. 
 Instrumentation , changes in calibration of a mea-
surement tool or changes in the observers or scor-
ers may produce changes in the obtained 
measurements.  Statistical regression , operating 
where groups have been selected on the basis of 
their extreme scores.  Selection , biases resulting 
from differential selection of respondents for the 
comparison groups.  Experimental mortality , or 
differential loss of respondents from the compar-
ison groups.  Selection-maturation interaction , 
e.g., in multiple-group quasi-experimental 
designs.  External  validity looks at the ability to 
generalize the results of one study to other set-
tings, a common practice in orthopaedic discus-
sion. External validity concerns the extent to 
which the (internally valid) results of a study can 
be held to be true for other cases, for example to 
different people, places or times. In other words, 
it is about whether fi ndings can be validly gener-
alized. If the same research study was conducted 
on those other cases, would it get the same 
results? A major factor in this is whether the 
study sample (e.g. the research participants) is 
representative of the general population along 
relevant dimensions. Other factors jeopardizing 
external validity are: reactive or interaction effect 
of testing, a pretest might increase the scores on a 
posttest; interaction effects of selection biases 
and the experimental variable; reactive effects of 
experimental arrangements, which would pre-
clude generalization about the effect of the exper-
imental variable upon persons being exposed to it 
in non- experimental settings; multiple treatment 
interference, where effects of earlier treatments 
are not erasable, and fi nally,  construct  validity. 
This is the most commonly cited but most 
demanding concept to understand and refers to 
an ability to extrapolate study results to different 
settings. Construct validity refers to the extent to 
which operationalization of a construct (i.e., 
practical tests developed from a theory) do 
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 actually measure what the theory says they do. 
Construct validity evidence involves empirical 
and theoretical support for the interpretation of 
the construct. Such lines of evidence include sta-
tistical analyses of the internal structure of the 
test including the relationships between responses 
to different test items. They also include relation-
ships between the test and measures of other con-
structs. As currently understood, construct 
validity is not distinct from the support for the 
substantive theory of the construct that the test is 
designed to measure. As such, experiments 
designed to reveal aspects of the causal role of 
the construct also contribute to construct validity 
evidence [ 28 ]. 

  Responsiveness  refers to a scoring system’s 
ability to detect clinically important change over 
time. Orthopaedic surgeons generally use rating 
systems to improve in health related quality of 
life after treatment. An instrument that is not able 
to measure improvement in a patient who has 
been treated successfully would not be useful for 
clinical research or evaluation. Therefore, the 
characteristic of responsiveness is critical for the 
practical application of a rating scale. There are 
many statistical methods that are available to 
determine responsiveness. The standardized 
response mean (observed change/standard devia-
tion of change) is most commonly used in ortho-
paedic research [ 29 ]. This statistic incorporates 
response variance, allowing statistical testing of 
the response means [ 30 ].  

    Specifi c and Generic Measures 

  Specifi c  measures may pertain to a certain patho-
logic entity (disease-specifi c), condition 
(condition- specifi c), or anatomic location (joint- 
specifi c). The focus of these measures does not 
apply to specifi c aspects of the condition (or ana-
tomic location), but complaints are usually attrib-
uted to the disorder (or anatomic location). For 
example, a joint specifi c tool for the knee may 
ask patients if they have diffi culty dressing 
because of their knee problem.  Generic  mea-
sures have a broader perspective including emo-
tional, social, mental, and physical health and do 

not restrict attribution to a particular disorder. 
The advantage of generic health status instru-
ments compared with specifi c instruments is that 
they allow comparisons across conditions and 
treatments. The disadvantage of these tools is 
that they may not be responsive to clinically 
important change, because change may be an iso-
lated issue and may not be refl ected in the score 
of this more global measure. The advantage of 
disease or joint specifi c measures is that they are 
generally more responsive to change in the spe-
cifi c phenomenon of interest, and they are more 
relevant to patients. 

 The most commonly used generic health sta-
tus tool is the  Short - form 36  (SF-36). It is a 
36-item questionnaire that measures general 
health and quality of life. It is commonly used in 
studies of TKA to describe the patient’s overall 
status. A physical component scale and a mental 
component scale can be derived from the SF-36. 
It has been validated, it is used widely across 
medical disciplines, and can be reliably self- 
administered by the patient. The SF-36 has been 
used to defi ne disease conditions, to determine 
the effect of treatment, to differentiate the effect 
of different treatments, and to compare orthopae-
dic with other medical disorders. However, a bias 
of lower over upper extremity function, limita-
tions in assessment of certain physical activities 
of daily living and the existence of upper and 
lower limits on the detection of certain changes 
in quality of life status have been demonstrated 
with the SF-36. Nevertheless, with an adequate 
knowledge of its effectiveness and limitations, 
the SF-36 can be a useful tool in many sectors of 
orthopaedic surgery [ 31 ]. 

 Expectations vary greatly between patients 
and the mismatch of experience versus expecta-
tion after TKA is a potent cause of patient dis-
satisfaction. Due to earlier surgical intervention, 
patients now expect not only pain relief, but also 
correction of any deformity and an early return to 
physical and recreational activities. Scoring sys-
tems have thus evolved to accommodate more 
active patients at both ends of the age spectrum. 

 Currently, there is no single best outcome 
measure for TKA [ 5 ]. There are, however, several 
reliable, responsive and validated systems. The 
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Western Ontario and McMaster University 
Osteoarthritis Index (WOMAC) and Oxford-12 
disease specifi c scores are the most frequently 
used. The WOMAC underwent vigorous psycho-
metric validation before its introduction and 
requires licensed use from the copyright holders 
[ 3 ]. This may be obtained free online for educa-
tional and clinical use (  www.womac.org    ). It is 
ubiquitous, easy to use and evaluates three 
domains: pain (5 questions), stiffness (2 ques-
tions) and physical function (17 questions), each 
weighted on a similar computation. The WOMAC 
Index is sensitive to change and has shown 
greater effi ciency than most other instruments in 
the assessment of osteoarthritis [ 32 ]. A seven- 
point reduced WOMAC scale has also been 
developed and retains excellent validity and 
repeatability in the assessment of total joint 
replacement [ 33 ]. The Oxford-12 knee score 
(OKS), published in 1998, originally examined 
12 items with a possible score of 1–5 for each 
[ 34 ]. It assesses pain, diffi culty with washing and 
drying self, diffi culty getting into car/public 
transport, ability to walk long distances, pain on 
standing, nocturnal pain, limp, ability to kneel, 
giving way, ability to shop, descending stairs and 
interference with work. Scores range from 12 to 
60, with 12 being the best outcome. Although 
simple, it is ranked the highest for a disease spe-
cifi c scale for reliability, content validity and fea-
sibility of use. Many have found the system 
counter-intuitive [ 35 ]. It is now recommended 
that each question is scored from 0 to 4 with 4 
being the best outcome. Thus, the new scoring 
system ranges from 0 to 48 with 48 representing 
the most favorable outcome. It is important that 
any study, which incorporates the OKS, clearly 
states which method has been used. 

 In contrast with the patient assessed and equally 
weighted OKS, the American Knee Society 
Score (AKSS) is a surgeon assessed weighted 
score developed through consensus by the Knee 
Society in 1989 [ 36 ]. It comprises two parts, the 
fi rst addressing pain, stability and range of move-
ment. The second part examines function, with 
particular reference to walking distance and stair 
climbing. Maximum scores of 100 are possible in 
each section. The AKSS has been validated and 

is responsive and reproducible. However, it suf-
fers from high inter- and intra- observer variation 
when the assessments are performed by less expe-
rienced doctors and nurses [ 37 ]. In an attempt to 
isolate knee function from other factors, patients 
are categorized into three types: A, with no con-
tralateral knee disease; B, with substantial arthro-
sis; and C, with multiple joint involvement. The 
fi nal knee score is designed to be independent of 
other factors even in the face of declining func-
tion created by comorbidities and polyarthropa-
thy. Unfortunately, the AKSS is not sensitive in 
revealing problems from the patellofemoral com-
partment of TKA. 

 The Hospital for Special Surgery knee rating 
system was introduced by Insall in 1974. A maxi-
mum score of 100 is possible, and it contains six 
categories scored as follows: pain (30 points), 
function (22 points), range of motion (18 points), 
muscle strength (18 points), stability (10 points) 
and fl exion deformity (10 points). Points are sub-
tracted in cases of patients who use walking aids, 
have lack of extension, or in case of varus or val-
gus deformity. It has a good inter observer index 
of relation but poor reproducibility. It emphasizes 
pain, function and range of motion [ 38 ]. The 
New Jersey Orthopaedic Hospital Score (NJOH) 
was introduced in 1982. This is a specifi c out-
come measurement scale with a maximum pos-
sible score of 100. It contains six categories 
scored as follows: pain (30 points), function (25 
points), range of motion (15 points), muscle 
strength (8 points), stability (10 points) and fl ex-
ion deformity (12 points) [ 39 ]. 

 The Knee Society Radiological Evaluation 
System was developed for uniform reporting of 
radiological results of TKA so comparisons 
could be made not only between different institu-
tions but also between different implants. The 
important aspects of satisfactory arthroplasty are 
featured in the system, such as component 
 position, leg and knee alignment, and the implant- 
bone interface or fi xation. The system is easy to 
use, quick to use, and covers one page. In addi-
tion to the documentation of knee alignment and 
component position, the system has a numerical 
score for the implant interface which assesses the 
quality of fi xation. Those features that convert an 
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image into numbers will enable radiological 
results to be stored in a data base along with the 
clinical results. Up to this time, most computer-
ized total joint registries record and store clinical 
results only. The main disadvantage to this sys-
tem is the standardization of radiographs for the 
proper position, rotation, and alignment of the 
knee. These positioning errors can be reduced if 
the examiners use multiple sets of knee radio-
graphs, select the most representative fi lms and 
take measurements [ 40 ]. 

 The Bristol Knee Score rating system was 
published and fi rst used in 1970, and later modi-
fi ed in 1980. It emphasizes knee function, but is 
not widely accepted [ 41 ,  42 ]. Up to now it seems 
that WOMAC and Oxford-12 are the most reli-
able and valid assessments of outcome after TKA. 

 However, with the increasing use of segmental 
replacements and osteotomies, scoring systems 
which examine higher levels of activity are 
required. The High Activity Arthroplasty Score 
(HAAS), although not knee specifi c, can be used 
to subjectively evaluate a total joint replacement in 
patients who enjoy an otherwise active lifestyle. 
This system has been validated in patients receiv-
ing either total hip or knee replacements [ 43 ]. 

 In the 1990s the Knee Society Clinical Rating 
System was put forward as a worldwide instru-
ment for assessing the outcome of total or partial 
knee arthroplasty by evaluating both knee func-
tion and patients’ functional abilities after TKA 
[ 44 ]. However, it became apparent that not 
enough details were provided by this scoring sys-
tem and there were defi ciencies and ambiguities, 
particularly in reporting the contemporary patient 
functions with TKA. Furthermore, its reliability, 
responsiveness and validity have been questioned 
[ 45 ]. The KSS was only physician-derived, with 

inadequate correlation between objective knee 
scores in physician-assessed scores and subjec-
tive, satisfaction scores in patient-derived scores 
[ 46 ]. There was a need to develop a satisfactory 
Knee Society scoring system, in terms of internal 
consistency and good validity, in order to meet 
the needs of contemporary patients who have 
greater expectations and functional requirements 
[ 46 ]. The New KSS was developed in 2011 with 
improved responsiveness and reliability. This 
scoring system integrated an objective physician- 
derived component with a subjective patient- 
derived component. Patient perspective is the 
priority of this system, with patient expectations, 
satisfaction, and activity levels being well docu-
mented via the evaluation of pain relief, func-
tional abilities, satisfaction and expectation 
fulfi llment [ 47 ]. In Table  5.1  accuracy and valid-
ity of different scoring systems is shown.

       Patellofemoral Joint Scoring 
Systems 

 It seems that the above scoring systems are not 
sensitive enough to depict symptoms and prob-
lems from the patellofemoral joint of a TKA. This 
is also a critical disadvantage due to the fact that 
anterior knee pain and patellofemoral dysfunc-
tion are challenging problems after TKA [ 52 ]. To 
the best of our knowledge only few studies pres-
ent and use specifi c patellofemoral rating sys-
tems [ 53 – 55 ]. The Feller score allocates 30 points 
for anterior knee pain and 10 points for each of 
quadriceps strength, ability to rise from a chair 
and stair climbing [ 53 ]. The Kujala score is a 
scoring questionnaire for anterior knee pain. It 
allocates points for limping (5), support (5), 

   Table 5.1    Accuracy and validity of different scoring systems   

 Scoring system  Validity  Accuracy  Easy of use  Reference 

 Hospital for special surgery  Yes  Yes/No  Poor  [ 38 ] 

 Oxford knee score  Yes  No  Good  [ 48 ] 

 Sf-36  Yes  Good  [ 49 ] 

 WOMAC  Yes  Yes  Good  [ 50 ] 

 American Knee Society  Yes  No in revision  Fair  [ 51 ] 

 New Jersey orthopaedic hospital score  No  Poor  [ 39 ] 
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walking (5), climbing stairs (10), squatting (5), 
running (10), jumping (10), prolonged sitting 
with the knees fl exed (10), pain(10), swelling 
(10), abnormal painful patellar movements (sub-
luxations) (10), atrophy of the thigh (5) and fl ex-
ion defi ciency (5), with the maximal sum score 
being 100 [ 54 ]. The patella score presented by 
the Bristol group allocates points anterior knee 
pain (2), pain climbing stairs (2), patella tender-
ness (2), patella crepitus (2) and radiological 
appearance of patella instability (2) [ 55 ]. 
Recently, a novel outcome measure, the Samsung 
Medical Center (SMS) patellofemoral scoring 
system has been published, with emphasis on the 
evaluation of patellofemoral joint status [ 52 ]. It 
evaluates separately patellofemoral pain and 
function and then consider them in combination. 
It lacks items such as limping, swelling, atrophy 
of the thigh and fl exion defi ciency that are not 
specifi c for patellofemoral problems.  

    Survival Analysis 

 Another outcome measure that is widely used in 
recent literature is survival analysis of TKAs. 
Survival analysis is defi ned as a set of methods 
for analyzing data where the outcome variable is 
the time until the occurrence of an event of inter-
est e.g. failure of the joint arthroplasty. Survival 
analysis techniques can be classifi ed into non-
parametric (Kaplan Meier product limit method), 
parametric (exponential methods) and semi- 
parametric method (Cox-proportional method). 
The survivorship rate is the percentage of TKAs 
which have not been revised in any given series 
of patients for any reason. Generally, it is consid-
ered the most often used measure in the litera-
ture. It is the most important measure when 
considering differences between various pros-
thetic designs. Lastly, it is adjuvant when answer-
ing the most diffi cult patient question, “How long 
will the knee last”. Survival rate depends as well 
as on patient related factors (body weight, activ-
ity) as well as on implant (condylar, unicompart-
ment, posterior cruciate retaining model, 
posterior stabilized etc.) and surgeon (technique) 
related factors.  

    Patient: Reported Outcome 
Measures (PROMS) 

 Patients and doctors do not always agree on what 
constitutes a good postoperative result [ 56 ]. For 
this reason the use of patient reported outcome 
measures (PROMS) is increasing. PROMS assess 
the result of TKA from the patient’s point of view 
only [ 57 ]. They can be used to evaluate the qual-
ity of care delivered by the providers of elective 
procedures, benchmark their performance and 
assess the effi cacy and cost effectiveness of dif-
ferent approaches and provide a baseline for peer 
comparison between institutions [ 57 ]. Using 
PROMS, clinicians could achieve best outcomes 
and improve standards [ 58 ]. PROMS are using 
outcome scores like Oxford Knee Score which 
has previously been proven to be a reliable, valid 
outcome score and it is recommended for assess-
ment of large TKA [ 59 ]. They also collect infor-
mation on the effectiveness of care delivered to 
NHS patients as perceived by the patients them-
selves. The data adds to the wealth of information 
available on the care delivered to NHS funded 
patients to complement existing information on 
the quality of services [ 60 ].  

    Conclusion 

 Outcome scoring is vital in the accurate 
evaluation of TKA. There has been a para-
digm shift in the determinants of success 
over the last two decades, from those based 
on physical examination and radiographic 
variables (objective data) to a more patient – 
centred (subjective data) assessment of out-
come [ 5 ]. Modern knee surgery has allowed 
patients’ expectations and activity levels to 
increase but it remains diffi cult to accurately 
assess outcome. Evidence in the current lit-
erature confi rms that few scoring systems 
have satisfactory levels of reliability and 
validity [ 5 ]. 

 What is clear is that those systems which 
employ a high degree of patient involvement, 
such as the Oxford-12 score perform better as 
a patient-based assessment tool. The generic 
instruments have a greater potential to mea-
sure side-effects or unforeseen effects of 

5 Total Knee Arthroplasty. Evaluating Outcomes



46

 treatment, and the WOMAC in particular 
remains a valid, reliable and responsive mea-
sure. However, it is not possible to recom-
mend a single best knee scoring system. 
Indeed, the ideal of a short, easy to administer, 
reliable and valid global knee questionnaire 
does not currently exist.     
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      The Long Term Outcome of Total 
Knee Arthroplasty. The Effect 
of Age and Diagnosis 

           Alexander     Tsarouhas      and     Michael     E.     Hantes     

           Introduction 

 Total knee arthroplasty (TKA) is presently 
 considered as one of the most successful and cost 
effective procedures in orthopaedic surgery from 
the perspective of patients, surgeons and third party 
payers. The clinical benefi ts of the procedure have 
long been established in terms of objective and 
self- reported knee scores as well as quality of life 
measurements. Advances in implant design, instru-
mentation and surgical technique have gradually 
increased the long term survival of TKA. A dra-
matic rise in the incidence of the procedure has also 
been documented in the developed world running 
parallel to the global increase in life expectancy. 

 An increasing recognition of the clinical ben-
efi ts of the procedure has gradually broadened 
the indications for TKA both in terms of patient 
age and preoperative diagnosis. Younger, more 
active patients as well as elderly individuals, even 
nonagenarians, are currently considering TKA as 
an option. In addition, traditional indications of 

the procedure have expanded in order to include 
traumatic, degenerative and infl ammatory knee 
pathology (such as rheumatoid-RA and juvenile 
idiopathic arthritis-JIA). Although TKA has 
shown predictable improvements of knee pain 
and function, variable improvement of clinical 
and functional outcomes and implant survival has 
been documented. Thus the detection and selec-
tion of patients who are more likely to benefi t 
from TKA remains a clinical challenge [ 1 ]. 

 Several factors are considered as potential pre-
dictors of TKA outcome. Demographic variables 
(such as age, gender and race), patient related fac-
tors (such as pre-operative pain, diagnosis, comor-
bidities and body mass index), socio-economic 
status and surgeon related factors (such as tech-
nique, experience and surgical volume) have all 
been implicated in TKA outcomes [ 2 ,  3 ]. The cur-
rent literature presents abundant comparative data 
to support the association of each of these factors 
with TKA. However, defi ning the predictive value 
of these factors with accuracy, by means of sys-
tematic multivariate analysis, has proven essen-
tially unfeasible. Several methodological issues 
have largely limited studies of this kind. Because 
of the large number of confounding factors and 
their diverse volume, the statistical models used 
to explain the variability of TKA outcomes have 
been inadequately powered to adjust for poten-
tial predictive factors. In addition, several patient 
or surgeon related factors may well explain a 
great part of this variability but are diffi cult to 
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document accurately. For example, patient socio-
economic status and variation in surgical tech-
nique, surgeon experience and volume are seldom 
accounted for but are thought to affect overall out-
come. Preferential bias may ensue in community 
based cohorts while response bias may also play 
a role when self-reported outcomes are measured, 
because responders tend to be comparably older 
and have altered mental or psychological status. 

 Although success rates of TKA in patients of 
different age and preoperative diagnosis are 
expected to be variable, their exact effect on TKA 
outcomes is currently under debate. This chapter 
aims to review the available literature and present 
data on specifi c subgroups of patients regarding the 
effect of age and diagnosis on TKA outcomes.  

    The Effect of Age 

 The mean age at the time of TKA surgery has been 
estimated at 67.5 years with very few patients aged 
over 85 years [ 1 ]. Recent data from United States 
registries suggest that the mean age at surgery for 
patients with non infl ammatory arthritis has tended 
to decrease over recent decades [ 4 ]. Although 
receiving a TKA is considered a function of age, 
the effect of age on the outcomes of the procedure 
remains controversial. In their prospective cohort, 
Jones et al. [ 5 ] found that age alone does not affect 
pain, function or health related quality of life at 
6 months after TKA. In contrast, Judge et al. [ 2 ] 
found an association between older age and worse 
functional outcomes but not pain after TKA. The 
authors established a smaller effect of age, how-
ever, when a multivariate analysis of confounding 
factors was performed. In line with these fi ndings, 
Nilsdotter et al. [ 6 ] also identifi ed older age as a 
predictor of postoperative KOOS pain and other 
symptom scores up to 5 years postoperatively. 

    Knee Arthroplasty in the Younger 
Patient 

 Concerns regarding increased loosening rates 
and the potential need for multiple revision sur-
geries have traditionally discouraged younger 

patients from undergoing TKA. Non operative 
management as well as other less invasive surgi-
cal options, such as arthroscopic debridement 
and proximal tibial osteotomy, may be consid-
ered in patients with specifi c indications, such as 
uni-compartmental disease and limb malalign-
ment. However, clinical improvement after knee 
arthroscopy in the arthritic knee tends to decline 
over time, whereas patients who undergo TKA 
after tibial osteotomy may be at higher risk of 
complications. In addition, delaying TKA sur-
gery is probably not a realistic option when 
patients continue to experience prolonged pain 
and increasing disability in performing daily rec-
reational or professional activities, despite rou-
tine non operative management. It has been 
argued that worse outcomes are to be expected 
when prolonged periods of morbidity have pre-
ceded TKA, particularly in achieving a higher 
level of function. 

 Over the last decades, satisfactory outcomes 
have been reported in terms of success rates and 
implant survival in younger patients undergoing 
TKA. Gill et al. [ 7 ] found a 96.5 % survival rate 
at 18 years (including patients with osteoarthri-
tis −51.4 %, with rheumatoid arthritis −40.3 % 
and with other diagnoses −8.3 %). Diduch et al. 
[ 8 ] calculated a survival rate of 87–94 % at 
18 years in a mixed population with idiopathic 
and post- traumatic osteoarthritis. Dalury et al. 
[ 9 ] also found, at an average of 7.2 years fol-
low up, comparable success rates between TKA 
patients younger than 45 years and those older. 
However, when patient reported outcomes are 
considered, fi ndings tend to be more diverse. 
Self reported outcomes are increasingly thought 
to better express the success rates of TKA as 
they incorporate the patient’s perspective. In a 
study of patient reported outcomes after TKA, 
Williams et al. [ 10 ] found comparative Oxford 
knee and EuroQol scores across different age 
groups but with a linear trend towards improved 
outcomes with decreasing age. Interestingly 
though, a higher dissatisfaction rate was found 
in patients aged <55 years. The authors sug-
gested that higher activity expectations may dif-
ferentiate subjective from objective outcomes in 
younger patient groups. In a recent multi-center 
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study, Parvizi et al. [ 11 ] found that approximately 
one third of young patients who underwent TKA 
reported residual symptoms and limitations in 
activity. In line with these fi ndings, Nilsdotter 
et al. [ 6 ] confi rmed a decrease in daily living 
activity scores at 5 years after TKA without how-
ever identifying a predictive effect of age on this 
fi nding. Interestingly, in a recent survey among 
young TKA patients (average age 54 years), 
Barrack et al. [ 3 ] found that socioeconomic fac-
tors were more strongly associated with satisfac-
tion and functional outcomes than demographic 
or implant factors. Specifi cally, low income and 
minority patients were more likely to be dissatis-
fi ed and have functional limitations after TKA.  

    TKA in the Elderly 

 Despite an increase in life expectancy and 
advances in medical treatment the chronological 
age limit for patients undergoing TKA, among 
other elective major orthopaedic procedures, 
remains controversial. Elderly patients have been 
found to be less likely but equally willing to 
receive a TKA compared with their younger 
counterparts [ 12 ]. Concerns have been raised 
regarding the incidence of morbidity and post- 
operative mortality, with increasing age, in 
patients undergoing TKA. Elderly patients are 
considered to suffer from more medical comor-
bidities pre-operatively and more postoperative 
complications. A higher likelihood of blood 
transfusion has also been found in this group of 
patients [ 13 ]. In addition, elderly patients receiv-
ing TKA are more likely to be transferred to a 
rehabilitation facility postoperatively [ 5 ]. Most 
recently, Yoshihara et al. [ 14 ] reviewed medical 
fi les of US patients aged 80 years and older who 
underwent TKA between 2000 and 2009. They 
found an increasing incidence of TKA in this age 
group as well as an increased number of comor-
bid conditions suggesting that the indications for 
surgical treatment have been broadened. The 
overall in-hospital complication and mortality 
rates remained stable and decreased over time 
respectively. However, both parameters were sig-
nifi cantly higher compared to patients aged 

65–79 years [ 14 ]. Similar fi ndings were con-
fi rmed by other investigators [ 15 ,  16 ]. These 
fi ndings indicate that careful patient selection 
based on surgical indications and aggressive 
postoperative treatment are essential for achiev-
ing optimal outcomes. Patients in these age 
groups should be informed of the higher risk 
involved. Whereas higher rates of medical mor-
bidity and post operatively mortality are a con-
cern in the elderly population, clinical outcomes 
have been encouraging. Berend et al. [ 17 ] 
recorded signifi cant improvements in pain and 
Knee Society scores in TKA patients older than 
89 and a higher survival rate than in age matched 
controls. In their cohort of nonagenarians receiv-
ing TKA, Alfonso et al. [ 13 ] found signifi cant 
pain reduction and slightly higher functional 
capacity and better survival characteristics com-
pared to age matched controls at a mean follow 
up of 4.1 years. As expected, most studies of this 
kind are limited by their short follow up. Overall, 
these fi ndings suggest that advanced age should 
not present a contraindication for TKA.   

    The Effect of Diagnosis 

 Recent data from large administrative databases in 
the United States indicate that trends in joint arthro-
plasty rates in patients suffering from infl ammatory 
and non-infl ammatory diseases have signifi cantly 
changed over the past decades. Total knee arthro-
plasty rates in non- infl ammatory arthritis patients 
more than doubled from 1991 to 2005, whereas 
TKA rates for RA and JIA decreased substantially. 
Interestingly, for both RA and JIA patients, the 
decrease in arthroplasty rates was most prominent 
among the younger age groups, resulting in a 
cumulative decrease of the mean age at the time of 
TKA for both infl ammatory conditions [ 4 ]. 

    Rheumatoid Arthritis and TKA 

 The multisystem disease characteristics of RA 
have been previously identifi ed as a risk factor 
for adverse outcomes both in the surgical setting 
and in the long term. Treatment strategies for RA 
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have undergone signifi cant evolution during the 
last decades. The advent of potent disease modi-
fying drugs (DMARDs) has obviated surgical 
treatment for a substantial number of patients and 
improved the overall quality of life and survival 
of RA patients. However, despite advances in 
medical treatment, progressive joint destruction 
still occurs in a considerable subgroup of patients 
leading to increasing pain and loss of function. 
Longer disease duration, erythrocyte sedimenta-
tion rate levels at baseline examination and inad-
equate response to treatment after the fi rst year of 
follow up all increase the likelihood ratio for 
TKA during the course of the disease [ 18 ]. 
However, several considerations need to be taken 
into account in this subgroup of TKA recipients 
in order to achieve a successful outcome. Poor 
bone quality, secondary osteonecrosis, cyst for-
mation, soft tissue attenuation, fi xed fl exion and 
valgus deformities pose signifi cant technical dif-
fi culties in the setting of advanced RA disease. 

 Overall, satisfactory long term results have 
been reported for TKA in RA patients in terms of 
implant survival and knee function. Crowder 
et al. [ 19 ] showed that cemented TKA in the 
young patient with rheumatoid arthritis is reliable 
and durable at an average 18 year follow up, with 
an estimated survivorship of 100 % at 15 years 
and 93.7 % at 20 years. Similarly, Ito et al. [ 20 ] 
found a 93.7 % survival rate at 15 years and good 
to excellent HSS knee scores in 77 % of RA 
patients treated with cemented TKA. However, 
neither longstanding implant survival nor 
improved knee function are adequate to predict 
the functional status of RA patients in the long 
term. Nishikawa et al. [ 21 ] found that at a mini-
mum 10 year follow up, RA patients who received 
TKA had excellent Knee Society scores but over-
all poor functional scores and decreased walking 
ability. The authors suggest that systemic disease 
progression and multiple joint involvement lim-
ited the benefi ts of successful knee surgery. 

 The effect of RA diagnosis on the outcomes of 
TKA has mainly been investigated in comparison 
to degenerative OA. Because RA is essentially 
different from OA in terms of pathogenesis, dis-
ease progression and prognosis, TKA outcomes 
would be expected to differ considerably. At 

baseline, compared to OA patients, RA patients 
tend to be signifi cantly younger and more fre-
quently female [ 22 ]. In addition, due to multi sys-
tem disease involvement, they carry a higher 
comorbidity burden, with chronic pulmonary dis-
ease being the commonest systemic manifesta-
tion of the disorder. To date, available studies 
have yielded confl icting results. In a multivariate 
analysis of a large prospective cohort, Judge et al. 
[ 2 ] found that, among other confounding factors, 
the preoperative diagnosis of RA could predict 
pain outcomes 6 months after TKA, with RA 
patients in general experiencing less pain than 
those with OA. A recent systematic review and 
meta-analysis of the literature indicated that 
patients with RA were at higher risk of postop-
erative infection and early revision following 
TKA compared to OA patients [ 23 ]. In contrast, 
no differences in late revision, 90 day mortality 
or venous thromboembolism rates were evident 
[ 23 ]. Infection rates have been reported to be up 
to three times higher in RA compared to OA 
patients, which may be attributed to decreased 
immune system response, due to the disease itself 
or to immunosuppressive treatment [ 24 ].  

    Juvenile Arthritis and TKA 

 Juvenile idiopathic arthritis presents certain partic-
ularities as it occurs during childhood or adoles-
cence. The knee joint is affected in approximately 
two thirds of the patients although multiple joint 
involvement is common. Altered knee anatomy 
(trumpet shaped deformity with valgus alignment 
and external tibial rotation), small joint size and 
compromised bone quality pose considerable chal-
lenges for knee replacement surgery. Implantation 
of knee prostheses in the third and fourth decade of 
life in patients with a long life expectancy raises 
higher implant survival expectations as well as 
concerns about the potential need for revision sur-
gery at a young age. In addition, wound healing 
problems have been reported with increased fre-
quency as the majority of these patients receive 
long term immunosuppressive treatment. 

 Nevertheless, TKA for juvenile idiopathic 
arthritis has produced encouraging long term 
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 outcomes. Quality of life measurements have also 
been shown to improve signifi cantly after surgery 
[ 25 ]. However, in a retrospective cohort of 349 
TKAs, with a 12 year follow up, the mean survi-
vorship of TKA implants in patients with juvenile 
idiopathic arthritis was found to be inferior com-
pared to younger patients with osteoarthritis or 
rheumatoid arthritis [ 26 ]. This is especially dis-
concerting because younger patients require bet-
ter durability of TKA implants.   

    Conclusion 

 Total knee arthroplasty is currently considered 
the optimal treatment for end stage knee 
arthritis. Although the population which 
undergoes the procedure currently presents 
with an expanding range of age and preopera-
tive diagnoses, the effect of these two factors 
on the long term outcome of the procedure 
cannot be estimated with accuracy. Hence, a 
direct interaction between these two variables 
is evident since younger TKA patients present 
with different ratios of preoperative diagnosis 
compared with older ones. 

 Current literature suggests that joint spe-
cifi c pain relief and functional outcomes 
achieved are not age dependent. Although in 
younger patients the continuation of non-
operative treatment is advocated for as long as 
possible and joint preserving surgical alterna-
tives should be considered, TKA is advisable 
with favorable long term outcomes when 
function and quality of daily living are 
severely compromised. Elderly patients may 
also gain signifi cant clinical improvement 
from TKA. Provided risk factors are properly 
assessed and comorbidities are controlled, age 
should no longer present a barrier to TKA. 

 The lack of consensus regarding TKA out-
comes and their determinants in patients of 
different knee joint pathology evidently 
obscures decision making for patient selec-
tion, timing of surgery and anticipated clinical 
outcomes. This is particularly important, 
given that infl ammatory knee arthritis dis-
tinctly presents at a younger age and therefore 
augments the need for long term implant 
endurance and improved function. Overall, 

long term outcomes of TKA for infl ammatory 
knee arthritis have been satisfactory when 
implant survival and knee specifi c functional 
scores are considered. Increased perioperative 
risk of infection and progressive decline of 
function due to systemic disease progress 
remain a concern, particularly in RA patients.     
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           Introduction 

 Total knee arthroplasty has been a successful 
treatment in the management of advanced knee 
osteoarthritis for pain relief, quality of life and 
function improvement for almost the last 
40 years. By the year 2030, it is estimated that in 
the United States, the demand for total knee 
replacement will show a 673 % increase from the 
present day, with the number of operations reach-
ing almost 3.48 million annually [ 1 ]. Constant 
improvement of implant materials and surgical 
techniques has made this operation one of the 
most successful procedures in medicine with several 

studies showing prosthesis survival more than 
80–90 % at 15–20 years follow-up [ 2 ,  3 ]. Success 
rate and revision surgery for aseptic loosening is 
generally dependent on the degree of wear and 
osteolysis of the implant. Factors that infl uence 
the outcome of total knee arthroplasty are implant 
design and material, surgical technique and 
patient related conditions (Fig.  7.1 ). Body weight 
and level of activity are also patient specifi c fac-
tors that may affect the durability of total knee 
arthroplasty (TKA) [ 4 ].   

    Obesity 

    Association with Osteoarthritis 

 Obesity nowadays has become a major health 
issue. The prevalence of obesity nearly doubled 
from 1980 to 2008 (6.4–12 %) with half of this rise 
taking place in the last decade. Currently, more 
than 500 million patients worldwide are  considered 
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to be obese. In 2009–2010, the age adjusted preva-
lence of obesity was 35.5 % among adult men and 
35.8 % among adult women in the U.S. [ 5 ,  6 ]. The 
development of osteoarthritis has been strongly 
correlated with obesity by implicating the exces-
sive mechanical load exerted on the knee cartilage 
as a causative factor. Increased body weight has 
been found to be more destructive for the knee 
rather than the hip joint and in relation to the 
acceptable BMI(<25), there is multiple times 
increase of possibility for TKA with every increase 
in the body mass index scale [ 7 – 13 ]. Fehring et al. 
have suggested that the osteoarthritis risk is four-
fold for obese men and fi vefold for obese women 
[ 14 ]. It has also been suggested that in patients 
with a BMI >35, TKA may be required almost 
8 years earlier than for those who maintain a nor-
mal BMI <25 [ 15 ], while another study has shown 
that morbidly obese patients with gonarthrosis will 
require TKA 13 years earlier than those with nor-
mal BMI [ 16 ]. On the other hand, a decrease of 
5 kg of body weight (body mass index of 2 units or 
more) has been shown to decrease the risk of 
osteoarthritis in women by at least 50 % [ 17 ]. 
Alternatively, 24 % of surgical interventions might 
be avoided if patients reduce their weight by 5 kg 
or until their BMI reaches proposed normal levels 
[ 13 ]. During the single leg stance of gait cycle, a 
force of three to six times of body weight is trans-
mitted across the joint. A study by Messier, 
revealed a statistically signifi cant direct associa-
tion between body mass and peak values of com-
pressive forces, resultant forces, abduction 
moment, and the medial rotation moment of the 
knee. Each weight loss unit results in a fourfold 
reduction in the load exerted on the knee per step 
during daily activities [ 18 ]. Biomechanical factors 
are also considered to be causative factors in the 
development of knee osteoarthritis. The presence 
of mechanoreceptors at the surface of chondro-
cytes, which are activated by increased pressure, 
induce cartilage degradation by the production of 
proinfl ammatory mediators, such as nitric oxide 
and prostaglandin E2. Proteins produced by the 
adipose tissue, the adipokines (especially leptin), 
have also been implicated in the cartilage destruc-
tion process. Adipokines along with other cyto-
kines are responsible for the production of nitric 

oxide; this interferes with chondrocyte function 
resulting in the loss of cartilage matrix through 
induction of apoptosis, activation of metallopro-
teinases, and inhibition of proteoglycan and type II 
collagen synthesis [ 19 ,  20 ].  

    Early Complications 

 Obesity is defi ned as an abnormal or excessive 
accumulation of fat on the human body leading 
to increased health problems that may reduce life 
expectancy. Diabetes mellitus, coronary artery dis-
ease, hyperlipidemia, hypertension and obstructive 
sleep apnea are the medical co- morbidities that usu-
ally accompany obesity. These comorbidities are 
theoretically the reason for the higher perioperative 
complication rates in obese patients. Venous throm-
boembolism is strongly correlated with obesity and 
delayed postoperative ambulation, and has been a 
major concern for the orthopedic community for 
many years, with several studies being published 
giving postoperative guidelines for antithrombotic 
medication prophylaxis. Sixty to 90 % of patients 
with OSAS (obstructive sleep apnea syndrome) are 
obese and postoperative respiratory and cardiac 
complications and length of hospital stay after joint 
replacement are signifi cantly higher compared to 
non-obese patients [ 21 ]. Anesthesiologists may 
often be unable to perform spinal anesthesia in 
obese patients because of excessive body fat, lead-
ing to the use of general anesthesia, thus increas-
ing the risk of immediate postoperative respiratory 
complications (Fig.  7.2 ). In cases of extreme obe-
sity, the perils of postoperative in-hospital compli-
cations are increased 8.44 times, while the odds 
ratio for length of stay, outpatient complications 
and readmission rates for every 5 units of BMI >45 
are multiplied [ 22 ]. These parameters contribute to 
the increased cost of health care provision.   

    Classifi cation 

 Body mass index (BMI) is the calculating tool 
commonly used to determine and classify catego-
ries of severity of obesity in adults (Table  7.1 ). 
Obesity is generally defi ned as a BMI >30 kg/m 2 . 
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BMI is calculated according to the height and 
weight of an individual using the formula: BMI = 
weight (kg)/height 2  (m 2 ) or = [weight (pounds)/
height 2  (inches 2 )] × 703. Even though BMI is the 
measurement of choice for most health care pro-
viders, for many years its validity has been ques-
tioned, as if its longevity, having been developed 
150 years ago, somehow discredits it. The main 
concerns are that it does not take into account age 
or gender and that it cannot distinguish weight 
associated with muscle mass compared with 

increased adipose tissue. Newer index screening 
tools have being developed in order to more accu-
rately assess body fat, such as the body adiposity 
index (BAI) and the waist-hip ratio (WHR) [ 23 – 25 ]. 
Nevertheless, BMI still remains an inexpensive 
tool, which is widely and currently accepted 
because of its simplicity, for data accumulation.

       Long Term Outcomes 

 Many studies have tried to defi ne the relationship 
of obesity with TKA regarding postsurgical com-
plications. Wound healing problems, superfi cial 
infections, deep infections leading to removal of 
the prosthesis, fusion or amputation, component 
malposition and aseptic loosening are all signifi -
cant related problems that the orthopedic surgeon 
has to deal with.  

    Periprosthetic Joint Infection 

 The association of obesity to periprosthetic joint 
infection has already been established, with mor-
bidly obese patients showing the highest increase 
in complication rates. Jamsen et al. [ 26 ] revealed 
an increase in infection rate from 0.37 to 4.66 % 
in this study group compared with patients with 
normal BMI in the fi rst postoperative year, while 
Maliznak et al. [ 27 ] found an increased odds ratio 
of infection of 21.3. Winiarsky et al. [ 28 ] review-
ing 50 cemented TKA in morbidly obese patients, 
highlighted the problem of the increased risk of 
poor wound-healing, infection and avulsion of 
the medial collateral ligament in this study group. 
Many other studies with large groups of patients 
have come to the conclusion that with an 
 increasing BMI, and especially BMI >40 with the 
presence of diabetes, the probability of peripros-
thetic joint infection is multiplied [ 29 – 34 ].  

    Component Malposition 

 Accurate component alignment plays an impor-
tant role in the load distribution between knee 
compartments. Full-length standing hip to ankle 

  Fig. 7.2    Performing spinal anesthesia on the obese patient       

   Table 7.1    Categories of severity of obesity are shown   

 BMI (kg/m 2 )  Classifi cation 
 Risk of 
comorbidities 

 <18,5  Underweight  Low 

 18,5–24,99  Normal weight  Average 

 25–29,99  Overweight – preobese  Increased 

 30–34,99  Obese (obesity I)  Moderate 

 35–39,99  Severe obese (obesity II)  Severe 

 40–49,99  Morbidly-obese  Very severe 

 >50  Super-obese  Very severe 

 >60  Super-mega-obese  Very severe 
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X-rays are needed to determine the correct 
mechanical axis and classify the total knee 
replacement as aligned or mal-aligned. Precise 
reconstruction with 0° ± 3° deviation from the 
mechanical axis, even though other factors may 
also be important, would result in decreased 
stresses across the joint line, limiting polyethyl-
ene wear and enhancing implant durability [ 35 , 
 36 ]. The detrimental effect of obesity in postop-
erative TKA limb alignment has been identifi ed 
[ 37 ,  38 ]. Setting up the patient on the operating 
table and placing the tourniquet is always diffi -
cult and time-consuming and should be done 
with extreme caution, in such a way that surgical 
operation will not be compromised, especially by 
tourniquet loosening (Figs.  7.3  and  7.4 ). In mor-
bidly obese patients especially, thick subcutane-
ous tissue makes surgical exposure of the joint 
diffi cult. Longer mid-lined incisions, eversion of 
the patella, and increased tourniquet length and 
width may be required (Figs.  7.5  and  7.6 ). 

Limited vision and the diffi culty in accurately 
positioning the cutting guides may result in a 
non-successful surgical operation with a poor 
long-term outcome for the patient [ 39 ]. Greater 
traction of the soft tissue envelope in order to 
achieve better visualization, longer operating 
time, poor vascularization of fatty tissue and 
reduced immune response are all factors that may 
increase infection rate by 6.7 times in patients 
with BMI >35 [ 40 ]. An anthropometric study in 
2008 in severely and morbidly obese patients has 
attempted to identify those who pose greater sur-
gical diffi culties during TKA by proposing new 
indexes. A suprapatellar index (length of the 
extremity to be operated on with the circumfer-
ence of the knee above the upper pole of the 
patella) below 1.6 is associated with greater sur-
gical diffi culty [ 41 ]. The femoral and tibial com-
ponent, when using a femoral intramedullary 
guide and an extramedullary tibial guide, has the 
tendency to align in a more varus position in a 

  Fig. 7.3    Positioning and proper tourniquet placement is diffi cult but essential for the success of the operation       

 

P.I. Kiorpelidis et al.



59

morbidly obese group [femoral component: 5.0° 
vs. 6.5° valgus (P < 0.05), tibial component: 2.5° 
vs. 1.0° varus (P < 0.05)] [ 42 ]. The use of an intra-
medullary tibial cutting guide makes surgical 

intervention easier by maintaining the anatomical 
axis of the tibia as a reference point for correct 
orientation and reduces operating time [ 43 ]. 
Some authors advocate the use of implant designs 

  Fig. 7.4    Positioning and 
proper tourniquet placement 
is diffi cult but essential for 
the success of the operation       

  Fig. 7.5    Thick subcutaneous tissues with extended mid-
line incision needing greater traction and patella eversion       

  Fig. 7.6    Thick subcutaneous tissues with extended mid-
line incision needing greater traction and patella eversion       
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with minimal constraint such as posterior stabi-
lized or in cases of severe instability a rotating 
hinge implant in order to achieve minimal con-
straint in morbidly obese patients [ 44 ]. They also 
advocate the use of implants with short tibial 
rods, thus increasing the contact area and reduc-
ing the load transferred under the tibial plate and, 
more recently, the use of trabecular metal tibial 
components which provide earlier anchoring to 
the bone [ 45 ].      

    Aseptic Loosening 

 Obesity has been implicated in aseptic loosening 
of the TKA components, a phenomenon that can 
be confi rmed by the existence of radiolucent lines 
in the bone-implant interface. Spicer et al. [ 46 ] 
compared the clinical and radiographic results of 
326 TKAs in patients with BMI >30 and 425 
TKAs in patients with BMI <30. Although 
10 year implant survivorship was similar and lin-
ear osteolysis was comparable, focal osteolysis 
rates were fi ve times increased in the morbidly 
obese group [ 46 ]. Dewan et al. [ 47 ] compared 
220 cemented tricompartmental TKAs (41 knees 
in patients with BMI >40) with a mean follow-up 
of 5.4 years and concluded that morbidly obese 
patients are 5.4 times more likely to develop 
patellar radiolucency, have poorer hamstring and 
quadriceps strength while more patellofemoral 
problems are encountered. During fl exion, the 
force exerted on the patellofemoral joint is three 
times the body weight. In increased BMIs, the 
bigger stresses across the prosthetic joint may 
reach the threshold for starting patellar 
 radiolucent lines to appear sooner. Studies have 
shown that the patella attaches to the intercondy-
lar notch of the femoral component at 90–105°, 
depending on prosthesis design, reaching its 
highest peak of contact stresses. A decreased 
deep fl exion which is observed in obese patients 
due to the mechanical stop caused by the greater 
amount of adipose tissue may enhance stresses 
responsible for producing patellofemoral symp-
toms, making ROM even more diffi cult beyond 
this point [ 47 ]. However, Cavaignac et al. [ 48 ] 
studied 212 unicompartmental knee  arthroplasties 

and found that 10-year survival rates were almost 
similar for patients with BMI >30 and BMI <30 
(92 % vs 94 %) [ 48 ].  

    Weight Loss After TKA 

 Obesity and physical activity seem to be strongly 
correlated after TKA. There is a belief that 
decreased physical activity because of pain post-
operatively will increase body weight. Booth 
showed in 2002 that only 18 % of obese people 
lose weight after joint replacement [ 39 ]. In 2005 
Heisel, investigating weight change in 100 TJA, 
concluded that neither patients with normal BMI 
nor obese patients lost weight, while merely 
overweight patients gained a signifi cant amount. 
Obesity should thus be treated as an independent 
disease that is not the result of inactivity due to 
arthritis [ 49 ]. Dowsey et al. in 2010 investigated 
529 TKAs at 1 year postoperatively found a clini-
cally signifi cant weight loss of 5 % in 40 (12.6 %) 
of obese patients, while 107 (21 %) had gained 
weight [ 50 ].  

    Functional Outcome 

 Confl icting results emerge from the literature, 
when comparing functional outcome in obese and 
non-obese patients (Figs.  7.7  and  7.8 ). There is a 
need for better and more organized studies that dis-
tinguish the various BMI categories which would 
generate more comparable data to help reach a 
general consensus concerning the relationship of 
obesity and functional outcome. This is especially 
true for categories of BMI >30 and BMI <40, 
while data for morbidly obese patients are more 
conclusive, leading orthopedic surgeons to recom-
mend the loss of excess BMI in these individuals 
for a better long term outcome. Stickles et al. [ 51 ] 
investigated the outcome of 1,011 TKAs 1 year 
postoperatively by measuring WOMAC (Western 
Ontario and McMaster Universities Osteoarthritis 
Index) and including the SF-36, and concluded that 
there were no differences between obese and non-
obese patients regarding satisfaction and the deci-
sion to repeat surgery, but WOMAC scores were 
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  Fig. 7.7    Bilateral TKA in 
morbidly obese patient with 
good functional outcome and 
knee fl exion >90° on the 
right side       

  Fig. 7.8    Bilateral TKA in 
morbidly obese patient with 
good functional outcome 
and knee fl exion >90° on the 
right side       
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lower for those with higher BMI. Also, increased 
body mass index was associated with more diffi -
culty in ascending or descending stairs at 1 year 
[ 51 ]. In 2012 Colllins et al. [ 52 ] published their 
work on 445 consecutive primary TKAs prospec-
tively followed up to 9 years comparing the clini-
cal outcomes between non-obese and obese (BMI 
>30) patients. All groups showed great improve-
ments with no signifi cant differences in revision 
or implant survival rate after 9 years of follow- up. 
However, lower function scores were seen at all 
follow-up periods prior to 9 years in the highly 
obese subset (BMI >35) [ 52 ]. In a recent study 
of 535 cementless TKAs with a mean follow-up 
of 9 years Jackson et al. [ 53 ] found signifi cantly 
lower HSS scores in obese individuals. In two 
studies published in 2004 Foran compared TKA 
outcomes between obese and non-obese patients. 
In the fi rst study, the author analyzed 78 TKAs 
performed on obese patients over a 7 year period 
and found that this group had worse functional out-
comes (measured according to the Knee Society 
Score) than non-obese controls, with the morbidly 
obese subgroup maintaining the lowest scores 
[ 54 ]. In the second study, the author  conducted 
a 15-year follow-up of 30 non-cemented knee 
implants in matched case and control groups with 
no preoperative differences in functional status. At 
the end of follow-up the non-obese patients had a 
better Knee Society objective Score (89 vs. 81 in 
obese patients) [ 55 ]. Two studies by Núñez in 2007 
[ 56 ] and 2009 [ 57 ] analysed the factors associated 
with worse functional outcomes following total 
knee arthroplasty. Follow-up over 3 and 7 years 
showed that WOMAC scores, especially on the 
pain scale, were worse among severely obese 
patients (BMI >35 kg/m 2 ) than in non-obese indi-
viduals. McElroy et al. [ 58 ], in a systematic review, 
concluded that a BMI >40 at a mean of 5-year 
follow- up, is associated with lower Knee Society 
Objective and Function Scores, lower implant sur-
vivorship and higher complication rates compared 
with patients with a BMI within normal range [ 58 ]. 
On the other hand, there are other investigations 
that do not fi nd signifi cant differences between 
obese and non-obese patients regarding the out-
come of TKA. Singh et al. [ 59 ] found that there is 
no association between BMI and moderate-severe 

pain in a 5-year primary TKA, implying that obese 
patients should not be discouraged from total 
knee replacement. Hamoui et al. [ 60 ] compared 
30 TKAs in 21 obese patients with 53 TKAs in 
41 non-obese patients with a median follow-up of 
11.3 years and concluded that KSS scores, osteoly-
sis, radiolucency and revision rates were not statis-
tically signifi cant between these groups. In an even 
more recent study, 13,673 patients from the British 
National Joint Registry were assessed according to 
reported outcome related to TKA using the Oxford 
Knee Score and general health EuroQol 5D ques-
tionnaires. The improvements in patient reported 
outcome measures were similar, irrespective of 
BMI, although wound complications were signifi -
cantly higher at a rate of 17 % in patients with a 
BMI between 40 and 60 [ 61 ]. Issa et al. [ 62 ] com-
pared 210 knees in 174 obese patients (BMI >30) 
with a non-obese control group. There were no dif-
ferences regarding implant survivorship (98.8 % vs 
98.6 %) and the mean postoperative Knee Society 
Objective and Function scores (90 and 87 points 
vs 91 and 89 points). However, obese patients had 
higher complication rates (10.5 % vs 3.8 %) and 
achieved a signifi cantly lower mean postoperative 
UCLA activity score [ 62 ].     

    Level of Activity 

 The level of activity after total knee arthroplasty 
is associated with patient specifi c factors such as 
age, body mass index, gender, presence of other 
joint replacement and comorbidities. The out-
come is usually determined by pain, function and 
satisfaction and a standardized rating system has 
been developed for this purpose. The Knee 
Society (modifi ed) clinical rating system and the 
University of California at Los Angeles (UCLA) 
activity rating scale are the ones mainly used. 

    Biomechanics 

 Factors infl uencing polyethylene wear are mate-
rial properties, thickness of the component, 
length of stay, load transmitted and contact area. 
Repeated high loads and cyclic stressing may 
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cause PE fatigue failure leading to earlier wear. 
The load is highly dependent on body mass index 
and level of activity. Biomechanical studies have 
shown that transmitted compressive forces 
through the tibiofemoral component are: for 
downhill walking eight times, stair descent six 
times, and level walking 3.5 times the Body 
Weight. Slow jogging is eight to nine times and 
fast jogging more than ten times the Body Weight 
[ 63 ]. The knee is fl exed more during the stance 
phase of jogging (15–45°) than during walking 
(5–25°) resulting in a fi vefold increase in the 
fl exion moment around the knee, making jogging 
a high-impact force generally not recommended 
as a post TKA exercise [ 64 ].  

    Age and Activity Level 

 Implant durability in correlation with patient’s 
age and level of activity has been for many years 
a matter of discussion, with confl icting data in 
the literature. Younger patients have been consid-
ered to be more active with increased life expec-
tancy, which in turn may lead to high mechanical 
joint loads and earlier polyethylene wear, compo-
nent breakage and prosthetic loosening. Implant 
failure is usually addressed via a revision proce-
dure. There are studies with a small number of 
subjects younger than 55 years treated with TKA 
that show an implant survival rate of more than 
96 % at 10 years and 87 % at 18 years [ 65 – 67 ]. 
In a meta-analysis of 13 studies Keeney et al. 
[ 68 ] calculated the initial 6–10 year survival rates 
as 90.6−99 % and the 15 year survival rates as 
85–96.5 % in patients <55 years of age. Heyse 
et al. [ 69 ] reported that the 10 year survivorship 
of TKA was 95 % and the 20 year survivorship 
82 % in patients with juvenile idiopathic arthri-
tis (mean age 30 years). Whether the implant is 
cemented or cementless does not seem to affect 
the fi nal result, with femoral component survival 
rate of 100 % at 17 years, and tibial component 
survival rate of 100 and 98.7 % respectively at 
17 years [ 70 ]. UKAs seem to have a better out-
come in younger patients with estimated sur-
vivorship of 96.5 % at 10 years [ 71 ]. Scores of 
satisfaction, range of motion and ability to kneel 

in patients under the age of 55 treated with UKA 
are also higher than those treated with TKA, 
while the opposite occurs at ages over 65 [ 72 ]. 
Mont compared high and low activity patients at 
a minimum follow-up of 4 years (mean 7 years) 
and found no effect of low to moderate impact 
sports regarding overall satisfaction, rate of revi-
sion and clinical and radiographic results [ 73 ]. 
On the contrary, a study by Kim et al. [ 74 ] sug-
gested that younger age seems to be the major 
determinant in polyethylene wear, while infec-
tion and aseptic loosening remain secondary 
causes. Meehan et al. [ 75 ] concluded that patients 
younger than 50 years old had almost 2.5 times 
(1.36 % vs 3.49) greater risk of mechanical failure 
rather than periprosthetic infection, and 4.7 times 
higher revision rates due to aseptic  loosening 
compared with patients older than 65 years of 
age. Julin et al. [ 76 ] evaluated 32,019 TKAs from 
the Finnish Arthroplasty Register and concluded 
that after 5 years the implant survival rate was 
92 % for patients aged <55 compared to 97 % 
in patients >65 years of age. Harrysson et al. 
[ 77 ] analyzed revision rates in 21,761 patients 
older than 60 years and 1,434 patients younger 
than 60 years and the cumulative revision rates 
at 8.5 years were almost double in the younger 
group (13 % vs 6 %). Dy et al. [ 78 ] evaluated 
310,995 TKAs at 10 years postoperatively and 
concluded that patients 50–75 years of age had 
a lower revision rate than patients younger than 
50 years (hazard ratio 0.47). Lavernia et al. [ 79 ] 
studied 28 autopsy retrieved polyethylene speci-
mens and suggested that more creep and defor-
mation was strongly associated with increased 
levels of activity. Kurtz et al. [ 80 ] projected the 
demand for primary and revision TKR in 2030 
and concluded that in 340,000 revisions by that 
time 62 % will be done in the age group less 
than 65 years. In any case, though, the survivor-
ship of the prosthetic design should be based on 
patient functional performance rather than age, 
because younger age does not always correlate 
with high activity levels [ 81 ]. In order to achieve 
implant durability, constant progress is being 
made in the improvement of bearing materials 
and surgical techniques in order to lower poly-
ethylene stresses. For this purpose cross-linking 
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PE, improved femoral component surface fi n-
ish, better modular tibial locking mechanisms, 
and the use of mobile bearing TKA designs have 
been proposed as materials and designs that will 
reduce contact stresses and loads transmitted to 
the fi xation interface [ 82 ].  

    Work Activities 

 Many patients undergoing TKA, especially the 
younger and more active (less than 60 years old), 
look forward to starting or returning to pre- 
surgery activities. Employment positively affects 
patient’s mental health by increasing individual 
satisfaction and maintaining the sense of fulfi ll-
ment and purpose. The time to return to work 
depends on the physical demands of the patient’s 
job. The recovery time for lighter jobs averages 
7 weeks and for heavier, demanding jobs can 
reach 11 weeks. After 1–3 years with a TKA, the 
percentage of patients with more demanding jobs 
still working reaches 91 % [ 83 ].  

    Athletic Activities 

 Primary and revision total knee replacement have 
been shown to be extremely effective in pain 
relief, the key element that enables the elderly to 
participate in sport and daily living activities, so 
that they can maintain good health and perhaps 
prolong life expectancy [ 84 ]. Functional outcome 
is defi ned as the range of motion, with a mini-
mum of 90° fl exion being essential for common 
daily activities such as climbing and descending 
stairs and rising from a chair. Variables that affect 
ROM are preoperative knee fl exion, diagnosis, 
BMI, age, surgical technique, implant design and 
rehabilitation. Kneeling and squatting seem to 
be the most diffi cult activities for osteoarthritic 
knees and postsurgical improvement in this 
parameter can boost patient satisfaction [ 85 – 87 ]. 
The literature shows that unicompartmental knee 
arthroplasty has better results in terms of kneel-
ing ability when compared with TKA or patel-
lofemoral replacement (PFR) [ 88 ]. A study by 
Ries showed improvement of cardiovascular 

 fi tness, with increase in the duration of exercise 
and maximum workload, in patients undergoing 
total knee arthroplasty compared with a non-
surgically treated control group [ 89 ]. Certainly, 
there are some rules that patients should follow 
in order to have a better and longer-lasting out-
come. The risk of wear and osteolysis leading to 
implant failure and aseptic loosening in higher 
activity levels and high impact sports should be 
noted. Painless range of motion with good quad-
riceps and hamstrings muscle function must be 
restored before participation in sports in order 
to avoid possible injuries. Table  7.2  shows the 
recommended sporting activities as described 
by Swanson et al. [ 90 ]. Generally, there is a con-
sensus of more than 95 % among surgeons who 
recommend (without limitation) walking on even 
surfaces, climbing stairs, bicycling on even sur-
faces, swimming and golfi ng for both THA and 
TKA. On the contrary, jogging, sprinting and ski-
ing on diffi cult terrains are strongly discouraged. 
Nevertheless, there is more fl exibility for restric-
tions in THA concerning walking up stairs, jog-
ging or playing tennis [ 90 ]. Even though studies 
in the literature have shown promising results for 
participation in athletics after THA, the outcomes 
after TKA are not so encouraging. Brander et al. 
[ 91 ] showed at a mean follow-up of 25 months 
in subjects 80 years or older that the ability to 
walk fi ve blocks increased from 2 to 50 %, while 
Zahiri et al. [ 92 ] showed that walking activity 
level decreases by 34 % in patients >60 years old. 
Huch et al. [ 93 ] analyzed all sport activities pre-
operatively and 5 years after TKA in 300 patients 
with age less than 74 years and found a decrease 
of 8 %, a percentage that can be explained by 
increasing age, pain in the operated knee, sur-
geon’s instructions to avoid vigorous activities 
and patient’s rejection of the artifi cial joint. In the 
same study, more than 16 % of patients with TKA 
reported pain at follow-up [ 93 ]. Dahm et al. [ 94 ] 
reviewed 1,206 patients who underwent primary 
TKA with the PFC or Sigma posterior stabilized 
(DePuy) implant at a mean of 5.7 years (99 % 
of them with patella resurfacing) and found that 
91 % reported satisfaction with their activity level 
while differences between men and women and 
age were not statistically signifi cant. Bradbury 
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et al. [ 95 ] reviewed 208 TKAs, with 199 of them 
being uncemented, 5 years after surgery. Patients 
who participated in sports prior to surgery 
increased their athletic activities by 65 %. He also 
found that returning to low impact activities such 
as bowling was more likely (91 %) than returning 
to high impact activities such as tennis (20 %). 
Trying to compare unilateral versus simultane-
ous bilateral knee arthroplasties, even though the 
low number of cases (20) may not be suffi cient to 
draw a conclusion, he found that 75 % returned 
to previous sports activities. Pain relief from both 
operated knees may be one explanation [ 95 ]. 
Hopper et al. [ 96 ] compared 76 total versus 34 
unicompartmental knee arthroplasties, according 
to participation in low-impact athletic activities, 
preoperatively and 22 months postoperatively. 
From the 55 and 30 sport participants in the TKA 
and UKA group accordingly, only 35 (64 %) in 
the TKA and 29 (97 %) in the UKA group con-
tinued their sporting activities. It also seemed that 
patients with UKA returned earlier to sport and 
felt that surgery increased their sporting abilities 
[ 96 ]. Another study, reported by Naal et al. [ 97 ], 
on 77 unicompartmental arthroplasties using the 
Preservation prosthesis (DePuy), found that 73 
(95 %) of patients returned to pre-surgery athletic 
activities, mainly hiking, cycling and swimming, 
with almost 70 % of them returning less than 
6 months from the operation.
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           Introduction 

 Total knee arthroplasty (TKA) is the gold stan-
dard for treatment of knee osteoarthritis demon-
strating excellent long term results in terms of 
functional outcome and revision rates [ 1 – 3 ]. Joint 
deformity is due to a combination of factors such 
as extra or intra articular deformity, bone destruc-
tion and defects, soft tissue contractures and liga-
mentous imbalance. When bone deformity is 
located in the femoral and/or tibial metaphysis it 
can usually be addressed in a one stage TKA pro-
cedure (Fig.  8.1 ), while diaphyseal deformities 
are often reconstructed with staged procedures 
(Fig.  8.2 ). Soft tissue imbalance combined with 
severe deformity renders TKA a rather challeng-
ing procedure, demanding clear knowledge of the 
structures which stabilize the knee joint and surgi-
cal experience in reconstructing diffi cult cases. 
Proper joint alignment and ligament balance 
enhance implant longevity and are associated 
with rewarding functional outcomes [ 4 ,  5 ].   

 In this review, the effect of the severity of the 
arthritic knee deformity on the long term perfor-
mance of TKA is evaluated.  

    Knee Joint Deformity 

 Malalignment in the frontal plane is a common 
manifestation of knee arthritis, and it remains 
uncertain whether it is a cause or a consequence 
of the degenerative pathway [ 6 ]. Knee joint align-
ment, as determined by the mechanical axis, can 
be measured on long full limb radiographs as the 
angle formed by the intersection of the line con-
necting the centers of the femoral head and inter-
condylar notch (femoral mechanical axis) with 
the line connecting the centers of tibial spines 
and the ankle talus (tibial mechanical axis) [ 7 ,  8 ]. 
In the neutral knee, the two axes should be col-
linear, forming the load bearing axis, where the 
knee center should be located [ 9 ]. A knee can be 
described as being varus when alignment is >0° 
in the varus direction, and valgus when alignment 
is >0° in the valgus direction [ 7 ]. An alternative 
way of indicating varus and valgus malalignment 
on radiographic imaging is using angle values 
<180° and >180° respectively [ 6 ]. Although the 
use of the mechanical axis is considered the gold 
standard, alignment on the frontal plane can be 
safely determined by the anatomical axis using a 
pre-existing plain radiograph of the knee, or by 
certain clinical measures, avoiding unnecessary 
radiation exposure and facilitating assessment for 
researchers and clinicians [ 6 ]. Increased valgus 
deformity poses the risk of patellofemoral osteo-
arthritis progression [ 10 ]. Fixed fl exion defor-
mity is another common angular deformity seen 
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in knees with indications for TKA. The lack of 
full knee extension results in greater quadriceps 
contraction, altered gait kinematics and overload-
ing of the contralateral limb [ 11 ].  

    Varus Deformity 

 Varus deformity is the most common angular con-
traction of the knee joint indicated for primary 
TKA [ 6 ,  12 ] (Fig.  8.3 ). Arthritic knees with varus 
deformity are characterized by cartilage and/or 
bone loss (mainly tibia) in the medial compart-
ment. As a result of the angulation, soft tissues 
and ligaments of the medial side undergo contrac-
ture and must be released in order to achieve neu-
tral limb alignment in TKA [ 12 ]. Concerning the 
defi nition of severe varus deformity, there is a 
lack of consistency within the available literature. 

Some authors defi ne severely varus deformed 
arthritic knees as bearing a femoral mechanical 
axis/tibial mechanical axis angle of 8 °  or at least 
10–12° in varus [ 8 ,  13 ,  14 ]. Other studies use 
angles of >15° or 20° [ 15 – 18 ]. These variations 
possibly refl ect the authors’ decision to divide the 
available patient population into subgroups, in 
order to make assumptions related to the preop-
erative joint deformity. Angulations of more than 
20° around the joint metaphysis usually require a 
procedure additional to TKA to effi ciently restore 
limb alignment [ 4 ]. According to Engh [ 5 ], the 
choice of ligament release  technique depends on 
the severity of varus deformity. Almost all sur-
geons are familiar with soft tissue release of the 
medial side of the proximal tibia. Joint line release 
with sub periosteal fractional detachment of the 
superfi cial and deep medial collateral ligaments 
has proven successful for mild to moderate varus 

a b  Fig. 8.1    Varus osteoarthritic 
knee with tibial metaphyseal 
deformity, ( a ) preoperative 
radiograph, ( b ) postoperative 
radiograph following single 
stage TKA       
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deformity. When it comes to severe varus defor-
mity with fi xed fl exion contraction, an epicondy-
lar osteotomy to release the collateral ligaments 
from the femur is useful. Thus, not only is balanc-
ing of the varus deformity achieved, but also bet-
ter access to the posterior contracted structures of 
the knee. Posterior cruciate ligament and some-
times the popliteus tendon are the causes of these 
combined contractures. In such cases, balancing 
of the posterior cruciate ligament or sacrifi cing it 
and the use of a more constrained implant are 
commonly used options [ 5 ]. Extensive medial 
release can inevitably result in increased medial 
fl exion gap and the mandatory use of a thicker 
polyethylene insert or a more constraint prosthe-
sis [ 12 ].   

a b c

  Fig. 8.2    Valgus osteoarthtitic knee with femoral diaphyseal deformity, ( a ) preoperative radiograph, ( b ) radiograph 
showing extraarticular corrective osteotomy, ( c ) postoperative radiograph following staged TKA       

  Fig. 8.3    Radiograph showing severe varus deformity of a 
left osteoarthritic knee       
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    Surgical Technique 

 Various surgical techniques have been used in 
order to successfully reconstruct severe deformi-
ties during TKA. Mullaji et al. [ 19 ] used medial 
extra articular tibial osteotomy combined with 
selective posteromedial release. In all cases poste-
rior cruciate substituting implants were used with 
tibial stem extenders and bone grafting, when 
necessary, based on the size of tibial bone defects. 
These authors report very good mid- term results 
regarding stability and deformity correction [ 19 ]. 
Meftah et al. [ 20 ] proposed a posteromedial cap-
sulotomy, piecrust incising of the superfi cial 
medial collateral ligament and manipulations 
under valgus stress, in an attempt to minimize 
complications derived from extensive medial 
release. Satisfactory mid-term results for severe 
varus and fi xed fl exion were reported in terms of 
deformity correction, reduced incidence of over 
release and instability, hematoma formation, and 
the need for constrained prosthesis [ 20 ]. Dixon 
et al. [ 18 ], in a small series of patients, proposed a 
technique of downsizing, lateralizing of the tibial 
component and removing the excess proximal 
medial tibial bone in order to achieve loosening of 
the medial side and correction of severe varus 
deformity. In the most cases, non-constraining 
implants were used. The authors claim excellent 
clinical and radiologic results and stable correc-
tion in mid-terms [ 18 ]. According to their opin-
ion, longer term data is necessary in order to 
identify possible increased polyethylene wear due 
to tibial prosthesis lateralization. Mullaji et al. 
[ 21 ] described a sliding medial condylar osteot-
omy performed under navigation guidance. 
Correct repositioning of the condylar fragment 
and knee ligament balancing was optimized by 
computer assisted navigation and the authors 
reported satisfactory mid-term results [ 21 ]. 

 Few long term clinical outcome studies are 
available. Ritter et al. [ 22 ] suggested that patients 
with severe deformity should not be excluded 
from surgical treatment having as sole criterion 
the deformity itself. They report mid to long term 
results with no signifi cant difference in terms 
of function, alignment or implant failure rates 
 compared to a control group without severe 

deformity [ 22 ]. In all cases, different types of 
posterior cruciate ligament retaining prostheses 
were used. In their opinion constrained implants 
can be used in extreme cases. Kharbanda et al. 
[ 15 ] evaluated the use of grafting techniques for 
the reconstruction of bone defects in primary 
TKA for severe varus knees and identifi ed the 
indications for structural or impaction grafting, 
depending on the extent of bone defect. Long 
term outcome was excellent, justifying the use of 
such cost effective, biological agents. Implants 
with stem extenders were used in almost all cases 
[ 15 ]. Karachalios et al. [ 23 ] studied the clinical 
outcome of severe varus and valgus arthritic 
knees reconstructed with the use of posterior cru-
ciate retaining prosthesis. Outcomes of the varus 
subgroup were comparable to those of arthritic 
knees without severe deformity. 

 The hypothesis that computer assisted surgery 
(CAS) can effi ciently contribute to the satisfac-
tory reconstruction of severe knee deformities in 
TKA has been recently tested (Fig.  8.4 ). Several 
authors have attempted to correlate navigation 
guided TKA to better early postoperative results 
but failed to provide longer term superiority. Hsu 

  Fig. 8.4    Complex combined femoral and tibial defor-
mity. Indications for computer assisted surgery       
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et al. [ 14 ] supported the accuracy of CAS recon-
struction despite the fact that severe deformity 
negatively affected the postoperative axis. Bae 
et al. [ 17 ] positively correlated the severity of 
varus deformity with postoperative alignment, 
while Maniwa et al. [ 16 ] found no such correla-
tion or higher rate of complications. Moon et al. 
[ 12 ] suggested that the preoperative degree of 
varus deformity and proximal tibia vara, among 
other clinical and radiological parameters, were 
the only determinants of the accuracy of varus 
deformity reconstruction. In a meta-analysis of 
twenty nine studies, results favored the use of 
computer navigated compared to conventional 
TKA, without taking into consideration the 
severity of deformity [ 24 ].   

    Valgus Deformity 

 Arthroplasty in the valgus knee is a challenging 
procedure not only for the surgeon, but also in 
terms of instrumentation [ 25 ] (Fig.  8.5 ). It should 
not be considered the reverse of varus deformity, 
as it is different and far more demanding [ 5 ,  26 ] 
(Fig.  8.6 ). Distal femoral anatomy is often dis-
torted with the lateral femoral condyle abnor-
mally small, almost dysplastic. Lateral ligaments 
are contracted and medial soft tissue structures 
stretched. Required asymmetric resections of the 
femoral condyles for limb alignment can cause 
further ligamentous imbalance [ 5 ]. Thus soft tis-
sue balanced release becomes a crucial element 
for satisfactory TKA outcome [ 25 ,  27 ,  28 ]. 
Appropriate limb alignment should be obtained 
intraoperatively by symmetrical fl exion and 
extension gaps and a centralized patella position 
[ 25 ,  29 ]. Deformities of the adjacent joints may 
be also present and should be addressed. Valgus 
fl at foot is often associated with valgus knee 
deformity. The surgeon can consider correction 
of these deformities prior to TKA in order to 
ensure proper alignment and function [ 26 ].   

 Valgus deformity greater than or equal to 20 °  
is considered severe by some authors [ 22 ,  30 ], 
while others accept smaller angles (10–15 ° ) as 
the lower limit to severe deformity [ 28 ,  29 ,  31 ]. 
Ligament structure parameters such as medial 

collateral ligament insuffi ciency and the potential 
of posterior cruciate ligament sacrifi ce, favoring 
the use of a constrained prosthesis, should be 
taken into consideration [ 30 ]. Several authors 
claim higher failure rates and diffi culties in revi-
sion of constrained prostheses and they suggest 
the use of these implants in the elderly and less 
demanding patients [ 32 ]. Peroneal nerve palsy 
can occur when treating knees with severe valgus 
deformity. When knee alignment is restored, the 
nerve is stretched. Spinal or epidural anesthesia 
may induce this complication and hide its symp-
toms [ 26 ]. Rajgopal et al. [ 30 ] have suggested 
that the operated knees should be placed in 10 °  of 
fl exion during the early postoperative period in 
order to avoid peroneal nerve elongation [ 30 ]. 

 All authors highlight the importance of proper 
lateral soft tissue release. Ritter et al. [ 22 ] noted 
that surgeons tend to slightly undercorrect severe 
deformities. Koskinen et al. [ 33 ] suggested that 

  Fig. 8.5    Radiograph showing severe valgus deformity of 
a right osteoarthritic knee       

 

8 Long Term Clinical Outcome of Total Knee Arthroplasty. The Effect of the Severity of Deformity



74

residual valgus deformity increases the risk of 
revision and all patients with preoperatively 
severe valgus deformity should be followed up 
regularly, especially for implant wear and late 
onset instability. Various authors report satisfac-
tory long term outcomes using cruciate retaining 
implants, in terms of alignment, revision and 
delayed instability [ 22 ,  27 ,  30 ]. Politi et al. [ 29 ] 
used a lateral cruciform retinacular release in 
combination with posterior cruciate retaining 
implants and demonstrated satisfactory mid to 
long term results. Nikolopoulos et al. [ 31 ] used a 
lateral parapatellar approach and tibial tubercle 
osteotomy instead of the standard medial parapa-
tellar approach and reported satisfactory func-
tional long term results. Radulescu et al. [ 26 ] do 
not favor the lateral approach due to soft tissue 
complications and inappropriate wound coverage 
after deformity correction. Zhou et al. [ 34 ] favor 
the lateral approach but also suggest that medial 
collateral ligament reconstruction and tibial 

tubercle osteotomy have a high complication rate 
and increased surgery time. Augmentation of the 
defi cient lateral condyle is an option but the indi-
cations and results of this technique are inconsis-
tent in the literature [ 33 ,  34 ]. Ranawat et al. [ 28 ] 
have described a combination of inside-out 
release technique which involves the capsule, the 
iliotibial band, appropriate bone cuts and the use 
of posterior stabilized implants, and reported sat-
isfactory long term outcomes. Marked valgus 
deformity which requires extensive posterolat-
eral release in combination with medial collateral 
ligament insuffi ciency undermines the stability 
of the arthroplasty in the long term. Knees with 
such an intraoperative ligamentous imbalance 
should be replaced with a more constrained 
implant in order to ensure satisfactory long term 
results [ 22 ,  30 ,  33 ]. Zhou et al. [ 34 ] treated a 
series of severe valgus knees with marked osse-
ous defi ciency using different techniques and 
implants (cruciate-retaining, posterior stabilized 

a b

  Fig. 8.6    Severe valgus deformity of a right osteoarthritic knee, ( a ) preoperative radiograph, ( b ) postoperative radio-
graph showing satisfactory limp alignment       
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or hinged knees), individualizing the decision 
based on the degree of soft tissue contraction, 
bone loss and intraoperative stability. They 
reported excellent long term results, supporting 
the use of the less possible constrained prosthe-
ses, especially in cases of younger patients. In 
their opinion, having in mind a future revision, 
preservation of bone stock offers satisfactory 
long term outcome. Finally, Karachalios et al. 
[ 23 ] studied the clinical outcome of severe varus 
and valgus arthritic knees reconstructed with the 
use of posterior cruciate retaining prostheses. 
Outcomes of the valgus subgroup were also com-
parable to those of arthritic knees without severe 
deformity. However, in valgus deformities, when 
exceeding 30°, a high incidence of extensor 
mechanism complications were observed 
(Fig.  8.7 ).   

    Fixed Flexion Deformity and Range 
of Motion 

 Flexion contracture is commonly encountered in 
knees undergoing TKA (61 %) and it is often 
associated with varus deformity [ 35 ,  36 ]. Mild 
deformities can be passively corrected intraoper-
atively [ 11 ]. Severe deformities require surgical 
techniques such as posterior osteophyte removal, 
posterior capsule and posterior cruciate ligament 
release, and appropriate femoral bone resections 
[ 11 ,  37 ]. Residual fl exion affects gait kinematics, 
posing a contraction overload to the quadriceps 
and subsequent pressure on the patellofemoral 
joint. Patients are dissatisfi ed due to residual 
functional disability [ 35 ,  37 ]. Even though mild 
fl exion contractions may resolve gradually after 
surgery, most become permanent, highlighting 

a b

  Fig. 8.7    Severe valgus deformity (40°) of a left osteoarthritic knee, ( a ) preoperative radiograph, ( b ) postoperative 
radiograph showing dislocation of the patella       
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the importance of intraoperative correction and 
postoperative maintenance with focused physio-
therapy [ 11 ]. 

 In full knee extension the angle of fl exion con-
tracture is 0°. The more limited the extension the 
greater is the angle. A range of 5° towards fl exion 
or hyperextension is considered normal [ 36 ]. An 
angle greater than or equal to 20° of fi xed fl exion 
contracture can be considered as a severe defor-
mity [ 38 ]. Rheumatoid knees suffer from fl exion 
contractures more severely and more often than 
osteoarthritic knees [ 36 ]. Another term often met 
in literature is “stiff knee”, which refers to knees 
with a range of motion of less than 50 o  [ 39 ]. 

 Satisfactory postoperative range of motion is an 
important predictor of TKA outcome and a domi-
nant parameter of most knee scoring systems. 
Ninety degrees of fl exion is the minimum required 
for usual everyday living [ 40 ,  41 ]. In particular, 
67° of knee fl exion is required for the gait’s swing 
phase, 83 and 90° for climbing or descending 
stairs respectively, and 93° for rising from a chair 
[ 40 ]. In western societies, the current lifestyle of 
seniors does not require more than 110–115 ° , 
while cultural and religious behaviors of other 
populations have higher demands [ 42 ]. 

 Acute postoperative range of motion is a lim-
ited predictor of TKA clinical outcome [ 43 ]. 
Many authors have attempted to correlate various 
clinical factors, as far as range of motion is con-
cerned, with short and mid-term TKA outcome. 
However, preoperative diagnosis and preopera-
tive range of motion seem to affect the postopera-
tive result more [ 44 ]. Rheumatoid knees 
undergoing arthroplasty have more satisfactory 
results concerning correction of fl exion contrac-
tures [ 36 ]. Other studies suggest that limited pre-
operative range of motion is the only important 
variable, having a negative infl uence on postop-
erative range of motion in mid-terms [ 45 ,  46 ]. 
Other authors take also into account preoperative 
malalignment in the frontal plane [ 47 ] and intra-
operative procedures such as removal of posterior 
osteophytes and soft tissue release,  demonstrating 
that the achievement of good intraoperative range 
of motion can be correlated with a good postop-
erative result [ 48 ]. Computer assisted surgery 
appears to be more accurate in assessing fl exion 

deformities and provides surgeons with the nec-
essary data in order to restore knee extension and 
have a good intraoperative range of motion [ 35 ]. 

 Long term data is contradictory. Stair ascend-
ing and descending is signifi cantly improved 
7 years after TKA when compared to mid-term 
values [ 49 ]. Long term outcomes in patients with 
a preoperative fi xed fl exion deformity are similar 
to those without preexisting deformity. Ten years 
after surgery, these patients present with continu-
ous improvements [ 50 ]. Patients with rheumatoid 
knees also have equally good long term outcomes 
compared to those with osteoarthritis [ 51 ,  52 ]. 
Concerning stiff, osteoarthritic knees, authors 
report good long term outcomes and functional 
improvements which overcome the intraopera-
tive diffi culties and early high complication rates 
[ 53 ,  54 ]. 

 A relatively new development in knee arthro-
plasty is high fl exion TKA implants specifi cally 
designed to achieve higher postoperative knee 
fl exion. However, no long term data related to the 
survival or to the functional performance of these 
implants are yet available [ 55 ]. Present studies do 
not support any advantages over the conventional 
implants and further longer term research is nec-
essary [ 55 ,  56 ]. On the other hand, there is grow-
ing evidence that increased range of motion is not 
the patient’s primary concern – he/she is mainly 
looking for relief from osteoarthritic pain [ 55 ].     
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           Introduction 

 Total Knee Arthroplasty (TKA) is one of the most 
common elective procedures performed world-
wide, as it is considered an effective intervention 
for patients suffering from advanced knee osteoar-
thritis. It is a relatively easy, safe and cost-effective 
solution that provides relief from pain and disabil-
ity and offers increased function and thus, 
improvement in quality of life. The success rate 
and benefi cial outcomes have led to a vastly 
increasing number of operations performed annu-
ally, with an expected 3.5 million procedures in 
the U.S. alone over the next 20 years, a sixfold 
increase over current estimates [ 1 ,  2 ]. 

 Despite the satisfactory outcomes of TKA, 
patients continue to experience complications 
and adverse effects, and to report poor subjective 
outcomes following TKA at an estimated level of 
20 % [ 3 – 5 ]. A number of factors have been iden-
tifi ed as infl uencing TKA outcome, including 
patient-related factors such as gender and medi-
cal comorbidity, technical factors such as surgi-
cal exposure and alignment of the prosthesis, and 
provider factors such as hospital and surgeon 
procedure volumes and experience. 

 In the fi eld of Surgery and Orthopaedics there 
is an ongoing debate as to the infl uence of sur-
geon and center volume on surgical outcome. 
Many authors contend that complex surgeries 
such as TKA should be performed in specialist 
centers by experienced surgeons performing a 
high volume of operations annually. These claims 
are based on studies focusing on outcomes of 
patients with cardiovascular disease (i.e., acute 
myocardial infarction) who were admitted to 
Specialist Hospitals and Centers and who were 
clearly found to show signifi cantly better out-
comes compared to those treated in non- specialist 
facilities. Furthermore, rehabilitation and other 
important ancillary services may be more acces-
sible to higher-volume providers. Based on these 
observations, it is expected that specifi c ortho-
paedic surgery (such as TKA) performed in spe-
cialist centers by high volume surgeons will 
produce better patient outcomes and will mini-
mize complications, morbidity and cost at the 
same time improving long term outcomes [ 6 ].  

    Defi nitions and Eligibility Criteria 

 Patient outcomes include mortality, morbidity 
(pulmonary embolus, deep venous thrombosis, 
sepsis, myocardial infarction, or pneumonia), 
surgical complications (surgical site infection, 
bleeding and subsequent need for blood transfu-
sion, urinary tract infection, GI bleeding etc.), 
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length of hospital stay (LOS), discharge disposi-
tion, readmissions, and reoperations within the 
fi rst 30 days after discharge as well as long-term 
follow up of the implant and patient satisfaction. 

 Throughout the literature, patients included in 
relevant studies and surveys met the following 
criteria [ 7 ]: (a) age >65 years; (b) absence of cer-
tain risk factors (pathologic fracture, conversion 
of previous TKA, infection of knee or thigh dur-
ing admission) which tend to cause substantially 
higher rates of post-operative adverse outcome 
compared with primary TKA patients; and (c) 
availability of detailed demographic data includ-
ing race and sex. Surgeons are divided according 
to the total number of operations performed 
annually, although there is much controversy 
regarding exact classifi cation parameters (low /
medium/high volume). Low volume (LV) ranges 
from <3 to <52 TKAs per year, whereas high vol-
ume (HV) expands from >5 to >70 TKAs per 
year, depending on each study’s criteria and 
thresholds [ 7 – 10 ]. Similarly, hospitals are divided 
into low volume (<25 TKA per year) or high vol-
ume (>200 TKA per year) and they also classi-
fi ed as (a) Training Centers, (b) Teaching 
Hospitals or at least affi liated with a Medical 
School, (c) Acute care facilities and (d) Highly 
Specialized Centers [ 11 ]. Depending on surgeon 
experience, training and availability of specifi c 
facilities, variations of the TKA procedure have 
been identifi ed which may infl uence the fi nal out-
come. These variations include surgical approach 
and exposure (parapatellar or subvastus – standard 
or MIS), computer/robotic assisted placement of 
the components etc.  

    Surgical Volume and Outcome 

 There are a large number of papers examining 
surgical volume and outcome in a wide spectrum 
of surgical procedures and specialties. In a recent 
systematic review, Chowdhury et al. examined 
163 articles covering 13 surgical specialties 
[ 12 ]. Of the papers reviewed 74.2 % and 74 % 
showed a signifi cantly better outcome in hos-
pitals with higher volumes and higher surgeon 
volume respectively. Specialization resulted in 

signifi cantly better outcomes with 91 % of stud-
ies showing a signifi cant improvement in positive 
outcome; however, this benefi t varied amongst 
specialties [ 12 ]. 

    Effect of Volume on Mortality 

 Surgical mortality is a rare occurrence in elective 
orthopaedic practice [ 7 ,  13 ,  14 ]. However, there 
are a number of papers which indicate such an 
association in elective total knee replacement. It is 
suggested that the higher the volume the lower the 
risk of mortality [ 7 ,  8 ,  15 – 17 ]. Interestingly, there 
is no difference between highly specialized cen-
ters and non-specialized hospitals. In one study, it 
has been shown that there is no relation between 
surgeon volume and surgical mortality [ 18 ].  

    Effect of Volume on Morbidity 

  T he lowest complications rates (and consequently 
the lowest morbidity rates) occur amongst sur-
geons in the highest volume groups. Low volume 
surgeons (<52 patients/year) had higher transfu-
sion rates due to postoperative anemia and higher 
occurrence of postoperative infection [ 19 ,  20 ]. 
When surgeon volume increased above 200 TKR 
a year, it was also associated with a decreased 
risk of myocardial infarction (MI), pulmonary 
embolus (PE), deep surgical site infection and 
in some cases, mortality [ 21 – 27 ]. A 5 year meta-
analysis study reviewing over 200,000 TKRs 
concluded that lower volume hospitals were asso-
ciated with an increased rate of PE [ 18 ]. It was 
reported that there is a decreased risk of respi-
ratory complications when a surgeon performs 
a minimum of 50 TKRs a year [ 7 ,  8 ]. The inci-
dence of hemorrhage (upper G.I. or other) was 
signifi cantly higher in high volume and special-
ized centers, probably due to more intensive use 
of pharmacologic thromboembolism prophylaxis 
[ 13 ,  14 ,  28 ]. A statistically signifi cant decrease 
in transfusion rate following TKA performed by 
HV surgeons compared to LV surgeons (4 % vs 
13 %) was also reported [ 19 ]. A statistically sig-
nifi cant association between low surgeon  volume 
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and infection rates either in hospital (almost twice 
as high) [ 26 ], or 1 year postoperatively (almost 
2.5 times higher rate) [ 22 ], has been suggested. 
Neither study specifi ed whether this was deep or 
superfi cial site infection. A statistically signifi cant 
decrease in pneumonia rates following TKA per-
formed by HV surgeons (1.02 % HV vs 1.68 % 
LV) is reported by some authors [ 7 ,  8 ]. Finally, a 
signifi cant increase in TKA operation time for LV 
surgeons (165 min vs 135 min) should be consid-
ered as an aggravating factor due the increase of 
intraoperative risks [ 24 ]. Regarding hospitaliza-
tion, signifi cantly higher lengths of stay (LOS) 
were observed in low volume units and surgeons 
(mean of 5 days in HV as opposed to 7 days in 
LV centers and surgeons), with no infl uence on 
outcome, however [ 10 ,  20 ,  21 ,  29 ,  30 ]. 

 It must be stated that modern, less invasive 
operating techniques (MIS/Mini-Sub/Midvastus 
exposure) as well as computerized/robotic 
assisted placement of the components (that usu-
ally require advanced surgeon training and skill) 
mainly affect the immediate postoperative co- 
morbidity factors (less soft tissue damage and 
blood loss, reduced need for analgesia, earlier 
patient mobilization etc.) and “technical” details 
(improved radiographic component alignment 
leading to correct mechanical axis and prosthesis 
function) [ 31 – 33 ]. Recent literature suggests that 
the long-term clinical outcome remains uninfl u-
enced by such procedures.  

    Effect of Volume on Clinical Outcome 

 For TKR, crude analysis shows no relationship 
between surgeon and hospital volume and read-
mission rate to hospital within a year. However, 
there is good evidence that the rate of readmission 
was reduced in Training Centers [ 18 ]. There is evi-
dence of a higher risk of revision surgery within 
6 months in HV Hospitals, although this fi nding 
is possibly due to the fact that highly specialized 
centers tend to take up more complex patient cases 
which often require reoperation. Patients operated 
on by low-volume surgeons in low-volume hos-
pitals presented lower WOMAC functional sta-
tus scores at 2 year follow up (<60 on a scale of 

0–100) when compared to patients operated on by 
higher volume surgeons or/and in higher volume 
hospitals [ 7 ,  8 ]. Other studies have also demon-
strated that higher surgical and hospital volumes 
result in more favorable patient outcomes [ 7 ,  34 , 
 35 ]. Patients operated on by LV surgeons were 
more likely to report an inability to fl ex the knee 
to 90°, and more likely to report an inability to 
achieve full extension at 2 year follow up [ 8 ]. It is 
suggested that surgeon volume is a greater predic-
tor of favorable outcome than hospital volume, but 
there is also evidence that both surgeon and hospi-
tal volume infl uence outcome. It seems that TKA 
mid-term survival does not depend on surgeon 
volume [ 26 ]. Moreover, no association between 
surgeon volume and 3 year and 1 year revision 
rate, respectively, has been observed [ 21 ,  30 ]. 

 Findings with regard to TKA costs warrant a 
brief mention. In particular, TKA costs were 
markedly higher in low volume non-specialized 
hospitals than in high volume Units and Centers 
of Excellence, probably due to the difference in 
LOS and a higher incidence of adverse effect at 
the former. It was also found that academic medi-
cal centers typically have higher costs when com-
pared with other hospitals [ 16 ,  17 ,  36 ]. However, 
at least some of the higher costs that have been 
observed in teaching hospitals seem to be related 
to the greater complexity of patient populations 
served by these hospitals [ 37 ].   

    Literature Against the Association 
of Surgical Volume and Outcome 

 Sharkey et al. have questioned the concept of a 
linear relationship between increasing volume 
and reducing complication rates [ 38 ]. They report 
a plateau with respect to complication rates at 
higher volumes. Complication and mortality rates 
in their unit, which performed 1,000 hip arthro-
plasties annually, did not differ markedly from 
units performing >100 arthroplasties [ 38 ]. The 
most crucial predictor of outcome was found to be 
patient characteristics rather than volume [ 27 , 
 30 ]. Kreder et al. [ 21 ] do not support the regional-
ization of services based on patient outcomes. 
Additionally, Hamilton and Ho [ 39 ], found that 
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there was no signifi cant outcome advantage in 
high volume hospitals. Feinglass et al. [ 40 ] found 
no hospital volume effect on complication rates, 
which they attribute to the fact that most proce-
dures in their study were performed in relatively 
high volume hospitals, with less than 2 % of TKA 
performed by institutions performing less than ten 
TKRs annually. Additionally, they found that 
complication rates declined over the 7-year study 
period, which they attribute to improved safety 
and decreased length of stay.  

    Surgical Threshold 

 Should there be a minimum volume threshold for 
certain orthopaedic procedures? Schulz and 
Smektala [ 41 ] and Schräder and Ewerbeck [ 42 ] 
were unable to deduce a minimum threshold 
value, whereas Norton et al. [ 11 ] have suggested a 
minimum of 50 TKAs per surgeon annually in 
order to diminish adverse outcomes, while indi-
cating more than 100 TKAs would be preferable. 
Katz et al. [ 7 ] support the recommendation of a 
minimum of 50 TKAs a year, reporting a 
decreased risk of respiratory complications when 
the operating surgeon performed a minimum of 
50 TKR a year. When this number was increased 
to a minimum of 200 TKAs a year it was also 
associated with a decreased risk of myocardial 
infarction (MI), pulmonary embolus (PE), deep 
infection and mortality [ 7 ]. Hervey et al. [ 15 ] 
report that even a minimum volume of 15 TKAs a 
year decreased mortality rate. In their paper Luft 
et al. [ 43 ] found that hospitals performing 50–100 
THAs a year had mortality rates almost as low as 
hospitals performing more than 200 THAs a year.  

    Conclusions 

 It has been demonstrated (data mined from 
registries of major Healthcare, either Public or 
Private, Organizations) that higher volume 
Units/Surgeons are usually associated with 
improved outcomes. Factors explaining these 
fi ndings are widely available in the current lit-
erature. Highly skilled surgeons achieve good 
outcomes and as they gain experience are bet-
ter able to select patients suitable for surgery. 

Training and education regarding the specifi c 
condition they are treating should therefore 
lead to improved outcomes [ 43 ]. 

 Whilst low volume units and lack of stan-
dardization may cause few problems within 
the standard National Health Systems (NHS) 
provision of total joint arthroplasties, fi ndings 
from several studies raise concerns about the 
standards of care within private practice and 
independent sector run treatment centers 
(ISTCs) whose data are not included in hospi-
tal episode statistics (HES) or in national reg-
istries. Often, there is no source of valid data 
on volumes within private hospitals. If there 
is, data is relatively poor, and made up of large 
numbers of different surgeons performing a 
few cases each, and taking varying approaches 
to the procedures. Similar concerns have 
recently been raised by the President of the 
Royal College of Surgeons (UK) concerning 
the standards and quality of operations per-
formed by surgeons arising from various edu-
cational programs run by the UK’s ISTCs. 
Both private hospitals and ISTCs should be 
obliged to make their data available to HES 
and to the hip replacement registry, in order 
allow their activities to be examined and com-
pared with NHS hospitals [ 44 ]. 

 Understanding the relationship between 
provider volume and outcomes for TKA is 
critical in order to understand discussions 
concerning ‘centralization’ or ‘regionaliza-
tion’ and overall efforts to improve quality 
and outcomes of care in TKA. The principle 
behind centralization or regionalization is that 
improved patient outcomes can be achieved 
by concentrating complex surgical procedures 
in regional centers, or “centers of excellence”. 
Better equipped units employing highly quali-
fi ed and skilled nursing staff, well versed 
and experienced surgeons can easily achieve 
a high level of organizational standards and 
clinical practice and apply standardization of 
procedures in order to minimize adverse or 
unpredictable incidents that tend to cause the 
majority of undesirable outcomes. 

 Many volume outcome studies, which have 
been utilized in order to prove the effi cacy of 
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centralization, rarely examine the same vari-
able. Marlow et al., in a recent review, report 
that there is a trend towards increased hospital 
volume signifi cantly affecting patient morbid-
ity and length of stay. However, for each of the 
remaining parameters of hospital/surgeon vol-
ume and patient morbidity, mortality and length 
of stay, this report does not defi nitively demon-
strate a statistically signifi cant association. It 
has been demonstrated that there is a more 
commonly reported association between 
increased hospital volume and reductions in 
patient morbidity and length of stay. The 
authors believe that research into the differ-
ences in hospital clinical guidelines for the 
treatment of patients after either primary or 
revision knee arthroplasty may identify benefi -
cial practices used in high-volume hospitals, 
which can be applicable to low-volume hospi-
tals. The centralization evidence base is grow-
ing; however, this research needs to include 
examinations of the impact of hospital clinical 
guidelines as well as hospital/patient variables. 
Despite these conclusions regarding volume 
and outcome, little can be said either to pro-
mote or renounce the idea of the centralization 
of knee arthroplasty procedures based on the 
existing data. It is apparent, however, that 
before services are reallocated or centralized, a 
prospective contemporary study should be con-
ducted which will address the aforementioned 
limitations of the published literature.     
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      Long Term Clinical Outcome 
of Total Knee Arthroplasty. 
The Effect of Limp Alignment, 
Implant Placement and Stability 
as Controlled by Surgical 
Technique 

           John     Michos      and     Theofi los     Karachalios     

           Introduction 

 The numbers of total knee arthroplasties (TKAs) 
performed per year is increasing rapidly. In the 
year 2005, 533,000 procedures were performed in 
the US and it is estimated that by the year 2030, the 
numbers of procedures will reach the level of three 
million per year [ 1 ]. Outcomes of TKA are satis-
factory with a reported survival of 95.9 % at 
15 years with revision for any reason, of 97 % with 
revision for mechanical failure and of 98.8 % with 
revision for aseptic loosening as an end point [ 2 ]. 
Other studies have also reported excellent results 
with a survival rate ranging from 90 to 98 % at the 
level of 10–15 years follow up [ 3 – 7 ]. Ritter et al. 
[ 8 ] and Lachiewicz et al. [ 9 ] have also reported 
survival rates of 95 % and 96.8 %, with revision for 
aseptic loosening as an end point at a minimum 
15 years follow up. Common reasons for TKA 
failure have been identifi ed (e.g., polyethylene 
wear, aseptic loosening, instability, infection, 

arthrofi brosis, malalignment or malposition, 
 defi cient extensor mechanism, avascular necrosis 
of the patella, periprosthetic fracture and isolated 
patellar implant failures) [ 10 ], while the most com-
mon reasons for reoperation are extensor mecha-
nism problems, infection and instability [ 11 ,  12 ]. 
Sharkey et al. [ 10 ] have shown that the most preva-
lent cause of early failure in their series was infec-
tion (17.5 %), and for late failure polyethylene 
wear (25 %). Moreover, infection and surgical 
technique errors were the main reasons for early 
reoperations (within 5 years of the primary proce-
dure) in an evaluation of 440 revision TKAs [ 13 ]. 

 Normal knee alignment and stability are three 
of the main targets of TKA and can be achieved 
taking into consideration the following three 
inter-related elements; (a) the normal or pros-
thetic knee joint should be centered on the 
mechanical axis of the lower extremity, (b) 
appropriate level of joint line should be restored 
and (c) stability should be achieved by fractional 
release of contracted ligaments. Ligament release 
does not cause instability. Failure to align the 
knee in three planes and release the tight liga-
ments does cause instability, unreliable function 
and excessive wear. Several authors argue that 
the above elements are very important for the 
long term survival and functional performance of 
TKA [ 13 – 21 ]. 

 In this review, the effect of limp alignment, 
appropriate implant placement and stability, as 
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controlled by surgical technique, on the long 
term outcome of TKA will be presented follow-
ing an analysis papers on surgical technique and 
long term quality studies.  

    The Effect of Restoration 
of the Mechanical Axis 

 Satisfactory TKA depends on many factors, 
including restoration of the mechanical axis of 
the limb, ligament balancing, component orienta-
tion and size. Correct alignment is one of the 
most important factors for implant long time sur-
vival [ 14 ,  15 ] (Fig.  10.1 ). It is well accepted that 
the tibial component should implanted at 90° to 
the tibial anatomical axis in the coronal plane and 
at 3–7° of posterior inclination (posterior slope) 
to the anatomical axis in the sagittal plane 
depending on the implant design. The orientation 
of the femoral component in the coronal plane 
should be at approximately 6° of valgus (usually 
5–7°), which is the difference between the ana-
tomical and mechanical axis of the femur. In the 
sagittal plane the femoral component should be 
implanted in a neutral position (no fl exion or 
extension) in order to prevent overstuffi ng of the 
anterior part of the joint, or notching of the femo-
ral cortex. The longevity of TKA is strongly 
related to the restoration of the mechanical axis 
of the limb and to the appropriate orientation of 
the components in all planes. Malpositioning of 
both components (especially of the tibial tray) is 
important in the long term survival of TKA 
(Fig.  10.2 ). Postoperative varus limb alignment is 
associated with a higher incidence of implant 
failure when compared to anatomical limb align-
ment [ 10 – 21 ]. It seems that valgus limb align-
ment is better tolerated than varus. Bargen et al. 
[ 22 ] has reported a higher incidence of failure in 
varus compared to valgus tibiofemoral alignment 
(91 % vs 11 %) (Fig.  10.3 ). Aglietti et al. [ 23 ] 
found that any tibial component with a varus 
angle of more than 2° in relation to the anatomi-
cal axis of the tibia was related to a considerably 
greater occurrence of radiolucent line. Green 
et al. [ 24 ] also showed that the alignment of the 
tibial tray has a considerable effect on loads 

applied to the tibial condyles. Tibial tray 
implanted in varus more of than 3° is a factor 
associated with loosening and failure, especially 
if it is combined with BMI of more than 33.7 
[ 14 ]. The mode of failure associated with varus 
tibial trays is that of medial tibial condyle bone 
collapse [ 14 ].     

    The Effect of Preoperative 
Deformity and Soft Tissue 
Contractures 

 In varus knee deformity (Fig.  10.4 ), which is the 
most common of the osteoarthritic knee deformi-
ties, the medial structures are contracted. These 

a

b

  Fig. 10.1    Bilateral severe valgus and varus knee deformity, 
( a ) preoperative radiographs, ( b ) postoperative radiographs 
showing satisfactory correction       
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structures include the deep and superfi cial medial 
collateral ligament, posterior and posteromedial 
capsule and posterior cruciate ligament, 

 depending on the severity of the deformity. 
Whiteside has shown [ 25 ] that, when the knee is 
tight in fl exion only, the superfi cial medial 

a b

  Fig. 10.2    The effect of varus placement of the tibial component, ( a ) immediate postoperative radiograph, ( b ) early 
aseptic loosening and varus drift of the component at 5 years follow up       

a b

  Fig. 10.3    Bilateral valgus knee deformities, ( a ) preoperative radiographs, ( b ) postoperative radiographs of well func-
tioning TKA with valgus under correction of the right knee       
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 collateral ligament is mainly responsible for the 
contracture, while when it is tight in extension, 
the deep medial collateral ligament is the cause 
of contracture. When the knee is tight in both 
fl exion and extension, all the above structures 
contribute to medial tightness and need balanced 
release [ 26 ]. In order to restore the tibiofemoral 
axis it is necessary to remove the osteophytes 
from the upper lip of the medial tibial condyle 
and the medial femoral condyle in combination 
with a balanced release of the medial structures. 
The deep medial collateral ligament is sub peri-
osteally elevated from the upper medial tibial 
condyle and its detachment can be extended to 
the posteromedial part of the condyle (if needed). 
The superfi cial medial collateral ligament is next 
sub periosteally elevated with the use of an eleva-
tor or a curved osteotome and, fi nally, even ham-
string insertion may be necessary to elevate it. In 
severe varus deformities the correction is facili-
tated by the removal of the posterior cruciate, or 
by detachment of its insertion from the posterior 
tibia, as it has been shown that a contracted pos-
terior cruciate contributes to the deformity on the 

coronal plane [ 27 ]. The procedure is performed 
stage by stage and the alignment and stability is 
tested after each surgical step. The goal is to 
achieve a normal laxity of 2 mm as estimated by 
a symmetrical joint opening of both the medial 
and lateral sides. Fixed fl exion deformity is cor-
rected by careful removal of the posterior osteo-
phytes using a curved osteotome, and further 
release of the posterior capsule from its insertion 
in the posterior part of the condyles.  

 Valgus knee deformity (Fig.  10.5 ) is less com-
mon than varus. It accounts for 10–15 % of all 
knee deformities, and is more diffi cult to correct. 
It has been reported that TKA in knees with 
severe varus deformity results in superior out-
come when compared to those of knees with 
severe valgus deformity. This superiority has 
been attributed to incomplete tibiomemoral axis 
correction in the valgus knees [ 28 ]. Bone defor-
mities and soft tissues contractures are also 
encountered and are responsible for surgical 

  Fig. 10.4    Radiographs of a varus osteoarthritic knee 
joint       

  Fig. 10.5    Radiographs of a valgue osteoartheitic knee 
joint       

  

J. Michos and T. Karachalios



89

technical diffi culties during balanced restoration 
of the axis. In contrast to the varus knee, where 
the medial compartment is distorted, in valgus 
knees the lateral femoral condyle is usually 
mainly affected, being hypoplastic posteriorly 
and distally.  

 The lateral stabilizing structures are con-
tracted and require balanced release. These ele-
ments include capsule-ligament units (lateral 
collateral ligament, posterolateral and posterior 
capsule, and posterior cruciate ligament) and 
musculo-tendinous structures (iliotibial band, the 
popliteal tendon, lateral gastrocnemius and 
biceps tendon). Several techniques for release of 
the contracted elements have been suggested, but 
no standardized method has been established [ 25 , 
 26 ,  29 ]. It has been shown that the iliotibial band 
and the posterolateral capsule are mainly respon-
sible for tightness of the knee in extension, while 
the popliteal tendon and the lateral collateral liga-
ment are mainly responsible for tightness in fl ex-
ion [ 30 ]. During correction of the deformity and 
balanced release of the structures, the iliotibial 
band is fi rst detached from Gerdy’s tubercle, if 
the knee is tight in extension, then the popliteal 
tendon and the lateral collateral ligament are sub-
periosteally elevated from the lateral femoral 
condyle in order to overcome tightness in fl exion. 
The posterolateral capsule can be released using 
the “pie crust technique” or with a horizontal 
cautery cut at the level of the joint line, if further 
correction is necessary, in order to achieve bal-
anced correction of the deformity [ 31 ]. The 
Posterior cruciate ligament can be released at its 
tibial insertion, or even resected, if further cor-
rection is required. Release of the posterior cruci-
ate ligament further contributes to appropriate 
alignment in the coronal plane [ 31 ]. In order to 
restore the mechanical axis in severely deformed 
valgus knees, other techniques have also been 
proposed such as approaching the knee through 
the lateral side with or without tibial tubercle 
osteotomy. It is claimed that this procedure facili-
tates the balanced release of the contracted ele-
ments [ 32 – 34 ]. In severely deformed knees, the 
extensive release of the structures, which is 
required for correction of the deformity, may lead 
to instability. In such cases a constrained implant 

design should be used. In cases with an incompe-
tent medial collateral ligament a constrained 
implant design should also be used. Sliding lat-
eral femoral condyle osteotomy is another pro-
posed technique for valgus correction, as the 
osteotomised fragment moves distally with the 
lateral contracted elements attached on it. Distal 
transposition releases tension and fi xation with 
screws is then performed [ 35 ]. A thorough search 
of the literature has revealed that papers related to 
balanced release of the contracted structure 
describe the technique in only a relatively small 
number of patients and little data is given regard-
ing the effect on the long term outcome of the 
TKA.  

    The Effect of Restoring the Joint 
Line and Balancing the Extension 
and Flexion Gap 

 Joint line height should be corrected with appro-
priate restoration of both femoral and tibial bone 
defects and balanced release of contracted struc-
tures in both the coronal and sagittal plane. In 
order to achieve this excessive removal of bone 
during femoral and tibial osteotomies should be 
avoided. The attempt to balance large extension 
and fl exion gaps with the use of thick polyethyl-
ene only is the usual cause of joint line elevation 
(Fig.  10.6 ). Mid and long term studies have 
shown inferior outcomes and a high incidence of 
complications in TKAs in which there is a devia-
tion from the anatomic line of more than 5 mm 
[ 36 ]. Posterior offset of the femoral implant 
should ideally be equal to the preoperative poste-
rior offset of the femoral condyles (sagittal 
plane), in order to restore the joint line in fl exion 
(Fig.  10.7 ). In order to avoid residual instability it 
is very important to have symmetric balancing of 
the collateral ligaments and equal fl exion and 
extension gaps (Fig.  10.8 ). Minimal mediolateral 
laxity of 1–2 mm in extension, and equal fl exion 
and extension gaps (tested in extension and with 
the knee at 90° of fl exion when lifting up the 
femur and rotating the tibia) are considered the 
ideal result which enhances long term outcome 
[ 37 ]. If fl exion is tighter than the extension gap 
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and a posterior cruciate retaining implant is used, 
an attempt to increase the posterior tibial slope 
may solve the problem. If a tight fl exion gap is 
due to a tight posterior cruciate ligament only and 
not to tight collaterals, partial release of the pos-
terior cruciate ligament insertion from the tibia 
could be an helpful intervention.    

 Ligamentous imbalance or excessive posterior 
tibial slope has been shown to cause increased 
translational and rotational moments leading to a 

higher concentration of stresses on the joint sur-
faces and further subluxation [ 38 ]. Residual 
instability related to surgical technique may lead 
to high stress concentration and excessive poly-
ethylene wear compromising clinical outcome 
and longevity of the TKA. Thus when dealing 
with severe knee deformities, surgeons should be 
prepared to use implants with higher degrees of 
constraint. In cases of infl ammatory arthritis, 
such as rheumatoid arthritis, posterior cruciate 

  Fig. 10.6    Elevation of the joint line using a thick polyethylene liner ( left ). In order to avoid this effect, bone defect 
should be reconstructed ( right)        
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retaining TKA implants should be used with cau-
tion, anticipating the possibility of later rupture 
of the posterior cruciate ligament due to disease 
activity resulting in pain, effusion and anteropos-
terior instability [ 39 ].  

    The Effect of Appropriate 
Anteroposterior and Rotational 
Placement of the Components 

 Bone resection from the distal and posterior 
femur and proximal tibia creates a fl exion and an 
extension gap. Equalization and balance of these 
gaps is very important for the outcome of the pro-
cedure. Instrumentation systems used for femoral 
bone cuts are either anterior referencing, poste-
rior referencing or both (Fig.  10.9 ). With  posterior 
referencing systems, if implant size is to be 

changed, the anterior cut of the femur is altered 
while the posterior femoral condyle cut remains 
unchanged. Thus downsizing the component may 
cause anterior notching, while upsizing may lead 
to overstuffi ng of the patellofemoral space.  

 With anterior referencing systems, the selected 
anterior femoral cut is not affected by up or 
downsizing the guide, while the thickness of the 
bone to be resected from the posterior condyles is 
changed thus affecting the fl exion gap. 

 Equally important is also the appropriate rota-
tional placement of both components. Malrotation 

a

b

  Fig. 10.7    The effect of anterior offset ( a ) and posterior 
offset ( b ) on the fl exion gap and anterior patellofemoral 
overstuffi ng is shown       

a

b

  Fig. 10.8    The same component – polyethylene compos-
ite thickness in extension ( a ) and fl exion ( b ) ensures equal 
soft tissue balancing and stability       
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of either the tibial or femoral component will 
cause abnormal patellofemoral tracking and 
asymmetrical gaps, with undesired consequences. 
Correct rotation of the femoral component will 
allow the patella to slide in the groove without 
high strain, from full extension to full fl exion. The 
transepicondylar axis is suggested and commonly 

used as a guide for this purpose, as it has been 
shown that it is 3–5° externally rotated in relation 
to the posterior condylar line (Fig.  10.10 ). 
However, the centers of the epicondyles are often 
diffi cult to defi ne, because of the bulk of soft tis-
sues and their broad bases [ 40 – 42 ]. More accurate 
positioning can be achieved by using the antero-
posterior axis, which is the line joining the deep-
est point of the trochlear groove and the most 
lateral edge of the posterior cruciate ligament 
femoral insertion, as described by Hanada and 
Whiteside and called “Whiteside line” [ 43 ,  44 ] 
(Fig.  10.11 ). Insall and Scott have proposed the 
fl exion gap technique, consisting of cutting the 
posterior condyles in a fashion parallel to the tib-
ial cut, with the knee fl exed at 90°, after balancing 
the collateral ligaments [ 45 ]. With this technique, 
the femoral component is routinely implanted in 
slight external rotation of the femur [ 46 ]. Another 
drawback is that ligament release is performed in 
extension and bony cuts in fl exion. If the posterior 
condylar line is used as a guide for rotational posi-
tioning of the femoral implant, asymmetric wear 
of the posterior parts of the condyles often seen in 
valgus deformed knees should be taken into con-
sideration in order to avoid undesirable internal 
rotation of the component and subsequent patellar 

a

b

  Fig. 10.9    The effect of up ( a ) and down ( b ) sizing of the 
femoral component on the fl exion gap is shown       

  Fig. 10.10    Transverse CT-scan section showing that 
femoral component is rotationally aligned parallel to the 
transepicondylar axis       
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instability [ 47 ]. Tibial tray rotation also affects 
patellofemoral alignment and thus excessive 
internal rotation should be avoided (Fig.  10.12 ). 
The central point of the tray must be in line with 
the junction of the inner and medial third of the 
tibial tuberosity [ 48 ].     

    The Effect of Instrumentation 
for Femoral and Tibial Cuts 

 For appropriate femoral alignment and compo-
nent placement intramedullary systems have 
been shown to offer superior accuracy and are 

always used [ 49 ]. Concerning tibial alignment, 
there is considerable debate as to whether intra-
medullary or extramedullary systems provide 
more accurate reproductions of anatomical axes 
[ 50 – 52 ]. Extramedullary alignment systems are 
based on bony landmarks which may be obscured 
in obese patients or covered by bulky surgical 
drapes (Fig.  10.13 ). Therefore most authors sug-
gest that the intramedullary systems are more 
accurate and reproducible, especially in obese 
patients and they also reduce surgical time [ 53 –
 55 ]. However, in cases with bowed tibia or other 
extra articular tibial deformities, extramedullary 
systems are more accurate [ 56 ,  57 ]. The extra-
medullary tibial guide should be set to engage the 
ankle 3–6 mm medial of the center, as the center 
of the talus is medial to the line bisecting the dis-
tance between the malleoli [ 58 ] (Fig.  10.14 ). If a 
intramedullary guide is chosen (Fig.  10.15 ), the 
starting hole should be placed approximately one 
third the distance from anterior to posterior sur-
face of the tibia and slightly medial to the midline 
[ 54 ] (Fig.  10.16 ). The signifi cance of the entry 
point on the tibial surface has been emphasized 
while the deformity of the axis should be taken 
into consideration [ 55 ]. In severe varus knees, it 
is suggested that the entry point should be placed 
slightly externally in order to avoid the rod 
engaging the diaphyseal cortex. Simmons et al. 
[ 59 ] have suggested that the entry point of the rod 
is an important factor affecting the orientation of 
the tibial cut and they also found that the 8 mm 
rod could be inserted in nearly all tibias. In the 
same study, a 90° tibial component angle was 
achieved in 83 % of varus knees, but only in 37 % 
of the valgus knees. The authors conclude that 
the intramedullary system is less accurate in val-
gus than in varus knees. Reed et al. [ 60 ] has con-
ducted a prospective randomized trial and found 
that the intramedullary system was more accurate 
in determining proximal tibial cut in both the 
coronal and sagittal plane, with a mean deviation 
of 1.6° only (no outliers were detected). Few 
other studies have addressed the issue of tibial 
cut accuracy on the sagittal plane. Most of these 
have concluded that intramedullary systems can 
accurately determine tibial cut in the sagittal 
plane, within 3° or less [ 16 ,  52 ,  61 ]. However, 

  Fig. 10.11    Femoral cutting jig aligned parallel to the 
(Whiteside) line       

  Fig. 10.12    Transverse CT-scan section showing the 
appropriate rotational placement of the tibial tray       
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other authors have found wider deviations and 
have questioned the accuracy of intramedullary 
instrumentation [ 59 ,  62 ].     

 DeKroon et al. [ 63 ], in a prospective random-
ized study of intramedullary versus extramedul-
lary instrumentation, reported better restoration 
of the posterior tibial slope with the extramedul-
lary system. Finally, in a comparative study 
between intramedullary and extramedullary 
guiding systems, the intramedullary system was 
found to be more accurate for the coronal, while 
the extramedullary system was more reliable for 
the sagittal osteotomy, though the mean differ-
ence from the planned posterior slope was only 
1° [ 64 ]. One should keep in mind that when the 
tibial guide is set to cut at some degrees of 
 posterior slope, it should be set at the center of 
the tibia on the coronal plane, otherwise the cut 
will not be set to be horizontal, but in varus (with 
external rotation of the guide), or valgus (with 
internal rotation of the guide). 

 The association of the use of intramedullary 
systems with systematic effects such as embo-
lism has been questioned (as the insertion of the 
rod increases medullary canal pressure) [ 65 ]. In 
order to avoid the high elevation of intramedul-
lary pressure, contemporary rods are fl uted to 
allow egress of the medullary material [ 54 ]. 
Transesophageal echocardiography during intra-
medullary instrumented TKA has demonstrated 
that a shower of fat or intramedullary embolic 
particles enter the right atrium of the heart, how-
ever, this is not clinically relevant [ 66 ]. The peak 
of the detectable embolization effect occurs 
shortly after tourniquet release, but no clinical 

  Fig. 10.13    Extramedullary tibial cutting jig is shown       

  Fig. 10.14    Distal alignment of an extramedullary tibial 
cutting jig is shown       

  Fig. 10.15    Intramedullary tibial cutting jig is shown       

  Fig. 10.16    The entrance point of an intramedullary cut-
ting jig is shown       
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manifestation of fat embolism has been reported 
and the risk of venous embolism is not increased 
using intramedullary alignment techniques [ 67 , 
 68 ].  

    The Clinical Relevance of Posterior 
Tibial Slope 

 There is great variability of the posterior slope 
of the native upper tibia in different populations 
and ethnic groups, often exceeding the conven-
tional fi gure of 5–10° [ 69 – 71 ]. Tibial posterior 
slope angle affects fl exion gap, tension of the 
posterior cruciate ligament and knee stability 
following TKA. Several authors suggest that 
increased posterior slope after TKA improves 
maximum knee fl exion, but clinical studies have 
not always confi rmed this, as it is well known 
that fl exion achieved after TKA depends on sev-
eral factors such as quadriceps length, capsular 
tightness, surgical technique, implant design 
and rehabilitation. Excessive posterior slope can 
lead to a slack posterior cruciate, anterior sub-
luxation of the tibia, changes in the loading pat-
tern of the knee and increased polyethylene 
wear, thus compromising the longevity of the 
TKA. In contrast, an inadequate posterior tibial 
slope, or even worse, creation of an anterior 
slope, is bound to concentrate high stresses on 
the weak anterior cancellous bone during weight 
bearing, increasing the possibility of anterior 
subsidence of the tibial tray. Flexion may also 
be compromised, due to the tight posterior cru-
ciate and fl exion gap [ 72 ]. 

 Singh et al. [ 71 ] have shown that restoring 
the preoperative tibial slope to within a range of 
2° maximizes the range of movement and fl ex-
ion angle in posterior stabilized TKA. Bellemans 
et al. [ 73 ], observed an average gain of 1.7° for 
every degree of extra tibial slope in a cruciate 
retaining implant. Kim et al. [ 74 ] found no sig-
nifi cant correlation between postoperative tibial 
slope and maximum fl exion angle in a series of 
79 patients, but Shi et al. [ 75 ] reported a 1.8° 
fl exion increment with 1° increase of tibial slope 
in a cohort of 56 patients. Similarly, increased 
posterior slope was not correlated with increased 

fl exion angle in a comparative study between 
two groups of patients, one with tibial posterior 
slope of 5° and another of 0° [ 76 ]. An advanta-
geous effect of posterior slope set at 10° com-
pared to neutral is the improvement of the 
quadriceps lever arm, which might have a posi-
tive effect on postoperative mobilization [ 77 ]. 
Seo et al. [ 78 ] evaluated clinical outcomes in 
relation to the posterior tibial slope before and 
after the operation. Signifi cant improvement 
was seen in all patients, but it was most notable 
when the change of the slope was within the 
range of +3° to −1° [ 78 ]. 

 It seems it is important to determine the proper 
posterior slope angle, taking into consideration 
the preoperative inclination of the joint surface, 
but exact limits have not been established. It is 
recommended, though, that the slope should not 
exceed 10° [ 79 ]. Moreover, using a posterior sta-
bilizing implant and sacrifi cing the posterior cru-
ciate ligament leads to a slightly bigger fl exion 
gap which, combined with excessive posterior 
tibial slope, may cause instability. Therefore, 
while using a cruciate retaining design, a poste-
rior tibial slope of 6–9° is recommended, a maxi-
mum of 3° should be achieved in posterior 
substituting implants in order to avoid instability 
[ 80 ].  

    The Clinical Relevance 
of Restoration of Joint Line 

 Both incorrect femoral and tibial cuts and mal-
positioning of the components can alter the level 
of the joint line resulting (if it exceeds 5 mm) in 
malfunction of the extensor mechanism and 
anterior knee pain [ 36 ,  81 ]. Impingement of the 
inferior pole of patella against the tibial insert 
and impingement of the patellar tendon against 
the tibial component may occur (Fig.  10.17 ). 
Parrington et al. [ 82 ] have noted, in a study of 
99 revision knee arthroplasties, a statistical dif-
ference in clinical scores when the elevation of 
the joint line was more than 8 mm. Midfl exion 
instability is a relatively new concept, indicating 
symptomatic medio-lateral laxity in between 
30° and 45° of fl exion. Joint line elevation has 
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been shown to contribute to the appearance of 
this form of instability [ 83 ,  84 ]. Removal of 
excessive bone from the distal part of femur is 
an important factor responsible for signifi cant 
elevation of the joint line [ 85 ]. An attempt to 
replace bone loss using a thick polyethylene 
insert will cause signifi cant elevation of the 
joint line with subsequent functional effect. 
Therefore correction of fi xed fl exion deformity 
should be attempted by elevation of the poste-
rior capsule from the posterior part of the femo-
ral condyles and not by excessive distal bone 
removal. During surgery, bony landmarks, like 
the medial epicondyle or fi bular head, are used 
as guides for joint line calculation but it is not 
always easy to palpate and clearly see these 
landmarks. The use of a navigation system has 
been shown to enable surgeons to restore the 
joint line with more accuracy than conventional 
instrumentation systems [ 86 ].   

    The Effect of Computer Assisted 
Surgery 

 Limb mechanical axis malalignment has been 
shown to have a negative effect on the long term 
stability of the implants [ 14 ,  87 ], while well 
aligned TKAs experience optimal mechanics and 
reduced stresses on the components and thus 
improved implant survivorship and functional 
outcome [ 88 ]. 

 Computer assisted surgery (CAS) was intro-
duced in the late 1990s, aiming to improve align-
ment of TKAs and optimize the clinical outcomes. 
Anatomic landmarks of the limb are used and 
with the help of infrared camera and appropriate 
software the mechanical axis of the limb is deter-
mined. The contracted ligaments are released to a 
stage of correction of axis. Size and position of 
the components are also guided by the system. 
However, the anatomic landmarks have to be 
indicated by the surgeon’s hand. 

 A meta-analysis performed on this topic con-
fi rmed accurate restoration of mechanical axis to 
within 3° [ 89 ]. Bawens et al. [ 89 ] has reported 
that CAS offered a few advantages compared to 
conventional surgery. It did not signifi cantly 
improve the mean mechanical axis alignment, 
though it decreased the risk for outliers with a 
deviation more than 2–3° from normal. At the 
same time it increased the time of surgery by 
23 %. The improvement of axis correction using 
CAS was also confi rmed by Novicoff et al. [ 90 ] 
who performed a systematic review of the litera-
ture, but superiority of the clinical outcome and 
survivorship of the implant has not been proved 
and thus further quality studies are required. Kim 
et al. [ 91 ] reported on a prospective randomized 
study including 520 patients with bilateral poste-
rior cruciate retaining, mobile bearing, TKAs. On 
one side a navigation system was used, but on the 
other conventional instrumentation. At a mean 
follow up of 10.8 years, WOMAC, Knee Society 
score, radiographic assessments of component 
orientation and activity levels did not reveal sig-
nifi cant differences between the two sides. It was 
concluded that navigation did not improve align-
ment or clinical outcome. The effect of CAS is 
important in cases with deformities of the femur 

  Fig. 10.17    Extensor mechanism impingement in fl exion 
due to elevated joint line is shown       
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or tibia which preclude the use of intramedullary 
alignment systems. Congenital deformities, 
extrarticular angulation of the femur or tibia, and 
the presence of implants with a long stem may 
preclude the use of alignment systems. In these 
cases the navigation system has proved success-
ful [ 92 ]. A prospective double blind randomized 
study compared cardiac embolic load during 
computer assisted and intramedullary aligned 
TKA, using transesophageal echocardiography, 
and showed signifi cantly fewer systemic emboli 
being released during the CAS procedure com-
pared to conventional arthroplasty [ 93 ].  

    The Effect of Patient Specifi c Guides 

 Patient specifi c guides have been developed in 
order to improve the accuracy of bone cuts, 
implant orientation and the restoration of the 
axis. Patient specifi c cutting guides are manufac-
tured based on three dimensional imaging in 
order to accurately capture the true anatomy of 
individual knees. Two guides are manufactured 
to match the patient’s distal femur and proximal 
tibia. All cuts are made with the use of these 
guides focusing on the appropriate orientation 
and placement of the components and the resto-
ration of normal limb axis. However, so far no 
signifi cant superiority has been shown in com-
parison with conventional instrumentation [ 94 ].     
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      Long Term Results of Total Knee 
Arthroplasty. The Effect of Surgical 
Approach 

           Dimitrios     Giotikas      and     Theofi los     Karachalios     

        In total knee arthoplasty (TKA) “Surgical tech-
nique” usually refers to the type of surgical approach 
and the technique utilized for osteotomies and liga-
ment balancing. Since the beginning of the modern 
era of total knee arthropasty (TKA) in the early 
1970s, continuous research and the evolution of 
technique have led to the point where TKA is an 
effective and reliable treatment for degenerative 
knee disorders. In this chapter we analyse the 
impact of these parameters on the outcome of TKA. 

    Minimally Invasive Approaches 

    Introduction 

 The conventional medial parapatellar approach 
has always been the workhorse when approach-
ing the knee for TKA. Despite repeated excellent 

long term results in the early literature [ 1 ,  2 ], 
later studies published in the 1990s based on sub-
jective evaluation of outcome by patients sug-
gested that there was potential for improvement 
of subjective clinical outcome and patient satis-
faction. Trousdale et al. [ 3 ] reported that the two 
most important patient considerations are postop-
erative pain and length of functional recovery. 
Dickstein et al. [ 4 ] showed that one third of their 
elderly patients were not satisfi ed with the results 
of their operation at 6 and 12 months postopera-
tively, especially regarding pain and stair climb-
ing. More recently, Noble et al. [ 5 ] found that 
14 % of patients were “dissatisfi ed” or “very dis-
satisfi ed” with the result of their operation. 

 Against this background, the concept of 
minimally invasive surgery (MIS) was intro-
duced to TKA following the MIS trend in 
many other surgical disciplines [ 6 ] and after 
its successful application in unicompartmental 
knee replacement [ 7 – 9 ]. The proposed advan-
tages in the initial reported studies were less 
blood loss [ 10 – 12 ], less postoperative pain and 
opioid use [ 13 ], less hospitalization [ 13 – 15 ], 
faster functional recovery [ 15 ,  16 ], less need 
for postoperative  rehabilitation [ 13 ], increased 
patient satisfaction [ 17 ], increased cost effi -
ciency [ 18 ,  19 ] and increased range of motion 
[ 16 ,  20 ,  21 ]. 

 At the same time the fi rst reservations were 
expressed as MIS techniques were correlated with 
an increased risk of implant malalignment and 

        D.   Giotikas ,  MD, DSc    
  Department of Trauma and Orthopaedics , 
 Addenbrookes Hospital–Cambridge, University 
Hospitals NHS Foundation Trust , 
  Hills Road Biomedical Campus ,  CB2 0QQ  
 Cambridge ,  UK     

    T.   Karachalios ,  MD, DSc      (*) 
  Orthopaedic Department, Faculty of Medicine , 
 School of Health Sciences, Center of Biomedical 
Sciences (CERETETH), University of Thessalia, 
University General Hospital of Larissa , 
  Mezourlo Region ,  Larissa   41110 ,  Hellenic Republic   
 e-mail: kar@med.uth.gr  

  11

mailto:kar@med.uth.gr


102

possibly with increased early revision rates during 
the fi rst 2 years from index surgery [ 22 – 24 ]. 

 Despite the expressed scepticism, there was a 
vigorous promotion of the MIS concept in TKAR 
by the media and, as a consequence, a pressure 
on a surgeon’s choice by well- informed patients 
[ 6 ]. This phenomenon was early recognized and 
raised many concerns and further investigations 
into the ways in which MIS related information is 
presented to the public [ 25 – 27 ].  

    Defi nition of MIS 

 Before proceeding with the impact of these tech-
niques on the outcome of TKA it is worth clarifying 
what minimally invasive techniques actually are. A 
unanimous defi nition does not exist. Tenholder 
et al. [ 28 ] defi ne incision length in MIS as being less 
than 14 cm, while Laskin et al. [ 29 ] describe it as 
the “least possible, barely adequate”. Bonutti et al. 
[ 30 ] suggest the most complete defi nition as inci-
sion length of less than 14 cm, minimal involvement 
of the quadriceps tendon, avoidance of patella ever-
sion and tibiofemoral dislocation (Fig.  11.1 ).  

 The concept of MIS generally involves: (1) 
smaller incisions of approximately 10–13 cm; (2) 
patella dislocation without eversion (Fig.  11.2 ); (3) 
minimal dissection of the quadriceps tendon; (4) 
preservation of the suprapatellar pouch; (5) utiliza-
tion of specifi cally designed MIS instrument trays 
of reduced size (Fig.  11.3 ); and (6) performing the 
operation through a mobile soft tissue window with 
the appropriate use of retractors [ 31 – 33 ].   

 Based on these principles, fi ve surgical 
approaches have been described, which are: the 
mini medial parapatellar, quadriceps-sparing, 
mini-midvastus, mini-subvastus, and the direct lat-
eral approach [ 34 ]. It is not the goal of this chapter 
to extensively describe the technical details of 

  Fig. 11.1    Minimal but adequate knee exposure is shown       

  Fig. 11.2    Lateral displacement but not eversion of the 
patella is shown       

  Fig. 11.3    Specially designed small instruments are 
necessary       

  

 

D. Giotikas and T. Karachalios



103

each approach but it should be noted that they are 
basically variations of ways of handling the quad-
riceps tendon (Fig.  11.4 ).   

    The Various MIS Approaches 

 Some attempts have been made to compare effec-
tiveness and safety among MIS approaches. Niki 
et al. [ 35 ] tested the lateral MIS approach in 26 
valgus knees and found results comparable to 
medial MIS approaches in terms of clinical 
scores, postoperative pain, radiographic align-
ment and rates of complications. The fact, though, 
that a 1 cm snip of vastus lateralis had to be per-
formed in fi ve of their cases is indicative of the 
technical diffi culties and the obstructed visibility 
of this approach. Lee et al. [ 36 ] report in their 
RCT that the mini midvastus and mini medial 
parapatellar (MMP) approaches gave comparable 
results in terms of pain, clinical scores and radio-
logic outcome in navigation assisted TKA’s. 
Acknowledging the technical diffi culties of MIS 
techniques, these authors favour the MMP 
approach because it is easier to convert to the 
conventional approach when necessary. After 

reviewing a total of 23 level I or II studies, Costa 
et al. [ 37 ] conclude that the lateral MIS approach 
had the highest rates of complications. The mini- 
midvastus had the best clinical results at 1 and 
3 months postoperatively and the mini-subvastus 
had the lowest rate of complications. 

 Lin et al. [ 38 ] compares the quadriceps spar-
ing approach (QS) with the mini medial parapa-
tellar in their RCT and found that QS-TKA had 
more radiological outliers and longer operating 
times compared with the MMP approach even 
after adequate learning curve and with appropri-
ately selected patients. 

 Based on this evidence and our personal expe-
rience we believe that for those surgeons who 
wish to perform an MIS-TKR, either the mini- 
midvastus or the mini-subvastus approach can 
most reasonably be expected to offer the pro-
posed advantages of MIS, i.e. better short term 
clinical results without complications. These 
approaches have consistently shown good results 
with minimal complication rates. They are tech-
nically easier to perform compared to the QS and 
mini lateral approaches and they offer better 
intraoperative visibility. They are also easily 
extended to conventional approaches should the 

Traditional
Mini-Incision
Sub-Vastus

Minimally Invasive Surgical Total Knee Arthroplasty

The surgeon may evert or sublux the patella depending on the amount of tension on the patellar tendon.

Mini-Incision
Mid-Vastus

Quad-Sparing™
Incision

  Fig. 11.4    A variety of popular MIS approaches is shown       
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circumstances require. The mini lateral approach 
is an option for valgus knees but the surgeon 
should have gained extensive personal experi-
ence with the MIS conceptualization of TKA 
before deciding to proceed with MIS techniques 
in valgus knees.  

    MIS and Conventional Techniques 

 To date there have been more than 50 RCT’s and 
approximately 16 systematic reviews and met- 
analyses investigating the difference between MIS 
and conventional approaches in TKA. From an 
overview of the literature we can see that up to 
now the majority of level I and II evidence reports 
short term results with follow up of 2–3 years. 
There is also signifi cant heterogeneity between the 
studies because of the different MIS approaches, 
component choice or patient demographics. 

 Research during the past 10 years has focused 
on the investigation of the clinical effi ciency of 
MIS techniques, the radiological alignment of the 
components and safety. Clinical effi ciency was 
measured using clinical outcome scores, range of 
motion (ROM), the straight leg raise test (SLR), 
quadriceps strength, postoperative pain, and length 
of hospital stay. Radiological alignment was mea-
sured with alignment on the coronal plane and the 
rates of outliers. Safety was measured using blood 
loss, complication rates and revisions. 

    Clinical Scores 
 Costa et al. [ 37 ] reviewed 23 level I and II studies 
and found no signifi cant difference in clinical scores 
between MIS and conventional techniques. In Li 
et al.’s [ 39 ] meta-analysis MIS- TKA has shown sig-
nifi cantly improved results in objective and subjec-
tive outcome scores, VAS, ROM, knee fl exion, 
fl exion 90 day and straight leg rising day, all of 
which resulted in patients achieving faster recovery. 
In another study [ 40 ] results were analysed for mea-
surements available at 6 weeks, 3 months and 
6 months or more. The objective score at 3 months 
was just marginally signifi cant in favour of the MIS 
group. In the same study the (VAS) was signifi -
cantly improved in the MIS group.  

    Range of Motion 
 ROM is an important parameter of functional 
outcome. In control cohort studies, the MIS 
approach was found to be superior to the conven-
tional approach in terms of ROM [ 41 ,  42 ]. 
Alcelic et al. [ 40 ] evaluated 507 MIS versus 513 
conventional TKAs in a metanalysis. Knee fl ex-
ion was signifi cantly greater by 9.9° on average 
in the MIS group at 1 week postoperatively but 
not at 3 months.  

    Pain 
 Postoperative pain is an important parameter in 
terms of patient satisfaction and also greatly 
affects postoperative rehabilitation. Recently 
published meta-analyses report better results in 
VAS scores and postoperative pain [ 39 ,  40 ]. In 
our RCT [ 23 ] we report that during the fi rst post- 
operative week pain was apparently greater in the 
minimally invasive group. In our opinion, pain 
management is a serious confounding factor in 
many published studies, and reduced pain levels 
should not be presented as a benefi t of minimally- 
invasive TKA (Fig.  11.5 ).   

    Quadriceps Muscle Strength 
 The diffi culty of consistently showing a defi nite 
clinical advantage of MIS techniques has led 
investigators to try to measure clinical outcome 
by other means. Bonutti et al. [ 43 ] used the con-
tralateral knee as a control group and found that 
peak extensor muscle strength was signifi cantly 
and consistently higher in the MIS group. Most 
patients preferred the knee treated with the MIS 
approach. Interestingly, these patients had differ-
ent objective Knee Society Scores but similar 
Knee Function Scores. The authors conclude 
that this measure may not be sensitive enough to 
detect the improved outcomes of MIS techniques 
which are detectable with more specifi c mea-
sures, such as isokinetic muscle strength testing, 
ambulation and straight leg-raising time. 

 Costa et al. [ 37 ] concludes, in a systematic 
review, that the only signifi cant difference 
observed was in the recovery of quadriceps mus-
cle function (shorter in patients who had under-
gone a minimally invasive approach). 
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 Alcelic et al. [ 40 ] also found a signifi cant 
reduction in number of days to SLR in the MIS 
group.  

   Blood Loss 
 MIS techniques seem to offer the advantage of 
less total blood loss and early postoperative 
decrease of haemoglobin [ 39 ,  40 ].  

   Radiographic Alignment 
 Despite initial reservations, the fear of implant 
malposition does not seem to be confi rmed. Most 
of the meta-analyses [ 37 ,  39 ,  44 ] did not fi nd 
inferior radiological results in terms of compo-
nent orientation and outliers with MIS tech-
niques. Bonutti et al. [ 45 ] reviewed their fi rst 
1,000 MIS TKAs and their most important radio-
logic fi nding were 3 impending component fail-
ures, 2 tibial and 1 femoral. They raise the 
concern of potential tibial component loosening 
related to decreased exposure and possibly poor 
cement pressurization. In another study by there 
were more cement voids and more retained 
cement debris in the minimally invasive cohort. 
In our study a high incidence of wrong implant 
placement was found and we argue that femoral 

component malrotation is not detected by con-
ventional radiography [ 23 ].  

   Complications 
 Costa et al. [ 37 ], after reviewing a total of 23 level 
I or II studies, conclude that there were no differ-
ences in complication rates between patients with 
various minimally invasive approaches compared 
with a standard approach. The minimally inva-
sive lateral approach had more complications 
than the other minimally invasive approaches. 
Alcelic et al. [ 40 ], in a systematic review and 
metanalysis, analyzed four RCTs and quasi 
RCTs with a total of 296 MIS TKAs for com-
plications. They did not fi nd an increased risk 
of wound healing problems but MIS techniques 
showed a signifi cantly increased risk of devel-
oping intraoperative complications with a risk 
ratio (RR) of 7.6. The most common complica-
tion was quadriceps tendon laceration (31 cases) 
and anterior femoral notching (5 cases). Other 
reported complications were patellar tendon rup-
ture or partial avulsion (four cases), laceration of 
the popliteus (two cases), palsy of the deep pero-
neal nerve (two cases), one medial epicondylar 
 avulsion fracture, one femoral condylar fracture, 

  Fig. 11.5    Immediate post-
operative straight leg raising, 
due (in our opinion) to patient 
controlled epidural 
anaesthesia       
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one tibial plateau fracture, one supracondylar 
fracture and the inability to displace the patella 
or achieve adequate exposure in four cases in the 
MIS group requiring conversion to the standard 
approach. This fi nding, in our opinion, refl ects 
the technical diffi culties that surgeons encounter 
when performing MIS techniques. 

 On the contrary, Li et al. [ 39 ] discovered sig-
nifi cant differences in superfi cial wound healing 
problems and a risk of increased skin necrosis with 
MIS techniques but not in superfi cial wound infec-
tion, deep infection, DVT, fractures, femoral 
notching, peroneal nerve palsy, stiffness requiring 
manipulation, polities tendon injury, or knee insta-
bility. However, we do not feel that superfi cial 
wound problems, which are usually easily treated, 
should be regarded as severe complications.  

   Operative Time 
 MIS techniques are associated with longer opera-
tive and tourniquet times, especially during the 
learning curve period [ 40 ], but there are studies 
indicating that these parameters reduce to levels 
comparable with conventional techniques as 
experience is accumulated by the surgical team 
[ 24 ].  

   Length of Hospital Stay 
 Although there were some hopes that faster reha-
bilitation might result in shorter hospital stay, 
later level I and II evidence has not confi rmed 
such a benefi t [ 39 ,  40 ]. We also know that hospi-
tal stay is infl uenced by many parameters such as 
pre-operative preparation, nursing programs, dis-
charge criteria and also by patient factors like 
age, co-morbidity, family status, fi nancial situa-
tion and social insurance.  

   Revisions 
 Costa et al. [ 37 ] conclude, in a systematic 
review, that there were no differences in survi-
vorship. It seems that the only study which has 
raised the issue of increased revision rate after 
MIS is that of Barrack et al. [ 24 ], in which 
81.4 % of their revisions had previously been 
minimal incision surgery (MIS) primary TKA 
and 18.6 % had been standard primary 
TKA. Patients with MIS were younger (62.1 vs 

66.2 years, P = 0.02). Most striking was the dif-
ference in time to revision, which was signifi -
cantly shorter for the MIS group. We have 
noticed, though, that the time period for the 
cases involved in their study is from 2004 until 
2006 which was actually the learning curve 
period and the time that the technique was intro-
duced to the orthopaedic community So far 
there is no other evidence to our knowledge 
showing increased revision rates after MIS 
index TKA, although it needs to be emphasized 
that it is still too early to see the true infl uence of 
MIS techniques on survivorship. 

 Midterm or long term results are limited at the 
moment. The mid-term results of the author’s 
study as well as Bonutti et al.’s [ 30 ,  43 ,  45 ] sug-
gest that there are no signifi cant differences in 
objective or subjective clinical and radiological 
outcomes in the mid-term period from 7 to 
9 years. Complication rates are also comparable 
[ 45 ]. It is possible that the confi nements of the 
current outcome measure scores are an obstruct-
ing factor in the detection of any modest advan-
tage of MIS techniques.    

    Conclusion 

 Current evidence suggests that there is a mod-
est advantage of MIS techniques during the 
fi rst weeks or months after operation. 
Scepticism about the malpositioning of the 
implants does not seem to be confi rmed by the 
studies mentioned. Currently, the initial enthu-
siasm for MIS techniques has abated. In 2012 
Only 2 % of TKAs were performed with MIS 
techniques in the UK. It seems that the tempo-
rary advantage of MIS in combination with 
technical diffi culties and suspected risks has 
not been considered adequate to change the 
practice of established surgeons. The truth is 
that performing a TKA with the MIS approach 
is technically challenging and requires the sur-
geon to re-learn how to judge during the pro-
cedure. Only the future will show whether 
there is a place for MIS techniques as part of 
enhanced recovery protocols (ERP) as we 
attempt to make the delivery of joint replace-
ment services more cost effi cient for health 
systems.     
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      Long Term Outcome of Total Knee 
Arthroplasty. The Effect 
of Posterior Stabilized Designs 

           George     A.     Macheras       and     Spyridon     P.     Galanakos     

           Introduction 

 The debate over whether to preserve the posterior 
cruciate ligament (PCL) in total knee arthroplasty 
(TKA), so-called cruciate-retaining (CR), or to 
substitute for it, so-called posterior stabilized 
(PS), continues to engage orthopedic surgeons. 
Although multiple differing design philosophies 
have come and gone over the past several decades, 
no consensus has been reached as to which knee 
is preferable. Several factors account for this. 
First, no clear benefi ts or drawbacks are apparent 
for either type of implant to the extent that either 
is clearly superior. In addition, multiple con-
founding factors are present in the comparative 
evaluation of implant studies (e.g. function, 
patient satisfaction, implant longevity, complica-
tion rates etc.), as well as the infl uence of tradi-
tion in the implant choices of most surgeons, 
which makes comparison diffi cult. 

 The PCL in TKA functions to prevent posterior 
translation of the tibia and aids in femoral roll-back 
[ 1 ]. Roll-back allows for increased quadriceps 
lever arm and more effi cient use of extensor mus-
culature, permitting more normal stair  climbing. 

Potential advantages of a PS design include more 
predictable restoration of knee kinematics, 
improved range of motion, decreased polyethylene 
wear because of more congruent articular surfaces, 
easier correction of severe deformities, and easier 
ligament balancing [ 2 ]. While eliminating the reli-
ance on a well- functioning PCL, a PS design intro-
duces the risk of component dislocation with 
fl exion instability, tibial post and femoral cam 
impingement creating polyethylene wear, patello-
femoral problems, and increased bone resection of 
the distal femur [ 3 – 5 ]. 

 However, good long-term data exist both radio-
graphically and clinically for PCL sparing and 
PCL substituting types of implants [ 6 ,  7 ]. Some 
surgeons routinely sacrifi ce the PCL, and others 
routinely spare it. Some surgeons make an intraop-
erative decision based on intraoperative fi ndings. 
The trends from the previous decade in which 
most knee arthroplasties were performed with CL 
designs have changed to a more recent trend of PS 
designs with a post and cam mechanism, or sacri-
fi cing and substituting with a highly conforming 
deep dish polyethylene [ 8 ]. It is important to real-
ize that all PS TKAs are not the same. There are 
variations in the radii of curvature, patello-femoral 
articulation and the spine cam mechanism. The 
clinical results with one design cannot be readily 
extrapolated to a different design. An understand-
ing of the history behind the current PS designs 
available, key design concepts, important surgical 
principles and techniques will aid surgeons in 
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 providing well-functioning, durable, TKAs. This 
chapter will fi rst address the time line and progres-
sion of PS components, from the earliest years to 
the currently available designs. The advantages 
and disadvantages, complications, survival, clini-
cal outcomes and the current trend will then be 
reviewed.  

    History, Rationale and the Need 
for PS Design 

 Although many TKA designs predate the total 
condylar prosthesis designed by Insall and others, 
its introduction in 1973 marked the beginning of 
the modern era of TKA. This implant design 
allowed mechanical considerations to outweigh 
the desire to reproduce anatomically the kinemat-
ics of normal knee motion. Infl uenced largely by 
the previous Imperial College/London Hospital 
design, both cruciate ligaments were sacrifi ced, 
with sagittal plane stability maintained by the 
articular surface geometry [ 9 ]. The design of 
TKA, since the concept of the total condylar 
implant was introduced, has yet to see another 
leap in advancement. The symmetrical femoral 
condyles had a decreasing sagittal radius of cur-
vature posteriorly and were individually convex in 
the coronal plane. The double dished articular sur-
face of the tibial polyethylene component was 
perfectly congruent with the femoral component 
in extension and congruent in the coronal plane in 
fl exion. Translation and dislocation of the compo-
nents were resisted by the anterior and posterior 
lips of the tibial component and the median emi-
nence. The tibial component had a metaphyseal 
stem to resist tilting of the prosthesis during 
asymmetrical loading. The tibial component was 
originally all polyethylene, but metal backing was 
added later to allow more uniform stress transfer 
to the underlying cancellous metaphyseal bone 
and to prevent polyethylene deformation. The 
patella was resurfaced with a dome-shaped, all 
polyethylene patellar component with a central 
fi xation lug. Many of these design characteristics 
are retained in current designs. 

 Concurrent with the development of the PS total 
condylar prosthesis, the duopatellar prosthesis was 

developed with the sagittal plane contour of the 
femoral component being anatomically shaped. 
This prosthesis included retention of the 
PCL. Originally, the medial and lateral tibial pla-
teau components were separate, but this was soon 
revised to a one-piece tibial component with a cut-
out for PCL retention. 

 Two early criticisms of the total condylar pros-
thesis were its tendency to subluxate posteriorly in 
fl exion, if the fl exion gap was not balanced per-
fectly with the extension gap and a smaller range 
of fl exion compared with prosthetic designs that 
allowed femoral rollback to occur. By not being 
able to roll back, posterior femoral metaphysis in a 
total condylar knee impinged against the tibial 
articular surface at approximately 95° of fl exion. 
The early clinical reviews of the total condylar 
prosthesis documented average fl exion of only 
90–100°. In order to correct these problems, the 
Insall-Burstein I posterior cruciate-substituting or 
posterior stabilized design was developed in 1978 
by adding a central cam mechanism to the articular 
surface geometry of the total condylar prosthesis. 
The cam on the femoral component engaged a 
central post on the tibial articular surface at 
approximately 70° of fl exion and caused the con-
tact point of the femoral-tibial articulation to be 
posteriorly displaced, effecting femoral rollback 
and allowing further fl exion [ 10 ]. The Insall-
Burstein I posterior stabilized knee underwent sig-
nifi cant modifi cations in the late 1980s to yield the 
Insall- Burstein II. Intramedullary instruments 
assisted the surgeon in obtaining appropriate 
alignment in a reproducible and accurate manner. 
The original tension device for determining equal 
and rectangular fl exion and extension gaps was 
replaced with a technique using spacer blocks. The 
concept of modularity was expanded to include 
multiple sizes for the femoral and tibial compo-
nents, different polyethylene thicknesses, intra-
medullary stems, and wedges in order to address 
defects. Additional changes were made to enhance 
femoral rollback, thereby improving fl exion. 
Reports of component dislocation arose, espe-
cially in knees with preoperative valgus alignment 
or those that achieved a high degree of postopera-
tive fl exion. Consequently, additional modifi ca-
tions of the tibial insert included positioning the 
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tibial post more anteriorly and increasing its 
height. This PS design proved to be a functionally 
sound concept that performed well for more than a 
decade before it evolved further. Most current total 
knee designs are derivatives of the Insall-Burstein 
and kinematic designs. Some total knee systems 
have incorporated a deep dish design as one of 
their available modular tibial polyethylene options. 
This design is similar to the original total condylar 
design that uses sagittal plane concavity or dishing 
alone to control anteroposterior stability. A com-
parison of deep- dish components with posterior-
stabilized devices using the same femoral 
components found no difference at follow up in 
range of motion, ability to climb or descend stairs, 
or pain scores. This deep dish design incorporated 
many of the previously mentioned advantages of 
PS without the obligatory bone sacrifi ce in the 
intercondylar region of the femur, which may pre-
dispose to fracture. With proper fl exion-extension 
gap balancing, posterior impingement in fl exion 
was reported to be avoided, yielding fl exion simi-
lar to the PS design. Many newer total knee designs 
have incorporated more complex post- cam inter-
actions and even a dual-cam mechanism in which 
the anterior aspect of the post drives a screw-home 
mechanism as the knee is moved into full exten-
sion. The transverse plane rotation pattern in this 
type of design has been shown to be closer to nor-
mal knee kinematics than with older PS designs. 
Many manufacturers now change the positioning 
of the post and the cam, as well as their geometry, 
to guide a more normal tibiofemoral articulation 
pattern throughout the range of motion [ 11 ]. 

 The increased desire of patients to pursue activ-
ities associated with greater degrees of knee fl ex-
ion, as well as acknowledgment of the important 
cultural requirements in certain Asian populations, 
have driven the development of high-fl exion TKA 
implants. These implants are designed to exceed 
140–150° of fl exion compared with the 120° per-
mitted by traditional designs. To accommodate 
higher fl exion, these design modifi cations include 
enhanced posterior condylar geometry of the fem-
oral component, which improves contact areas in 
high fl exion, thereby reducing the risk of polyeth-
ylene wear [ 12 ]. In addition, modifi cations to the 
anterior aspect of the tibial polyethylene insert 

were made to reduce the potential for extensor 
mechanism impingement in high fl exion. Finally 
the cam- post design of PS variants was optimized 
in order to reduce the risk of dislocation in high 
fl exion. To date, studies of high-fl exion TKAs 
have provided little data to support the theoretical 
advantages attributed to the optimized designs. In 
a recent meta-analysis, Ghandi and associates [ 13 ] 
have noted that high fl exion designs were associ-
ated with improved ROM compared with tradi-
tional implants, but offered no clinical benefi ts. 
Meneghini and coworkers [ 14 ] have confi rmed the 
lack of any functional benefi t with fl exion more 
than 125° after TKA. 

 The Medial Pivot TKA refl ects contemporary 
data regarding knee kinematics. Magnetic reso-
nance imaging (MRI) of knees from cadavers 
showed an absence of anteroposterior (AP) motion 
of the medial femoral condyle and posterior transla-
tion of the lateral femoral condyle during knee fl ex-
ion. The Medial Pivot femoral component has a C 
curve design with a near constant radius of curva-
ture of the distal and posterior femur. The tibial 
component is asymmetric with a highly conforming 
medial section. This design permits posterior roll-
ing and sliding of the lateral femoral condyle around 
a stable spinning medial femoral condyle during 
knee fl exion. The epicondylar axis of the femur 
serves as the axis of rotation of the Medial Pivot 
implant. In theory, these design features lower the 
contact stresses on the tibial surface, providing for 
enhanced durability of the polyethylene [ 15 ]. 
Recently, a novel design, the GMK Sphere system, 
was created in order to replicate ROM in the medial 
compartment, freedom of movement in lateral com-
partment, no paradoxical motion between femur 
and tibia and to permit patient-appropriate motion 
rather than imposing an average. In addition, it rep-
licates natural lateralized patella  tracking and 
reduces patello-femoral joint pressure [ 16 ,  17 ].  

    Ligament Retaining/Substituting 
Designs. The Biomechanical Basis 

 PCL is considered to play a vital role in posterior 
roll back of the femur in fl exion. As it is in ten-
sion with fl exion, it draws back the femoral 
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 condyles. The orientation of the fi bres with its 
attachment to the medial femoral condyle leads 
to a rotational movement along the vertical axis, 
resulting in the lateral femoral condyle being 
drawn back more posteriorly. Retaining the PCL 
helps preserve this movement as long as its func-
tion is preserved by adequately balancing the 
knee in fl exion and extension. As this ligament is 
normally under tension in fl exion and lax in 
extension, this relationship needs to be main-
tained while performing bone cuts and choosing 
the size of the polythene insert. The tibial surface 
has to be relatively fl at when the PCL is retained, 
to allow femoral roll back and prevent excessive 
tension in the PCL. The PCL in some cases may 
be incompetent due to injury or degeneration. 
Surgeons may also choose to sacrifi ce the PCL 
while performing a knee replacement in cases 
where fl exion is tight, to prevent excessive 
stresses and wear of the polythene insert. There 
are prostheses that have been designed to substi-
tute the function of the PCL by means of a central 
cam on the femoral implant, which is pushed 
back by the central post on the polythene insert 
[ 18 ]. This posteriorly stabilized (cruciate substi-
tuting) design helps reproduce femoral roll back. 
The centre post also provides anteroposterior sta-
bility in cases where there is a weak extensor 
mechanism. Furthermore, this design can have 
more congruent articulating surfaces, which 
helps decrease stress. The center of curvature of 
the femoral component was changed to improve 
ROM and the tibial spine was intended to prevent 
posterior subluxation of the tibia, improving the 
ability to perform activities such as stair climbing 
and rising from a chair. This type of design relies 
on a more conforming articular surface, as well 
as a polyethylene tibial post and femoral cam to 
provide restraint against posterior translation of 
the tibia and proper femoral rollback. 

 Both cruciate ligaments contain mechanore-
ceptors, and therefore advocates of PCL retention 
have proposed that preserving the natural liga-
ment would lead to superior proprioception after 
TKA. However, the current literature has not 
demonstrated a clear advantage. Simmons and 
associates [ 19 ] were unable to identify any advan-
tage in proprioception in patients who had aCR 

prosthesis versus those with a PS prosthesis. 
Warren and coworkers [ 20 ] noted slightly differ-
ent results. After TKA, all patients experienced 
improved proprioception regardless of whether a 
CR or PS prosthesis had been used. However, the 
improvement was greater in patients with a CR 
prosthesis. The improved proprioception in both 
groups was due to elimination of pain, restoration 
of articular congruity, and retensioning of the col-
lateral ligaments and soft tissues. These inconclu-
sive results may be the result of structural integrity 
and functional quality of PCL in patients with 
arthritic knees. Kleinbart and colleagues [ 21 ] 
have observed signifi cant degenerative changes in 
the PCLs of patients with arthritic knees that 
exceed those in age-matched controls. Therefore, 
a PCL which is preserved in a patient with a CR 
prosthesis is likely to be abnormal and should not 
be expected to have normal mechanical and pro-
prioceptive function. The effects of PCL reces-
sion on the proprioceptive function of the ligament 
are not known. A review comparing retention or 
sacrifi ce of the PCL in a TKA with or without use 
of a PS implant did not fi nd suffi cient evidence to 
support decision making. The authors recommend 
interpreting these results with caution as the 
methodological quality of the studies was highly 
variable. As the normal confi guration and tension 
of the PCL need to be reproduced accurately, per-
forming a CR TKA can be diffi cult [ 6 ].  

    Indications and Contraindications 
for PS TKA 

 Specifi c indications for a PS TKA remain a topic 
of controversy. Proponents of PCL retention claim 
that correction of almost all deformities except 
severe fl exion contracture is possible with a CR 
knee. However, the exact defi nition of severe fl ex-
ion contracture is not well defi ned. Supporters of 
PS implants note easier extension and fl exion gap 
balancing even with severe deformities. However, 
success of a CR TKA depends on a well-tensioned 
PCL, while that of a PS knee relies on equivalent 
extension and fl exion spaces. Several preoperative 
conditions that may be more appropriate for PCL 
substitution include rheumatoid arthritis, previous 
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patellectomy, prior proximal tibial or distal femo-
ral osteotomy, or post-traumatic arthritis with dis-
ruption of the PCL. The synovitis associated with 
rheumatoid arthritis can lead to weakening of the 
PCL, which could result in instability or rupture 
after a CR TKA [ 22 ,  23 ]. A patellectomy places 
increased loads on the PCL by disrupting the nor-
mal four- bar linkage of the knee [ 24 ]. Since these 
abnormal forces can result in late PCL attenuation 
and instability, some investigators recommend a 
PS TKA in patients with prior patellectomy [ 24 ]. 
Previous osteotomies of the proximal tibia or dis-
tal femur often mandate bony resections or aug-
mentations that affect the position of the joint 
line. In these situations, a PS knee provides more 
fl exibility for soft tissue balancing. A CR TKA is 
contraindicated in cases where the PCL is found 
to be torn or incompetent such as with post- 
traumatic arthritis. A PS TKA is contraindicated 
when one or both of the collateral ligaments are 
signifi cantly lax or disrupted. Failure to obtain 
balanced extension and fl exion gaps after PCL 
resection necessitates conversion to a varus- 
valgus constrained implant.  

    Advantages and Disadvantages 
of PS TKA 

 There are several advantages with use of PS TKA 
designs. These include: (I) easier surgical expo-
sure and ligament balancing, (II) predictable res-
toration of knee kinematics, (III) improved range 
of motion, (IV) less polyethylene wear, and (V) 
avoiding the possibility of PCL rupture. On the 
other hand, there are numerous of disadvantages 
such as: (I) tibial post wear and breakage, (II) 
excessive bone resection, (III) patellar clunk syn-
drome and (IV) tibio-femoral dislocations. 

    Advantages of PS TKA 

    Easier Surgical Exposure and Ligament 
Balancing 
 Adequate exposure of the tibia may not be pos-
sible with PCL retention. Excision of the PCL 
aids in exposing the tibia for adequate visualization 

by releasing the tethering effect of a tightly con-
tracted PCL. Moreover, the PCL can be excised 
from the femoral and tibial attachment in a repro-
ducible way, making the ligamentous balancing 
and correction of the deformity more easily since 
it is not complicated by the tethering effect of the 
PCL. Abnormal PCL morphology is often 
encountered in the diseased knee making predict-
able gap balancing diffi cult in CR TKA. If the 
patient has a “tight”, contracted PCL, the knee 
may be relatively tight in fl exion with excessive 
femoral roll-back. On the other hand, if the PCL 
is lax or incompetent, the knee may experience 
posterior sag with no roll-back with knee fl exion. 
Thus, the use of a PS TKA makes balancing more 
predictable, eliminating the reliance on abnormal 
PCL morphology and function.  

    Predictable Restoration of Knee 
Kinematics 
 In PS TKA, the tibial post predictably articulates 
with the transverse femoral cam with knee fl ex-
ion, preventing posterior subluxation of the tibia 
while maintaining femoral roll back. Many stud-
ies report more normal kinematics with the use of 
posterior stabilized designs [ 10 ,  25 ]. Fluoroscopic 
kinematics have shown that PS TKAs experi-
enced AP femoro-tibial translation more similar 
to the normal knee during normal gait and deep 
knee fl exion [ 26 ]. Moreover, studies have shown 
no signifi cant difference between PS TKA and 
normal knees with regard to spatiotemporal gait 
parameters, knee range of motion during stair 
climbing or in isokinetic muscle strength [ 27 ]. A 
study comparing CR, PS TKAs found that PS 
designs produced more roll back and better quad-
riceps effi ciency than CR designs [ 28 ]. PS TKA 
predictably restores more normal knee kinemat-
ics when compared to either PCL substituting or 
PCL sacrifi cing designs.  

   Improved Range of Motion 
 Both CR and PS TKA designs can provide 
excellent range of motion. However, range of 
motion may be better when a PS TKA is used to 
maintain femoral roll back. It appears, accord-
ing to most comparative studies, that PS designs 
may provide more predictable motion, with 

12 Long Term Outcome of Total Knee Arthroplasty. The Effect of Posterior Stabilized Designs



114

greater fl exion under fl uoroscopic visualization 
[ 29 ]. In a meta- analysis Jacobs et al. [ 6 ] ana-
lyzed eight randomized controlled trials com-
paring PS with CR TKA and found that the 
range of motion was 8° higher (105 versus 113°) 
in the PS group than in the CR group (P = 0.01, 
95 % confi dence interval 1.7–15).  

   Less Polyethylene Wear 
 Retention of the PCL requires that the prosthetic 
kinematics closely match that of the normal knee. 
This obligates the implant to have a “fl at” poly-
ethylene component relative to the radius of cur-
vature of the femur. This “round on fl at” design 
allows for minimal constraint on tibial compo-
nent enabling roll back of the femur on tibia with 
knee fl exion. This less conforming design can 
lead to excessive point contact pressure and 
increase polyethylene wear. In contrast, in 
posterior- stabilized design, it is possible to use 
more conforming polyethylene articulation with 
minimal point contact stress. Increasing the con-
formity of the implant increases the contact area 
and decreases the stress to which the polyethyl-
ene is subjected. This can potentially minimize 
polyethylene wear and increase the long-term 
survival of the TKA. Cases of severe polyethyl-
ene wear in CR implants with less conforming 
tibial inserts have been reported [ 27 ]. Additionally, 
technical issues may contribute to wear in CR 
TKA if the PCL is left too tight in fl exion. This 
can lead to asymmetric posterior polyethylene 
wear from posterior femoral subluxation and 
may predispose to osteolysis.  

   Avoiding the Possibility of Posterior 
Cruciate Ligament Rupture 
 The PCL can rupture postoperatively with the use 
of CR TKA. This can occur after trauma or as 
infl ammatory disease process. Late fl exion insta-
bility can occur if the PCL fails over time. This 
complication can also occur iatrogenically when 
the PCL it is extensively recessed intraopera-
tively or when excessive proximal tibial resection 
is performed. When too much proximal tibia is 
resected, the PCL insertion site can be jeopar-
dized. The PCL can also be weakened by synovitis 

from infl ammatory arthropathy, resulting in fail-
ure [ 28 ]. Thus, late PCL instability failures can 
be avoided with the use of PS TKA designs.   

    Disadvantages of PS TKA 

   Tibial Spine Wear and Breakage 
 There has been a recent focus on the spine-cam 
mechanism in some PS designs as a source of 
wear debris [ 30 – 32 ]. Callaghan et al. [ 33 ] have 
studied this phenomenon extensively. When they 
recognized osteolysis around IB II and PS PFC 
modular components, they began performing 
retrieval analyses. Their patients were able to 
hyperextend slightly and most had bilateral 
implants. They hypothesized that impingement 
on the anterior post by the femoral cam causes 
wear damage and transmits rotational stresses to 
the modular inserts, generating backside wear. 
Avoiding fl exion of the femoral component and 
posterior slope in the proximal tibial resection 
should help eliminate the problem. In addition, 
cam-post designs should allow for hyperexten-
sion before impingement occurs. Pang et al. [ 34 ] 
investigated the relationship between limb align-
ment, implant position, joint line elevation and 
polyethylene damage in PS inserts. Damage was 
found in all the posts, and backside wear was 
demonstrated in most inserts. Damage scores 
were higher in TKA with suboptimal postopera-
tive limb alignment and joint line elevation. In 
the same study wear was evident on the posts of 
all retrieved implants and the most prevalent 
location of wear was the posterior surface. The 
post acts as a contact guide for promoting femo-
ral rollback and limiting tibial subluxation. It is 
therefore not surprising that most damage was 
found on the posterior surface. Hyperextension 
may lead to more damage on the anterior post. 
One of the postulated reasons for the decreased 
survival of PS TKA in comparison to the CR 
TKA is that of post-cam wear [ 36 ]. PS designs 
are subject to greater stress at the modular tibial 
interface because of shear forces transmitted 
directly to the post instead of the posterior cruci-
ate ligament. Attempts have been made to reduce 
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the incidence of backside wear to little avail. 
Rotating platform TKA has no surface damage 
advantage to fi xed bearing ones and has report-
edly greater backside wear as a result of third 
body debris scratching [ 35 ]. The concept of 
highly polished baseplate was applied to fi xed 
bearing prostheses in the hope of reducing sur-
face roughness. Backside wear persists despite 
these efforts. Improved locking designs may 
reduce relative micromotion and seal off third 
body debris from the modular interface.  

   Dislocations 
 As increasingly deep fl exion was experienced 
with PS designs, there have been cases of the 
tibial spine riding underneath the femoral cam 
with subluxation of the fl exed knee and painful 
locking of the joint. A knee with a dislocated 
implant normally presents acutely with inability 
to extend. In many cases, patients are unable to 
explain the exact mechanism, or the position of 
the knee, when the actual dislocation occurred. In 
fact, this problem can occur during sleep, causing 
the patient to awaken with an acute inability to 
extend the knee. On physical examination, an 
obvious knee deformity is commonly found. 
Radiographs reveal that femoral cam is translated 
anterior to the polyethylene tibial spine. Often, 
the spine can be reduced by hyperfl exion of the 
knee and application of an anterior drawer. 
Lombardi et al. [ 37 ] have analyzed the incidence 
of dislocations in 3,032 primary knees implanted 
with the Insall-Burstein prosthesis. The incidence 
of this problem was rare with the original Insall- 
Burstein PS implant (0.2 %, or 1 in 494). 
However, with the advent of the IB II implant, the 
problem became more apparent (2.5 %, or 1 in 
40). Knees that dislocated were found to have 
achieved statistically signifi cant higher average 
fl exion (118°) compared with control knees 
(105°; P < 0.001). In addition, they tended to 
reach high fl exion angles rapidly in the postop-
erative period. In response to this problem, the 
tibial plastic was modifi ed by raising the tibial 
spine and moving it anteriorly. This increased the 
inherent stability of the component and decreased 
the incidence of dislocation (0.2 %, or 1 in 656). 

A computer analysis of this phenomenon ana-
lyzed the propensity of PS components to dislo-
cate in the sagittal plane. Kocmond et al. [ 38 ] 
have defi ned a dislocation safety factor (DSF) as 
the jump distance between the bottom of the fem-
oral cam and the top of the tibial spine. The DSF 
was found to vary with the knee fl exion angle. 
For knees with the PS Insall-Burstein mecha-
nism, the DSF increases as knee fl exion increases 
and peaks at about 70°. Knee fl exion beyond this 
angle causes the DSF to decrease and theoreti-
cally increases the risk of dislocation. Many con-
temporary designs have attempted to minimize 
the risk of dislocation by ensuring a DSF equal to 
or greater than that of the original PS Insall- 
Burstein at high fl exion angles.  

   Intercondylar Fractures 
 Femoral fractures, although a relatively rare 
occurrence, can occur at the time of TKA. Because 
PS components require the removal of extra bone 
from the intercondylar region, the possibility of 
distal femoral fracture with this technique is 
increased. Risk factors for fractures include inad-
equate, as well as excessive, intercondylar bone 
notch resection. Although it is self-evident that 
excessive bone removal results directly in stress 
risers and defi cient bone, the risks associated 
with incomplete bone resection are not as 
 clear- cut. Nonetheless, if insuffi cient notch bone 
is removed, the intercondylar region of the femo-
ral component (or trial) can act like a wedge dur-
ing insertion and induce a distal femoral fracture. 
It is imperative to remove enough bone to allow 
full seating of the cam. When placing the trial 
femoral component, forceful impaction should 
never be used. To ensure adequate bony resec-
tion, never undercut the femoral condyles. 
Although this complication has been reported, 
the exact incidence of this phenomenon has not 
been well defi ned. Lombardi et al. [ 39 ] have 
described the risk factors, which include osteope-
nic bone, improper bone cuts, an eccentric box 
cut for the posterior stabilized prosthesis, over 
impaction of the femoral component, and mis-
placement of the trial component. The same 
group also reported on this complication in 
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 comparing two large series of PS TKA [ 39 ]. In 
this report, 898 nonconsecutive primary PS 
TKAs were compared to a second nonconsecu-
tive series of 532 PS TKAs. In the second series, 
an intercondylar sizing guide was used to confi rm 
the intercondylar resection size. In the initial 
series, 40 distal femoral fractures were noted 
(approximate rate, 1 : 22; nondisplaced, 35; dis-
placed, 5). In contrast, in the second series, only 
one displaced fracture was noted (rate, 1 : 532). 
The rate difference between the two series was 
statistically signifi cant. The authors advocated 
careful resection technique and inter-condylar 
notch size verifi cation to minimize this complica-
tion. Of note, no change in postoperative reha-
bilitation was required for patients identifi ed with 
a nondisplaced intercondylar fracture or those 
with an intercondylar fracture treated with intra-
operative stabilization.  

   Patellar Fractures 
 The initial reports of the original PS Insall- 
Burstein demonstrated a prevalence of high 
patellar fracture. The AP dimensions and shape 
of the femoral component tended to be full to 
accommodate the spine-cam mechanism in this 
implant. This pushed the patella anteriorly and 
presumably increased forces, which may have 
been responsible for a relatively higher rate of 
patellar fractures. In ten cadaver knee specimens, 
Matsuda et al. [ 40 ] demonstrated signifi cantly 
higher contact stresses in the unresurfaced patella 
when compared with the normal knee throughout 
the fl exion arc for several implants, including the 
PS Insall-Burstein TKA. They note that when 
fl exion exceeded 105° patellofemoral contact 
occurred in two small patches. They conclude 
that the forces could be normalized by extending 
the trochlear groove farther posteriorly and were 
less concerned with the anterior prominence of 
the component. The groove of the IB II was deep-
ened potentially to decrease patella fractures and 
other patella problems. Larson and Lachiewicz 
[ 41 ] suggested that many patellar complications 
with the PS Insall-Burstein could be avoided by a 
careful surgical technique. This includes appro-
priate rotation of the femur and tibia, adequate 
patellar resection, debridement of peripatellar 

synovium, and proper evaluation of patellar 
tracking before wound closure. They studied 
arthroplasties at 2–8 years and found that no knee 
required reoperation for the patellofemoral joint. 
Mean fl exion of 112° was comparable to other 
studies with this device, and they had no cases of 
patellar clunk syndrome and no subluxations. 
There were three patellar fractures (2.5 %) treated 
without surgery. Even this small number of frac-
tures might be expected to improve with changes 
to the femoral prosthesis. It was concluded that 
the total patellofemoral complication rate in the 
series was 4.2 %. This was superior to the 11 % 
that has generally been described, of which 7 % 
were actually fractures. With improved design, 
surgical technique, and more favorable patello-
femoral geometry, it is likely that the incidence of 
patellar fracture will continue to decrease. 
Ortiguera and Berry [ 42 ] found an incidence of 
periprosthetic fracture of the patella to be only 
0.68 % following modern TKA. Additionally, 
when combining the 2 most recent articles on 323 
knees treated with the PS NexGen Legacy, no 
patellar fractures were reported at 8 year follow-
 up [ 43 ,  44 ]. This is due to an improvement in 
implant design and better surgical technique.  

   Patellar Clunk Syndrome and Synovial 
Entrapment 
 The deeper fl exion provided by the initial PS 
Insall-Burstein design enabled the quadriceps ten-
don to extend beyond the trochlear groove of the 
femoral component. If the anterior edge of the 
femoral component terminates abruptly, synovium 
or scar residing on the tendon falls into the inter-
condylar groove. If this has occurred, the same 
tissue must ride up out of the intercondylar area 
and “jump” back up onto the femoral trochlea as 
the patient extends his or her knee. Within a few 
months after the arthroplasty, the offending (or 
offended) tissue hypertrophies and becomes rub-
bery. This creates the painful and noisy complica-
tion that has been described as patellar clunk. 
Historically, a case of patellar catching was men-
tioned by Insall in his original report of PS TKAs. 
However, Hozack et al. [ 45 ] appear to be the fi rst 
authors to defi ne the term patellar clunk syn-
drome. They describe a prominent fi brous nodule 
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at the junction of the proximal patellar pole and 
quadriceps tendon. They believe that during fl ex-
ion, this fi brous nodule would enter the femoral 
component’s inter-condylar notch but not restrict 
fl exion. However, as the knee is extended, the 
nodule would remain within the notch while the 
rest of the extensor mechanism slid proximally. At 
30–45° of fl exion, the tension on the fi brous nod-
ule would be suffi cient to cause the nodule to jerk 
out of the notch as it returned to its normal posi-
tion. This sudden displacement would cause the 
audible and palpable clunk found with this entity. 
Synovial entrapment or hyperplasia is a similar 
entity but less well- described syndrome [ 4 ]. It is 
caused by similar hypertrophy of soft tissue in the 
same location, but without a discrete nodule. 
Rather than a clunk or catch, the patient experi-
ences pain and crepitus, typically with active knee 
extension from a 90° fl exed position. This typi-
cally occurs during stair climbing or rising from a 
chair. Treatment recommendations for patellar 
clunk syndrome and synovial entrapment have 
included physical therapy, surgical removal of the 
nodule, patellar prosthesis revision, open resec-
tion through a limited lateral incision, and 
arthroscopic debridement [ 45 ]. Pollock et al. [ 4 ] 
have reviewed the prevalence of synovial 

 entrapment with three different cam post designs. 
Those with proximally positioned or wide femo-
ral boxes were more likely to have a higher preva-
lence of this problem.    

    Long Term Clinical Outcome 
and Survival of PS TKA Designs 
(Table  12.1 ) 

    Early PS designs of the total condylar TKA pres-
ent excellent clinical outcomes. Insall et al. [ 46 ] 
report results of the fi rst consecutive 200 TKAs 
performed in 183 patients at 3–5 years follow up. 
Although 93 % of knees were rated excellent or 
good, the complications, including four cases of 
posterior subluxation, highlighted the role for cru-
ciate substitution. With evolution of the design, 
the Insall-Burstein TKA has incorporated poste-
rior cruciate substitution. Stern and Insall [ 47 ] 
report on the 9- to 12-year results of the original 
Insall-Burstein prosthesis with an all- polyethylene 
tibial component. Of 289 TKAs implanted at the 
Hospital for Special Surgery, 180 knees in 139 
patients were available for follow up, with excel-
lent or good results found in 87 %. Fourteen knees 
required revision surgery; nine knees were revised 

   Table 12.1    Survival of posterior stabilized implants   

 Study  Type of prosthesis  Survivorship 

 Scuderi et.al. [ 55 ] (1989)  IB all poly tibia  97.34 % at 10 years 

 Scuderi et.al. [ 55 ] (1989)  IB metal back tibia  98.75 % at 10 years 

 Stern et.al. [ 47 ] (1992)  IB all poly tibia  94 % at 13 years 

 Colizza et al. [ 48 ] (1995)  IB metal back tibia  96.4 % at 11 years 

 Font- Rodriguez et.al. [ 56 ] (1997)  IB all poly tibia  94 % at 16 years 

 Font- Rodriguez et.al. [ 56 ] (1997)  IB metal back tibia  98 % at 14 years 

 Emmerson et.al. [ 57 ] (1996)  Kinematic stabilizer  95 % at 10 years 

 Ranawat et.al. [ 58 ] (1997)  PFC modular PS  97 % at 6 years 

 Ehrhardt et al. [ 59 ] (2011)  Optetrak® PS  97.2 % at 11.5 years 

 Lachiewicz and Soileau [ 60 ] (2014)  NexGen Legacy PS  95.5 % at 10 years, 88.8 % at 12 year 

 Lachiewicz and Soileau [ 61 ] (2009)  IB II PS  90.6 % at 15 years 

 Oliver et al. [ 54 ] (2005)  HA-coated IB II  93 % at 13 years 

 Thadani et al. [ 53 ] (2000)  IB I metal-backed  92 % at 12 years 

 Bozic et al. [ 44 ] (2005)  NexGen  100 % at 5 years, 94.6 % at 8 years 

 Mahoney and Kinsey [ 62 ] (2008)  Scorpio PS  With revision as an end point 95.8 %, 
with aseptic loosening as the end point, 
98.6 % at 9.5 years 
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successfully for aseptic loosening of the femoral 
component (nine knees) or tibial component (nine 
knees), and fi ve knees developed infection and 
were treated with a two- stage procedure. The 
average annual rate of failure was 0.4 %, with a 
12 year survival rate of 94 %. 

 Modularity of the tibial component was intro-
duced with the Insall-Burstein II prosthesis in 
1987. The addition of modularity was attractive to 
surgeons because it simplifi ed the procedure and 
allowed intraoperative fi ne tuning. However, con-
cerns began to arise that polyethylene wear on the 
backside of the tibial component (backside wear) 
would lead to osteolysis. Colizza et al. [ 48 ] report 
on the long-term results of the PS Insall- Burstein 
TKA with a metal backed tibial component; 101 
TKAs in 74 patients were examined at a mean fol-
low up time of 10.8 years. Results were good to 
excellent in 96 % knees. In this cohort, with a 
monoblock metal backed tibial component, no 
cases of tibial component loosening were seen. 
Brassard et al. [ 49 ] have addressed the question of 
whether modularity affects clinical success with a 
long-term evaluation comparing the modular 
Insall-Burstein II prosthesis with the monoblock 
Insall-Burstein I. They compared the results of 
101 Insall-Burstein I TKAs and 117 Insall-
Burstein II TKAs. Excellent or good results were 
found in 96 % and 95 % of patients, respectively. 
The radiographic review demonstrated no cases 
of massive osteolysis, but the authors mentioned 
that three knees had local minimally progressive 
lesions, which were not clinically signifi cant. This 
series of monoblock metal-backed tibial compo-
nents had an overall incidence of tibial compo-
nent radiolucent lines of 11 %, compared with 
26 % seen with the modular tibial component. All 
radiolucent lines were nonprogressive and asymp-
tomatic. Therefore, the introduction of modularity 
to this particular implant did not appear to raise 
concerns about osteolysis. In a recent study by 
Argenson et al. [ 12 ] a high postoperative range of 
motion has been shown to correlate well with 
improved patient rated outcomes. Interest, there-
fore, remains for improving knee fl exion [ 12 ]. 
Finally, mobile bearings have been shown to 
improve knee kinematics and polyethylene wear, 

but clinical performance and longevity appear 
equivocal [ 50 ]. Although these design changes 
seem to improve clinical outcomes, further stud-
ies are needed. 

 Aglietti et al. [ 51 ] have reviewed the out-
come of 99 PS IB I TKAs, with 56 of them 
available for follow up at 12 years on average 
follow up. Results were excellent in 58 %, good 
in 25 %, fair in 7 %, and poor in 10 % of the 
knees. Knee fl exion averaged 106°. Of the six 
(10 %) failures, four were due to aseptic compo-
nent loosening; none was due to polyethylene 
wear. With revision as the end point, 10-year 
survival was 92 %. The same group then 
reviewed the outcome of 92 PS IB II TKAs at an 
average follow-up of 7.5 years [ 52 ]. Good to 
excellent Knee Society Scores were recorded in 
97 % of the patients. The 8 years survival rates 
were at the level of 98.9 and 90.9 % (best and 
worst case scenarios). 

 Thadani et al. [ 53 ] have reviewed the outcome 
of PS IB I metal-backed TKAs at a minimum of 
10 years; 100 TKAs were performed in 86 con-
secutive patients. At the latest follow-up, 64 % 
were rated as excellent, 18 % as good, 7 % as fair, 
and 11 % as poor, which included six failures. 
Flexion averaged 111°. Excluding the failures, 
the average Knee Society clinical score was 91.6. 
Of the six failures, two were due to infection, two 
to nonspecifi c pain, one due to patellar wear and 
fracture, and one because of aseptic tibial compo-
nent loosening. Polyethylene wear was specifi -
cally examined in this study and no implant 
demonstrated signifi cant polyethylene wear or 
failure. There were seven patellar fractures; four 
required additional surgery and the remaining 
three were asymptomatic and discovered inci-
dentally at routine follow-up. Using revision as 
the end point, 12 year survival was 92 %. 

 Oliver et al. [ 54 ] report the clinical and radio-
graphic outcomes of a consecutive series of 138 
hydroxyapatite coated PS IB II TKAs with a 
mean follow up of 11 years (range, 10–13 years). 
Patients had entered into a prospective study and 
all living patients (76 knees) were evaluated. The 
HSS Knee Score was used in order to develop 
differences form baseline values. No patient was 
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lost to follow-up. Radiographic assessment 
revealed no loosening. Seven TKAs were revised, 
giving a survival rate of 93 % at 13 years.  

    Posterior Cruciate Ligament 
Salvage or Sacrifi ce? 

 Whether the PCL is salvaged or sacrifi ced in a 
TKA has been debatable. Two recent meta- 
analyses have attempted to compare the outcomes 
of CR and PS TKAs [ 63 ,  64 ]. In the fi rst study, the 
authors found 8 RCTs involving 888 patients with 
963 TKAs which the met predetermined inclusion 
criteria. They conclude that CR and PS TKAs 
show similar clinical outcomes with regard to knee 
function and postoperative knee pain. A signifi -
cant difference in fl exion and range of motion in 
favor of PS TKAs was found, but no difference in 
complication rates. The clinical relevance of this 
fi nding is still unknown. The decision to use one 
design versus the other should rest on surgeon’s 
preference and comfort with a particular design. 
Implant survival for both CR and PS TKAs is sat-
isfactory and no differences were observed in short 
and mid-terms. Details and fi ndings of the second 
study are shown in Table  12.2  [ 64 ].

   Evidence suggests that PS TKAs present 
increased postoperative knee fl exion. Perhaps 
this is due to more normal kinematics. 
Fluoroscopic studies demonstrate increased fem-
oral rollback using the cam post articulation as 
compared with some CR designs [ 65 ]. Maruyama 
et al. [ 29 ] report the results of a RCT study com-
paring patients with bilateral TKA and suggest 
that the PS design shows greater range of move-
ment as compared to the CR design at 2 years fol-
low up [ 66 ]. A recent meta-analysis concludes 
that there was an average improvement in fl exion 
of 8° in the PS when compared to the CR designs. 
However, improvement in fl exion seemed limited 
and not associated with improved function. Other 
investigators have not detected improved fl exion 
with PS TKAs [ 6 ]. A Cochrane review indicates 
no difference in clinical outcome when the PCL 
was retained or resected even when a PCL- 
stabilised knee was not used [ 67 ].  

    Concerns 

 PCL may be not functional in a CR TKA [ 65 ]. 
Moreover, an MRI study has shown that much of 
the tibial PCL insertion is resected in CR TKAs 
[ 66 ]. Additionally, problems with cam and post 
designs include the risk of wear at the cam-post 
interface, the need for additional bone resection 
to accommodate the design and the potential for 
‘cam over post’ jump. A wear analysis study of 
PS TKAs concludes that cam post attrition may 
create polyethylene debris. Creation of a femoral 
box in these designs requires resection of signifi -
cant bone and associated soft tissues from the 
femur. With younger patients undergoing TKA, a 
bias towards bone preservation might encourage 
alternative solutions for PCL insuffi ciency. 
Laskin et al. [ 68 ] have demonstrated that deeply 
dished inserts were as clinically effective as cam 
and post restraints in PCL defi cient knees. Indeed, 
surface geometry is probably a more important 
determinant of tibiofemoral movement [ 69 ].  

    Current Practice 

 The question of which design of TKA produces a 
better outcome remains a controversial issue. 
Available studies are often small and surgeons’ 
reported observational records often only repre-
sent early results. In 1997, 54 % of the 37 TKAs 
on the market had no reported data to support 
their use [ 70 ]. However, the choice of design 
obviously does matter. What is clear is that the 
consequences of using various designs are differ-
ent. Despite possible superior kinematics in fl ex-
ion, versions of PS TKAs involve greater bone 
loss and their cam-post articulations receive high 
loads. Regardless of their potential for self- 
alignment, mobile bearings have a greater poten-
tial to dislocate and may not demonstrate less 
wear. At present, HA-coated versions of PS 
TKAs remain more expensive than cemented 
alternatives. Results of TKA, however, are clearly 
not simply a function of prosthetic design. 
Indeed, patients declare themselves satisfi ed by 
most of the commonly available designs.  

12 Long Term Outcome of Total Knee Arthroplasty. The Effect of Posterior Stabilized Designs



120

   Ta
b

le
 1

2
.2

  
  T

he
 d

at
a 

of
 th

e 
ei

gh
t r

an
do

m
iz

ed
 c

on
tr

ol
le

d 
tr

ia
ls

 c
om

pa
ri

ng
 C

R
 to

 P
S 

T
K

A
   

 A
ut

ho
rs

 

 Sa
m

pl
e 

si
ze

 
 T

K
A

 
 M

ea
n 

ag
e 

(y
ea

rs
) 

 M
al

e 
(%

) 
 M

ea
n 

B
M

I 
 O

ut
co

m
es

 

 Fo
llo

w
-u

p 
 Pa

tie
nt

s 
 K

ne
es

 
 O

A
 

 C
R

 
 PS

 
 C

R
 

 PS
 

 C
R

 
 PS

 
 C

R
 

 PS
 

 A
gl

ie
tti

 
et

 a
l. 

[ 7
1 ]

 
 19

7 
 21

0 
 N

ot
 c

le
ar

 
 10

3 
 10

7 
 71

 
 69

.5
 

 14
 

 19
 

 27
.5

 
 27

.5
 

 R
O

M
, K

SS
, K

SF
S,

 p
ai

n 
sc

or
e,

 c
om

pl
ic

at
io

n 
 4 

ye
ar

s 

 C
at

an
i 

et
 a

l. 
[ 7

2 ]
 

 40
 

 40
 

 10
0 

%
 

 20
 

 20
 

 70
 ±

 6
 

 71
 ±

 7
 

 35
 

 25
 

 N
ot

 c
le

ar
 

 N
ot

 c
le

ar
 

 R
O

M
, K

SS
, K

SF
S,

 
co

m
pl

ic
at

io
n 

 2 
ye

ar
s 

 C
ha

ud
ha

ry
 

et
 a

l. 
[ 7

3 ]
 

 10
0 

 10
0 

 N
ot

 c
le

ar
 

 51
 

 49
 

 69
.2

 ±
 9

.1
 

 70
.2

 ±
 8

.4
 

 47
 

 55
 

 32
.4

 ±
 5

.7
 

 30
.9

 ±
 4

.3
 

 Fl
ex

io
n/

ex
te

ns
io

n 
an

gl
e,

 
K

SF
S,

 p
ai

n 
sc

or
e,

 
co

m
pl

ic
at

io
n 

 22
.7

 ±
 5.

2 
m

on
th

s 

 H
ar

at
o 

et
 a

l. 
[ 7

4 ]
 

 22
2 

 22
2 

 10
0 

%
 

 99
 

 93
 

 68
.3

 (
49

–8
9)

 
 66

 (
44

–8
3)

 
 34

.3
 

 34
.4

 
 29

.8
 

(1
9.

7–
43

.6
) 

 31
.4

 
(2

1.
7–

48
.5

) 
 Fl

ex
io

n/
ex

te
ns

io
n 

an
gl

e,
 

K
SS

, K
SF

S,
 p

ai
n 

sc
or

e,
 

co
m

pl
ic

at
io

n 

 5.
0–

7.
3 

ye
ar

s 

 M
ar

uy
am

a 
et

 a
l. 

[ 2
9 ]

 
 20

 
 40

 
 10

0 
%

 
 20

 
 20

 
 74

.3
 (

65
–8

4)
 

 74
.3

 (6
5–

84
) 

 40
 

 40
 

 N
ot

 c
le

ar
 

 N
ot

 c
le

ar
 

 R
O

M
, fl

 e
xi

on
/e

xt
en

si
on

 
an

gl
e,

 K
SS

, K
SF

S,
 

co
m

pl
ic

at
io

n 

 24
–5

3 
m

on
th

s 

 Ta
nz

er
 

et
 a

l. 
[ 7

5 ]
 

 37
 

 40
 

 90
.0

0 
%

 
 20

 
 20

 
 68

 (
51

–8
6)

 
 66

 (
52

–7
7)

 
 25

 
 20

 
 N

ot
 c

le
ar

 
 N

ot
 c

le
ar

 
 Fl

ex
io

n 
an

gl
e,

 K
SS

, 
K

SF
S,

 c
om

pl
ic

at
io

n 
 2 

ye
ar

s 

 V
ic

to
r 

et
 a

l. 
[ 7

6 ]
 

 44
 

 44
 

 10
0 

%
 

 22
 

 22
 

 70
 ±

 7
 

 70
 ±

 3
 

 22
.7

 
 18

.2
 

 34
.4

 
 32

.7
 

 Fl
ex

io
n 

an
gl

e,
 K

SS
, 

K
SF

S,
 p

ai
n 

sc
or

e 
 2–

5 
ye

ar
s 

 W
an

g 
et

 a
l. 

[ 7
7 ]

 
 22

8 
 26

7 
 91

.0
0 

%
 

 15
7 

 11
0 

 54
.5

 (
31

–6
9)

 
 55

 (
20

–8
3)

 
 19

.7
 

 19
.8

 
 27

.9
 

 27
.5

 
 Fl

ex
io

n/
ex

te
ns

io
n 

an
gl

e,
 

K
SS

, K
SF

S,
 p

ai
n 

sc
or

e 
 24

–6
6 

m
on

th
s 

   TK
A

  t
ot

al
 k

ne
e 

ar
th

ro
pl

as
ty

,  B
M

I  
bo

dy
 m

as
s 

in
de

x,
  O

A
  o

st
eo

ar
th

ri
tis

,  C
R

  p
os

te
ri

or
 c

ru
ci

at
e-

re
ta

in
in

g,
  P

S  
po

st
er

io
r 

st
ab

ili
ze

d,
  R

O
M

  r
an

ge
 o

f 
m

ot
io

n,
  K

SS
  k

ne
e 

so
ci

et
y 

sc
or

e,
 

 K
SF

S  
kn

ee
 s

oc
ie

ty
 f

un
ct

io
n 

sc
or

e  

G.A. Macheras and S.P. Galanakos



121

    Conclusion 

 The potential of the PS TKAs continues to 
evolve. In general, it has allowed the surgeon 
to perform a reproducible operation in almost 
all arthritic knees, no matter what the cause of 
the disease and how involved and complex the 
deformity of the knee. The recent modifi ca-
tions in prosthetic design and surgical tech-
nique have addressed most of the early 
concerns involving patellofemoral complica-
tion and tibiofemoral dislocation. Although 
many advances have been made, there is still 
potential for functional and clinical improve-
ments in the current newer designs and those 
that will become available in the future.     
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           Introduction 

 Total knee arthroplasty (TKA) has provided high 
success rates (90 %), with many studies reporting 
survival rates over 95 % after 10 or more years 
[ 1 – 10 ]. As technology has evolved several differ-
ent TKA designs, such as the PCL retaining TKA 
(CR TKA) the posterior stabilized TKA (PS 
TKA), and the anterior stabilized TKA (AS TKA 
or ultra-congruent TKA), have been utilized. 
There is still debate among surgeons over which 
knee arthroplasty design should be used for pri-
mary TKA. In order to further improve the proce-
dure, debate has arisen regarding sources of 
failure in TKA, including thorough evaluation of 
the function and role of the posterior cruciate 
ligament (PCL).  

    The Role of the Posterior Cruciate 
Ligament 

 The PCL is the strongest ligament in the knee and 
an important stabilizing factor for fl exion gap 
balancing in TKA. Along with the anterior cruci-
ate ligament it forms part of the four-bar linkage 

system allowing normal knee function. In the 
healthy knee, PCL causes posterior translation of 
the femur onto the tibia when the knee is fl exed. 
This is caused by the nature of its relative inser-
tion sites posteriorly on the tibia and femur. As 
the knee is fl exed the PCL is tensed because the 
femoral insertion site moves anteriorly. As a 
result, the femur is pulled posteriorly onto the 
tibia. This phenomenon is called “roll-back” and 
determines the AP contact points of the femur on 
the tibia. Also, the PCL is the primary constraint 
to the tibial posterior drawer at all angles of knee 
fl exion. The posterolateral and posteromedial 
structures of the knee are responsible for poste-
rior knee stability as the knee nears extension. 
This explains why isolated rupture of the poste-
rior cruciate ligament does not lead to knee insta-
bility when walking [ 11 ,  12 ]. Furthermore, the 
PCL is the strongest ligament which prevents 
opening of the joint in fl exion. Removal of the 
PCL results in an increase in the fl exion gap of 
5 mm [ 13 ]. Additionally, the PCL has a proprio-
ceptive function. Studies using immunohisto-
chemical stains specifi c for neural tissue have 
demonstrated the presence of mechanoreceptors 
in the PCL [ 14 ]. 

 However, the function of the posterior cruci-
ate ligament in patients with total knee arthro-
plasty is still controversial. The debatable issue 
is the integrity of the PCL during and after 
TKA. Rajgopal et al. [ 15 ] evaluated the status of 
the posterior cruciate ligament in 52 knees with a 
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CR TKA and demonstrated the presence of a sta-
ble PCL in 94 % of them 11 years after surgery, 
raising an important argument for retaining the 
PCL rather than sacrifi cing one of the strongest 
ligaments in the body to achieve a near normal 
knee. On the other hand, contracture and fi bro-
sis of the PCL is part of the arthritic process and 
may compromise its function. Albert et al. [ 16 ] 
performed histological analyses of 434 PCLs 
removed during total knee arthroplasty for osteo-
arthritis and found that 58 % of these ligaments 
presented histological lesions. They do not show 
a formal association between the histology and 
function of the PCL at the time of surgery, nor 
between its function and the long term clinical 
results of the arthroplasty. Sherif et al. [ 17 ] docu-
mented the status of the PCL during three stages 
of the TKA procedure and found that 94 % of 
PCL’s were intact at initial presentation, 51 % of 
PCL’s remained intact after the bone cuts were 
made and only 33 % of PCL’s remained intact 
after knee balancing and all implants were in 
place. While current research does not show 
signifi cant differences in outcome or function 
between PS and CR designs, it is usually the sur-
geon’s preference to preserve the posterior cruci-
ate ligament, when possible in primary TKA.  

    Mid and Long Term Survivorship 
of Cruciate Retaining TKA Designs 

 Above all, success of an arthroplasty is based on its 
ability to endure the course of time. Several factors 
can infl uence TKA survival rate: diagnosis, type of 
implant, type of fi xation (cemented or cementless), 
the characteristics of the study population (age, 
sex, level of activity), the design of the patellar 
component as well as surgical technique (quality of 
placement, precision of bone cuts) [ 10 ,  18 ]. 

 Studies performed on various cemented CR 
TKAs have shown a similar survival rate at 
10 years of follow-up (Table  13.1 ): between 88 % 
and 98 % for the kinematic [ 20 – 22 ,  25 ,  26 ] 
(Fig.  13.1 ), 93.4–100 % for the PFC [ 5 ,  23 ,  34 ] 
(Fig.  13.2 ), 95–98 % for the AGC [ 19 ,  24 ], more 

than 96 % for the Genesis [ 31 ,  32 ] (Fig.  13.3 ), 
and 97 % for the NexGen implants [ 39 ,  41 ]. 
Studies with longer follow up (≥12 years), related 
to different CR designs, have shown survival 
rates which range from 77 % to 98.86 % [ 5 ,  10 , 
 21 ,  25 – 29 ,  33 – 38 ,  40 ,  42 – 44 ]. Τhe defi nition of 
failure of a TKA has not been consistent in the 
literature but revision for any reason has been the 
most commonly used criterion in order to deter-
mine the absolute survivorship of the implant. 
Some of the above studies include infections as 
failures, and others exclude infections recording 
aseptic loosening revision rates only. This may 
explain the variation of survival rates in different 
studies (Table  13.1 ).

      Vessely et al. [ 37 ] evaluated the long term sur-
vival of 1,000 consecutive PFC (press fi t condy-
lar) CR TKAs with a modular tibial component 
and a cemented all polyethylene patellar compo-
nent. Approximately one third of revisions were 
for aseptic loosening or tibial polyethylene wear, 
while infection and periprosthetic fractures 
accounted for a substantial proportion of revi-
sions and reoperations. They conclude that, in 
addition to ongoing efforts to minimize long term 
reoperation rates after TKA for mechanical fail-
ure, efforts should also concentrate on the pre-
vention and effective treatment of prosthetic 
infection and periprosthetic fractures. Patient’s 
age at the time of surgery was the single most 
important determinant of implant survival. In 
those younger than 60 years, the 15 year survival 
free of revision for mechanical failure was 88.2 % 
(vs. 100 % for those over 80). In this study, sur-
vival at 15 years for revision for any reason was 
95.9 similar to previously reported rates for CR 
PFC implants [ 5 ,  34 ]. Rodricks et al. [ 38 ] report 
the 14–17 year follow-up of the CR PFC in 160 
consecutive TKAs. The overall survival rate was 
91.5 % with revision for any reason as the end-
point and 97.2 % with revision for aseptic loosen-
ing as the endpoint. In this series, the patella was 
resurfaced in all cases and patella complications 
remained the most common problem (7 out of 11 
revisions), supporting previous studies [ 23 ]. In a 
more recent study [ 43 ], survival over 17 years 
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using the CR PFC implant was 92.5 %. The 
authors conclude that varus and valgus deformity 
of the unoperated contralateral knee and tibial 
varus deformity of the operated knee could be 
important factors related to arthroplasty failure. 
Huizinga et al. [ 44 ] report 87 % survival rate, 
with failure defi ned as revision for any reason 
including infection, after 15–20 year follow-up in 
a study group of 211 CR AGC TKAs in 177 
patients. In all but three (after prior patellectomy), 

the patella was resurfaced. Most of the patellae 
(71 %) were resurfaced with a polyethylene dome 
patella; (29 %) were resurfaced with a metal-
backed patella. The main reasons for failure were 
infection and failure of the metal backed patellar 
component. The use of metal backed patellar 
components was suspended in 1991, because of a 
high incidence of aseptic loosening observed in 
the study published by Ritter et al. [ 45 ]. These 
rates were also confi rmed by Emerson et al. [ 24 ] 

     Table 13.1    Review of the literature   

 Publication 

 Prosthesis 
(PCL-retaining) 

 Survivorship (Revision for any reason as end point except where noted) 

 5 years  10 years  ≥12 years 

 Ritter (1995) [ 19 ]  AGC  98 % a  

 Malkani (1995) [ 20 ]  Kinematic-I  96.0 % 

 Weir (1996) [ 21 ]  Kinematic  92 %  87 % at 12 years 

 Abernethy (1996) [ 22 ]  Kinematic  94 %  88 % 

 Buehler (2000) [ 23 ]  Press-fi t condylar  93.4 % at 9 years 

 Emerson (2000) [ 24 ]  AGC  95 % a  

 Van Loon (2000) [ 25 ]  Kinematic  90 %  82 % at 14 years 

 Gill (2001) [ 26 ]  Kinematic  99.4 %  98.2 %  92.6 % at 17 years 

 Sextro (2001) [ 27 ]  Kinematic  88.7 % at 15 years a  

 Pavone (2001) [ 28 ]  Total  91 % at 23 years 

 Condylar knee 

 Rodriguez (2001) [ 29 ]  Total  77 % at 21 years 

 Condylar knee 

 Berger (2001) [ 30 ]  Miller-Galante II  100.0 %  100.0 % 

 Laskin (2001) [ 31 ]  Genesis  96.0 % 

 Chen (2001) [ 32 ]  Genesis I  97.0 % 

 Ritter (2001) [ 33 ]  AGC  98.86 % at 15 years a  

 Fetzer (2002) [ 34 ]  Press-fi t condylar  100.0 %  93.3 % at 12 years 

 Worland (2002) [ 35 ]  AGC  97 % at 14 years 

 Dixon (2005) [ 5 ]  Press-fi t condylar  100.0 %  97.6 %  92.6 % at 15 years 

 Ma (2005) [ 36 ]  Total  83.2 % at 20 years 

 Condylar knee 

 Vessely (2006) [ 37 ]  Press-fi t condylar  95.9 % at 15 years 

 Rodricks (2007) [ 38 ]  Press-fi t condylar  91.5 % at 17 years 

 Barrington (2009) [ 39 ]  NexGen  99.0 %  97.0 % 

 Ritter (2009) [ 40 ]  AGC  97.8 % at 20 years a  

 Schwartz (2010) [ 41 ]  NexGen  98.7 %  97.7 % 

 Mouttet (2011) [ 10 ]  EUROP  99.0 %  97.8 %  95.8 % at 12 years 

 Chalidis (2011) [ 42 ]  Genesis I  96.69 % at 13.6 years 

 Lin Guo (2012) [ 43 ]  Press-fi t condylar  92.5 % at 17 years 

 Huizinga (2012) [ 44 ]  AGC  87 % at 20 years 

   a Revision for any reason excluding infection  

13 Long Term Clinical Outcome of Total Knee Arthroplasty. The Effect Posterior Cruciate Retaining Design



128

who found a higher number of  revisions in the 
metal backed patellar group at an average of 
6.7 years after surgery. In another long-term fol-
low-up study Ritter [ 40 ] reports a survival rate of 
97.8 % after 20 years and attributes the success of 
the AGC implant to its relatively unconstrained 
articular geometry and the durability of a non-
modular metal backed tibial component with 
compression molded polyethylene. Ritter’s 
higher survival rate may be attributed to his cor-
rection for preoperative valgus deformity, which 
seemed to have a signifi cant infl uence on sur-
vival. There are several other AGC outcome stud-
ies with shorter follow-up. Worland et al. [ 35 ] 
report 97 % survival at 14 years in a study group 
of 562 TKAs with revision for any reason as the 
end point. Emerson et al. [ 24 ] report survival rate 
of 95 % at 11.4 years in 62 TKAs with revision 
for any reason except infection. They only 

included living patients. Ritter et al. [ 19 ] report 
98 % survival at 10 years with revision for any 
reason except infection. In a different study, 
Ritter et al. [ 33 ] report survival of 98.86 % at 
15 years in 4583 TKAs with revision for any rea-
son except infection. 

 There are few studies of other TKA designs 
with a follow up of more than 12 years. Total 
Condylar TKAs have been performed for more 
than 35 years and several long term studies [ 28 ,  29 , 
 36 ] report outcomes at 20 years. These studies have 
shown survival, with revision for any reason as the 
end point, of 83.2 % at 20 years [ 36 ], 77 % at 
21 years [ 29 ], and 91 % at 23 years [ 28 ], respec-
tively. Mouttet et al. [ 10 ] in a prospective, one cen-
ter study of a series of 121 cemented CR, fi xed 
bearing tibial plate EUROP TKAs, reports an over-
all survival rate of 95.8 % at 12 years with revision 
for any reason as an end point. Chalidis et al. [ 42 ] 
showed a 96.69 % survival rate, at an average of 
13.6 year follow up, in a study of 393 primary CR 
Genesis I TKAs with non-resurfaced patellae.  

    PS Versus CR TKAs 

 Both CR (Table  13.1 ) and PS (Table  13.2 ) TKAs 
have shown excellent long term results in terms 
of implant survival and patient satisfaction. 
Studies comparing the clinical outcomes of the 
two designs have produced a wide range of 
results; some show no difference [ 53 – 56 ], some 
have favored CR designs [ 9 ,  10 ,  18 ,  42 ,  57 ], and 
others have questioned the importance of the 
PCL [ 58 – 60 ]. It is well understood that so far dif-
ferent TKA designs have shown satisfactory out-
comes independent of the retaining or sacrifi cing 
of the PCL. While no current research shows a 
signifi cant difference in survival between CR and 
PS implants, it is not well understood why sur-
geons are divided into cruciate retainers and cru-
ciate substituters. The debate still continues today 
regarding the long term outcomes CR and PS 
designs. Two recent meta-analysis reports [ 61 , 
 62 ] have attempted to throw light on the current 
debate. Jacobs et al. [ 61 ] undertook a systematic 
literature review and found and studied eight 
 randomized control trials. Two of them compared 

  Fig. 13.1    Satisfactory AP radiograph of a Kinematic- 
KMS TKA at 18 years follow up is shown       
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PCL retention against sacrifi ce, fi ve against sub-
stitution and one had all three treatment options. 
The only statistical difference that could be found 
after analysis was that the PS group had 8° higher 
ROM when compared to the CR group. However, 
the study fi ndings were heterogeneous at a level 
I 2  of 67 %. Bercik et al. [ 62 ], in a more recent 
meta-analysis, studied a total of 12 studies which 
included 1265 procedures (660 with CR designs 
and 605 with PS designs) after applying strict cri-
teria. For knee fl exion, the results of the study 
demonstrated a statistically signifi cant difference 
between CR and PS implants in favor of PS by 
2.4°. In terms of heterogeneity, I 2  was 40 % and 
no signifi cant. ROM was also found to be statisti-
cally different, favoring PS implants by 3.33°, 
but heterogeneity was signifi cant with an I 2  of 
70 %. One can argue that these differences in 
ROM and knee fl exion, although statistically 
 signifi cant, may not have actual clinical importance 

for the patient. Thomsen et al. [ 63 ] found no 
association when comparing patients who had 
undergone bilateral TKA with high fl ex PS pros-
thesis in one knee and a standard CR prosthesis 
in the other knee. Besides the fact that the use of 
the high fl ex PS prosthesis resulted in signifi -
cantly increased fl exion compared to the standard 
CR prosthesis, this did not affect parameters such 
as pain and patient satisfaction. Two other studies 
performed by Padua et al. [ 64 ] and Ritter et al. 
[ 65 ] also found no signifi cant correlation between 
increased postoperative fl exion, either active or 
passive, and patient satisfaction.

   It is widely accepted that the PCL cannot be 
preserved in a consistent fashion. For a number 
of reasons PCL resection is required including 
severe knee deformity requiring PCL release, 
PCL contracture due to the arthritic process 
requiring release, and PCL damage during surgical 
technique [ 16 ,  17 ,  66 – 69 ]. A surgeon using a CR 

  Fig. 13.2    AP and lateral 
radiograph of a PFC CR 
TKA with satisfactory clini-
cal outcome (despite varus 
placement of the tibial tray) 
at 14 years follow up is 
shown       
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TKA and retaining the PCL takes the risk of pos-
sible future ligament defi ciency, which can hap-
pen before the TKA fails. Kleinbart et al. [ 59 ] 
harvested 24 PCLs from TKAs and compared 
them with 36 age matched PCLs collected from 
above the knee amputations. Sixty three percent 

of the arthritic knees that had undergone TKA 
had marked degenerative changes, compared to 
0 % with marked changes from the control group. 
The study also showed that proprioception of the 
PCL had deteriorated in arthritic knee PCLs 
which, along with a defi ciency, could partly 

a b

  Fig. 13.3    AP ( a ) and lateral ( b ) radiograph of a Genesis II CR TKA with satisfactory clinical outcome at 15 years 
follow up is shown       

   Table 13.2    Review of the literature   

 Publication  Prosthesis (Posterior cruciate ligament substituting)  Survivorship 

 Scuderi (1989) [ 46 ]  Insall 
Burstein 

 All poly tibia  97.34 at 10 years 

 Metal back tibia  98.75 at 7 years 

 Stern (1992) [ 1 ]  Insall 
Burstein 

 All poly tibia  94 at 13 years 

 Colizza (1995) [ 47 ]  Insall 
Burstein 

 Metal back tibia  96.4 at 11 years 

 Emmerson (1996) [ 48 ]  Kinematic stabilizer  95 at 10 years 

 Font- Rodriguez (1997) [ 49 ]  Insall 
Burstein 

 All poly tibia  94 at 16 years 

 Metal back tibia  98 at 14 years 

 Nakamura (2010) [ 50 ]  Bisurface  97.4 at 10 years 

 Meftah (2012) [ 51 ]  LCS  97.7 at 10 years 

 Argenson (2012) [ 52 ]  LPS fl ex  98.3 at 10 years 
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explain the abnormal knee biomechanics in CR 
TKAs. For a young and active patient, retaining 
the PCL in a primary TKA seems logical, in 
order to keep knee anatomy as normal as possi-
ble. However, retaining and balancing the PCL is 
not as simple as it sounds. Balancing the PCL 
means choosing the insert thickness and compo-
nent sizes so that the PCL is under adequate ten-
sion in the fl exed position but relaxed in extension. 
Alternatively, a PCL release must be carried out 
in cases with a tight fl exion gap. When PCL bal-
ancing has not been performed adequately, the 
patient has a PCL defi cient TKA with pain and 
fl exion instability [ 70 ,  71 ]. If the PCL is too tight, 
the patient suffers from limited fl exion, and the 
polyethylene insert is subjected to high stresses 
and wear [ 70 ,  72 ]. All these issues make some 
surgeons to favor the removal of the PCL with 
routine conversion to a PS TKA.  

    Conclusion 

 Since both total knee designs have shown 
excellent long-term results, the factors that 
should infl uence the choice of either substitu-
tion or retention are the degenerative status of 
the PCL, the type of implant used, or the per-
sonal preference and experience of the surgeon. 
Lombardi et al. [ 73 ] have proposed a decision 
tree based on patient history, clinical examina-
tion, and intraoperative fi ndings. However, 
more high-quality, randomized controlled stud-
ies are needed in the future to focus on clinical 
and functional outcome after CR and PS TKAs 
in order for surgeons to have a clearer idea 
about which prosthesis is superior.     
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      Rationale and Long Term Outcome 
of Rotating Platform Total Knee 
Replacement 

           Vasileios     S.     Nikolaou       and     George     C.     Babis     

           Introduction 

 Rotating platform total knee replacements, were 
designed and introduced in the late 1970s aiming 
to more closely recreate normal knee kinematics 
and to minimize some of the problems (mainly 
wear and loosening) seen with earlier fi xed bear-
ing TKAs. 

 Instability, implant loosening and polyethyl-
ene wear are recognized as the major causes of 
failure in fi xed-bearing knee prostheses. Hinged 
designs as well as designs with fi xed high confor-
mity bearing surfaces, failed due to transmission 
of extensive torque (torsional, coronal, and sagit-
tal stresses) at bone-implant interface. Low con-
forming (fl at-on-fl at) bearing surfaces, on 
contrary, were more unstable and showed exten-
sive polyethylene wear due to high contact stress 
[ 28 ,  36 ]. Indeed, early experience has shown that 
contact stresses experienced at the polyethylene 
surface are inversely proportional to the extent of 
conformity between the femoral condyle and 
tibial polyethylene insert [ 4 ,  11 ]. 

 The rotating- platform designs provide both 
congruity and mobility in the tibio-femoral bear-

ing surface. In most designs the polyethylene 
insert rotates around a central post on a fl at, 
highly polished tibial tray [ 13 ]. This design has 
theoretical advantages that merit to be 
mentioned;
   Firstly, mobile-bearing designs offer the advan-

tage of allowing high conformity bearing sur-
faces without signifi cantly increased stresses 
at the fi xation interfaces [ 31 ,  37 ]. Kinematic 
studies have shown that in rotating platform 
TKRs, axial rotation of the polyethylene 
occurs onto the stable tibial tray in a predict-
able manner, following the rotation of the 
femoral condyles [ 13 ]. This has been shown to 
signifi cantly decrease the torsional forces 
transmitted to the fi xation interfaces [ 12 ,  40 ]. 
Additionally, in the sagittal plane, studies 
have shown that increased conformity results 
in more natural knee kinematics, decreasing 
phenomena such as paradoxical anterior fem-
oral translation instead of the natural posterior 
femoral translation (femoral roll-back) [ 35 ].  

  Secondly, rotating platform total knees allows 
for self-alignment of the rotating polyethyl-
ene with the femoral component and correc-
tion of possible mistakes of tibial tray 
positioning. Usually the tibial tray is placed 
along anatomic landmarks, such as the 
medial third of the tibial tubercle and the sec-
ond metatarsal bone of the foot. Other sur-
geons prefer the technique of “fl oated” tibial 
tray and fi xation in a position parallel to the 
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femur, when the knee is in extension [ 1 ]. All 
these methods have been criticized regarding 
the accuracy and the effectiveness in posi-
tioning the tibial tray in proper rotation [ 19 , 
 21 ,  30 ]. On the other hand, rotational mal-
alignment may lead to patellar mal-tracking, 
anterior knee pain, instability and premature 
wear of the polyethylene [ 9 ,  40 ,  43 ]. Most 
rotating platform TKR designs allows for at 
least 10–20° of independent rotation of the 
polyethylene insert, in a way that it can be 
more forgiving to common surgeon-depen-
dent mistakes [ 45 ].  

  Thirdly, the inherent ability to self-align, allows 
for positioning of the metal tibial tray in order 
to achieve the optimal tibial surface coverage. 
That means avoidance of medial or lateral 
tibial tray overhanging and also avoidance of 
popliteus tendon impingement [ 16 ].    
 Despite all these theoretical advantages, rotat-

ing platform TKRs were not initially accepted 
with enthusiasm from surgeons, and early as well 
as mid-term results failed to demonstrate signifi -
cant advantages over the fi xed bearing designs. 
Additionally, concerns raised regarding the poly-
ethylene instability and dislocation and the pos-
sibility of extensive polyethylene wear due to the 
dual articulation (Figs.  14.1  and  14.2 ). On the 
other hand, the majority of well conducted ran-
domized trials concluded that rotating platform 
TKRs perform at least as good as the well time–
tested popular fi xed bearing TKR designs [ 3 ,  10 , 
 15 ,  17 ,  23 ,  26 ,  29 ,  33 ].   

 It is now almost three decades since the 
implantation of the fi rst rotating platform 
TKR. Short and mid-term results were excellent 
and no difference with fi xed bearing was found. 
However, nowadays, even more young and active 
patients require TKR. Additionally, patients who 
are candidates for TKR are more demanding and 
wish to remain active after surgery. Since one of 
the most commonly stated reason for using a 
mobile-bearing total knee arthroplasty was that it 
allows younger patients to be more active and it 
reduces both articular and backside wear of the 
tibial polyethylene bearing [ 14 ], it is logical to 
try to confi rm this theory by examining the long 
term results of the RP TKR designs. Herein we 

present the best available evidence regarding the 
long term results of RP TKR from selected stud-
ies with minimum 10 years follow-up.  

    Selected Studies and Results 
of Long Term Follow Up of Rotating 
Platform TKRs 

 Buechel et al. in 2001 [ 5 ] presented the results of 
cemented and cementless New Jersey Low 
Contact Stress (LCS®) bicruciate sacrifi cing 
rotating platform TKRs after minimum 10 years 
follow up. The authors also compared results 
with a group of patients that had received the 
LCS, PCL retaining mobile bearing TKR. They 
reported excellent results for both cemented and 
uncemented RP TKRs at minimum follow-up of 
10 years. More specifi cally, in the cemented RP 
primary TKR group (15 TKRs in 11 patients) the 
mean follow-up time was 173 months. In the 
cementless primary RP TKR group (47 TKRs in 
35 patients) the mean follow-up time was 
149 months. In the fi rst group (cemented RP 
TKR) there was one patient with rotating  platform 

  Fig. 14.1    Polyethylene spin-out, in a patient with LCS® 
RP TKR, 13 months after implantation. Dislocation and 
instability have been major concerns after the introduction 
of the RP TKR designs. However, after the initial few 
years of experience with these designs, the incidence of 
this complication has dropped to less than 1.5 %       
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dislocation. No bearing failures or component 
loosening were seen in patients of the second 
group (cementless RP TKR). Using as end point 
revision for any component loosening in patients 
with primary RP TKR the 20 year’s survivorship 
was 95.8 % and 99.4 % for cemented and cement-
less prostheses respectively. Similar excellent 
results were obtained for the LCS® PCL retaining 
mobile bearing TKR. 

 In another study, Huang et al. [ 20 ] presented 
the results of LCS® RP TKR versus the LCS PCL 
retained meniscal-bearing prostheses (mixed 
cemented and cementless). The minimum follow-
up was 10 years (range 10–15 years). There were 
228 knees with the meniscal bearing prostheses 
and 267 knees with RP prostheses.  Kaplan-Meier 

survivorship analysis at 15 years gave 83 % sur-
vival rate for the meniscal bearing prostheses 
and 92.1 % survival rate for the RP prostheses. 
There were two early and fi ve late (8–12 years 
after replacement) polyethylene dislocations in 
the RP TKR group. Osteolysis at the time of revi-
sion was seen in eight patients with RP TKR. The 
authors concluded that RP TKR performed better 
than the LCS meniscal bearing TKR. However, 
they mentioned that RP TKR results were not 
superior to the fi xed bearing TKR designs. 

 In 2005, John Callaghan and colleagues [ 7 ], 
reported the results of the cemented LCS RP 
TKR with a minimum follow-up of 15 years 
(range 15–18 years). From an original study 
cohort of 86 patients (119 knees), 39 knees were 

a b  Fig. 14.2    ( a ,  b ) Twelve 
year follow-up AP and 
Lateral X-rays of a 80 years 
old patient with a hybrid 
LCS® TKA. There are no 
signs of loosening or 
polyethylene wear. The knee 
is stable with no pain and 
with a range of motion of 
0–125°       
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available for clinical and radiological examina-
tion from 28 living patients. The authors reported 
excellent results, with no revision for component 
aseptic loosening or poor clinical results. They 
concluded that the cemented LCS RP is a durable 
TKR with results as good as those reported for 
fi xed bearing TKR designs. 

 Few years later, in 2010, John Callaghan and 
colleagues reported results of the previous patient 
series at a minimum follow-up of 20 years [ 8 ]. 
Twenty patients (26 knees), had clinical and 
radiological follow-up at an average of 21 years 
(range 20–21 years). Authors reported that no 
knee required revision of any component at a 
minimum 20-year follow-up. One knee had 
radiological loosening of the femoral component. 
Six knees had osteolytic lesions. No knee demon-
strated instability or polyethylene spin-out. The 
authors confi rmed their previous fi ndings regard-
ing the durability of cemented LCS RP TKR at 
20 years follow-up. They stated that these results 
are similar if not better than the 20 year results of 
other TKR devises. However, they acknowledge 
the fact that the average age of patients was 
70 years, with only three patients under the age of 
50 at the time of surgery. 

 Kim et al. [ 25 ] performed one-stage bilateral 
primary cemented TKRs in 160 patients using a 
fi xed bearing PCL retaining TKR design (AMK; 
DePuy, Warsaw, Indiana) to the one side and the 
LCS (DePuy, Warsaw, Indiana) RP PCL sacrifi c-
ing TKR at the other side of patients. 146 patients 
(292 knees) were available for clinical and radio-
logical evaluation (including CT scan at the fi nal 
follow-up) at a mean of 13.2 years (range 
11–14.5 years). Results revealed that there was no 
statistical difference regarding the pre-op and 
post-op Hospital for Special Surgery scores, Knee 
society scores, range of movement or patients’ 
preference regarding their prostheses. Also, there 
was no difference regarding the radiological fi nd-
ings, including evidence of radiolucent lines 
around any of the components and lateral tilting of 
the patella. In the LCS RP TKR group there were 
two revisions for instability and one for infection. 
Survival with revision for any reason defi ned as an 
end point at 14.5 years post- operatively was 97 % 
for the AMK prostheses and 98 % for the LCS RP 

prostheses. Authors concluded that both prosthe-
ses yielded good results but provided no evidence 
to prove the superiority of the mobile-bearing over 
the fi xed- bearing TKR. 

 Meftah et al. [ 32 ] presented the results of 
10 years follow-up of cemented RP posterior stabi-
lized TKR (PFC Sigma, DePuy, Warsaw, Indiana). 
Eighty-nine patients (106 knees) were followed-up 
for mean 10 years (range 9.5–11 years). They 
reported that at the latest follow- up 96 % had a 
good to excellent result according to the Knee 
Society pain score. Radiographic evaluation 
showed no mal-alignment, spin-out, aseptic loos-
ening, or osteolysis. Survival of the prostheses 
with revision for any reason as an end point was 
calculated to 97.7 % at 10 years. 

 Argenson et al. [ 2 ] prospectively followed-up 
104 patients (108 knees) that received a posterior- 
stabilized, rotating platform, total knee arthro-
plasty device (LPS- Flex Mobile; Zimmer, 
Warsaw, Indiana) for a minimum of 10 years 
(mean 10.6 years -range, 10–11.8 years). The 
authors reported no periprosthetic osteolysis and 
no evidence of implant loosening on follow-up 
radiographs. The average Knee Society knee and 
function scores improved from 34 to 94 points 
and from 55 to 88 points, respectively. Two knees 
were revised, one because of infection and one 
because of failure of the medial collateral liga-
ment as the result of a fall. There was no spinout 
of polyethylene insert. The 10-year survival rate, 
with revision for any reason as the end point was 
calculated to be 98.3 %. 

 In another interesting prospective randomized 
trial, Kim et al. [ 24 ] evaluated the long-term clin-
ical and radiographic results of fi xed-bearing 
TKR (AMK; DePuy, Warsaw, Indiana) and 
mobile-bearing, rotating platform TKR (LCS 
RP; DePuy) in patients with osteoarthritis 
younger than 51 years of age. One hundred eight 
patients (216 knees) were included in the study. 
All patients had simultaneous bilateral sequential 
total knee arthroplasties and had a fi xed-bearing 
implant in one knee and a mobile-bearing implant 
in the other. The mean follow-up period was 
16.8 years (range, 15–18 years). At the latest 
follow-up there was no signifi cant difference 
between the two groups to the studied parameters, 

V.S. Nikolaou and G.C. Babis



139

including the Knee Society clinical score and 
Hospital for Special Surgery knee score, the 
range of movement and the alignment of the 
knee. Radiographic analysis and CT scans 
showed tibial osteolysis in two knees (2 %) in the 
fi xed bearing TKR group, but no tibial osteolysis 
in the LCS RP group. There were fi ve revisions 
in the fi xed bearing TKR group (one for infec-
tion, two for wear of the polyethylene and two for 
aseptic loosening) and three revision in the LCS 
RP group (one for infection and two for instabil-
ity). The rate of survival, at 16.8 years postopera-
tively, was 95 % for the AMK fi xed bearing 
prosthesis and 97 % for the LCS RP prosthesis, 
when revision was defi ned as the end point. The 
authors concluded that no signifi cant advantage 
could be demonstrated between fi xed bearing and 
mobile bearing prostheses in this group of 
patients younger than 51 years old. 

 In a more recent study, Ulivi et al. [ 41 ] prospec-
tively evaluated the long-term performance of a 
cemented posterior stabilized rotating platform 
TKR design (PFC Sigma, DePuy, Warsaw, 
Indiana). One hundred twelve knees were fol-
lowed up for minimum 10 years (mean 
11.5 ± 1.4 years). Five patients (3 %) had under-
gone revision; one for aseptic loosening, one due 
to infection and two patients due to anterior knee 
(patella) pain. These two patients underwent 
patella resurfacing. All patients had signifi cant 
improvement to the tested clinical scores, includ-
ing the Knee Society Score (KSS) and the Oxford 
Knee Score and the Visual Analogue Scale (VAS) 
score. Interestingly, the prevalence of anterior 
knee pain at fi nal follow-up was 16.2 % (17 knees). 
Of note is that no patient had patella resurfacing 
during the initial surgery. Survivorship analysis 
revealed 96.6 % survival at 11.5 years when we 
consider revision for any cause and a 100 % sur-
vival with mechanical failure as endpoint. 

 There are several well conducted system-
atic reviews and meta-analyses published in the 
so far literature, comparing mobile –bearing 
versus fi xed-bearing TKR designs [ 6 ,  22 ,  27 , 
 34 ,  38 ,  39 ,  42 ,  44 ]. These studies have failed to 
show signifi cant differences regarding the clini-
cal scores, the radiological results, the prostheses 
related  complications, the patient preference or 

the overall survivorship of the prostheses. Most 
of the studies, however, included mixed mobile 
bearing designs and short to mid-term follow-
up time. On the other hand, Hopley et al. [ 18 ] 
recently published a well-designed meta-analysis, 
of papers reporting survivorship and clinical and 
function Knee Society Scores (KSS) of the LCS 
RP TKR. Outcomes were compared with non-
LCS knees in the Swedish knee registry. Results 
revealed that the KSS scores were comparable for 
LCS RP and non-LCS RP knees at up to 15 years 
of follow-up. Excluding studies with less than 
mean 10 years follow-up, the authors reported 
incidence of osteolysis and loosening 1.4 % and 
incidence of instability (including spin-out) 1.4 % 
for the LCS RP group. Interestingly, the over-
all survivorship of the LCS RP TKR implanted 
between 1981 and 1997 and 1988 and 2005 was 
higher than that reported in the Swedish Knee 
Registry for knees implanted between 1991 and 
1995 and 1996 and 2009, respectively. 

 Our personal (unpublished) experience with 
RP TKA designs the last 15 years has been excel-
lent. We have not experienced complications, 
other than infections, and we have not revised any 
prostheses due to instability, loosening or wear.  

    Conclusions 

 In the long term, RP TKR designs have 
achieved excellent clinical results and survi-
vorship rates. Initial concerns regarding sta-
bility and polyethylene dislocations have been 
proven basically unfounded. Similarly the 
possibility of higher osteolysis rates due to 
polyethylene wear has been proven wrong in 
the so far published long term studies. In the 
one study that has focused to the long term 
results of the RP TKRs in young and active 
patients (less than 51 years of age) [ 24 ], results 
were similarly excellent and promising. All 
authors have stressed the importance of the 
correct surgical technique and the meticulous 
soft tissue balancing, as a key factor to avoid 
early or late complications. As a matter of 
fact, many early failures of the fi rst LR TKR 
designs, have been attributed to the luck of 
knowledge regarding the optimum surgical 
technique of implantation [ 18 ]. 
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 On the other hand, the vast majority of the 
studies, have failed to demonstrate signifi cant 
advantages of the RP over the fi xed bearing 
TKR designs. This fi nding is probably due to 
the fact that both RP and non-RP designs have 
excellent results in the up-to-date long term 
studies. Additionally, most of the long term 
results concern the well time-tested LCS RP 
TKR design. There is relatively paucity of evi-
dence regarding the long term results of the 
newer RP TKR prostheses. Inevitably, more 
well conducted randomized trials and meta-
analyses with longer than 20 years follow-up 
are needed to support or not the usage of RP 
TKRs in selected groups or subgroups of 
patients (i.e. young patients) in the future.     
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      Mid to Long Term Clinical 
Outcome of Medial Pivot Designs 

           Nikolaos     Roidis      ,     Konstantinos     Veltsistas     , 
and     Theofi los     Karachalios     

           Introduction 

 Total Knee Arthroplasty (TKA) is the stan-
dard procedure for end stage osteoarthritis of 
the knee. Patients enjoy pain relief, improved 
function and quality of life. Advanced con-
temporary techniques, implants, minimally 
invasive and fast track surgery offer far more 
improved outcomes in regard to patient reha-
bilitation and return to every-day activities. 
More than 400,000 knee replacements are per-
formed each year in the USA alone and num-
bers are increasing worldwide. Several factors 
infl uence long term survival and outcome of 
TKA. Patient, diagnosis, surgical technique and 
implant design related factors interact in order 
to provide satisfactory outcome. Over the last 
decades, progress in implant design has been 

impressive. New materials and implant designs 
in combination with refi ned surgical techniques 
have been responsible for improved implant 
survival with failure rates now being at the level 
of 5 % at 15 years [ 1 ]. 

 Medial Pivot TKA designs (Advance, Wright 
Medical Technology, Arlington, Tennessee, 
USA and Medial Rotation Knee, MRK, Finsbury 
Orhtopaedics, Surrey, UK) were introduced into 
clinical practice in the late 1990s. They were 
both designed to address, for the fi rst time in 
TKA, the reproduction of physiological anat-
omy, the patella friendly implant principle, sta-
bility in all planes and contemporary kinematics 
of the human knee. It is the editor’s opinion, that 
medial pivot design outcomes, though not long 
term, deserve separate presentation. 

    Contemporary Human Knee Joint 
Kinematics 

 Recent work on normal knee kinematics includ-
ing kinematics of cadaveric unloaded knees and 
unloaded and loaded knees in living subjects 
have shown that the knee does not work as a 
crossed four bar link as previously thought [ 2 – 4 ]. 
Rather, the normal knee moves with the medial 
side staying very nearly stable like a ball and 
socket joint while the lateral side moves front to 
back rotating around the centre of the medial 
side [ 5 – 17 ].   
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    The Advance Medial Pivot 
(AMP) TKA 

 AMP TKA was fi rst introduced into clinical 
practice in 1998 (since then a number of papers 
have been published related to this implant) 
(Figs.  15.1  and  15.2 ). It was designed to repli-
cate modern normal tibiofemoral joint kinemat-
ics. AMP implant geometry was designed to 
achieve stability in the antero-posterior direc-
tion [ 5 ,  6 ]. It was also designed to reduce com-
plication rates seen with the use of conventional 
TKA cruciate retaining or cruciate substituting 
designs. These complications included irregular 
kinematics [ 18 – 20 ], abnormal patellar tracking 
[ 21 ,  22 ], polyethylene wear [ 23 ,  24 ] and poor 
range of motion [ 25 ,  26 ].    

    AMP Design Characteristics 
and Features 

    Restoration of Normal Knee 
Kinematics and Stability 

 For many decades it has been suggested that knee 
kinematics are controlled by a four-bar-link 
mechanism [ 2 – 4 ]. This mechanical link, with the 
cruciate ligaments acting as an almost rigid ten-
sile element, describes a posterior “rollback” 
phenomenon demanding certain knee motions 
(the femur should roll back posteriorly in relation 
to the tibia). In the 1980s research confi rmed that 
the knee is not controlled by the four-bar link, 
and does not “rollback”. Rather, the medial side 
of the knee is more stable (less compliant or more 
constrained), and the lateral side is more mobile 
(more compliant and less constrained). Therefore, 
in the normal human knee, the tibia pivots about 
the medial femoral articular surface in fl exion 
[ 5 – 17 ]. Thus, the knee is modeled as a shallow 
ball-in-socket on the medial side and two discs 
articulating convex to convex on the lateral side. 
AMP design followed this model and the 
 principle that the kinematics and stability of a 

  Fig. 15.1    The Advance Medial Pivot (AMP) total knee 
arthroplasty is shown (Reprinted with permission from 
Microport)       

  Fig. 15.2    Satisfactory radiological results of an AMP 
TKA at 10 years follow up is shown       
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total knee prosthesis should be as close as possi-
ble to those of a normal knee, so that the arthro-
plasty would function more like the normal knee. 
Thus AMP is designed with medial femoro-tibial 
articulation comprised of a shallow ball-in-socket 
(creating stability), and the lateral side is an accu-
rate trough (allowing mobility) (Fig.  15.3 ). This 
design more effectively recreates the kinematics 
of a normal knee than other implants. Studies 
have demonstrated that, after TKA, medial tibia 
pivoting is replaced by A/P sliding and rotation. 
This can signifi cantly increase wear and reduce 
range of motion. The benefi ts of a ball-in-socket 
(medial-pivot) design are that it is stable to ante-
rior/posterior loads and highly conforming, cre-
ating a large contact area allowing for low contact 

stress. The rotation allowed by the arcuate lateral 
side allows rotational freedom and the combined 
medial and lateral articulations give stability 
while allowing rotational mobility [ 20 ].  

 Both static and dynamic knee joint stabilizers 
are responsible for knee joint stability (collateral 
ligaments, posterior capsule, anterior and poste-
rior cruciate ligaments and medial compartment 
conformity). The stability and kinematics of the 
normal knee are created by the circular femoral 
condyles spinning in the cupped tibial surface on 
the medial side and rolling over the convex tibial 
surface on the lateral side. During TKA several 
stabilizing knee structures are sacrifi ced (e.g. 
meniscus, anterior cruciate ligament, tibial artic-
ular anatomic curvatures etc.). In order to ensure 
stability, surgeons attempt to equalize both the 
fl exion and extension gaps, to balance the liga-
ments, and to achieve proper implant alignment 
and rotation. As a result, a reduction of TKA sta-
bility is often found. Conventional TKA designs 
(although designed to exhibit a posterior roll- 
back in fl exion) often slide anteriorly (paradoxi-
cal slide forward) due to loss of stabilizing 
structures and tibiofemoral congruity. As the 
knee fl exes past 20°, body weight and force vec-
tors slide the femur forward on the tibia 
(Fig.  15.4 ). This is termed “paradoxical motion” 
because normal knees are thought to roll-back as 
they fl ex [ 19 ,  20 ]. The raised anterior lip of the 
AMP polyethylene insert, coupled with the con-
stant radius of the femoral component, resists this 
paradoxical motion by providing complete 
medial antero-posterior conformity throughout 
range of motion (Fig.  15.5 ) [ 5 ,  6 ,  20 ,  27 ].    

    Optimization of Range 
of Motion (ROM)  

 Clinical studies report that average fl exion 
obtained after AMP TKA is 111°, while other 
authors report an average ROM from 115.4° to 
123° after a primary TKA with the AMP TKA 
[ 28 – 30 ]. A multicenter study group compared the 
Range of Motion (ROM) data for the  Medial- Pivot 
Implant with fi ve contemporary knee designs 
(PROFIX®, LCS®, AXIOM®, NEXGEN® and 

  Fig. 15.3    The ball in socket medial compartment of the 
AMP design is shown (Reprinted with permission from 
Microport)       
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ADVANTIM®). The data was collected at a 
6-month and 1-year time period. Compared to the 
other fi ve designs, the Medial- Pivot prosthesis 
delivers an average of 7.6° and 7.2° greater ROM 
at 6-months and 12-months respectively [ 31 ].  

    Improvement of Clinical Wear Rates 

 The ability of the AMP TKA to resist polyethyl-
ene wear has been verifi ed in clinical studies. The 
polyethylene components are sterilized with 

 ethylene oxide instead of gamma radiation. 
Previous studies have shown gamma radiation 
sterilization increases stiffness and decreases 
polyethylene toughness [ 25 ]. Synovial fl uid was 
obtained 1 year after knee arthroplasty from 17 
patients (22 knees). Polyethylene particles were 
isolated and analyzed from the synovial fl uid sur-
rounding two knee designs: a PS and an AMP. The 
shape, size and number of the particles were 
compared. Particles were smaller and rounder in 
the AMP implants as compared to those of PS 
implants, but the differences in size and shape 
were not signifi cant. In contrast, the difference in 
the amount of particles was signifi cant. The 
Medial-Pivot Knee generated fewer particles 
than the traditional designs [ 32 ]. In an unpub-
lished comparable dimensional study of retrieved 
AMP liners and intact unused AMP liners, satis-
factory wear patterns were found in the mid-term 
(Fig.  15.6a–c ).   

    Restoration of Patellofemoral Joint 
Kinematics 

 High complication rates (pain, maltracking, sub-
luxation and fractures) from the patellofemoral 
joint of conventional TKA designs have been 
reported [ 33 ,  34 ]. It has been shown in recent 
cadaveric studies that the average anatomic 
trochlear groove is oriented 3.6° related to the 
mechanical axis with small individual variations 
[ 35 ]. The AMP Femoral Component trochlear 

  Fig. 15.4    The anterior roll back of the femoral component (paradoxical motion) is shown       

  Fig. 15.5    The design feature for anteroposterior stability 
is shown       
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a

c

b

  Fig. 15.6    Dimensional wear patterns of a AMP polyeth-
ylene retrieved insert at 7 years follow up: ( a ) the different 
dimensional sections studied, ( b ) mediolateral frontal 

 sections studied, ( c ) satisfactory wear pattern of the 
retrieved insert compared to the intact one       
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groove is angled 3.6° to minimize strain in the 
lateral retinacular tissues. The trochlea is also 
long and deep. The lateral anterior fl ange rises 
3–4 mm above the fl oor and provides resistance 
to lateral subluxation 9 (Fig.  15.7a–c ).   

    Preservation of Bone Stock 
for Primary and Revision TKA 

 AMP femoral bone cutting instrumentation is 
designed in order to preserve bone. Additionally, 
the AMP revision system is a bone preserving 
design because no box cut is needed (60–80 % 
less bone removal is required [ 36 ]. In a study by 
Glasgow et al. [ 36 ], 29 patients who underwent 
revision TKA were tested for stability, ROM, 

extensor lag, leg alignment and clinical scores. 
Results showed that the medial pivot design pro-
vides AP stability of a PS insert without a need 
for extra bone removal [ 36 ].   

    Early Clinical Outcome 

 In a series of 440 patients who underwent a 
staged bilateral total knee arthroplasty with 5 dif-
ferent designs, using a different prosthesis on 
each side, Pritchett investigated patient satisfac-
tion after a 2 year period [ 37 ]. The prostheses that 
were used were AMP, anterior and posterior cru-
ciate retaining, posterior cruciate-retaining, pos-
terior cruciate-substituting and mobile bearing 
[ 37 ]. Patients with bilateral TKA preferred retention 

3.6°a b

c

d

  Fig. 15.7    AMP patellofemoral articulation design fea-
tures are shown: ( a ) the orientation of the trochlear 
groove, ( b ) the length of the groove, and ( c ) the rise of the 

lateral anterior fl ange are shown, ( d ) skyline radiograph 
showing a congruent patellofemoral joint (Reprinted with 
permission from Microport)       
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of both cruciates with the use of the ACL- PCL 
retaining prosthesis or substituting with an MP 
prosthesis. When fl exion was assessed in groups 
of patients with an AMP and a PS TKA no sig-
nifi cant differences were found at 12 months fol-
low up [ 38 ]. The same study showed that knees 
with a preoperative fl exion up to 90° gained the 
most after the knee replacement (mean 19.6° for 
the AMP knee). On the other hand, knees with a 
preoperative fl exion of 125° or greater, lost fl ex-
ion (average 2.9°). This was attributed to patient 
factors such as pain, swelling and poor compli-
ance with rehabilitation [ 38 ]. The hypothesis that 
the implication of increased constraint in the 
medial compartment of the TKA may lead to ear-
lier aseptic loosening was tested by Amin et al. 
[ 39 ]. The authors compared (Freeman-Samuelson 
1,000 Medial Pivot – Medial Rotation Knee-
MRK and Freeman- Samuelson 1,000 modular 
TKA’s) standard antero-posterior and lateral 
radiographs and studied radiolucent lines for 
component migration and signs of loosening. For 
a minimum follow-up period of 2 years, no sign 
of loosening was present in either group. 
Therefore, this early radiological survey con-
cludes that the increased constraint of the medial 
pivot design did not result in an increased inci-
dence of radiographic loosening [ 39 ]. 

 In a Level I study conducted by Kim et al. 
[ 40 ], including 92 patients who had an AMP 
TKA implanted in one knee and a PFC Sigma 
mobile bearing TKA implanted in the other, the 
authors report that the early outcome of TKA is 
worse in the knees with the AMP compared to 
the PDC TKA. Knee scores and range of motion 
were worse in the AMP TKA, while a high infec-
tion rate was reported in the same group of 
patients [ 40 ]. The latter study has raised serious 
arguments in the literature with two letters to the 
Editor criticizing its methodology [ 41 ,  42 ].  

    Mid- and Long-Term Clinical 
Outcome 

 Several studies have shown favorable mid-term 
outcome of the Medial Pivot designs without 
records of implant related complications. In a 

multi-center study the clinical outcome of 298 
AMP TKAs was reported after a minimum of 
5 years follow up [ 43 ]. The 5 year survival rate 
was 97.2 %. Preoperative mean Knee Society 
Score and fl exion were 33 points and 107° respec-
tively, improving to 90 points and 121°. There was 
no sign of implant failure or migration. When 
compared to the average 6 year results of fi xed 
INBS II and LCS TKA designs, AMP TKA 
showed superior fl exion [ 43 ]. Satisfactory mid-
term outcomes were also reported in another study 
of 55 consecutive patients who underwent 58 pri-
mary AMP TKAs [ 44 ]. The Knee Society Score 
improved from 30.5 to 91.1 and the functional 
score from 36.7 to 82.3. Few complications were 
found and most of the knees were found to be sta-
ble following thorough valgus–varus balancing 
[ 44 ]. Karachalios et al. [ 45 ] reports satisfactory 
outcomes for 284 AMP TKAs after a mean follow 
up of 7 years. Both objective and subjective clini-
cal rating scales and serial radiographs were evalu-
ated. All patients showed a statistically signifi cant 
improvement in the Knee Society Score, Oxford 
knee score, SF-12 and WOMAC questionnaires. 
Range of motion improved from 101 to 117  on 
average. The majority of patients (93–95 %) expe-
rienced very good to excellent pain relief. This 
prospective clinical outcome study shows a cumu-
lative success rate of 99.1 % at 5 years and 97.5 % 
at 9 years [ 45 ] (Figs.  15.8  and  15.9 ). More recently, 
Chinzei et al. [ 46 ] has retrospectively reported on 
76 patients (85 knees) with AMP TKAs with a 
mean age at operation of 70.2 years and a mean 
follow-up period of 8 years (72–132 months). The 
survival rate at 8 years was 98.3 %. There was an 
improvement of knee extension angles (from 
106.2 to 110.3°, p > 0.05) and of range of motion 
(from 94.2 to 110.6°, p < 0.05). All clinical evalua-
tion scores (KSS, KSFS) improved signifi cantly. 
According to the authors all AMP TKAs achieved 
excellent clinical and radiographic results without 
implant related failures at mid-term follow-up. 
Clinical and radiologic results of 172 AMP TKAs, 
at a mean follow-up period of 7 years, were pre-
sented by Vecchini et al. [ 47 ] showing a survival 
rate of 98.6 %. Satisfactory relief of pain was 
recorded in 90 % of patients, and 96 % of them 
were able to return to age-related daily life 
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 activities with 85 % of them showing excellent or 
good functional scores. Range of motion improved 
from a mean of 97.7° to a mean of 112.5° and 
Knee Society Score from a mean of 77.6 points to 

a mean of 152.8 points. Patients also judged stabil-
ity and comfort during walking as satisfactory. In 
another study, the outcome of 50 consecutive AMP 
TKAs was evaluated with pre and postoperative 
clinical scores (Knee Society score system, 
Western Ontario and McMaster Universities 
Arthritis Index Score). Patient satisfaction was 
also  documented and standard radiographs were 
used in order to record signs of failure. The results 
were then compared with the results in the 
Australian Orthopaedic Association National Joint 
Replacement Registry [ 48 ]. It was found that, in 
the mid-term, the AMP TKA provided pain relief, 
functional improvement and complication and 
revision rates similar to reported registry data.   

 The AMP implant provides two different 
polyethylene liners, the conventional Medial 
pivot insert and the double high insert. The 
double- high tibial insert has been developed 
recently in order to provide high stability and 
high fl exion. It has been designed with a 3 mm 
lower posterior lip, to allow posterior femoral 
rollback and get a better fl exion angle. A com-
parison between the mid-term clinical results of 
the Medial Pivot insert and the double high insert, 
in combination with the same AMP TKA design, 
showed equally good results [ 49 ]. The authors 
suggest that improved range of motion cannot be 

  Fig. 15.8    Satisfactory radiological results of an AMP 
TKA (with the old version of PE insert locking mecha-
nism) at 15 years follow up is shown       

  Fig. 15.9    Satisfactory 
radiological results of 
bilateral AMP TKA (right 
knee at 15 years and left 
knee at 14 years follow up) 
is shown       
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expected from changes in the design of the tibial 
insert only [ 49 ]. 

 The medial pivot TKAs were initially designed 
as posterior cruciate sacrifi cing implants and 
anteroposterior stability is achieved with a raised 
anterior-lip of the polyethylene tibial insert. 
However, there is controversy as to whether the 
posterior cruciate ligament should be routinely 
retained or sacrifi ced in all patients. In a series of 
137 knee replacements with an AMP TKA the 
posterior cruciate was retained in half of the 
patients and sacrifi ced in the rest. Knee and func-
tion scores did not vary signifi cantly between the 
two groups, nor did the clinical results or femoro-
tibial angles [ 50 ]. The authors suggest that there 
is a need for accurate balancing of the extension 
and fl exion gaps. If such balance is not feasible, 
the posterior cruciate ligament should be resected 
[ 50 ]. No signifi cant differences in the outcome of 
AMP TKAs were found when the posterior cru-
ciate ligament was either retained or sacrifi ced in 
a study published by Karachalios et al. [ 45 ]. 
Satisfactory outcomes (Knee Society Score and 
Function Score) were also reported in a series 
with posterior cruciate retaining AMP TKAs 
[ 51 ]. Lateral radiographs in full extension and 
active fl exion were taken and the magnitude of 
posterior femoral translation was recorded. The 
anteroposterior condylar contact point was con-
sistently posterior to midline throughout the 
entire fl exion range. No component migration or 
radiolucent line wider than 2 mm was reported, 
except for one case due to trauma [ 51 ]. 

 Several surgeons warn against kneeling after 
TKA because kinematic data related to kneeling 
are scarce and its effect on the implant is still 
unknown. Nine AMP TKAs were evaluated 
radiographically at standing, mid-kneeling and 
full kneeling positions [ 52 ]. The contact point 
moved anteriorly from standing to mid-kneeling 
and posteriorly from mid- to full-kneeling. At all 
times it stayed within the articulation range of 
motion. It is thus suggested that kneeling is safe 
with AMP TKAs [ 52 ]. 

 Clinical outcomes of AMP TKAs (80 patients, 
107 knees) with alumina ceramic femoral com-
ponent showed excellent mid-term results at 
5-years follow up. Signifi cant improvements in 

Knee Society Score, function score and post- 
operative range of motion were recorded [ 53 ]. 
Alumina ceramic femoral components have been 
associated with reduced polyethylene wear [ 53 ]. 

 The relationship between patient reported out-
comes and intraoperative knee kinematics pat-
terns was studied in an AMP and a non AMP 
group of TKAs [ 54 ]. Functional activities, patient 
satisfaction and knee fl exion angle of the AMP 
TKAs were signifi cantly better than those of the 
non AMP TKAs. Postoperative varus deformity 
in the non AMP group tended to be greater than 
in the AMP group [ 54 ].  

    In Vivo Kinematic Analysis 
of the Medial-Pivot Knee 

 Advances in technology have now made it pos-
sible to precisely document kinematics in the 
laboratory setting. Kinematic of intact and AMP 
implanted cadaveric knees were tested by Barnes 
et al. [ 55 ]. The AMP medial compartment antero-
posterior tibiofemoral translation did not prove to 
be greater than that of the intact specimens. In 
addition, the anteroposterior translation of the lat-
eral compartment was less than the intact speci-
mens. Extensor mechanism forces after the AMP 
implantation were no different from those of the 
same knee before implantation. In this open-
chain model, intended kinematic goals of the 
AMP design were confi rmed [ 55 ]. Fluoroscopic 
analysis of gait kinematics of the AMP TKA 
compared to a posterior cruciate retaining knee 
design showed that nine out of ten of the cruci-
ate retaining TKAs had condylar lift- off averag-
ing 1.7 mm whereas only one (out of fi ve) AMP 
Medial TKAs had condylar lift-off measuring 
1.1 mm. It has been shown that AMP knees show 
a medial pivot effect during the stance phase of 
gait with a lower frequency of condylar lift-off 
than conventional cruciate retaining designs. It 
was also suggested that this could lead to reduced 
polyethylene wear [ 30 ]. 

 In vivo kinematics of a fi xed-bearing, asym-
metric, medial rotation knee arhtroplasty (Medial 
Rotation Knee, MRK, Finsbury Orhtopaedics, 
Surrey, UK) design were assessed in moderate 
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and deep fl exion. The participants were observed 
performing a weight-bearing activity to maxi-
mum comfortable fl exion and kneeling on a pad-
ded bench from 90° to maximum comfortable 
fl exion. The study concludes that the medial 
pivot rotation knee shows a medial pivot motion 
with tibial internal rotation during active weight 
bearing and deep knee fl exion. The kinematics 
are similar in pattern to normal knees [ 56 ]. The 
same group of investigators studied the kinemat-
ics of the same design during weight-bearing 
activities through lateral fl uoroscopy and model- 
image registration. It has been shown that during 
step activity there is a little anteroposterior trans-
lation or rotation from 0 to 100° fl exion and a 
mean tibial internal rotation of 7° and condylar 
translation 3 mm medially and 5 mm laterally 
(pivot activity). It is suggested that the medial 
pivot design provides antero-posterior stability 
during demanding activities and exhibits a 
medial pivot motion pattern when subjected to 
twisting [ 57 ]. 

 The patellofemoral kinematics of AMP TKAs 
has been studied with 2D–3D CT registration 
techniques. The results show that patellofemoral 
joint kinematics changed after surgery, mainly 
due to the design concepts for tibio-femoral joint 
motion, indicating the diffi culty of reproducing 
normal patello-femoral kinematics. However, all 
patients in the series are clinically asymptomatic, 
despite an increment in patella tilt [ 58 ]. Favorable 
patellofemoral kinematics have also been shown 
in another study [ 59 ].  

    Conclusion 

 Published mid-term and unpublished long 
term clinical outcome data of medial pivot 
designs show satisfactory clinical outcomes 
with survival rates for revision for any reason 
above the level of 97 % at a mean follow up of 
8 years. No serious implant related failure has 
been reported. Radiological evaluations and 
clinical wear data are also satisfactory. In vitro 
and in vivo kinematic data suggest that medial 
pivot designs actually do replicate contempo-
rary human knee joint kinematics.     
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           Introduction 

 Total knee arthroplasty (TKA) is one of the most 
successful operations performed with 95–98 
good to excellent results reported at 10–15 years 
follow up [ 1 ]. When it comes to fi xation of com-
ponents the technique can be cemented, cement-
less or hybrid (cementless femoral and cemented 
tibial components) [ 2 ,  3 ]. Cemented fi xation has 
resulted in satisfactory long term outcome with 
low revision rates (Fig.  16.1 ) [ 2 – 5 ]. However, 
osteolysis often appears and the long term dura-
bility of the interface is questionable, especially 
in young patients [ 6 ,  7 ].  

 Cementless fi xation was developed in order to 
achieve a more physiological bond between 
implants and bone and to improve longevity of the 
interface, especially in young patients. It has been 

available for more than three decades (Figs.  16.2  
and  16.3 ) [ 3 ,  8 – 12 ]. However, due to less than 
optimal outcomes with the old generation of pros-
theses, cementless fi xation in TKA has never 
gained popularity [ 3 ,  11 ,  12 ]. Osteolyis is still 
seen and RSA studies have shown early migration 
of the tibial plate, which is a long term determi-
nant of implant failure [ 13 – 15 ]. A critical review 
of initial studies has shown that early cementless 
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  Fig. 16.1    Satisfactory clinical and radiological outcome 
of a cemented Genesis II TKA at 16 years follow up       
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implants were used in young patients with higher 
demands and level of activity. Aseptic loosening, 
more common in the young, varied between 5 and 
30 % at 5 years follow up and it was associated 
mainly to tibial tray failure [ 16 – 20 ].   

 As the indication and numbers of TKA con-
tinue to increase [ 12 ], younger and more active 
patients are undergoing the procedure and since 
new technologies for cementless fi xation are 
available [ 11 ], we present, in this chapter, a review 
of old and new cementless TKA clinical outcomes 
and we critically evaluate future perspectives.  

    Old Designs 

 Old designs were developed based on the assump-
tion that a more physiological bond between the 
implant and the bone can result in improved sur-
vival from the problem of aseptic loosening, due 
to the ability of the interface to respond to stresses 
in a physiological way [ 11 ,  21 ]. However, the 
long term durability of cemented fi xation has 
come into question in young and active patients 
because cement has shown poor resistance to 
shear and tensile forces which may result in defor-
mation and degradation over time [ 3 ,  11 ,  12 ,  22 ]. 

  Fig. 16.2    Satisfactory clinical and radiological outcome 
of an cementless design at 17 years follow up       

  Fig. 16.3    Satisfactory 
clinical and radiological 
outcome of an early HA 
coated design (Goeland, 
Landos) at 24 years follow up       
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 A critical evaluation of old studies with 
cementless implants reveals that inferior out-
comes were produced due to screw track osteoly-
sis, poor old polyethylenes, metal backed patella 
component failures, and poor tibial tray designs 
implanted inappropriately in cancellous bone 
instead on the cortical tibial rim [ 3 ,  11 ,  12 ,  23 ]. It 
also became apparent that cementless fi xation is 
more sensitive to component tibial tray malalign-
ment due to abnormal concentration of loads [ 11 , 
 24 ,  25 ]. Failure of ingrowth, tibial tray radiolun-
cencies and inferior survival curves (below 90 % 
at 10 years) were found in several studies (Miller 
Galante I, PFC designs etc.) [ 26 – 29 ]. Other 
newer designs (Natural Knee, Ortholoc, LCS 
etc.) showed survival rates over 90 % at 10 years 
[ 30 – 35 ]. In fi ve prospective randomised studies 
which evaluated cemented and cementless old 
designs (PFC, Interax and NexGen) no statisti-
cally signifi cant differences were found in clini-
cal outcome between the two versions of the 
components with a follow up ranging from 10 to 
17 years [ 1 ,  5 ,  36 – 38 ]. A meta-analysis by Gandhi 
et al. [ 39 ] evaluated the survivorship of cemented 
and cementless TKA in 11 studies (5 RCTs and 
10 observational). It was found that the odds ratio 
for failure of the implant due to aseptic loosening 
and the cumulative success rates were in favour 
of cemented fi xation. However, when the fi ve 
randomised studies were isolated and evaluated, 
no differences in survivorship were detected 
between cemented and cementless implants. The 
authors conclude that the higher failure rate of 
the cementless implants in the observational 
studies was due to the younger age and increased 
activity levels of the patient population of these 
studies. In a more recent systematic review and 
meta-analysis by Mont et al. [ 23 ] 37 studies were 
evaluated comparing cemented to cementless 
TKA. It was found that cementless implants had 
comparable survivorship to cemented. The mean 
survival rate was 95.6 % and 95.3 % for cement-
less and cemented TKA respectively at 10 years. 
At 20 year follow up survival rates for cementless 
and cemented TKA decreased to 71 % and 76 % 
respectively. In more recent publications, with 

newer designs of implant, satisfactory outcomes 
have been reported in mid and long terms for 
cementless implants [ 10 ,  40 – 43 ]. Due to the fact 
that in old and new observational studies nearly 
all the failures for aseptic loosening were related 
to the tibial tray component several surgeons 
have suggested the use of hybrid fi xation in TKA 
with satisfactory mid and long term results [ 44 ]. 

 In a Cochrane database report evaluating 
cemented, cementless or hybrid fi xation options 
in TKA for osteoarthritis and other non-traumatic 
diseases, there was a smaller displacement 
(assessed by radiostereographic analysis) of tib-
ial components with cemented fi xation in relation 
to cementless fi xation in studies of patients with 
osteoarthritis and rheumatoid arthritis who 
underwent primary TKA with a follow-up of 
2 years; however, cemented fi xation presented a 
greater risk of future aseptic loosening than 
cementless fi xation [ 45 ].  

    Hydroxyapaptite (HA) Coated 
Cementless Designs 

 Bioactive coatings have been used in order to 
enhance bone ingrowth on cementless component 
surfaces [ 46 – 48 ]. It has been suggested that HA 
transforms fi brous tissue to bone in loaded 
implant–bone interfaces [ 49 ]. Radiostereometric 
analysis has shown that cementless components 
sustain greater micromotion and early migration 
compared to cemented components which can 
lead to early migration [ 11 ,  15 ,  50 ,  51 ,  54 ]. Studies 
of similar design have shown equal early stability 
of the interface between HA coated cementless 
and cemented implants [ 50 ,  51 ,  53 ,  54 ]. In a sys-
tematic review study by Voigt and Moiser [ 52 ], 
early implant stability was evaluated by radioste-
reographic analysis in three groups of patients 
(HA coated, porous coated and cemented). It was 
found that the HA coated implants without screw 
fi xation were less likely to be unstable at 2 years 
compared to the porous coated and cemented 
implants. In observational studies with old and 
new HA coated implants, survival rates above 
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90 % have been reported between 10 and 20 years 
follow up [ 3 ,  11 ,  20 ,  23 ,  55 – 57 ]. In a prospective 
randomised trial, at 5 years follow up, there was 
no difference between cementless tibial fi xation 
with HA and cemented tibial fi xation in terms of 
self-reported pain, function, health-related quality 
of life, postoperative complications, or radio-
graphic scores [ 58 ].  

    New Technologies 

 Recently, cementless TKA have made a come-
back with newer designs, improved materials and 
manufacturing techniques [ 3 ,  11 ,  12 ,  23 ,  30 ,  31 , 
 59 – 61 ]. It has been strongly suggested that the 
longevity of fi xation depends on: joint alignment 
(surgical technique and instrumentation), bone 
quality, patient factors (age, level activity, weight), 
implant features (stems, pegs) and implant sur-
face characteristics (coating, material). 
Additionally, factors affecting bone ingrowth or 
ongrowth for implant coatings are related to the 
structure of the material, porosity of the structure 
and type and size of the porous. A series of new 
structures have been developed, tested in animals 
and applied to humans: tantalum trabecular metal 
technology (Zimmer) [ 61 ], Tritanium dimension-
ised matrix (Stryker), Regenerex (Biomet), and 
Titanium foam (Microport-Wright Medical) 
(Fig.  16.4 ). Table  16.1  summarises the basic char-
acteristics of these structures. Trabecular metal 
technology tibial tray implants were the fi rst to be 
used in humans. Satisfactory clinical and radio-
logical results have been reported from different 
centers with a follow up ranging from 5 to 
10 years [ 62 – 64 ]. Fernandez-Fairen et al. [ 65 ], in 
a prospective randomised trial, found comparable 
outcomes of tantalum cementless and cemented 
tibial implants at 5 years follow up. 

       Various Issues 

 Historically, the use of posterior stabilising 
designs in cementless TKA has been controver-
sial. In theory the cam/post confi guration of these 
implants could apply unpredictable stresses to 

the tibial tray-bone cementless interface [ 66 ]. 
These reservations have been called into question 
in a recent publication [ 67 ]. Obesity in combina-
tion with young age are not negative predictive 
factors for implant survival in cementless TKA 
[ 68 ,  69 ]. Neither is rheumatoid arthritis is a nega-
tive factor for cementless TKA with patients 
enjoying satisfactory outcomes in mid and long 
term [ 70 ]. Both cemented and cementless TKAs 
present with areas of periprosthetic bone loss 
with the cementless fi xation principle not pre-
venting its appearance [ 71 ,  72 ]. Cementless TKA 
is not contraindicated in osteoarthritic knees with 
severe valgus or varus deformity [ 73 ]. Recent 
extensive research has been published evaluating 
tibial tray loading under different conditions in 
cementless TKA [ 74 – 81 ]. The methodology of 
older papers has been criticised, initial screw 

  Fig. 16.4    Satisfactory clinical and radiological outcome 
of a titanium foam cementless advance medial pivot 
design at 6 years follow up       

 

T. Karachalios and I. Antoniou



159

fi xation has been withdrawn from the system, it 
has been suggested that peg fi xation is preferable 
for tantalum trabecular metal tibial trays and that 
HA coated implants show a preferable initial 
mechanical environment.  

    Conclusion 

 Old cementless TKA designs produced unsat-
isfactory mid and long term outcomes for 
various reasons. The clinical outcomes of 
newer designs are comparable to those of 
cemented designs. The application of new 
materials and technologies in TKA designs 
shows promising early results [ 3 ,  11 ,  12 ,  23 , 
 39 ,  82 ]. The cost- effectiveness of the use of 
such technology either in young or in all 
patients remains unclear since cementless 
TKA costs three times more than cemented 
TKA in most countries [ 58 ].     
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      Long Term Outcome of Total Knee 
Arthroplasty: The Effect 
of Polyethylene 

           Eduardo     García-Rey      ,     Enrique     Gómez-Barrena     , 
and     Eduardo     García-Cimbrelo     

           Introduction 

 Total knee arthroplasty (TKA) is the most com-
mon procedure for the surgical treatment of end- 
stage primary osteoarthritis of the knee joint and 
there are many different implants [ 1 ]. The use of 
TKA has been increasing during the last decade 
and projection shows even further increases [ 2 ]. 
Europe has confi rmed the trend, although this 
increase may be infl uenced by cultural and socio-
economic factors [ 3 ]. Recently, Gomez-Barrena 
et al. reported that the frequency of this proce-
dure can vary strongly within the same country 
[ 4 ]. Although macroeconomic factors may infl u-
ence these observations, which are also seen in 
other countries [ 5 ], part of this variability may be 
due to patient and surgeon decisions regarding 
the indication for TKA and this variation is even 
wider in revision TKA. The number of young 
patients undergoing primary TKA for obesity is 
rising, the indications are changing and knowl-
edge is advancing, all of which may account for 
some differences between countries [ 1 ]. All these 
factors have led to an increase in rates of revision 
procedures, particularly in the long-term. 

 There are several important issues related to 
TKA nowadays. The different implant design 
options are controversial: although metal-backed 
modular components are the most frequent choice 
when selecting the tibial plate, the risk for revision is 
lower with monoblock all- polyethylene components 
[ 6 ]; mobile-bearing platforms have not improved the 
long term results presented by fi xed-bearing designs 
in clinical or radiological scores [ 7 ]; despite different 
theoretical advantages between postero-stabilized 
(PS) and cruciate-retaining designs (CR), the clini-
cal results seem similar [ 8 ]; and the use of the patel-
lar button is increasing in most countries due to the 
associated lower revision risk, meanwhile reported 
risk of tibial component loosening is higher for 
resurfaced TKA [ 9 ]. To date, the infl uence of resto-
ration of normal alignment at the long-term result 
after TKA has also been assessed, and although 
most authors agree on the associated better results, 
other reports provide some controversy [ 10 ]. 

 The aim of this review is to present all cur-
rent topics related to the long-term outcome of 
primary TKA with special interest in the per-
formance of polyethylene bearing and its infl u-
ence on revision rate and loosening.    

    Polyethylene Wear in TKA 

    Mechanisms 

 Sir John Charnley fi rst introduced ultrahigh-
molecular- weight polyethylene (UHMWPE) in 
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total joint arthroplasty. Despite the success of 
TKA, polyethylene wear and structural failures 
are some of the most important causes of revision 
in the mid and long term, with osteolysis always 
being a threat [ 11 ,  12 ]. Since the early reports 
from Freeman et al., the evolution of TKA has 
been linked to an optimal contact between sur-
faces [ 13 ]. The movement between a curved dis-
tal femur and a fl at proximal tibia increases the 
stress forces on the polyethylene insert, so a 
higher conformity would theoretically decrease 
these forces and, consequently, wear [ 14 ]. 

However, femoro-tibial contact conditions are 
not the only factors that contribute to wear in 
 primary TKA, with the quality of UHMWPE, the 
fabrication process and thickness of the insert 
being other factors reported to affect wear [ 15 ]. 
Delamination and third body wear may be more 
important after TKA than after total hip arthro-
plasty; to date it has been suggested that the 
greater physical demands by young rather than 
old patients, femoro-tibial alignment, choice of 
implant, mobile-bearing, and metal-backed tibial 
components can also affect wear (Fig.  17.1 ). 

a

c

b

  Fig. 17.1    Radiograph of a 76 year old female patient showing a right PS TKA 14 years after surgery and an uncemented 
TKA 18 years after surgery for the left knee ( a ) AP weight-bearing view, ( b ) Left lateral view, ( c ) Right lateral view       
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Almost one in every four revision TKAs may be 
due to polyethylene wear [ 16 ]. Causes for 
UHMWPE failure in TKA are: (1) oxidative deg-
radation of polyethylene sterilized by gamma 
irradiation in the air, which increases surface 
wear producing wear particles that cause osteoly-
sis; and (2) fatigue failure due to delamination 
[ 17 ]. Recently, a reduction in cross shear, 
observed in platform mobile-bearing designs, 
and low conforming fi xed-bearing designs which 
reduce surface wear, contrary to previous fi nd-
ings for increased conformity designs which 
attempted to decrease delamination wear, are 
heralding new approaches for so-called low-wear 
TKAs for young and active patients [ 17 ]. 
Retrieval studies seem to confi rm these data. 
Greater conformity can increase surface fatigue 
damage in TKA. Wimmer et al. compared 38 
inserts made of the same polyethylene from the 
same manufacturer and observed higher delami-
nation and pitting scores for the conforming pos-
terior cruciate- substituting inserts than for the 
less conforming posterior cruciate-retaining 
inserts [ 18 ].  

    Long-Term Clinical Results 

 There is much controversy over different options 
available for TKA. The success of the Total 
Condylar knee has been explained by its higher 
conformity and lower stress on the insert, making 
it easier to correct deformity [ 19 ]. 

 One of the most important sources for wear 
after primary TKA is the type of tibial plate. 
Modularity may have some advantages like 
insert exchange in case of wear [ 20 ] or infection. 
During the surgical procedure it may also be 
easier to test the fl exion and extension gaps, 
However, there are more important conse-
quences. Backside wear is a very well known 
cause of wear in TKA, and different UHMWPE 
protrusions have been reported with different 
brands and capture mechanisms of the TKA tib-
ial tray [ 21 ]. The number of clinical reports sup-
porting the use of all polyehylene tibial plates is 
rising (Fig.  17.2 ). The risk of revision is lower 
for monoblock tibial constructs, particularly in 

younger patients [ 6 ]. Other authors do not report 
better results with metal-backed components 
[ 22 ,  23 ] and the lower cost of the monoblock 
component is also an important issue when 
choosing these implants. 

 Mobile-bearing TKAs are supposed to 
improve wear performance and subsequently 
decease the rates of aseptic loosening in the long- 
term; however, this is another topic of contro-
versy. Recently, Van der Voort et al. have reported 
that revision rates are similar for both fi xed- and 
mobile-bearing inserts; thus, the clinical results 
did not improve with mobile-bearing TKAs [ 24 ]. 
Increased implant conformity and less transmis-
sion of forces to bone interface have not been 
confi rmed clinically. Radiological and radioste-
reommetric studies have shown similar radiolu-
cency and osteolysis rates. Table  17.1  shows 
some randomized controlled trials for compara-
tive studies between monoblock all-polyethylene 
tibial implants and metal backed components, 
and rotating platform and fi xed-bearing tibial 
components. Finally, Kalisvaart et al. have 
reported similar results at 5 years for clinical out-
come and durability in all three options for a 
single posterior-stabilized distal femoral implant 
in a randomized study involving 240 TKAs; to 
date the only revision for aseptic loosening was 
the metal-backed group [ 28 ].

       New Polyethylenes and Designs 

 Highly cross linked polyethylenes are widely 
used due to their lower rates of wear in total hip 
arthroplasty at 10 years [ 29 ]; however, their use 
is not as frequent in primary TKA. Type of ster-
ilisation has been studied as a possible factor for 
loss of medial compartment thickness [ 30 ]. This 
loss was higher with gamma-in-air polyethylene 
than with other types of UHMWPE sterilized 
with gamma radiation in an inert gas or with a 
non-irradiation method. In retrieval analysis, 
Medel et al. has reported lower oxidation and 
oxidation potential for tibial inserts sterilized in 
inert gas compared to those sterilized with 
gamma radiation in air; although wear resistance 
was similar between both types, there was a 
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lower delamination rate in the fi rst decade of 
implantation for UHMWPE tibial inserts [ 31 ]. In 
vitro analyses report lower wear rates for highly 
cross-linked polyethylenes tested after aging 
[ 32 ]. Clinical studies with PS designs have shown 

good mid-term results and a lower incidence of 
radiolucent lines for these new tibial inserts [ 33 ]. 
The introduction of vitamin E to stabilized 
UHMWPE has produced better performance 
after aging and a reduction in wear rates [ 34 ]. 

a b

c

  Fig. 17.2    Radiographs of a 82 year old male patient 
showing a right CR TKA 15 years after primary surgery 
and an all polyethylene tibial component TKA 14 years 

after surgery ( a ) AP weight-bearing view, ( b ) Right lateral 
view, ( c ) Left lateral view       
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 Other options rather than the type of 
UHMWPE have been assessed. Oxidized zirco-
nium is used for the femoral component due to 
the low-friction oxide that is observed after oxy-
gen diffusion, and in vitro studies have confi rmed 
higher wear resistance with oxidized zirconium 
compared with cobalt-chromium (Co-Cr) alloys 
[ 35 ]. Clinical results also suggest that it is a safe 
implant, although there is a lack of long-term and 
comparative studies [ 36 ]. Finally, short term clin-
ical studies show no benefi t for these implants or 
highly cross-linked polyethylene when compared 
to traditional Co-Cr femoral components on con-
ventional UHMPEs [ 37 ].   

    Conclusions 

 Variability and the age and physical activity of 
patients who undergo a TKA determine the 
different options available to surgeons nowa-
days. Long-term results show no benefi t for 
any particular design and emphasize the 
importance of wear and osteolyis rather than 
other short- or mid-term failures; excellent 
long term results suggest that all polyethylene 
monoblock tibial components may be ade-
quate despite the possibility of non-modular 
trays. The sterilization method for UHMWPE 
is one of the most important factors in choos-
ing a particular TKA. Although new highly 
cross-linked polyethylenes are safe in primary 
TKA, there is a lack of studies to confi rm the 
superior in vitro results in patients.     
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      Long Term Outcome of Total Knee 
Arthroplasty. Condylar 
Constrained Prostheses 

           Konstantinos     A.     Bargiotas     

           Introduction 

 Constraint is a limitation of motion in a joint, 
which restricts one or more degrees of freedom 
in motion either due to an axis mechanism or to 
a conformity between two articulating surfaces 
[ 1 ]. In total knee arthroplasty (TKA) constraint 
is defi ned as the effect of the elements of the 
implant design which provides the stability 
needed when static and dynamic knee stabilisers 
are effi cient [ 2 ]. The target for a pain free and 
well- functioning TKA is the achievement of a 
stable joint based on both adequate balance and 
function of the ‘extrinsic’ stability provided by 
the soft tissue envelope and the ‘intrinsic’ stabil-
ity or constraint provided by the implant design. 
The balancing of these two elements and the 
avoidance of so-called kinematic confl ict are the 
most challenging issues for surgical technique in 
TKA. With contemporary cruciate retaining or 
posterior stabilized TKAs restoration of normal 
knee kinematics depends on restoration of nor-
mal knee geometry and soft tissue balancing and 
thus requires as little implant constraint as pos-
sible [ 3 ]. When these principles cannot be met 
and the knee remains intra operatively unstable 

or, during balancing, soft tissue structures fail, a 
more constrained implant should be used in 
order to prevent instability, pain and ultimately 
failure. Although controversy still exists con-
cerning relative indications and the degree of 
constraint which is introduced in TKA, the use 
of the least constraint possible is generally 
advised [ 4 ,  5 ]. Constrained implants are com-
monly used in complex revision cases but they 
can also be utilized in diffi cult primary TKAs.  

    Constrained Knee Designs 

 Historically, the fi rst implants allowed movement 
in a single axis, i.e. fl exion-extension, as they 
were designed as hinges and therefore are 
referred to as fi rst generation hinge implants. 
Such implants were relatively easy to use because 
the inherent stability of the hinge allowed for 
resection of all ligaments. Knee alignment was 
determined by the stems and there was no need 
for any restoration of basic knee biomechanics 
such as the curvature of the femoral condyles and 
the axis of original knee rotation. However, soon 
it became apparent that such designs produced 
unsatisfactory results, with unacceptable compli-
cation rates and very low long term survival rates 
[ 6 ,  7 ]. Later, a second degree of freedom in 
motion was introduced into hinged prostheses. 
The St. George knee was released in 1979, 
with rotation around a vertical axis being its 
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 characteristic design feature. Such implants are 
generally referred to as second generation or 
rotating hinge knees and their modern counter-
parts are in use today in cases where maximum 
degree of constraint is required. 

 During the same period the principle of knee 
joint resurfacing was introduced, aiming at resto-
ration of normal knee kinematics based on recon-
struction of normal knee shape and dimensions 
and balanced ligament function. The fi rst exam-
ple of this generation of implants is the total con-
dylar TKA. Limited fl exion, excessive femoral 
rollback and wear were the main problems of this 
type of implant [ 8 ,  9 ]. Initially the degree of con-
formity of the articulating surfaces was the only 
factor affecting stability. When the radii of curva-
ture of both condyles are equal, pure rotation 
with no translation is expected between the femur 
and the polyethylene liner, provided that liga-
ment balancing and joint line restoration is per-
fect. Later the degree of articulating surfaces 
conformity was reduced. The use of fl at tibial 
components allows multiaxial, multiplanar 
mobility based entirely on the stability of the soft 
tissue envelope. Excessive femoral rollback, 
wear and aseptic loosening were also serious 
problems in these implant designs. In order to 
achieve an optimal balance between mobility and 
stability in both cruciate retaining and posterior 
stabilized implants a variety of implants have 
been manufactured. Several degrees of confor-
mity between the femoral and tibial articulating 
surfaces and between medial and lateral knee 
compartments were utilized in order to provide 
adequate fl exion and stability and to eliminate 
polyethylene wear. These implants are usually 
referred to as unconstrained knees. 

 Another way to increase constraint and to 
guide motion within certain limits is the addition 
of a polyethylene post articulating in a femoral 
intercondylar box, with a varying degree of con-
formity. These intercondylar stabilizing designs 
are sometimes referred to as guided motion 
TKAs and the degree of constraint escalates 
depending on the geometry and conformity of the 
post and cam mechanism. In semi-constrained 
posterior stabilized prostheses the polyethylene 
post is used to prevent posterior translation thus 

allowing varus/valgus displacement and rotation. 
From the original total condylar III TKA evolved 
the condylar contained (CCK) or varus valgus 
contained (VVC) TKAs which offer prevention 
of translation and stabilization in the sagittal 
plane. Via the introduction of a highly conform-
ing polyethylene post, CCK designs provide pro-
tection against varus/valgus instability and 
limited or no rotation. Implants with minimal 
rotation of 2–5° are available from some manu-
facturers but, in general, unlike posterior stabi-
lized or semi-constrained knees, CCKs are 
stabilized in two axes. In fully conforming post/
cam mechanisms such as CCK, the wear rate of 
the polyethylene post has been reported to be 
high and with fi rst generation liners fractures 
have also been reported [ 10 ] (Fig.  18.1 ). Improved 
methods of polyethylene liner molding and aug-
mentation of the post by a screw or a metallic 
spike seem to have decreased the incidence of 
such fractures. Apart from type of design, surgi-
cal technique also plays a signifi cant role. Gross 
rotational malposition and failure to reconstruct 
knee geometry increase rotational forces and 
wear of the post.  

 In a non- or semi-constrained design, forces 
generated in the knee joint during walking are 
counter balanced and absorbed by the soft tissue 
envelope in a way that resembles normal knee 
function. As the degree of constraint increases 
the amount of force absorbed by the implant 
rather than the soft tissues is increased and trans-
mitted to the bone implant interface in the form 
of shear forces. Early loosening of constrained, 
fi rst generation hinge implants was thus attrib-
uted to increased shear forces being transferred 
to the interface. Although condylar constrained 
devices of fi rst and second generation are based 
on a totally different design philosophy, fears that 
increased shear forces will cause early loosening 
made the use of long stems mandatory. In recent 
years, concerns have been raised about the need 
for such stems. Their contribution to long term 
stability of the implant has been challenged and a 
number of drawbacks have been highlighted, 
such as the diffi culty of removing these stems 
(especially cemented ones), the risk of  diaphyseal 
fractures and increased cost. It seems reasonable, 

K.A. Bargiotas



171

based on some latter reports, that CCK implants 
can be used either with very short stems or even 
without in cases with good bone quality. 
Controversy also exists concerning the use of 
cement for fi xation of the stems. While femoral 
and tibial prostheses are cemented in almost all 
CCK TKAs, most contemporary knee systems 
offer a choice between cemented and uncemented 
stems. Traditional long cemented stems have 
proved extremely diffi cult to revise, especially in 
cases of infection where complete removal of the 

cement is mandatory. Proponents of uncemented 
stems believe that these stems are easier to 
remove, although more technically demanding 
on implantation, and the likelihood of aseptic 
loosening appears to be lower [ 11 ].  

    Indications 

 When, in both primary and revision arthroplasty, 
ligaments are functional and varus-valgus align-
ment is adequate, a contemporary unconstrained 
or semi-constrained condylar prosthesis should be 
used. Whether a fl exion – extension gap technique 
or a tensioning device is used, the algorithm of 
ligament releases which should be employed in 
order to create a well balanced knee in fl exion and 
extension have been thoroughly described in the 
literature [ 3 ]. Limitations and failures of these 
techniques have also been reported and in such 
cases “intrinsic” implant constraint is necessary. In 
early revisions, 21–27 % of failures are due to 
instability [ 12 ,  13 ]. As mentioned above, it is gen-
erally accepted that as little as possible constraint 
should be used in any TKA. Constraint should in 
fact be proportional to the degree of ligament 
instability, escalating from a conventional cruciate 
retaining TKA when the posterior cruciate liga-
ment and collaterals are intact to a rotating hinge 
device in cases of complete absence of ligaments. 
The decisive factor which dictates implant choice 
is not bone loss but the degree of ligamentous sta-
bility. There is no consensus regarding the amount 
of instability which indicates the use of CCK 
TKA. It has been suggested that 7–10 mm of per-
sistent instability of the lateral and medial liga-
mentous complex should be used as an indication 
for conversion to a CCK [ 14 ]. In a recent study 
which included only primary TKAs, laxity greater 
than 5 mm was used as an indication for conver-
sion from a posterior stabilized to a CCK implant 
[ 15 ] (Fig.  18.2 ). CCK implants are generally rec-
ommended when either medial or lateral collateral 
ligaments are absent or insuffi cient in order to bal-
ance both fl exion and extension gaps [ 2 ,  16 – 18 ]. 
The posterior cruciate ligament, if present, should 
be sacrifi ced. CCK implants are not suitable for 
cases of excessive instability such as in the absence 

  Fig. 18.1    Condylar Constrained Implant. A tall tibial 
post articulates in the intercondylar femoral box. 1.2° of 
valgus/varus and 2–3° of rotation are allowed in this par-
ticular implant. Most implants are fully constrained in 
both axes (Courtesy of BIOMET)       
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of both collateral ligaments. In such cases, despite 
a tall post, dislocation may occur in deep fl exion 
[ 19 ] and the use of rotating hinge devices is indi-
cated. In primary cases, excessive varus or valgus 
deformity is considered to be an indication for a 
CCK prosthesis. Although the degree of deformity 
may not be clearly confi rmed, deformities that 
exceed 25–30° usually need extensive soft tissue 
release and such procedures may end up in collat-
eral ligament failure, signifi cant alteration of the 
joint line and fl exion-extension gap mismatch. In 
such cases the utilization of a CCK is considered 
an intra-operative decision and since soft tissue 
release tends to fail, especially in severely 
deformed valgus knees, CCK TKAs should be 
available on site. Moreover, in valgus knees with 
more than 17–20° of deformity, the peroneal nerve 
might be injured when extensive lateral release is 
utilized [ 8 ]. It appears that the use of a CCK has 
more predictable results compared to extensive 
soft tissue balancing in terms of pain, function and 
complication rates [ 20 ]. Controversy also exists 
concerning the use of a rotation hinge rather than a 
CCK. As mentioned above, McAuley et al. [ 21 ] 
highlighted the risk of CCK dislocation when the 

soft tissue envelope presents gross instability 
rather than insuffi cient fl exion and extension gap 
balance in both varus and valgus knees. In such 
conditions a rotating hinge or even a hinge implant 
should be considered, given that numerous dislo-
cations have been reported even in rotating hinge 
TKAs [ 21 ]. Barrack [ 17 ,  18 ] has summarized 
three requirements for the use of a CCK TKA 
instead of a hinged implant; fl exion-extension gap 
mismatch should be less than 10 mm, joint line 
restoration should be within 10 mm and the antero-
posterior femoral diameter should be restorable. In 
cases where the collaterals are completely missing 
and/or Barrack’s criteria cannot be met, a more 
constrained device such as a hinged or a rotating 
hinge prosthesis should be utilized in order to pre-
vent dislocation and gross instability [ 2 ,  4 ] 
(Table  18.1 ). Although controversy exists over the 
use of CCK in excessive varus knees, in our expe-
rience CCK provides more predictable results in 
severely deformed knees (>30° of varus with 
extensive wear of the medial tibial condyle, large 
osteophytes and attenuation of the lateral collat-
eral ligament) than a cruciate retaining or a 
 posterior stabilized TKA. Especially in older, 

  Fig. 18.2    Bilateral CCK 
implants in primary TKA 
at 10 years follow up 
with pristine radiologic 
appearance. Short cemented 
stems were used       
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often overweight, patients the CCK prosthesis 
reduces the risk of instability and postoperative 
pain and provides stability which enhances early 
rehabilitation [ 22 ]. 

   Patients with secondary arthritis due to severe 
intra-articular or extra-articular trauma, unusual 
coronal, and sagittal and rotational deformities 
present with unique patterns of bone defects and 

ligamentous instabilities which can lead to unpre-
dictable intraoperative technical problems. In such 
knees the use of CCK or even a hinge TKA might 
be necessary (Fig.  18.3 ). Bone defects should not 
be considered an indication for constrained 
TKA. Provided that reconstruction of the femoral 
or tibial condyles with grafts and/or  augments is 
feasible, the joint line is not severely displaced and 

   Table 18.1    Knee balance and degree of constraint   

 Constrain  PCL  MCL  LCL  Flexion/extension gap  Joint line 
 Femoral 
diameter 

 CR  ✔  ✔  ✔  Equalized  Normal  Normal 

 PS  −  ✔  ✔  Equalized  Normal  Normal 

 CCK  −  +/−  +/−  <10 mm  <10 mm  Normal or 
restored 

 Rotating Hinge  −  −  −  >10 mm  >10 mm  Not restored 

   CR  cruciate retaining,  PS  posterior sacrifi ce,  PCL  posterior cruciate ligament,  MCL & LCL  medial & lateral collateral 

ligament (According to Lachiewicz et al. [ 26 ] and Barracks criteria [ 17 ,  18 ])  

a b

  Fig. 18.3    ( a ) AP radiograph of a CCK prosthesis 
implanted on a severely deformed femur. Post traumatic 
cases impose unique problems and unpredictable modes 
of instability. Rotational stability of the femoral stem rely 

on the large intercondylar box and sclerotic condyle bone. 
( b ) Lateral radiograph: A longer stem was impossible to 
be inserted in the femoral side        
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collateral ligaments are stable both in fl exion and 
extension, a stemmed posterior stabilized or even a 
cruciate retaining implant should be considered. 
As a general rule, a CCK TKA should be used in 
cases where residual instability in the coronal and/
or sagittal plane is evident with trial components 
and when staged releases have failed to balance 
the knee. The choice of the degree of constraint is 
merely an intra-operative decision based on indi-
vidualized parameters. The surgeon should be 
ready to adjust constraint in order to achieve sta-
bility with adequate range of motion. In cases 
where, despite releases, there is residual fl exion or 
extension contracture one should move on to sac-
rifi cing contracted soft tissue elements even if they 
should be replaced by intrinsic implant constraint. 
It is the author’s belief that from cruciate retaining 
to rotating hinge TKAs, all options should be con-
sidered especially in revision surgery and diffi cult 
primary knees with signifi cant axis deviation and 
bone defects.   

    Surgical Considerations 

 In CCK motion is guided by the post/cam mecha-
nism. The same mechanism practically restricts 
valgus or varus deviation of the anatomical axis of 
the knee to an angle built-in by the manufacturer. 
Additionally, if long uncemented stems are to be 
used the positioning of the femoral and tibial 
components are determined by the stems both in 
the coronal and sagittal planes. Regardless of the 
anatomy of the femoral and tibial condyles and 
possible bone loss, the implants have to be in per-
fect alignment with the anatomical axis of both 
the tibia and femur since the stems fi ll and match 
the intramedullary canal and fi rmly engage the 
cortices. As a consequence, depending on varia-
tions of femoral curvature (in the sagittal plane), 
there is a risk of either notching of the anterior 
femoral cortex or, more commonly, of anterior 
placement of the femoral component. While the 
former is of little signifi cance since the distal 
locking stem protects from fractures, the latter 
when excessive can increase loads on the patella 
and decrease fl exion. In this case undersizing of 
the femoral component or the use of a thinner 

tibia insert or both might help to increase motion. 
On the tibial side the tibial tray might protrude 
medially or even laterally predisposing to residual 
pain (Fig.  18.4 ). Also, undersizing is not always 
possible or it may not solve the problem. Gross 
rotation of the tray is not recommended since 
mal-rotation may create very high loads on the 
post and the interface thus causing patella insta-
bility. Several manufactures offer off-set stems 
and/or adaptors that allow for two dimensional 
displacement of the tray or femoral stem in rela-
tion to the intramedullary stem. The need for 
detailed pre-operative planning is well docu-
mented in the literature and is obviously of para-
mount importance when dealing with complex 
cases and distorted anatomy. It is important that a 
full range of implants be available to the surgeon.  

 Finally, a surgeon must keep in mind that the 
amount of bone that needs to be excised between 
the condyles is often considerably more than the 
amount that is taken out with a PS prosthesis. The 
“box” is thus deeper and its “walls”, i.e. the femo-
ral condyles, thinner. If it is not cut in perfect 
alignment with the stem, it will then force the 
femoral insert during impaction against the con-
dyle and fracture it, compromising stability. 
Extreme care should be taken during insertion of 
both trial and fi nal components. When the box 
appears to be tight additional cuts should be made.  

    The Stem Debate 

 Experience with fi rst generation Hinged prosthe-
ses, which suffered from early failure due to loos-
ening, raised fears about the long term outcome 
of CCK knees. The use of long cemented stems is 
considered to be mandatory in all CCK prosthe-
ses regardless of bone quality and stock. However, 
data on the biomechanical effect of a stemmed 
component on bone implant interface are sparse. 
One group reported the biomechanical testing of 
CCK devices implanted with diaphyseal stems. 
They report a 20–60 % reduction of strain on the 
cancellous bone interface depending on bone 
quality. The authors concluded that in the use of 
CCK in cases with bone defi ciencies or poor 
quality, stems should be used in order to reduce 
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interface strain and to protect longevity [ 23 ,  24 ]. 
Today though, there is a growing body of clinical 
data suggesting that stems do not alter the clinical 
outcome of CCK prostheses in primary and revi-
sions cases when there is adequate bone stock of 
relatively good quality. Sotereanos et al. [ 15 ] 
reported satisfactory results at 7 years of CCKs 
implanted in primary knees with small 30 mm 
cemented extensions which do not engage the 
diaphysis. In two other CCK studies, in which no 
stems were used, results were comparable to 
those of unconstrained implants [ 25 ,  26 ]. Most 
contemporary knee systems today offer cement-
less stems inserted into the diaphysis in a press-fi t 
manner. These stems offer improved stability and 
are easier to remove if necessary. Today, how-
ever, their use is not mandatory in every CCK. 
An individualized approach should be followed 

based on bone stock and quality. In cases with 
poor metaphyseal bone, intra-operative fractures 
or large un-contained defects of the tibia, distal 
bearing stems should be used. On the femoral 
side, the large intercondylar box provides addi-
tional rotational stability when the condyles are 
dense and intact. In such an environment a long 
stem might not be necessary. In cases where con-
dylar bone is missing the stem tends to be unsta-
ble in all three planes. A long diaphyseal press fi t 
stem should then be utilized.  

    Outcome Data 

 There are a growing number of studies which 
report favorable results with the use of CCK 
knees. Despite initial fears, it seems that the use of 

a b

  Fig. 18.4    AP ( a ) and Lateral ( b ) of a primary TKA in a 
valgus knee. Long fl uted stem was used in tibia due to 
poor metaphyseal bone quality. ( a ) The tibial tray is hang-
ing slightly lateral on AP. Long diaphyseal stabilized 

stems determine the fi nal position of the tray. ( b ) They 
allow rotation but do not allow medio-lateral transposition 
but do not allow medio-lateral transposition       
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CCK TKAs has gradually become popular in both 
revision and diffi cult primary cases. Unfortunately, 
however, the majority of these reports are not 
without limitations. Very few are implant specifi c 
or studies designed to investigate a specifi c, 
implant related issue. Most are retrospective 
cohorts of CCK TKAs, and study populations are 
mixed. Primary and revision cases have been 
included in the same group and the results are not 
stratifi ed accordingly. Furthermore, most studies 
include two generations of CCK or a variety of 
implants [ 27 ,  28 ]. Follow up is relatively short, 
since most of them do not exceed 10 years, and 
the number of patients is usually small. There is a 
need for improved studies especially related to 
controversial issues such as the need for stems 
and above all the indications for the use of such 
implants. These issues are still evolving and the 
limits are not clear at the moment. 

 Kim and Kim [ 29 ] have reported a 96 % sur-
vival rate of the components at 7.2 years in 114 
revision cases. In another report of 57 revisions 
treated with either posterior stabilized or con-
strained type implants a 94 % survival rate at 
40 months and 74 % at 99 months follow up was 
reported and almost all failures were attributed to 
extensor mechanism failure or residual instability 
of PS implants [ 30 ]. Haddad et al. [ 31 ] retrospec-
tively analyzed causes and outcomes of 349 revi-
sion cases treated with PS, CCK or rotating hinge 
implants. Although follow up was relatively short 
(ranging from 12 to 60 months) the study failed 
to demonstrate signifi cant differences between 
implant type with an overall survivorship of 90 % 
and a trend for less ROM for Rotating Hinge 
devices. Comparable results in mixed cohorts of 
primary and revision CCK cases with survivor-
ship ranging from 92 to 96 % and no implant 
related complications compared to revision 
cohorts have been reported [ 27 ,  32 ]. 

 In the largest cohort of CCK implants in pri-
mary TKAs, 192 knees were followed up to 
10 years and no implant related failures were 
reported with radiolucent lines being also insig-
nifi cant [ 33 ]. In a series of 55 CCK implants 
without diaphyseal stem extensions, no compo-
nent loosening at six 6 years follow up was 
reported [ 26 ]. In a series of 44 primary CCK 

TKAs, in elderly patients with valgus knees, no 
prosthetic failures were reported over a longer 
period of time. Superior functional results and 
fewer complications such as peroneal nerve palsy 
and residual pain, in severe valgus knees (>17°), 
have been reported with the use of CCK implants 
when compared to extensive lateral releases [ 20 , 
 26 ]. In a recent study, excellent results have also 
been reported with primary CCK implants when 
the main indication was residual instability of 
5 mm or more with trial components. Other 
authors have reported a 97 % survival rate at 
7 years in a relatively young cohort of patients, 
with functional results and radiolucencies being 
comparable to those of PS TKAs [ 15 ].  

    Conclusions 

 Based on the existing body of literature and 
with all its limitations in mind, it looks possi-
ble today that previous fears expressed over 
implant stability have not materialized. All 
clinical reports, to our knowledge, agree that 
implant failure rates for CCK do not differ 
when compared to PS or CR implants. Aseptic 
loosening and radiolucencies have not proved 
disastrous as predicted, and it seems that CCK 
has a role both in primary and revision surgery 
in cases where stability and normal kinemat-
ics are in doubt. As indications are still evolv-
ing and the degree of constraint needed needs 
to be determined intra-operatively, a full range 
of implant constraints should be available at 
any time. Above all, surgeons must be aware 
of the limitations of the implant they routinely 
use and ready to convert to a more suitable one 
when necessary.     
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      Long Term Outcome 
of Total Knee Arthroplasty 
Rotating Hinge Designs 

           Demetrios     Kafi das      and     Theofi los     Karachalios     

           Introduction 

 At the dawn of knee arthroplasty (TKA), in the 
early 1950s of last century, prostheses were 
exclusively simple hinges, moving only on the 
sagittal plane and lacking any rotation. Pioneer 
prostheses were the Walldius (1951) and the 
Stanmore (1952) knees. Later, the Shiers (1954), 
Young (1963), St. Georg (1970) and Guepar 
prostheses (1970) were used [ 1 – 3 ]. All of these 
were fi rst generation hinges (Figs.  19.1 ,  19.2 , 
 19.3 , and  19.4 ). Some hinges followed the low 
friction principle, like the Blauth prosthesis 
(Fig.  19.4 ) and other adopted low friction too but 
reminding more of a CCK design, like the 
Sheehan knee (Fig.  19.5 ) [ 1 ,  4 ]. Initially, failure 
rates were high and were attributed to excessive 
torsional and shearing forces acting on the bone 
cement interface. Aseptic loosening frequently 
occurred and structural failure of the compo-
nents was occasionally appeared [ 2 ,  3 ,  5 – 11 ]. 
Wear particles, originating from the articulating 

 metallic surfaces, were often contributed to oste-
olysis process and subsequent loosening [ 6 ,  9 ]. 
In addition, infection and periprosthetic frac-
tures were frequently seen, and when such an 
arthroplasty failed, revision or arthrodesis 
became very demanding procedures due to 
extensive bone resection during index surgery 
[ 8 – 10 ,  12 ,  13 ].      

 In early 1970s condylar TKA designs became 
increasingly popular due to their effi cacy [ 14 , 
 15 ]. Since then fi rst generation of hinged prosthe-
ses became less attractive. In the late 1970s, the 
second generation hinged prostheses, the so 
called rotating hinge (RH) prostheses, were 
developed in order to facilitate reconstruction of 
certain more complex cases (diffi cult to address 
with condylar designs). Rotating hinges permit-
ted motion both in the sagittal and the transverse 
plane (rotation), aiming at decreasing adverse 
high stresses on bone cement interface. Normal 
knee motion was better reproduced, since the so 
called home screw mechanism was feasible. 
Compared to fi rst generation hinges, decreased 
loosening rates and improved gait pattern were 
achieved [ 2 ,  9 ,  16 – 18 ]. 

 Condylar designs still remain the gold stan-
dard for a wide variety of cases, especially in pri-
mary TKA. However, certain indications are 
better met using constrained prostheses, and 
there is an ongoing controversy for the use of 
RHs or constrained condylar prostheses [ 19 ]. 
Defi ned indications and the choice of the 

        D.   Kafi das ,  MD    
  Orthopaedic Department ,  University of Thessalia , 
  Larissa ,  Hellenic Republic     

    T.   Karachalios ,  MD, DSc      (*) 
  Orthopaedic Department, Faculty of Medicine , 
 School of Health Sciences, University of Thessalia, 
University General Hospital of Larissa , 
  Mezourlo region ,  41110   Larissa ,  Hellenic Republic   
 e-mail: kar@med.uth.gr  

  19

mailto:kar@med.uth.gr


180

  Fig. 19.1    The Stanmore 
prosthesis (lateral view 
in fl exion and extension) – a 
simple metallic hinge       

  Fig. 19.2    The French 
GUEPAR prosthesis (lateral 
view in extension and 
fl exion)       
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 appropriate type of RH TKA determines their 
outcome (in combination with other factors such 
as surgical technique, surgeon and patient related 
factors).  

    Types of Rotating Hinge Designs 

 Various designs of RH’s have been used so far. 
Their main difference is the design of the articu-
lating mechanism. A widely used RH is the Endo-
Modell (Waldemar Link GmbH, Hamburg, 
Germany). Having been used from the mid 1980s, 
numerous clinical studies showed satisfactory 

results (Fig.  19.6 ) [ 20 – 24 ]. The hinge consists of 
a T-shaped mechanism which articulates with the 
femoral condyles, allowing fl exion and extension. 
The early design allowed distraction between the 
femoral bush and the tibial stud, but subsequently, 
in order to avoid dislocations, an antiluxation 
mechanism was routinely used. The distal part of 
the hinge ends as a femoral bush, of which the 
interior cavity is covered by a polyethylene layer. 
Inside this hollow bush or cylinder a metallic 
tibial stud is articulating, rising from the tibial 
component and allowing rotation (Fig.  19.6a ). 
Rotation, although depending on degree of fl ex-
ion, does not exceed 20–30°, since at this point 
the femoral condyles approach and decelerate 
against the intercondylar eminence of the tibial 
tray under the tension provided by the soft tissue 
envelope, which consists of the remaining cap-
sule, ligaments, muscles and tendons. This 
implant was initially designed for primary arthro-
plasty preserving the patellofemoral joint 
(Fig.  19.6c ), while subsequently it was also avail-
able with a patellar fl ange and button (Fig.  19.6a, 
b ) in order to facilitate revision arthroplasty and 
to address patellofemoral osteoarthritis, with or 
without patellar resurfacing. According to the 
manufacturer, bone resections are minimal, espe-
cially with the initial design which had no femo-
ral fl ange, resembling resections of condylar 
prostheses (Fig.  19.6c ). Thus, despite its long 
cemented stems, revision is considerably 
facilitated.  

 Compared to the Endo-Model implant, two 
other RH’s, the Modular Segmental Kinematic 
Rotating Hinge (Howmedica, Rutherford, NJ) 
and the Noiles Prosthesis (Joint Medical Products, 
Stamford, CT) (Fig.  19.7 ) present a different 
design, since their axis is rotating inside the poly-
ethylene tibial tray. Thus, rotation does not take 
place in the joint level but in a more wider and 
distal area, inside the tibial component. The 
Kinematic Rotating Hinge was designed exclu-
sively for complex knee replacement, as after 
tumor resection or in complex knee revision with 
massive bone loss or ligamentous instability not 
amenable for a CCK arthroplasty [ 25 ,  26 ]. Initial 
designs had an all polyethylene tibial component 
while more recent designs have a metal-backed 

  Fig. 19.3    St. Georg prosthesis (Waldemar Link GmbH, 
Hamburg, Germany). Anterior view. Classic hinge, pre-
cursor of the Endo-Modell prosthesis       
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  Fig. 19.4    Blauth Prosthesis 
(Aesculap, Tuttlingen, 
Germany), simple hinge with 
low friction design (femoral 
condyles on polyethylene)       

  Fig. 19.5    Constrained condylar type design, the Sheehan 
prosthesis (1971). Anterior view, lateral view in slight 
fl exion and demounted in lateral view. Low friction 

 principle had been applied. Loosening, especially of the 
tibial component, was a constant concern       
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tibial component. Only minor differences, com-
pared to the Kinematic Hinge, were present in the 
Noiles prosthesis although the latter demanded 
more extensive bone resections, especially in the 
tibia due to its larger tibial component (Fig.  19.7 ). 
Another hinge design, evolving out of the Noiles 
prosthesis and also exclusively used for revision, 
has been introduced in the S-ROM Modular Knee 
(Johnson & Johnson Orthopaedics, Raynham, 
MA) (Fig.  19.8 ). The hinge mechanism con-
sists of a femoral peg fi xed inside the tibial 

polyethylene stem which rotates inside the 
metallic tibial component. Rotation takes place 
beneath the polyethylene tray, reminding 
somewhat of a rotating platform knee. Since 
designed for revision purposes, it is equipped 
with adequately long femoral and tibial stems. 
Available for complex knee arthroplasty, and 
especially salvage surgery, is also the Finn knee 
rotating hinge, being the centerpiece of the 
OSS prosthesis (orthopaedic salvage system). 
This is a highly modular implant, providing a 

  Fig. 19.6    The Endo-Modell prosthesis (Waldemar Link 
GmbH, Hamburg, Germany). The prosthesis disengaged 
( a ), mounted in an oblique perspective ( b ) and almost 

from the front showing sparing bone resections ( c ). The 
former ( c ) is the initial design, preserving the patellofem-
oral articulation       
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variety of components in order to address com-
plex cases (Biomet, Warsaw, IN) (Fig.  19.9 ).    

 More recently (late 1990s), the Solution RT 
rotating hinge was introduced for primary and 
revision surgery (PLUS Endoprothetik AG, 
Switzerland, and since the year 2007 Smith & 
Nephew, Memphis, TN) in an attempt to repro-
duce normal kinematics, in terms of both home 
screw mechanism and femoral roll back 
(Fig.  19.10 ). If needed, femoral and tibial 
 components are provided with modular stems, 
fi xed with PMMA. The femoral rotation cone is 
articulated with the polyethylene liner inside a 

Kinematic Noiles

  Fig. 19.7    Kinematic 
rotating and noiles hinge – 
classic rotating hinge designs 
with a femoral yoke 
mechanism and rotating 
tibial stem inside the tibial 
polyethylene       

  Fig. 19.8    S-ROM modular knee, consisting of a femoral 
hinge which is fi xed inside the tibial tray which provides 
rotation within the tibial component, in a rotating plat-
form manner       

  Fig. 19.9    The Finn rotating knee incorporated in one of 
the combinations of the OSS salvage systems. All these 
three prostheses are designated only for complex cases of 
knee arthroplasty       
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centrally placed bore permitting fl exion, exten-
sion and rotation. Bone cuts are as sparing as 
with condylar prostheses except of the cuts for 
the femoral box. Although no specifi c patellar 
component is available, it is recommended, if 
needed, to use the patellar component of the 
respective condylar prosthesis. Recently, the 
same manufacturer (Smith & Nephew, Memphis, 

TN) introduced a similar RH implant, called 
Legion HK, aiming at the reproduction of normal 
knee kinematics (Fig.  19.11a ). The same princi-
ples are present in the Zimmer NexGen Rotating 
Hinge prosthesis (Zimmer, Warsaw, IN). It seems 
that Solution RT, Legion HK and NexGen 
Rotating Hinge are rotating hinges of similar 
design and kinematics.    

  Fig. 19.10    The solution 
RT mounted and in 
components       

  Fig. 19.11    ( a ) Legion HK, modern rotating hinge prosthesis in fl exion and slight rotation, ( b ) The rotating hinge 
mechanism of the Zimmer NexGen rotating hinge       
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    Indications 

 There are various types of RH’s with different 
design and properties. When defi ning their indica-
tions one should interpret the literature based on 
 different issues such as fi rst generation implants, 
rotating or not rotating designs and on the fact that 
they are designated purely for revision or complex 
knee surgery. Skepticism regarding RH’s is justi-
fi ed, since major complications are more diffi cult to 
be successfully managed during revision, compared 
to condylar implants, usually due to severe bone 
loss. In primary TKA, the indications for RH based 
on the degree of bone deformity and ligamentous 
instability is not clearly defi ned. Similarly, it is dif-
fi cult to defi ne indications for either constrained 
condylar (CCK) or RH implants when revision or 
complex knee surgery has to be performed. Several 
authors [ 2 ,  9 ,  27 – 29 ] use RH arthroplasties in revi-
sion and complex knee surgery only and propose 
strict indications such as (a) anteroposterior insta-
bility, especially if there is a very large fl exion gap 
compared to the extension gap, (b) complete 
absence of the medial collateral ligament, (c) lateral 
rotational instability due to complete absence of any 
lateral stabilizing structures and (d) complete 
absence of any functional extensor mechanism 
resulting in a swing-through gait [ 27 ]. 

 In North America, hinged implants were almost 
completely abandoned until the appearance of the 
RH’s. In Central Europe, instead, hinged implants 
and especially RH’s were extensively used, result-
ing in a respectable experience, even in primary 
RH arthroplasty. The indications for example for 
the primary Endo-Model TKA, as published by its 
developers, included gross deformity and instabil-
ity, since deformity correction and balancing are 
easily achieved, while with condylar implants 
similar results can be achieved only by applying 
strict indications and performance of meticulous 
and precise surgical techniques [ 1 ]. Another indi-
cation for primary RH TKA is rheumatoid arthri-
tis, since it can lead to progressive 
capsuloligamentous defi ciency [ 1 ]. Condylar 
TKAs, in rheumatoid knees may develop late 
(after the 5th postoperative year) recurrence of 
malalignement without component loosening.  

    Clinical Outcome of RH’s 

 When evaluating RH’s, it is necessary to separate 
primary arthroplasty from complex knee surgery, 
either revision or salvage surgery. Moreover, RH 
implants proved more satisfactory than fi rst gen-
eration hinged implants since complications, 
especially infection and loosening, were signifi -
cantly reduced and walking pattern was improved 
[ 2 ,  9 ,  16 – 18 ,  30 ]. Therefore it seems inappropri-
ate to restrict the use of RH TKA based on the 
memory of the poor results of fi xed hinged 
implants. On the other hand, fi xed hinge designs 
have been improved in the recent years. For 
example, Blauth TKA (Aesculap, Tuttlingen, 
Germany), a fi xed hinge following the low fric-
tion principle, showed a 98 % survival rate at 
10 years and 94 % at 20 years, though in low 
demand and senile patients [ 31 ]. Such high sur-
vival rates were also recorded in another study 
with the same implant. However, function seemed 
compromised, since average fl exion was 95° only 
and half of the patients were able to stand up 
from a seated position with the support of their 
arms only, indicating limited knee fl exion [ 32 ]. 

 A literature search for RHs effi cacy and clini-
cal outcomes in cases with revision and complex 
knee surgery, no high quality studies (RCTs) 
were found. Most of them are relatively small 
cohort studies, retrospective and with a short fol-
low- up. Therefore, no evidence based conclu-
sions can be drawn. 

 The Noiles prosthesis, one of the early types 
of RH’s (Fig.  19.8a ), was evaluated in a small 
series of 18 complex TKAs. A 56 % failure rate 
was reported in terms of a HSS-score less than 60 
points at 5 years follow up [ 2 ]. Major complica-
tions included femoral component subsidence, 
5.1 mm on average, more pronounced in rheu-
matic patients (10 mm on average). Although 
such results seem disappointing, these cases were 
demanding salvage procedures. The Kinematic 
Rotating Hinge (Fig.  19.8a ) was evaluated in a 
series of 38 knees (15 primaries and 23 revisions) 
available for follow up, out of 50 complex TKAs, 
with strict patients’ selection criteria [ 9 ]. Clinical 
outcome in terms of pain, function and ROM was 
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found improved at an average of 50 months fol-
low up. A high complication rate was recorded 
including patellofemoral problems in 13 knees 
(34 %), deep infection in 8 knees (21 %), mechan-
ical failure of the components in 8 knees (21 %) 
and loosening in 3 (7.9 %). Such high complica-
tion rates in mid term are not acceptable, but one 
has to keep in mind the severity of the cases. The 
authors stated that RH’s should be reserved only 
for knees with complete absence of medial or lat-
eral capsuloligamentous structures. 

 In contrast, satisfactory clinical outcomes 
have been reported with other RH’s designs 
implanted as primary TKA with appropriate indi-
cations. Such an example is the Endo-Modell RH 
implant. In an initial retrospective report of 1,837 
primary RHs (1,639 knees were available for fol-
low up), a low aseptic loosening rate of 0.8 % and 
an infection rate of 1.9 % was documented at an 
average follow-up of 6.5 years [ 20 ]. In 1.8 % of 
the cases postoperative patellectomy or hemipat-
ellectomy, due to severe patellofemoral pain, was 
performed, while mild patellofemoral pain was 
recorded in 12.6 % of them. Material failure, dis-
locations and instability occurred in 2 % of cases. 
Fifty-four per cent of the patients were pain free 
and 40 % reported mild pain only. Overall rate of 
patient satisfaction was 95 %, with 83 % of the 
patients reporting to be very satisfi ed and 12 % 
satisfi ed. Survival rate, with revision for any rea-
son as the end point, was 94 % at 8 years follow 
up. In a similar retrospective, 7–8 years follow up 
study, of 230 primary TKAs using this implant, 
mainly for severe valgus or varus deformity, for 
rheumatoid arthritis and posttraumatic arthritis, 
complication rates were low (2.6 % for aseptic 
loosening, 0.4 % for malalignement, 2.6 % for 
infection, 0.4 % for nervous lesions and 1.7 % for 
patellofemoral complaints addressed by patellec-
tomy) [ 21 ]. Authors showed these complication 
rates were found lower when compared to those 
recorded with the use of the fi xed St. Georg hinge 
(with a follow up existing 20 years). It would be 
interesting to focus on the overall postoperative 
patellofemoral pain rate. Engelbrecht, one of the 
developers of this RH implant, suggested that 
when the femoral component is placed in 

 extension, condyles shift anteriorly increasing 
the forces in the patellofemoral joint and thus 
 triggering equivalent symptoms [ 1 ]. Apart of sur-
geon related factors leading to patellofemoral 
symptoms, other implant related issues such as 
the trochlea design remain a matter of concern in 
hinged implants since the articulating mechanism 
restricts the depth of the trochlea. Infection rate is 
also high when compared to condylar implants 
mainly due to the bulky structure of the implant 
and the complexity of the surgery [ 31 ,  33 ]. In 
another study with 100 Endo-Modell primary 
TKAs, a 94 % survival rate at a mean follow up 
of 11 years was recorded leading to the conclu-
sion that results were favorably comparable to 
condylar implants [ 24 ]. Early infection rate was 
2 %, while patellofemoral maltracking was 
observed in 6 % of the procedures. Neither pro-
gressive radiolucent lines and migration, nor 
polyethylene wear were found. However, in 
another long term study with 98 primary RH 
TKAs the cumulative survival rate was 79.8 % at 
10 years and 75.8 % at 15 years [ 34 ]. The authors 
suggested the use of RH arthroplasty in instabil-
ity and revision cases only. 

 Satisfactory outcomes were reported when the 
Endo-Model RH implant was used in a series of 
113 knees revised for loosening (47 %), peripros-
thetic fracture (24 %), infection (17 %) and insta-
bility or dislocation at a mean follow up of 
2.1 years [ 22 ]. Despite diffi culties encountered in 
such revision procedures, HSS scores were rated 
as good (51 %) or excellent (16 %) and seldom as 
fair (23 %) or poor (10 %). Satisfactory implanta-
tion and proper knee alignment was achieved in 
all cases due to the use of femoral and tibial 
stems. Deep infection occurred in 2 knees (2 %) 
which were originally revised for infection. 
Femoral aseptic loosening, secondary to allograft 
failure, was found in 6 (5 %) knees. Closed joint 
manipulation was performed in 5 (4 %) knees, 
while 2 femorotibial dislocations (2 %), 1 patel-
lofemoral subluxation (1 %), 2 patellar fractures 
(2 %) and 2 screw disengagements were encoun-
tered. In a study with 53 revision arthroplasties 
using the same implant, improvement of clinical 
scores was seen at an average of 12.9 years  follow 
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up [ 35 ]. While early complications were easily 
addressed, late complications were signifi cant. 
They mainly included mechanical failure of the 
hinge in 9 arthroplasties (17 %), with 6 cases 
needing re-revision while the other 3 were left 
unrevised due to the fact that they were asymp-
tomatic and stable. Despite these complications, 
the authors concluded that rotating hinges are 
indicated in cases of revision TKA and when 
instability is present, since their results are not 
inferior to other less constrained revision 
implants. 

 The Solution RT RH TKA (Fig.  19.10 ) 
assigned both for primary and revision arthro-
plasty, mainly implanted in Europe, showed satis-
factory outcomes and postoperative improvement 
of all clinical scores [ 36 ]. The clinical perfor-
mance of the Kinematic Rotating Hinge (KRH) 
TKA (Fig.  19.7 ), used in complex surgery, was 
studied in a cohort of 58 patients who were avail-
able for fi nal follow up at a mean of 6.3 years 
postoperatively [ 5 ]. Six knees underwent revision 
procedure for infection, while the majority due to 
bone loss, ligamentous defi ciency, periprosthetic 
fractures and combinations of all of these. Clinical 
scores improved considerably in Category A 
patients (unilateral or bilateral TKAs with the 
other knee successfully replaced) and in Category 
C patients (multiple arthritic joint involvement 
medical infi rmities), while in patients with a 
symptomatic contralateral knee (Category B) 
improvement was recorded but not in a statisti-
cally signifi cant level. Range of movement was 
also improved signifi cantly. Patients were satis-
fi ed in 68 % of cases, while no improvement or 
even worsening was reported in 6 % and 10 % of 
patients, respectively. A high complication rate 
was recorded, reaching the level of 49 %, while 
quite frequently (17 %) complications were two 
or even more. Reoperation was necessary in 19 
(27 %) knees, while 9 (13 %) knees were revised 
due to aseptic loosening. Deep infection rate was 
high (10 knees- 14.5 %). Patellofemoral compli-
cations (13 %) and mechanical failure (10 %) 
were also quite frequent, the latter appearing as 
fractures of the tibial plastic sleeve of the original 
prosthetic design in four cases (Fig.  19.7 ), frac-
tures of four tibial stems, a fracture of one femoral 

condyle and one case of fracture of the bushing 
and the axle. The authors concluded that these 
results were acceptable, since they were implant-
ing the KRH in very challenging knee revisions 
and in their opinion the implantation of rotating 
hinges should be reserved for complex salvage 
knee surgery only. Compared to the initial short 
term study presented by Rand et al. [ 9 ], patello-
femoral complications, implant loosening and 
fractures were found less frequently, due to the 
fact that surgical techniques had evolved, paying 
 particular attention to the rotational placement of 
the components or to the intraoperative evaluation 
of patellar tracking, and to the KRH tibial compo-
nent change of design from all polyethylene to 
metal backed. 

 In a retrospective short term study of revision 
TKA surgery, the S-ROM RH TKA clinical out-
come was evaluated in 15 patients and compared 
to that of 87 patients who underwent revision 
using standard condylar revision implants at an 
average of 4.25 years of follow up [ 6 ]. Knees in 
the rotating hinge group presented more severe 
derangement and pathology and no revision for 
infection had been included in this study. Despite 
the fact that S-ROM implant was used in more 
complex cases, comparable clinical scores and 
ROM to those of the condylar group were 
observed and appropriate knee alignment was 
achieved in all cases of hinged revisions. 

 Walker and Mantkelow [ 19 ] compared revi-
sion TKA surgery using RHs in 14 knees and 
varus valgus constrained implants (VVC) in 12 
knees. In the same study mechanical simulation 
of three VVC and two RH designs was also eval-
uated. It was found that hinged implants were 
more stable during simulation since the VVC’s 
gradually developed at least 6° of varus defor-
mity whereas the hinges showed no signifi cant 
change [ 19 ]. This tendency could lead to progres-
sive deformation of the plastic post, as it was 
found in one case in which the post was even 
metallically reinforced [ 37 ], or even to breakage 
of the post as in a case of a Total Condylar III 
prosthesis [ 38 ]. Signs of instability were also 
recorded clinically in the group of VVC’s, affect-
ing knee scores, both in the anteroposterior and 
the coronal plane [ 19 ]. Scores for ROM, pain and 
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radiolucent lines were similar in both groups. 
RH’s showed better function scores, though with-
out statistical signifi cance. Further, as it was eval-
uated by a questionnaire, correlation between 
operated and non-operated knee was stronger in 
the RH group, indicating a better clinical perfor-
mance when compared to the VVC group. The 
authors proposed to reconsider the use of RH’s 
due to the stability provided, to reproducible 
knee alignment, to the rotational element of 
motion and to a more reliable function.  

    Clinical Considerations 

 Total knee arthroplasty, primary or revision, 
should be mainly a soft tissue procedure regard-
less which type of implant is chosen. It seems 
that even rotating hinges, despite their intrinsic 
stability, are depending quite a lot on the soft tis-
sue envelope which should be preserved as much 
as possible. In a cohort of 200 RH primary TKAs, 
no mechanical failures, as material breakage or 
dislocations, were initially encountered, while in 
the following years, due to more generous liga-
mentous detachments, mechanical complications 
increased up to the level of 1.7 % [ 20 ]. Based on 
this observation, surgeons became again more 
cautious, avoiding excessive ligamentous release 
and the rate fell again to 0.4 % and fi nally the 
authors suggested the preservation of any possi-
ble remaining capsule, ligaments and muscles 
[ 20 ]. Too generous soft tissue and collateral liga-
ment releases can result in respective elongation 
of the collaterals, leading to knee recurvatum 
[ 39 ] along with coronal instability. In such a set-
ting, apart of mechanical failure inappropriate 
stress transmission is also expected increasing 
the chances for component loosening, peripros-
thetic fractures and polyethylene wear. 

 Investigating the etiology of the relatively fre-
quent patellofemoral complications after RH 
arthroplasty, apart from factors already men-
tioned such as incorrect sagittal placement of the 
femoral component, the relatively shallow troch-
lear groove due to the underlying hinge mecha-
nism, other important factors emerge. Knees, 
requiring RH implants, often present with 

severely malfunctioning patellofemoral joint, 
since deformity affects both alignment and rota-
tion predisposing to a more diffi cult reconstruc-
tion of anterior knee mechanics [ 41 ]. It is evident 
that previous surgery also affects the integrity of 
the patellofemoral articulation imposing addi-
tional diffi culties. This correlation between 
severity of cases and patellar pain is evident when 
comparing results after primary and revision RH 
arthroplasty. So it is extremely important to apply 
all principles of current implantation techniques, 
like component orientation (in coronal, sagittal 
plane and rotation), soft tissue balancing, fl exion 
and extension gap balancing, joint line preserva-
tion, intraoperative control and correction of patel-
lar tracking, e.g. by lateral release or tibial tubercle 
transfer [ 42 ]. It is noted that in third generation 
RH’s special attention has been paid in order to 
provide an adequately deep trochlear groove [ 40 , 
 42 ]. In cohort studies of salvage knee surgery using 
RH’s, infection rates were very high, between 14.5 
and 17 %, due to the severity and complexity of 
these cases [ 5 ,  9 ,  22 ]. Infection is known to be more 
frequent in revision arthroplasty [ 43 ,  44 ], while any 
previous surgical procedure, like osteotomies, 
internal fi xation etc., predisposes to infection [ 45 , 
 46 ]. Another factor present in all RH designs is the 
bulk of the implant, offering greater surfaces and 
favoring microorganisms in the race for the surface 
[ 31 ,  33 ]. Infection rates in primary RH arthroplasty 
were recorded 1.9–2.6 % [ 20 ,  21 ]. 

 Reported rates of periprosthetic fractures 
complicating RH arthroplasty vary. As for infec-
tion, periprosthetic fracture rates depend on 
severity and complexity of cases. Factors related 
are hinged design [ 7 ,  13 ], revision arthroplasty 
[ 47 ,  48 ], corticoid treatment [ 49 – 51 ] and neuro-
logic disease [ 50 ]. 

 In constrained knee implants, considerable 
forces and moments are directly transferred to the 
stems, challenging their fi xation to the bone. In 
comparison to simple hinges loosening rates 
decreased signifi cantly with rotating hinges [ 2 ,  9 , 
 16 – 18 ]. The incidence of loosening for RH’s in pri-
mary arthroplasty has been reported from 0.8 to 
2.6 % in mid term retrospective studies [ 20 ,  21 ], 
while in complex knee arthroplasty it was 7.9–13 % 
[ 5 ,  9 ]. In the latter study revision was either 
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 necessary or scheduled in 2.9 % while the remain-
ing cases were under close radiologic and clinical 
follow up [ 5 ].  

    Conclusions 

 The majority of primary TKAs are satisfacto-
rily undertaken with contemporary condylar 
prostheses. In some cases of gross knee defor-
mity as well as in revision knee arthroplasty 
rotating hinges are of value, due to their intrin-
sic stability and a more reproducible recon-
struction of alignment. It is necessary, 
however, to implant such designs following 
strict indications, since if less constraint is 
required other options, like varus valgus con-
strained prostheses, should be preferred in 
order to provide better conditions in case of 
future revision surgery. Generally, gross knee 
instability with or without severe bone loss is 
an indication for RH TKA. Severe knee defor-
mity could also be more reliably addressed 
with RH’s. It may be preferable to use such 
implants in elderly patients. It is evident that 
results are also surgeon-related, since chal-
lenging cases, primary or revision, demand 
adequate training and experience. 

 Clinical experience, starting from the early 
1980s, has led to sequential improvements of 
these implants such as trochlea design, bone 
sparing osteotomies, off-set stems, wedges 
etc. Improved surgical techniques have also 
contributed to better outcomes. It seems that 
in future, further evidence based improve-
ments of the implants will provide better long 
term outcomes.     
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      Clinical Outcome of Total Knee 
Megaprosthesis Replacement 
for Bone Tumors 

           Vasileios A.     Kontogeorgakos     

           Introduction 

 Amputation used to be the most common treat-
ment for malignant bone tumors. However, tre-
mendous advances in medical therapy and 
surgical reconstruction techniques and materials 
over the last three decades have allowed for limb 
salvage in the majority of patients. 

 The most common malignant bone tumors are 
chondrosarcoma, osteosarcoma and Ewing’s sar-
coma [ 1 ]. Chondrosarcoma is a bone malignancy 
of adulthood, resistant to chemotherapy and 
radiotherapy; thus wide excision with negative 
margins is the suggested treatment option [ 1 ]. 
Osteosarcoma and Ewing’s sarcoma mainly 
develop in children and young adults [ 1 ]. These 
pathologies frequently develop around the knee 
joint, as the distal femur and proximal tibia 
growth plate demonstrate a high growth rate [ 2 , 
 3 ]. Both of these sarcomas are considered chemo- 
sensitive and most of the suggested treatment 
protocols include neoadjuvant chemotherapy fol-
lowed by tumor wide resection and post operative 

chemotherapy based on the degree of tumor 
necrosis induced by chemotherapy [ 1 ]. 

 Marcove was one of the pioneers of limb sal-
vage for tumors around knee in the 1970s [ 4 ]. At 
that time, custom-made prostheses were used. 
After biopsy and tissue diagnosis of malignancy, 
4–6 weeks were required for prosthesis manufac-
ture and Rosen introduced the concept of pre- 
operative chemotherapy in the waiting period [ 5 ]. 

 Currently, for patients at skeletal maturity and 
with a primary malignant bone tumor around the 
knee, limb salvage is indicated when resection to 
negative margins can be achieved and remaining 
soft tissues are adequate for wound closure and 
function. Contamination of the knee synovial 
fl uid with malignant cells, either from intra- 
articular extension of a malignant tumor or an 
intra-articular hematoma caused by a pathologic 
fracture or incorrect intra-articular biopsy, may 
be an indication for amputation. In such cases an 
alternative to above knee amputation is a Van 
Ness rotationplasty or an extra-articular knee 
resection [ 6 – 8 ]. For patients who have not 
reached skeletal maturity, limb salvage and 
reconstruction with an adult type mega- prosthesis 
can be performed when limb length discrepancy 
is anticipated to be less than 3 cm [ 3 ]. As distal 
femur or proximal tibia oncological resection 
sacrifi ces collateral ligaments, a degree of con-
straint is required in total knee mega-prosthesis. 
Initially tumor megaprostheses were cemented, 
custom made, with fi xed hinge mechanisms. The 
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principal mode of failure was the high rate of 
aseptic loosening [ 9 ]. 

 In 1982, the Kotz Modular Femur Tibia 
Reconstruction (KMFTR) System was intro-
duced. The KMFTR prosthesis used uncemented 
stems and a fi xed hinge system. The next step in 
the evolution of knee megaprostheses was the 
rotating hinge mechanisms that compensated for 
ligamentous instability but allowed for knee rota-
tion, resulting in better functional outcome and 
lower loosening rates [ 10 – 12 ]. Several studies 
have documented comparative oncological out-
comes between limb salvage and amputation and 
limb salvage offers better functional outcome 
[ 13 ,  14 ]. Bernthal et al. evaluated 24 patients 
(7 proximal femoral replacements, 9 distal femo-
ral replacements, and 8 proximal tibia replace-
ments) in a gait laboratory at a mean of 13.2 years 
after their reconstruction [ 15 ]. Median O 2  con-
sumption and walking speed among the endopro-
thesis groups was not different from the control 
patients. Patients with proximal tibia replace-
ments had reduced knee extension and fl exion 
strength compared with patients in other recon-
struction groups. All groups had an effi cient gait 
and were active at home and in the community at 
a mean of 13.2 years after surgery. 

 Although endoprosthetic reconstruction for 
bone tumor defects allows for a functional limb, 
an increased number of complications are 
encountered. Unwin et al. in 1993 classifi ed fail-
ure of tumor endoprosthesis as biological (infec-
tion), biomechanical (loosening and fracture) or 
mechanical (prosthesis breakage and servicing 
procedures such as change of bushings) [ 16 ]. A 
multicenter study in 2010 followed 2,174 skele-
tally mature patients who received a large endo-
prosthesis for tumor resection. Five modes of 
failure were identifi ed and classifi ed: soft-tissue 
failures (Type 1), aseptic loosening (Type 2), 
structural failures (Type 3), infection (Type 4), 
and tumor progression (Type 5). The relative 
incidences are signifi cantly different and depen-
dent on anatomic location [ 17 ]. 

 There is debate over the most appropriate 
method for fi xation of the medullary stems: 
cemented vs uncemented. Obviously, cemented 
stems offer the advantage of immediate stability 

of the prostheses which allows for full weight 
bearing after soft tissue healing. Uncemented 
prostheses need protected weight bearing until 
osseointegration is achieved. However, patients 
with malignant bone tumors frequently receive 
prolonged chemotherapy regimens, develop 
quadriceps muscle atrophy after biopsy and pro-
tected weight bearing and may have limited life 
expectancy. On the other hand, fi rst generation 
cemented megaprostheses had a high revision 
rate due to aseptic loosening with bone loss. 
Compress implants are newer designs which use 
a spring-loaded component that exerts continu-
ous high compression forces, inducing bone 
hypertrophy at the bone–prosthesis interface 
[ 18 ,  19 ]. The functional results as well as the 
complications encountered for knee mega-pros-
thesis reconstructions are not the same for distal 
femur and proximal tibia bone resections. 
Indeed, endoprosthetic survival seems to be bet-
ter for tumors of the distal femur compared to 
the distal tibia [ 9 ,  20 ].  

    Distal Femur Endoprostheses 

 Proximal tumors can be resected with an antero-
lateral or more commonly an anteromedial 
approach that facilitates major vessel identifi ca-
tion and protection (Fig.  20.1 ). Malignant bone 
tumor can invade the cortex and extend to soft 
tissue (extra-compartmental tumors T2, on the 
Enneking classifi cation system) [ 21 ]. However, 
popliteal vessels and nerves are infrequently 
involved by the tumor. In such a case, after the 
vessels are dissected out, an envelope of quadri-
ceps musculature covering the soft tissue exten-
sion should be excised with the distal femur. The 
rectus femoris muscle is rarely infi ltrated by 
tumor extension and thus can be spared for reten-
tion of the extension mechanism. Remaining 
musculature can be rearranged to cover the pros-
thesis and enhance rotational stability and 
strength of knee extension [ 22 ]. The length of 
bone resection is an important factor for aseptic 
loosening of the prosthesis as resection of more 
than 40 % of the distal femur has a negative infl u-
ence on prosthetic survival [ 9 ,  23 ].  
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    Cemented Fixation 

 Unwin et al. in 1996, reviewed 1,001 Stanmore 
cemented custom made prostheses with fi xed 
hinge mechanisms, inserted before 1992 as a pri-
mary replacement for bone tumor [ 9 ]. The proba-
bility of avoiding aseptic loosening for 10 years 
was reported as 93.8 % for the proximal femur, 
67.4 % for the distal femur and 58 % for proximal 
tibia replacements. The amputation rate due to 
complications for the entire group was 8.6 %. 
Myers et al. in 2007, reported on 335 patients who 

underwent distal femoral replacement [ 24 ]. A 
total of 192 patients remained alive with a mean 
follow-up of 12 years. All prostheses were custom 
made. One hundred and sixty two patients had a 
fi xed-hinge design and 173 a rotating-hinge of 
which 143 had a hydroxyapatite (HA) collar. Only 
15 prostheses were uncemented. Patellar resurfac-
ing was not routinely performed. Early failure 
was usually due to infection or breakage of the 
prosthesis whereas late failure was more likely to 
be due to aseptic loosening. If aseptic loosening 
was taken as the endpoint, the rotating- hinge 

  Fig. 20.1    A 70 years old 
male presented with 
progressive knee- distal 
femur pain over 3 months. 
( a ) X-ray reveals a 
predominantly lytic lesion 
with intra-lesional calcifi ca-
tions of the distal metaphy-
sis- diaphysis of the femur. 
( b ) MRI axial T2 FS image 
reveals cortex erosion and 
soft tissue extension. Closed 
biopsy was consistent with 
high grade chondrosarcoma. 
( c ) The patient underwent 
wide tumor resection. Distal 
femur specimen. ( d ) 
Cemented rotating hinge 
prosthesis was inserted. ( e ,  f ) 
X-rays 3 months post 
operatively         

a

c

b

d

 

20 Clinical Outcome of Total Knee Megaprosthesis Replacement for Bone Tumors



196

design with an HA collar was least likely to fail. 
The risk of revision for aseptic loosening of a 
fi xed-hinge was 35 % at 10 years compared with 
24 % for a rotating-hinge without an HA collar 
and 0 % for a rotating-hinge with an HA collar. 
Rebushing of the primary endoprosthesis was 
needed in 55 prostheses (45 fi xed-hinge, 10 rotat-
ing-hinge). The overall infection rate was 9.6 %. 
Amputation was performed in 6 % for local recur-
rence and in 4.5 % of patients due to infection. 
Schwartz et al. in 2009, compared 85 modular 
distal femoral implants to 101 custom- casted 
designs [ 12 ]. All prostheses were cemented with a 
rotating hinge mechanism. The modular compo-
nents had a greater 15-year survivorship than the 
custom-designed implants: 93.7 % versus 51.7 %, 
respectively. 9.7 % of the patients ultimately 
required amputation. The authors conclude that 
long-term survivors should expect at least one or 
more revision procedures in their lifetime. Bergin 
et al. in 2012, published the results of 104 distal 
femoral reconstructions [ 25 ]. They focused their 
analysis on the impact of the bone/stem ratio on 
aseptic loosening rate. All patients received a 
cemented modular prosthesis. Survival for 104 
stems from aseptic loosening was 94.6 % at 10 

and 15 years and 86.5 % at 20 years. The bone/
stem ratio independently predicted aseptic failure. 
Patients with stable implants had larger stem sizes 
and lower bone/stem ratios than those with loose 
implants (14.5 mm versus 10.7 mm and 2.02 ver-
sus 2.81, respectively). The largest cause of fail-
ure in this study was infection (11.7 %) while 
5.8 % of the implants were revised because of 
stem fracture.  

    Uncemented Fixation 

 Batta et al. has reported a high rate of aseptic 
loosening for custom-made uncemented, distal 
femoral endoprosthetic replacements [ 26 ]. Nine 
out of 69 implants (13 %) had to be revised due to 
aseptic loosening. All aseptically loose implants 
were diagnosed within the fi rst 5 years. Capanna 
et al. in 1993, reports the results of 95 modular 
uncemented KMFTR tumor prostheses for distal 
femoral resections [ 27 ]. The femoral stem had 
two lateral fl anges at right angles to each other, 
each with three holes to allow the passage of a 
total of six screws through the stem and cortex. 
Clinical results were excellent or good in 75 %. 

e fFig. 20.1 (continued)
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Local recurrence of the tumors developed in fi ve 
patients. The polyethylene bushes failed in 42 % 
of cases at an average of 64 months postopera-
tively, causing varus-valgus instability or lock-
ing, usually painless. The infection rate was 5 % 
for primary cases and was correlated to the extent 
of quadriceps excision. Bone remodeling around 
the femoral stem was evaluated on X-rays using 
the Rizzoli system. According to this system, in 
grade A there is no change, Grade B there is cor-
tical sclerosis, Grade C there is cortical cancella-
tion, Grade D there is distal sclerosis and 
proximal atrophy and in Grade E there is proxi-
mal osteolysis. In their series Grade D remodel-
ing occurred in 47 % of the prostheses fi xed with 
six screws and in only 11 % with three screws. 
Stem breakage occurred in 6 % and was associ-
ated with the use of narrow stems and extensive 
quadriceps excision. Most of the fractures 
occurred though the proximal screw hole. Lan 
et al. used dual-energy X-ray absorptiometry 
(DEXA) to evaluate the extent of periprosthetic 
bone remodelling around the KMFTR prosthesis 
for distal femoral reconstruction [ 28 ]. Bone loss 
around the KMFTR prosthesis was maximal at 
the distal end of the femur and progressively 
decreased towards the proximal end of the stem. 
Ten patients with implants fi xed by screws were 
found to have a mean loss of bone mineral den-
sity (BMD) of 42 % in the most distal part of the 
femur, while the 13 without screw fi xation had a 
mean loss of 11 %. Mittermayer et al. in 2002, 
reported on 251 uncemented reconstructions with 
the KMFTR system or the Howmedica Modular 
Reconstruction System (HMRS) [ 29 ]. Aseptic 
loosening rate at 10 years was 4 % for proximal 
femur, 24 % for distal femur replacements and 
15 % for proximal tibia. The fi rst radiological 
signs of aseptic loosening were always seen at 
the most proximal or distal part of the anchorage 
stem at a mean of 12 months after the fi rst implan-
tation. Griffi n et al. in 2005, examined the risk 
factors associated with prosthetic failure for the 
KMFTR uncemented tumor prosthesis of 74 dis-
tal femoral [ 30 ]. For the distal femoral prosthesis 
the aseptic loosening rate was very low (2.7 %), 
the infection rate was 6.8 %, tumor local recur-
rence was 6.8 %, and the stem fracture rate 5.4 %. 

All stem fractures occurred through components 
with six holes for transverse screw fi xation pro-
duced before 1994. No fractures occurred through 
newer components with only three holes.   

    Proximal Tibia Replacements 

 For proximal tibia resections the common sur-
gical approach is the anterior with proximal 
medial femoral extension, allowing for popli-
teal space exploration, identifi cation of the pop-
liteal neurovascular bundle, the trifurcation of 
the popliteal artery, arterial branches to gas-
trocnemius heads and common peroneal nerve 
(Fig.  20.2 ).  

 The reported results for proximal tibia 
replacement megaprostheses are frequently infe-
rior to the distal femur. Two inherent characteris-
tics of proximal tibia resection surgery are 
considered to be the principal causes for this out-
come: defective attachment of the patellar ten-
don and the lack of available soft tissue. The 
attachment of the patellar tendon should be 
resected at least a few millimeters from the tibial 
tubercle in cases of malignancy, in order to 
achieve a clear oncological margin, thus result-
ing in a shortened tendon stump. In order to 
restore the continuity of the extensor mecha-
nism, augmentation of the stump with synthetic 
or biological material is frequently necessary. 
This is the weak point for this step of reconstruc-
tion as reliable and effective long-term attach-
ment of the tendon to the implanted prosthesis is 
not always successful. We frequently observe a 
gradual proximal migration of the patella on a 
lateral X-ray and a clinical lag of active, but full 
passive knee extension. Colangeli et al. in 2007, 
performed gait analysis of knee megaprostheses 
for proximal tibia tumors [ 31 ]. Functional per-
formance during gait was abnormal in moss 
cases, consistent with weakness of the extensor 
apparatus and knee extension lag. Knee stability 
was supported by the intrinsic prosthesis biome-
chanics. The inadequacy of surrounding soft tis-
sue for tension free coverage of the prosthesis 
(especially the metaphyseal part of the prosthe-
sis) is the other major issue. Frequently, the 
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proximal tibia has to be resected en block with 
the proximal fi bula and an  envelope of soft tissue 
for safe negative tumor margins. An important 
step in the evolution of limb sparing surgery for 
proximal tibia tumors was the concept of a local 
rotational fl ap of gastrocnemius head for pros-
theses coverage and anchorage of the patellar 
tendon [ 32 ,  33 ]. More recently the use of the 
Trevira attachment tube has been introduced to 
enhance joint capsule stability and tendon attach-
ment [ 34 ]. The tube is directly attached to the 
tibial prosthesis with non-absorbable sutures. 
Fibroblasts migrate into the tube’s mesh, so that 
attachment of soft tissue takes place. In Hardes 
et al.’s series most of the patients were able to 
actively extend their knee [ 35 ]. 

    Cemented Fixation 

 Myers et al. in 2007, reported on 194 patients who 
underwent a cemented proximal tibial replace-
ment, with 95 having a fi xed hinge design and 99 
a rotating-hinge with a hydroxyapatite collar [ 10 ]. 
The median age of the patients was 21.5 years. At 
a mean follow-up of 14.7 years, 115 patients 
remained alive. Rebushing of the primary endo-
prosthesis was needed in 36 patients (20 fi xed-
hinge, 16 rotating-hinge). The risk of revision for 
aseptic loosening in the fi xed-hinge knees was 
46 % at 10 years. This was reduced to 3 % in the 
rotating-hinge knee with a hydroxyapatite (HA) 
collar. Amputations were carried out in 17.5 % of 
patients either for local tumor  recurrence or 

  Fig. 20.2    A 12 years old 
female had right vague 
proximal tibia pain for a 
month. ( a)  anterior posterior 
x-ray reveals mixed sclerotic 
and lytic areas at the 
metaphyseal area. ( b ) MRI 
T1 coronal image shows a 
low to iso- intense signal to 
muscle lesion of the 
metaphysis extending to 
proximal tibial epiphysis. 
Biopsy of the lesion 
diagnosed osteosarcoma. The 
patient followed neo-adju-
vant chemotherapy ( c ) 
Intraoperative view. Popliteal 
artery is dissected and the 
branch of the anterior tibial 
artery ( arrow ) is identifi ed 
and ligated. ( d ) The proximal 
14 cm of the tibia with 
proximal fi bula 5 cm was 
resected en block. ( e ) A 
cemented modular hinge 
rotating prosthesis is inserted 
1 cm longer. ( f ) The patellar 
tendon is sutured with heavy 
sutures over the porous 
coated anterior surface of the 
prosthesis. The medial 
gastrocnemius head is 
dissected and ready to rotate 
over the prosthesis and 
tendon attachment. ( g ) 
Lateral x-ray 6 months post 
operatively. The patient had 
10° extension lag         
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 infection. Before gastrocnemius fl aps were used 
the risk of amputation at 10 years following sur-
gery was 28 %. Since the introduction of fl aps, this 
has fallen to 14 %. Schawrtz et al. in 2010, retro-
spectively reviewed 52 cemented proximal tibial 
endoprosthetic reconstructions [ 12 ]. All prosthe-
ses had rotating hinge mechanisms; in 98 % this 
was the Kinematic rotating-hinge mechanism. 
Post-operatively all patients had their knee immo-
bilized for a month. The failure of the rotating-
hinge mechanism necessitating replacement of the 
bushings, axle, tibial bearing, or polyethylene was 
23.1 % at a mean of 8.9 years postoperatively. 
Delayed wound healing or minor postoperative 
wound dehiscence was observed in 13.5 % of 
patients. The incidence of deep infection and local 
recurrence rate was 5.8 % and 5.8 % respectively 
while amputation had to be performed in 9.6 % of 
the patients. The use of an extramedullary porous 
ingrowth surface was associated with a lower inci-
dence of aseptic loosening [ 12 ,  36 ]. The 29 modu-
lar implants demonstrated a trend toward improved 
survival compared to the 23 custom- designed 
components, with a 15-year survivorship of 88 % 
versus 63 %. The fi nal mean postoperative 
Musculoskeletal Tumor Society score at was 82 % 
of normal function [ 12 ].  

    Uncemented Fixation 

 Griffi n et al. in 2005, examined the risk factors 
associated with prosthetic failure for the KMFTR 
uncemented tumor prosthesis in 25 proximal tib-
ial implants [ 30 ]. For the proximal tibia prosthe-
sis the aseptic loosening rate was 0 %, the 
infection rate 20 % and stem fracture rate 8 %. 
Flint et al. in 2006, reported on 44 uncemented 
proximal tibia reconstructions [ 37 ]. Although 
they had no case with aseptic loosening, 24 % of 
the prosthesis failed either due to infection, local 
tumor recurrence, stem fracture, rotational insta-
bility or vascular compromise. In 16 % of the 
patients amputation was carried out. The mean 
knee extension lag was 6° and the MSTS score 
was 75 %. Mavrogenis et al. in 2013, reviewed 
225 patients with proximal tibial tumors treated 
with proximal tibial resection from 1985 to 2010 
[ 38 ]. The prostheses used in this series were 
KMFTR, HMRS and the rotating hinge Global 
Modular Reconstruction System (GMRS). 
Fixation of the prosthesis was cementless in 209 
and cemented in 16 patients. The overall survival 
of patients with sarcomas was 62 % at 10 years, 
while survival of megaprosthetic reconstructions 
was 78 % at 10 years, without any difference 
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between fi xed and rotating hinge megaprosthe-
ses. The overall complication rate was 25 %. The 
most common complications were infection 
(12 %), aseptic loosening (6 %), and extensor 
mechanism rupture (3 %). Infection rate was 
almost double in patients who had been adminis-
tered chemotherapy. The mean extension lag 
from full active extension was 12°. MSTS func-
tion was signifi cantly better in multivariate anal-
ysis for rotating compared to fi xed hinge 
megaprostheses.   

    Infection 

 Infection is a frequent complication of knee 
megaprosthesis reconstruction ranging from 
3.6 % to 37.5 %, and it is a leading cause for 
amputation [ 12 ,  39 – 44 ] (Fig.  20.3 ). Body image 
is signifi cantly worse for patients undergoing late 
amputation after failed limb salvage [ 45 ]. Hardes 
et al. in 2006, reported on 30 patients with an 
infection associated with a tumor endoprosthesis 
[ 46 ]. Limb salvage related to the complication 
infection was achieved in 63.3 %. The mean 
number of revision operations per patient was 
2.6. No patient receiving chemotherapy with a 
poor soft tissue condition had limb salvage sur-
gery. A poor soft tissue condition was a signifi -
cant risk factor for failed limb salvage. Jeys and 
Grimer, in 2009, stated that the risk of infection is 
life-long although infection most frequently 
occurs within 12 months from the last surgical 
procedure [ 43 ]. The most common pathogenic 
organism is coagulase-negative Staphylococcus 
and the most effective treatment for deep infec-
tion is two-stage revision [ 43 ,  47 ]. Previous 
radiotherapy increases the infection rate [ 47 ]. 
Flint et al. in 2007, reported on 11 patients who 
underwent removal of the prosthesis for infection 
[ 48 ]. They concluded that two-stage revision of 
uncemented tumor endoprostheses with retention 
of a well-ingrown stem could be associated with 
successful eradication of infection. Racano et al. 
in 2013, conducted a systematic review of the lit-
erature for clinical studies that reported infection 
rates in adults with primary bony malignancies of 
the lower extremity treated with surgery and 
endoprosthetic reconstruction [ 49 ]. This review 

yielded 48 studies reporting on a total of 4,838 
patients. The overall pooled weighted infection 
rate for lower-extremity LSS with endoprosthetic 
reconstruction was approximately 10 % with the 
most common causative organism reported to be 
Gram-positive bacteria in the majority of cases. 
The pooled weighted infection rate was 13 % 
after short-term postoperative antibiotics and 8 % 
after long-term postoperative antibiotics. Silver 
is well known for its anti-microbial properties. 
Silver coated megaprostheses are currently under 
investigation regarding their effect on incidence 
of deep infection and possible side effects [ 50 , 
 51 ]. An in-vivo study in a rabbit model concludes 
that the silver coated Mutars megaprosthesis 

  Fig. 20.3    X-ray of a distal femur uncemented stem with 
deep infection. Multiple solid periosteal reactions and 
intramedullary radiolucencies around stem       
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resulted in reduced infection rates without toxi-
cological side effects [ 52 ]. Hardes et al. demon-
strated a lower infection rate and less aggressive 
treatment of infection in patients treated with sil-
ver coated megaprostheses compared to titanium 
prostheses [ 53 ]. Shirai et al. in 2014, performed a 
clinical trial of iodine-coated megaprostheses to 
evaluate their safety and antibacterial effect [ 54 ]. 
Abnormalities of thyroid gland function were not 
detected. The authors conclude that the iodine- 
supported titanium megaprostheses were highly 
effective and showed promise in the prevention 
and treatment of infections in large bone defects.  

 Advances in chemotherapy have substan-
tially increased the overall survival of patients 
for most of the primary bone malignant tumors. 
Limb salvage is currently the rule for most 
patients as it is associated with improved func-
tion without compromising oncological out-
come [ 13 ,  14 ]. Massive allograft transplantation 
around the knee used to be an attractive treat-
ment option. However, over the last decade mas-
sive allografts have gone out of favour because 
of prolonged time to union and a high number of 
complications: namely infection, nonunion and 
allograft fracture [ 55 ,  56 ]. 

 Length of bone resection seems to be related 
with prosthesis longevity for both proximal tibia 
and distal femur resections [ 9 ]. The fi rst designs 
of custom made cemented prostheses for tumors 
around the knee were characterized by a high rate 
of aseptic loosening. The original uncemented 
KMFTR prostheses with two fl anges and six 
screw holes had a high rate of fatigue stem frac-
tures because of increased stress shielding and 
stress resorption of bone under the fl anges of the 
prosthesis. Thus the prosthesis has been modifi ed 
from six to three screw holes. The rotating hinge 
mechanism is a signifi cant development as it 
reduces rotational stress around the stem. 
Rotating hinge mechanisms seem to improve 
knee function and reduce aseptic loosening and 
stem breakage rates. However, metal ion cobalt 
(Co) and chromium (Cr) release is signifi cantly 
higher in patients with megaprostheses compared 
to a standard rotating-hinge knee device [ 57 ]. 
Nowadays, the use of a fi xed hinge mechanism 
should be considered in cases with large soft tis-
sue resections and total femur replacements as 

fi xed mechanisms facilitate closed reduction in 
case of dislocation of the hip replacement. The 
use of a hydroxyapatite collar seems to reduce 
osteolysis from polyethylene particles as bone 
formation around the HA collar seals the medul-
lary path for wear debri migration. Currently the 
use of modular replacement systems with rotat-
ing hinge mechanisms, either with cemented or 
uncemented stems, for reconstruction of bone 
and joint defects is not only limited for recon-
struction after tumor surgery but is also extended 
for diffi cult post-traumatic or cases of infection. 
Patients close to skeletal maturity and older can 
be treated with available modular adult type 
endoprostheses. Modular prostheses offer the 
advantage of immediate availability. Additionally, 
the surgeon can adjust the length of bone resec-
tion based on the principles of oncological sur-
gery and intra-operatively construct and implant 
the prosthesis. Although modularity of implanted 
endoprosthesis raises concerns about increased 
aseptic loosening, newer prostheses have shown 
very good survival rates compared to older cus-
tom designs [ 12 ]. Custom made prosthesis manu-
facturing should be reserved for unusual tumor 
location, large bone defects, skeletal immaturity 
and diffi cult revision cases. 

 Infection is still a major problem for mega- 
prosthesis reconstruction. The incidence is much 
higher compared to conventional prosthesis. 
Development of deep infection with poor soft tis-
sue quality frequently results in amputation. The 
use of a gastrocnemius rotation fl ap for coverage 
of the proximal tibia prosthesis seems to reduce 
the infection rate and increase the function of the 
extensor apparatus. Use of silver coated or 
iodine-supported prostheses may also help to 
reduce infection rates.  

    Conclusion 

 The overall complication rate for mega- 
prostheses reconstruction for the distal femur 
and proximal tibia is relatively high but limb 
salvage is feasible in the vast majority of 
patients. The overall oncological and 
 functional outcome with newer prostheses is 
 satisfactory, although long-term survivors will 
probably undergo prosthesis revision in their 
lifetime.     
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           Introduction 

 Resurfacing of the patella remains the most con-
troversial issue in Total Knee Arthroplasty 
(TKA). After more than 20 years of debate, the 
question of whether or not to resurface the patella 
primary TKA remains controversial. Patellar 
complications during primary TKA have emerged 
as a major cause of failure [ 1 ] (Figs.  21.1  and 
 21.2 ). Placement of the patellar component is 
usually more diffi cult than placement of any 
other component in TKA and it is often the fi rst 
component to fail. There are no specialized jigs 
available to help the surgeon perform a precise 
patella cut, even in Computer Assisted 
Orthopaedic Surgery (CAOS). Despite manufac-
turers’ efforts, there is no commercially available 
“perfect” jig [ 2 ].   

 In this review we present the effect of patella 
resurfacing or non-resurfacing on the long term 
outcome of TKA based on a critical evaluation of 
existing of quality studies.  

    History 

 It is important to focus on the history of resurfac-
ing in order to reveal why controversies have 
arisen, and then focus on current knowledge 
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  Fig. 21.1    Painful patellofemoral joint in TKA. Radiological 
appearance at 5 years follow up       

  Fig. 21.2    Radiological appearance of a loose patella 
implant and patella fracture at 6 years follow up       
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related to this issue. It has been demonstrated, 
right from the beginning, that extensor mecha-
nism dysfunction is the most common reason for 
revision after TKA [ 3 ,  4 ]. However, the fi rst gen-
eration of TKAs did not routinely offer patellar 
surfacing. Isolated patellofemoral joint replace-
ment has existed since the 1950s, when McKeever 
reported a series of 40 patients with patellar 
resurfacing using a Vitallium implant screwed 
into the patella [ 5 ]. In the 1970s, Blazina and 
Lubinus introduced femoral groove components 
combined with patella resurfacing [ 6 ,  7 ]. Initial 
results and complication rates were disappoint-
ing, leading to high TKA revision rates [ 8 ]. As 
time passed and fi rst generation TKA survival 
rates improved, patellofemoral problems became 
more apparent [ 9 ]. The development of second 
generation TKA and the publication of satisfac-
tory mid-term results regenerated scientifi c inter-
est in the patellofemoral compartment of 
TKA. When retropatellar resurfacing became 
available, better outcomes in terms of improve-
ment of function and pain relief were obtained. 

 Subsequently the following questions were 
raised: (a) Should the patella always be resur-
faced? (b) What is the role of implant design? (c) 
Are the problems related to technical error during 
implant placement (wrong size, malalignment, 
femoral or tibial component malrotation etc.) 
preventable?  

    Anatomical Issues 

 According to Dennis [ 10 ], the load sustained by 
the patellofemoral joint varies from 0.5 to 1 
times body weight during normal walking, 3–4 
times body weight during stair climbing and 
8 times body weight during knee fl exion. This 
entire load is distributed on a narrow contact 
surface, the patellofemoral joint. When resur-
facing the patella, the contact surface becomes 
even narrower leading to a load increase per 
area unit. Patella resurfacing decreases the con-
tact surface more than non-resurfacing [ 11 ]. 
Singerman [ 12 ] demonstrated that patellofemo-
ral contact forces are similar to normal without 
patella resurfacing in TKA, while Matsuda [ 13 ] 
declared that contact stress changes per area 

unit are affected by femoral component design, 
especially during knee fl exion greater than 60°. 
It is important to note that some femoral compo-
nent designs cause a patella inclination of more 
than 10° during knee fl exion [ 14 ]. Evaluation of 
contact stress in metal backed patella implants 
with a mobile polyethylene insert showed both 
decreased and increased values [ 11 ,  15 ]. A lit-
erature search has shown that the developing 
contact stress per area unit is greater than the 
failure limit of the polyethylene insert [ 11 ]. It 
should be expected that higher wear rates and 
component failure would appear. Clinically, 
however, this did not happen often for several 
reasons (e.g., soft tissue adaptation, pseudome-
niscus formation etc.). Recently, two important 
anatomical issues have appeared: anatomical 
alignment and the morphology of the distal 
 femoral patella groove [ 16 ,  17 ].  

    Issues of Surgical Technique 

 Errors in surgical technique are the most com-
mon reason for patellofemoral joint complica-
tions. Thus surgery aims at correct alignment and 
balance of the extensor mechanism, and a sur-
geon must decide whether to replace the patellar 
or not [ 3 ,  18 ]. The surgical approach should be 
such as to avoid knee tightening and patella 
malalignment. Patellofemoral ligament resection 
is required [ 19 ]. Release of the patellofemoral 
ligament as described by Krackow [ 19 ] helps to 
laterally retract the patella which enhances expo-
sure, thus improving patellar tracking and avoid-
ing excessive soft tissue tightness. Principles of 
effi cient patella resurfacing include (Fig.  21.3 ): 
(a)  restoration of normal patellar thickness , 
which requires correct measurement, avoidance 
of over or under resection of the patella (a 
1–2 mm decrease in patella thickness is perhaps 
allowed) (Fig.  21.4 ) [ 20 ]. (b)  Creation of sym-
metrical patellar facets . Asymmetric inadvertent 
resurfacing occurs in 10–15 % of cases, even in 
the hands of experienced surgeons, which leads 
to increased patella inclination and instability 
[ 21 ]. (c)  Preservation of intact patella vascular-
ization by  protecting the fat pad, the superior lat-
eral artery of the knee during patellar release and 
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intraosseous  vascularization avoiding implants 
with one big central peg which may lead to 
 patellar fracture (using implants with three pegs 
instead), (d)  Patellar tracking restoration  with 
lateral release or tibial tubercle displacement. 
Patellar tracking is better assessed when the tour-
niquet is released, before the soft tissues are 
sutured and by avoiding the stabilizing effect of 
the thumb when examining the knee during full 
range of movement, (e)  Optimal femoral ,  tibial 
and patellar component orientation . Optimal 
femoral component placement is determined by 
3° of external rotation, slight lateral displace-
ment, neutral alignment in the sagittal plane and 
no anterior displacement [ 22 ]. Optimal tibial 
component placement is determined by slight lat-
eral displacement in the frontal plane and rota-
tionally centered in the medial aspect of the tibial 
tubercle. Finally, optimal patellar placement is 
determined by slight medial displacement of an 
implant of correct size and in neutral vertical 
alignment. Partial bursectomy using cautery, fol-
lowed by some degree of denervation, is also 
 recommended and (f)  Avoiding Soft tissue 
impingement . Optimal patella implant design 
should meet the following criteria: (a) It should 

be symmetrical (oval central dome) or  anatomical, 
(b) it should have three pegs instead of one big 
central one due to the risk of fracture and osteo-
necrosis, (c) it should not be metal-backed.   

 When intraoperative evaluation reveals patel-
lar malalignment (Fig.  21.5 ) and instability, mal-
positioning of the TKA implant should be 
excluded. If this is not the case, lateral patellar 
retinacular ligament release should be performed, 
to try to preserve the superior lateral geniculate 
artery and vastus lateralis tendon. If maltracking 
persists, medial imbrication should be performed 
[ 3 ]. Alternatively, tibial tuberosity transfer should 
be considered. It is a safe technique which 
requires the transferal of a large spiky bone frag-
ment facing distally [ 23 ,  24 ].  

 Surgical technique is probably more impor-
tant than certain design features of the femoral 
and tibial components in minimizing the inci-
dence of patellofemoral complications. A persis-
tent problem with surgical technique is the 
variability of component alignment which is seen 
using the currently available alignment guides 
[ 4 ]. Eckhoff et al. [ 17 ] compared four different 
methods of determining tibial component rota-
tion, for instance, and found a range of 20° from 
2° internal rotation to 19° external rotation. 
A similar study has evaluated the alignment and 
rotation of the femoral component. Olcott and 
Scott [ 22 ] evaluated four commonly used meth-
ods of determining component rotation and found 
that fl exion gap asymmetry occurred in 10–30 % 
of patients depending on the anatomical land-
marks used to determine femoral component 
rotation [ 22 ].  

    Component Design 

 Early femoral component designs were not ana-
tomical and were characterized by a shallow fl at 
trochlear groove which resulted in a relatively 
high incidence of patellar subluxation and dislo-
cation. The priority in early cruciate retaining 
components was minimal bone resection which 
resulted in the acceptance of a shallow groove 
[ 4 ]. Contemporary designs are anatomical and 
have incorporated a separate inter condylar bone 
cut in order to allow resection of adequate depth 

  Fig. 21.3    Radiological appearance of satisfactory patella 
resurfacing at 12 years follow up       

  Fig. 21.4    Radiological appearance of a thick patella with 
overstuffi ng of the patellofemoral joint       
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and replication of a normal anatomical trochlear 
groove [ 25 ]. Another design feature is the distal 
extent of the trochlear groove. Earlier designs did 
not provide support for the patellar component 
other than two small areas of point contact 
beyond 90° of fl exion. By extending the metal 
surface of the trochlea farther distally, higher 
contact areas and lower contact stresses can be 
maintained beyond 90° of fl exion [ 4 ]. This fea-
ture has been incorporated into some recent 
designs. There is evidence that this design feature 
is particularly advantageous when the patellar is 
left unresurfaced [ 13 ].  

    Replace or Not. The Decision 
(Figs.  21.6  and  21.7 ) 

     Some authors suggest routine resurfacing of the 
patella due to large numbers of cases with resid-
ual anterior knee pain, increased rates of both 
secondary patellar replacements (revision) and 
other reoperations in TKAs without patellar 

resurfacing [ 26 – 28 ]. Others fi nd no reason to 
support routine patellar resurfacing [ 29 – 31 ]. 
They suggest that patella complications are found 
more often in a resurfaced group than in a group 
without resurfacing [ 29 – 31 ]. A selective decision 
based on factors such as patella thickness, the 
presence of preoperative anterior knee pain, the 
severity of degenerative changes in the patella or 
rheumatoid arthritis and the experience of the 
surgeon has also been suggested [ 32 – 34 ]. 

 The native patella is more physiological and 
anatomical when compared with a resurfaced 
patella. Problems associated with patellar tilt and 
over stuffi ng of the patellofemoral joint are mini-
mized when the native patella is not replaced. The 
most widely used argument against patellar resur-
facing is the higher complication rate reported 
with patellar resurfacing. It is true that fractures, 
dislocations, extensor disruption and osteonecro-
sis have been reported without patellar resurfac-
ing, but their incidence increases signifi cantly and 
new complications appear with the increasing 
practice of patellar resurfacing [ 35 – 37 ]. New 
complications related to patellar resurfacing 
include component wear, dissociation, loosening, 
and patellar clunk syndrome [ 38 ,  39 ]. 

 Arnold et al. [ 40 ] conclude that using a blood 
supply preserving approach and a biomechani-
cally sound TKA without patellar replacement 
achieves excellent long term results. They also 
showed that the patellofemoral joint is an impor-
tant problem after TKA [ 40 ]. Ogon et al. [ 31 ] 
have concluded that patellar complications were 
more often found in the resurfaced group than in 
the group without resurfacing. The results  indicate 
no overall advantage of patella resurfacing 

  Fig. 21.5    Radiological appearance of patella tilt and instability in bilateral TKA ( right  nonresurfaced and  left  
resurfaced)       

  Fig. 21.6    Satisfactory radiological appearance of a 
resurfaced patella in an asymptomatic TKA at 16 years 
follow up       
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 compared with patella retention in the long run 
[ 41 ]. Barrack [ 41 ] has noted that every study to 
date supports the idea that kinematics are more 
abnormal when the patella is resurfaced than 
when it is retained. He also suggests that patello- 
femoral contact areas are higher and contact 
stresses are lower in the native patella compared 
with the resurfaced patella in TKA. Virtually 
every clinical study of bilateral knee arthroplasty 
in which one patella has been resurfaced and the 
other has not showed either equivalent results or a 
preference for the unresurfaced side. Laboratory 
and clinical data indicate that not resurfacing the 
patella is a viable if not a preferable option in 
most TKA patients [ 41 ]. Feller [ 42 ] reports that 
stair climbing ability was signifi cantly better in 
the patellar retention group. Although there were 
no complications related to patellar resurfacing, 
in the mid-term no signifi cant benefi t was found 
from resurfacing the patella during TKA for 
osteoarthritis, unless it was severely deformed 
[ 42 ]. Proponents of patellar resurfacing argue that 
the native patella is more physiological and ana-
tomical in the normal knee, but once the mechan-
ics and surfaces of the joint are altered with 
arthroplasty, these advantages are lost. Patellar 
kinematics have been shown to be more variable 
after arthroplasty when compared with normal 
knees [ 43 ,  44 ]. With time, the prolonged effects of 
cartilage to metal contact become detrimental [ 36 , 
 45 ]. High patellofemoral loads are also thought to 
contribute to cartilage deterioration over time 
[ 46 ]. This has been confi rmed in vivo, based on 
numerous reports documenting signifi cant carti-
lage erosion at the time of secondary resurfacing, 

despite the fact that healthy appearing cartilage 
was found at index TKA [ 47 ,  48 ]. In vitro and 
in vivo evidence of deterioration over time pro-
vides a compelling argument in favor of patellar 
resurfacing. 

 Revision rates due to patella resurfacing have 
been reported as high as 50 %, with an overall 
complication rate ranging from 5 % to 55 % in 
all TKAs [ 49 ,  50 ]. Poor results have been attrib-
uted to inferior prosthetic designs and surgical 
technique. Metal backed patella designs, which 
showed increased wear, loosening, and polyeth-
ylene dissociation, have provided the majority 
of undesirable data related to prosthetic design 
[ 51 ,  52 ]. This issue has improved with the use of 
all polyethylene, three pegged patella compo-
nents [ 53 ]. Asymmetric patellar resection, patel-
lofemoral joint overstuffi ng and excessive 
patella resection have also contributed to high 
 complication rates. Surgical techniques for 
patella  resection which emphasize patellar 
resection reproducing equal facet thickness, 
native patellar height and tracking and respect-
ing vascular supply have produced complication 
rates from 0 % to 4 % [ 42 ,  54 ]. 

 Various quality studies concerning patella 
resurfacing (including randomised controlled tri-
als (RCTs), prospective studies, meta-analyses 
and systematic reviews) have been published but 
no fi nal conclusion has yet been drawn. It has to 
be stressed that early studies were performed 
using non-anatomic and non-patella friendly 
femoral components which is, in our opinion, a 
serious negative confounding factor. Several 
investigators have reported superior results in 

  Fig. 21.7    Satisfactory radiological appearance of a nonresurfaced in an asymptomatic TKA at 14 years follow up       
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patients having patellar resurfacing. Ranawat 
[ 55 ], in a 5–10 year follow up of 100 TKAs with 
patellar resurfacing, reports good to excellent 
results in the majority of patients with only a 2 % 
complication rate. Rand [ 56 ] evaluated 50 TKAs 
and showed an average Hospital for Special 
Surgery score of 92, 100 % good or excellent 
results, and no evidence of fracture, loosening, 
subluxation, or dislocation in mid-terms. Levitsky 
et al. [ 57 ] reports on 79 TKAs without resurfac-
ing and on 13 bilateral TKAs with unilateral 
resurfacing. Of the 13 bilateral TKAs with unilat-
eral resurfacing patient preference was 46 % 
equivocal, 46 % favoring resurfacing, and 7.7 % 
favoring non-resurfacing. Abraham et al. [ 58 ] 
evaluated 100 Variable Axis TKAs with 5–9 years 
follow up. Fifty three knees were non-resurfaced 
and 47 knees were resurfaced. No difference in 
pain or function was detected, but a statistically 
signifi cant difference was observed in resting 
pain in the non-resurfaced knees. Overall, this 
study showed a trend to greater anterior knee 
pain in the non-resurfaced group. Picetti reports 
on 100 Total Condylar TKAs without patella 
resurfacing. An average follow up of 4.5 years 
71 % good or excellent results were recorded. 
Forty percent of patients reported abnormal stair 
climbing and 29 % experienced patellofemoral 
pain. However, there was no control group and 
Total Condylar knee arthroplasty used had radi-
cally different design features than current 
designs. Boyd et al. [ 59 ] has shown that second-
ary resurfacing produced inferior results in their 
study of 891 Duopatellar TKAs at an average fol-
low up of 6.5 years. Four hundred and ninety fi ve 
patellae were not resurfaced and 396 were resur-
faced. There was a 12 % complication rate in the 
non-resurfaced group compared to a 4 % compli-
cation rate in the primary resurfaced group. Ten 
percent of the patients who did not have resurfac-
ing experienced postoperative patellofemoral 
pain compared to less than 1 % of the patients 
who had resurfacing. Most importantly, 10 % of 
patients who had secondary resurfacing for patel-
lofemoral pain continued to have pain after sec-
ondary resurfacing and had a higher rate of skin 
slough, infection, and decreased ROM. However, 
this study included patients with infl ammatory 

arthritis. When the analysis was restricted to 
patients with osteoarthritis, the complication rate 
was comparable between the two groups with 
6 % of knees without resurfacing experiencing 
complications compared to 4 % among patients 
who had resurfacing. Again, this was an older 
design component that does not meet current 
design standards. Superior functional results 
have been reported with patella resurfacing. 
Schroeder-Boersch et al. [ 60 ] compared 20 resur-
faced knees with 20 unresurfaced knees at a min-
imum of 2 years follow up. Better functional 
results were observed in the resurfaced knees, 
leading the authors to conclude that regular resur-
facing is indicated in patients with OA. Twenty 
two patients with advanced patellofemoral dis-
ease who had bilateral TKAs were investigated 
by Enis et al. [ 61 ]. In all patients, the right side 
was treated with patellar resurfacing, whereas the 
left patella was not resurfaced. The resurfaced 
knees had superior isokinetic measurements, less 
patellofemoral pain, and were preferred by 
patients. 

 Results in the infl ammatory arthropathy popu-
lation have been consistently in favor of routine 
patellar resurfacing. Shoji [ 62 ] fi rst reported on a 
population of 35 patients with RA who had bilat-
eral TKAs with one side being resurfaced and the 
other side not. At an average follow up of 
2.7 years, there was no difference in terms of 
pain, function, motion, or muscle power. Later, 
Kajino [ 63 ] evaluated the same group of patients 
6 years after surgery. An increase in pain while 
standing, ascending or descending stairs, and 
patellofemoral tenderness in patients without 
patellar resurfacing was reported. Patients also 
presented radiographic erosive changes on the 
articular surface of the patella in previously unre-
surfaced patellas. Keblish et al. [ 34 ,  64 ] report no 
difference in clinical results between the two 
sides. Enis et al. [ 61 ] studied cases of bilateral 
TKA with and without patellar resurfacing using 
the Townley Knee (DePuy) and found that 
patients had a preference for the resurfaced side. 

 Barrack et al. [ 65 ] report the results of an RCT 
study using the Miller-Galante II total knee 
replacement which found no difference in knee 
score or patient satisfaction; however, 10 % of 
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patients without resurfacing subsequently under-
went resurfacing. Among the patients who had 
bilateral knee replacements with one side resur-
faced and the other side not resurfaced, the knee 
scores were equivalent and patients expressed no 
preference for one side over the other. A mini-
mum 5 year follow-up report of this same group 
of patients continued to show no signifi cant dif-
ference between the groups [ 72 ]. The incidence 
of anterior knee pain increased in both groups, 
but more in the patients who had had resurfacing 
[ 53 ]. Bourne et al. [ 66 ] conducted a similar RCT 
study using the AMK TKA. Fifty patellas were 
resurfaced and 50 were not. At 2 years follow up 
less pain and greater fl exion was recorded in 
patients without resurfacing. There were no dif-
ferences reported in function, stair climbing, or 
extension torque. Four percent of the patients 
without resurfacing, however, required patellar 
resurfacing due to anterior knee pain. Later, 
Burnett and Bourne [ 47 ] report on these same 
100 patients at 8–10 years follow up. At 4 years, 
pain was equal in the two groups and subjective 
pain questionnaires at fi nal follow-up of 
8–10 years showed that patients who had had 
resurfacing had less anterior knee pain with stair 
climbing and walking and overall higher patient 
satisfaction scores. A progression of cartilage 
degeneration during secondary resurfacing for 
pain was also observed. 

 Wood et al. [ 54 ] and Barrack et al. [ 65 ] have 
reported a higher rate of postoperative anterior 
knee pain in patients who did not have patellar 
resurfacing at the time of their index TKA. Wood 
et al. report on 228 Miller-Galante II TKAs with 
an average follow-up of 4 years [ 54 ]. Reoperation 
rates for patellofemoral problems were at the 
same level (12 % in the non-resurfaced and 10 % 
in the resurfaced group). There was a lower inci-
dence of postoperative knee pain and better 
results for stair descent in the patients who had 
had resurfacing. The only statistically signifi cant 
predictor of postoperative knee pain in this study 
was the absence of patellar resurfacing. Barrack 
et al. report on 118 TKAs (58 resurfaced and 60 
not resurfaced). There was a higher incidence of 
postoperative anterior knee pain and reoperation 
rates in the non-resurfaced group at 30 months 

follow up [ 65 ]. Selective resurfacing was evalu-
ated in a RCT of Kinemax TKAs based on intra-
operative patella cartilage and osteophyte criteria 
[ 67 ]. A slight superiority of the resurfaced com-
pared to the non- resurfaced and selective resur-
face groups was reported in terms of the Bristol 
Knee Score at 5–10 years follow up.  

    Current Trends 

 There is a consensus to perform patella resurfac-
ing in cases of primary patellofemoral arthritis in 
older patients when a severely deformed patella 
is present and does not track normally. Patella 
resurfacing should also be performed and in 
cases of infl ammatory arthritis. 

 Patellar resurfacing should be avoided when 
the patella is small and osteopenic. In such cases 
resurfacing places the patella at high risk of patel-
lar fracture or component loosening. Many sur-
geons tend to avoid resurfacing in young, active 
patients who have normal or near normal appear-
ing articular cartilage. Recently, computer- 
assisted decision analysis has been applied to 
resurfacing of the patella in TKA [ 3 ]. This is a 
technique based on probability theory and 
Bayesian logic which uses computer software 
and meta-analysis of the available literature. 
Using this methodology, not resurfacing the 
patella becomes the procedure of choice if the 
probability of postoperative anterior knee pain 
with unresurfaced patellae decreases below 14 %, 
if the probability of having pain with a resurfaced 
patella increases above 8 %, or if patellar implant 
failure decreases below 80 % in a patient in a 
state of otherwise excellent health. Several stud-
ies have reported an incidence of postoperative 
anterior knee pain below 14 % with unresurfaced 
patellae and an incidence of anterior knee pain 
above 8 % with resurfaced patellae [ 59 ,  68 ,  69 ]. 
Surgeons can use these guidelines and, based on 
their experience, should determine whether patel-
lar resurfacing is indicated in their patients. 

 If the patella is not resurfaced, it is important 
to choose a femoral component which is compat-
ible with the native patella. Design features that 
seem to be favorable include a deep congruent 
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trochlear groove that extends distally to maintain 
contact beyond 90° of fl exion. Using such an 
implant, Kulkarni et al. [ 70 ] has reported excel-
lent results with or without patellar resurfacing. 
The incidence of anterior knee pain was 7 % in 
the resurfaced group compared to 10 % in the 
non-resurfaced group. Moreover, only one patient 
in each group had pain severe enough to require 
medication. This indicates that at least with some 
designs, patellar resurfacing may not be neces-
sary. If the patella is not resurfaced, patients 
should be informed that subsequent resurfacing 
may be necessary. If the patella is resurfaced rou-
tinely, it is incumbent on the surgeon to maintain 
a very low complication rate because several 
series without patellar resurfacing have achieved 
success in more than 90 % of patients [ 53 ]. The 
fi nal decision on whether to resurface the patella 
rests with the surgeon, based on his level of train-
ing, experience, and intraoperative judgment of 
the status of patellofemoral articulation. 

 In evaluating the causes of patellofemoral 
problems in TKA a clearer understanding of the 
optimal technique and design of knee arthro-
plasty has emerged. It has become clear that the 
patella is vitally important in the overall success 
or failure of TKA. The occurrence of patellar 
complications, such as maltracking or anterior 
knee pain usually indicate an underlying problem 
in surgical technique, component design, or both. 
This explains why isolated patellar resurfacing is 
associated with a high rate of complications 
and persistent symptoms, why resurfacing a 
 previously nonresurfaced symptomatic patella is 
associated with persistent or recurrent symptoms, 
and why even doing patellectomy after patellar 
fragmentation can fail to relieve symptoms. 
Conversely, normal patellar tracking and absence 
of any peripatellar symptoms is a strong indica-
tion of a successful arthroplasty procedure [ 70 , 
 71 ]. In the process of understanding and mini-
mizing patellofemoral symptoms and complica-
tions after TKA, we have gained a better 
understanding of optimal surgical techniques and 
implant design. 

 Churchill et al. [ 72 ] have suggested that in 
increasing femoral roll back in fl exion, a reduc-
tion of the patellofemoral contact load is 

observed. In their study, posterior cruciate liga-
ment substituting TKA produced the greatest and 
the most reproducible roll back. Moving the tib-
ial post posteriorly further increased roll back, 
and increased roll back correlated with reduced 
patellar load. Quadriceps loads were reduced by 
increasing the roll back but to a smaller degree 
[ 72 ]. Harwin et al. [ 73 ] has stated that satisfac-
tory patella resurfacing can be performed with 
minimal complications if the following technical 
considerations are met: 5–7° of valgus align-
ment; medial placement of the patellar compo-
nent, taking care not to increase either the AP 
diameter of the knee or the thickness of the 
patella; avoiding internal rotation either in the 
tibia or in the femur and correct soft tissue bal-
ance. If anything goes wrong, patellofemoral 
complication is the usual outcome [ 74 ]. Pollo 
et al. [ 74 ] have evaluated kinematic and kinetic 
variables in the knee joint and no signifi cant dif-
ferences were found in the biomechanics of 
walking, stair climbing or chair rising in patients 
with or without a resurfaced patella. In other 
words, they did not fi nd any advantage of patella 
resurfacing. Reuben [ 75 ] has proposed that TKA 
systems should include instrumentation that 
allows precise restoration of overall patellar 
thickness while maintaining a bony patellar 
thickness of at least 15 mm in order to produce 
the best results. They also conclude that patellar 
complications following total knee arthroplasty 
have begun to emerge as a major cause of 
failure. Stiehl et al. [ 76 ] suggest that kinematic 
 abnormalities of the prosthetic patellofemoral 
joint may reduce effective extensor movement 
after TKA. 

 The majority of recent publications favour 
nonresurfacing of the patella in terms of anterior 
knee pain, functional outcome and patient satis-
faction. Newer designs are compatible with the 
native patella and a satisfactory remodelling of 
the native patella can take place in nonresurfaced 
TKAs. It is presumed that the majority of future 
TKAs will be of the patella nonresurfacing type 
provided better implant prosthetic designs are 
available [ 77 ]. 

 Several randomised trials have provided 
inconclusive evidence regarding this problem 
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due to small sample sizes. Systematic reviews 
and meta-analyses have been performed in an 
attempt to clarify the issue. A meta-analysis by 
Parvizi et al. [ 78 ] included 14 RCTs and quasi- 
RCTs and demonstrated that the rate of anterior 
knee pain and patient satisfaction signifi cantly 
favoured patellar resurfacing. They also observe 
no signifi cant difference regarding reoperation 
rates between patella resurfaced and nonresur-
faced groups. Nizard et al. [ 79 ] performed 
another meta-analysis pooled 12 RCTs and 
quasi-RCTs and reports that anterior knee pain 
and reoperation rates were in favour of resurfac-
ing. Forster et al. [ 80 ] published a systematic 
review including three RCTs and reported that 
the overall rate of reoperation for a patellofemo-
ral problem was 0.7 % in the resurfaced group 
and 12 % in the nonresurfaced group. Study data 
on clinical knee scores and anterior knee pain 
could not be analysed together as there was a sig-
nifi cant heterogeneity. A meta-analysis presented 
by Pakos et al. [ 81 ], which included ten RCTs, 
shows that the RR of revision favoured patellar 
resurfacing and the RR of anterior knee pain also 
favoured patellar resurfacing in fi ve trials. The 
standard mean differences calculated for the knee 
scores were not signifi cantly different between 
the compared arms with substantial heterogene-
ity. In a recent systematic review, Li et al. [ 1 ] 
found that the relative risk of reoperation was sig-
nifi cantly lower for the patellar resurfacing group 
than for the nonresurfacing group. The overall 
incidence of postoperative anterior knee pain in 
the 1,421 TKAs included was 12.9 % in the patel-
lar resurfacing group and 24.1 % in the nonresur-
facing group. The existing evidence indicates 
that patellar resurfacing can reduce the risk of 
reoperation with no improvement in postopera-
tive knee function or patient satisfaction over 
TKA without patellar resurfacing. Whether it can 
decrease the incidence of anterior knee pain 
remains uncertain. 

 Systematic reviews and meta-analyses are 
affected not only by the quality of RCTs but also 
by the methodology whereby RCTs are selected 
for inclusion [ 82 ]. Because the included RCTs 
and methods used in each meta- analysis were 
different, the results of the above systematic 

reviews and meta-analyses are inconsistent. We 
have to stress again that an in depth evaluation of 
existing RCTs reveals that the majority used old 
non-anatomic femoral implants with primitive 
femoral grooves. 

 Indelli et al. [ 83 ] has suggested that newer 
femoral designs with softer edges and a deep, 
long femoral groove allow for a correct reproduc-
ibility of the patellofemoral conformity. In their 
study, the incidence of extensor mechanism com-
plications appeared to be more related to poor 
surgical technique than to implant design. No 
revisions were performed in this case series. 
Average knee fl exion at follow-up was 115°. Two 
major patello-femoral complications (6.6 %) 
were registered at fi nal follow up. Radiological 
evaluation (Merchant’s view) of the fi rst painful 
knee showed a medial tilt of the replaced patella 
with a medial bony impingement. This complica-
tion was related to insuffi cient patellar bone 
removal, leaving the patella with an excessive 
cross section. Radiological evaluation of the sec-
ond painful knee showed an asymmetric patellar 
bone cut, whereby the proximal pole of the 
patella had a diameter of 13.2 mm with respect to 
9.8 mm in the distal pole, favouring patellar tilt-
ing and proximal soft tissue entrapment. 

 Obviously, there is a need or further research 
into this issue. In order to observe adverse events 
over the long term, patients’ age should be taken 
into consideration when enrolling eligible par-
ticipants. Further research should describe ran-
domisation methods and the concealment of 
allocation of patients in more detail, at least use 
blinded outcome assessors and report whether 
intention to treat analysis is used. Reporting that 
conforms to the Consolidated Standards of 
Reporting Trials (CONSORT) is necessary [ 84 ]. 
Future trials should also perform cost- 
effectiveness analyses. 

 With the components, instrumentation, and 
techniques currently available, patellofemoral 
complications should no longer be the most com-
mon reason for TKA revision, or even a particu-
larly common reason for reoperation. The patella 
should be resurfaced when the indications are s 
outlined above. For the remaining patients, who 
constitute the majority, this decision must be 
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individualized on the basis of a surgeon’s training 
and experience and an intraoperative assessment 
of the patellofemoral articulation.     
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      Infected Total Knee Arthroplasty. 
Basic Science, Management 
and Outcome 

           Theofi los     Karachalios       and     George     Komnos    

           Introduction 

 Numbers of primary elective total knee arthro-
plasties (TKAs) are steadily increasing and so is 
the number of revisions. The most common com-
plications after primary TKA are pneumonia, 
pulmonary embolism and wound or peripros-
thetic joint infection [ 1 ] (Fig.  22.1 ). Surgical site 
infection (SSI) is one of the most serious compli-
cations of TKA and may be the most common 
cause of early failure and revision [ 2 ,  3 ]. In 
Britain, it is estimated that 25 % of TKA revi-
sions are due to infection [ 4 ]. The rate of peri-
prosthetic infection varies across different 
studies. An average rate of 1 % is reported, 

although there are studies which present higher 
rates in primary (0.5–2 %) and revision surgery 
(2–5 %) [ 3 ]. Lower rates (0.31 %) are also 
reported from specialized centers with ultraclean 
operating theatres [ 5 – 7 ]. Infection after TKA 
leads to an increased risk of patient morbidity 
and mortality and to a higher cost for treatment. 
It is estimated that the annual cost of peripros-
thetic joint infection revisions exceeds $566 mil-
lion in the United States and is growing [ 8 ]. The 
average cost of in hospital care is estimated to be 
double in SSI compared to non SSI patients [ 5 ]. 
The higher cost is related to extended hospital 
stays, frequent readmissions, prolonged use of 
antibiotics and higher postoperative rehabilita-
tion periods.  

 There are well recognized risk factors which 
increase the risk for TKA infection such as rheu-
matoid arthritis, hemophilia, diabetes, obesity, 
hypertension, steroid therapy, poor general health, 
history of previous surgical procedures and wound 
related complications [ 9 ,  10 ]. Risk factors for 
perioperative SSI include male gender, liver dis-
ease, cancer, electrolyte disorders, congestive 
heart failure and pulmonary circulatory disease 
[ 5 ,  11 ]. As far as the pathogen is concerned, 
 periprosthetic infections with MRSA are associ-
ated with higher rates of re-infection [ 12 ]. 
Approximately 72 % of pathogens seem to be 
Gram positive, 7 % Gram negative and 0,6 % fun-
gal, while in around 21 % of the cases no organ-
ism has been identifi ed. 
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 Diagnosis of an infected knee remains a chal-
lenge for orthopaedic surgeons. Swelling, tender-
ness and pain in an operated knee raises the 
suspicion for infection. Diagnosis depends on the 
clinical picture, plain radiographs, bone scans, 
serologic tests, routine blood work (ESR, CRP, 
interleukin-6 and glucose levels), knee aspiration 
and synovial fl uid examination, intraoperative 
cultures and histology [ 3 ,  13 – 18 ]. Molecular 
diagnostic tests are now available for clinical use. 
Classifi cation systems have been developed in 
order to aid the management of decision making. 
These systems were initially based on the time of 
appearance and duration of symptoms and signs 
(stage I – infections occurring within 6 weeks of 
implantation, stage II – infections being delayed 
chronic presentations, stage III – late infections 

occurring in a previously well-functioning joint 
and stage IV – an unexpected positive culture 
result in aseptic revision surgery) but it later 
became apparent that factors such as pathogen, 
patient (comorbidities, immunosuppression, 
medication) and the quality of local tissue are 
also important and determine outcome [ 19 ] 
(Fig.  22.2 ). Extensor mechanism and knee soft 
tissue envelope problems require a low threshold 
for early plastic surgery intervention.  

 Due to the heterogeneous nature of the dis-
ease, surgeons face several management chal-
lenges related to the numerous species of bacteria 
with variable antibiotic sensitivity, to abnormal 
bone and soft tissue environments, patients with 
comorbidities etc. (Fig.  22.3 ). Theoretically opti-
mal treatment management is diffi cult to apply to 
all patients, and high quality comparative clinical 
data is lacking. Moreover, published data focus 
on control of infection (with a variable infection 
free time period), providing limited information 
about functional recovery, mechanical complica-
tions and aseptic loosening. Recently, an attempt 
has been made to draw diagnostic and treatment 
guidelines (consensus agreement) [ 20 ]. There 
is growing evidence that we are now dealing with 
a “different enemy”. Staphylococcus aureus 
(MRSA), enterococcus (VRE), gram negatives 
(pseudomonas) or polymicrobial infections are 
all exhibiting more aggressive biological behav-
ior. In the past a low percentage of pathogens 
were developing biofi lm approximately 3 weeks 
after surgery [ 21 ,  22 ]. Now 80–90 % of the 
pathogens develop biofi lm as early as 1–10 days 
[ 21 ,  22 ]. We therefore believe that the acute 
infection stage, published management strategies 
and literature data including interpretation of old 
series should be reconsidered.   

    Management Strategies 

 Treatment options vary. Prevention remains the 
key for the overall control of infection. Therapy 
depends on many factors such as the chronicity of 
the infection, stability of the components, medical 
status of the patient and is determined by surgeon 
experience and facilities [ 10 ,  17 ] (Fig.  22.3 ). 
Sometimes an infectious disease consultant is 

  Fig. 22.1    Intraoperative view showing an infected TKA 
with biofi lm formation       
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a b

  Fig. 22.2    ( a ) Preoperative appearance of compromised knee soft tissue envelop, ( b ) following wide infected tissue 
debridement extensor mechanism defects are found       
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also involved in the treatment care plan and 
advises about the best antibiotic and home care 
[ 18 ]. There are simple procedures like irrigation, 
implant retention after debridement and polyeth-
ylene exchange, and antibiotic suppression, or 
complex ones like one stage exchange technique, 
two stage exchange technique, arthrodesis, resec-
tion arthroplasty and amputation. The gold stan-
dard for infection control is still the two stage 
revision procedure [ 13 ,  15 ,  16 ,  23 ]. 

 Debridement and retention of the implants is 
not widely accepted. It is the least invasive 
method; however, it requires careful patient 
selection. Debridement with component reten-
tion can be used with varying degrees of success 
(approximately 80 % clinical effi cacy), espe-
cially in the acute postoperative period with only 
one attempt permitted [ 10 ,  24 ]. It is usually used 
in healthy patients with acute onset of symptoms 
and it results in better knee function [ 13 ] 
(Fig.  22.4 ). Arthroscopic debridement and reten-
tion of implants may also be used in acutely 
infected TKAs. This method is not widely used 
and therefore little is known about its role and 
success rate in the management of joint infection. 
Published data show 62.5 % success rate in a 
small sample of 16 acute infections followed up 
for 2 years [ 25 ].  

 The one stage exchange procedure is well 
established for infected THA with long term 
results at the level of 10 years. However, it is not 
widely supported and approved in the literature. 

Nevertheless, it seems that single stage revision 
has its role in the management of TKA infections 
and its use is gaining popularity. It can be used in 
certain patients where the causative pathogen is 
known, no sinuses are present, the patient is not 
immunocompromised and there is no radiologi-
cal evidence of component loosening or osteitis 
[ 4 ]. It has some advantages like less surgical pro-
cedures and therefore lower costs and lower hos-
pitalization. One stage might provide better knee 
function but infection control remains unclear 
[ 26 ]. Goksan and Freeman published their results 
in 1992 with a success rate of 90.9 % at an aver-
age of 10 years [ 27 ]. Similar results were pub-
lished in 2004 by Buechel et al. [ 28 ] who treated 
22 infected knees with one stage exchange revi-
sion arthroplasty. Their results showed an infec-
tion free rate of 90 % with knee scores of 79,5 on 
average at 10 years follow up. In 47 patients 
treated with one stage exchange, 41 (87 %) were 
infection free at 3 years follow-up [ 26 ]. However, 
knee function was not improved when compared 
to that of historical control patients having two 
stage exchange. Parkinson et al. [ 11 ] presented 
“two in one technique” in 2008. It is similar to 
the two stage technique except that the time inter-
val between the two procedures is minutes instead 
of 4–6 weeks, but this technique has an uncon-
fi rmed clinical outcome. There are studies show-
ing that one stage exchange is not associated with 
higher rates of infection recurrence and failure 
(Table  22.1 ). They show survival rates of 87 % on 

a b

  Fig. 22.4    Implant salvage in a TKA with early postoperative infection. ( a ) Wide infected tissue debridement, ( b ) tem-
porary implantation of antibiotic loaded beads       
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average at the level of 3 years follow up. Many 
authors believe that one stage revision produces 
reproducible high quality results and will soon 
achieve the same widespread acceptance in the 
knee as it does in infected hip arthroplasty. 
However, despite the low infection relapse rates 
published, the high failure rate of 27 % reported 
by Von Foerster et al. [ 29 ] in a large series of 118 
infected knees suggest that further research is 
needed.

   Two stage revision remains the gold standard 
for the management of infected TKA [ 3 ,  10 ,  11 , 
 14 ,  24 ,  36 ,  37 ,  39 ]. It is reported to have higher 

infection free rates (Table  22.2 ). The method was 
fi rst presented by Insall et al. in 1983 [ 39 ]. It 
involves prosthesis removal followed by delayed 
reimplantation. There is an interval of 4–6 weeks 
between the two procedures during which the 
patient is given antibiotic therapy. Tissue cultures 
taken during the fi rst surgery can identify the 
infecting pathogen and defi ne antibiotic treat-
ment. When infection persists despite antibiotic 
therapy, the fi rst stage of the procedure is repeated 
[ 40 ,  61 ]. Articulating or static spacers are used. 
Systematic infection, presence of sinus track, 
compromised soft tissues and unknown or 

   Table 22.1    Clinical outcome studies with one stage exchange procedure   

 Study  Strategy 
 Number 
of patients 

 Mean follow 
up 

 Infection free 
survival rate (%) 

 Mean knee 
society function 
score (points) 

 Bauer et al. [ 30 ]  1 stage  30  52 months  67  62.5 

 Buechel et al. [ 28 ]  1 stage  22  10.2 years  90.9 

 Göksan and Freeman [ 27 ]  1 stage  19  4.6 years  89 

 Lu et al. [ 31 ]  1 stage  8  20 months  100 

 Scott et al. [ 32 ]  1 stage  10  70 

 VonFoerster et al. [ 29 ]  1 stage  104  5–15 years  73 

   Table 22.2    Clinical outcome studies with two stage exchange procedure   

 Study  Year published  Number of infection free patients (%)  Mean follow up (months) 

 Insall et al. [ 49 ]  1983  10/11 (91)  34 

 Wilde and Ruth [ 50 ]  1988  9/10 (90)  33 

 Booth and Lotke [ 51 ]  1989  24/25 (96)  25 

 Teeny et al. [ 52 ]  1990  10/10 (100)  42.5 

 Wilson et al. [ 53 ]  1990  16/20 (80)  34 

 Masri et al. [ 54 ]  1994  22/24 (92)  26 

 Goldman et al. [ 42 ]  1996  58/64 (91)  90 

 Hirakawa et al. [ 55 ]  1998  41/55 (75)  62 

 Fehring et al. [ 56 ]  2000  51/55 (93)  36 

 Durbhakula et al. [ 57 ]  2004  22/24 (92)  33 

 Haleem et al. [ 43 ]  2004  87/96 (91)  86 

 Cuckler [ 33 ]  2005  43/44 (98)  62 

 Hoffman et al. [ 58 ]  2005  44/50 (88)  30 

 Bauer et al. [ 30 ]  2006  52/77 (67)  52 

 Hart and Jones [ 59 ]  2006  42/48 (88)  48.5 

 Kurd et al. [ 60 ]  2010  70/96 (73)  34.5 

 Westrich et al. [ 35 ]  2010  66/72 (90.7)  52 

 Sherrell et al. [ 34 ]  2011  55/83 (66)  50 

 Mahmud et al. [ 38 ]  2012  220/236 (93)  48 
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antibiotic- resistant pathogens are also indications 
for the two stage procedure. A relative contrain-
dication is acute infection caused by a known 
pathogen that can be managed with synovectomy 
and antibiotic therapy or the one stage procedure 
[ 41 ]. Disadvantages, compared to one stage pro-
cedure, are impaired mobility, joint stiffness and 
pain, higher cost of treatment and longer hospital 
stay [ 11 ]. Goldman et al. [ 42 ] found an infection 
free rate of 91 % at 10 years in a survey of 64 two 
stage procedures without the use of antibiotic 
loaded cement. A review of 253 two stage revi-
sion procedures in 2012 showed an overall infec-
tion free survival rate of 85 % at 5 years and 78 % 
at 10 years [ 38 ]. Haleem et al. [ 43 ] published a 
77 % survival rate at 10 years for revision for any 
reason as an end point in a series of 96 two stage 
revision TKAs. Bauer et al. [ 30 ] published a mul-
ticenter retrospective study comparing one and 
two stage revisions for infection and found no 
difference between the two techniques in eradi-
cating infection. As far as functional knee out-
come is concerned, the one stage procedure 
showed better outcome. In a study from the 
Netherlands, which included 15 patients with 
mean follow up of 25 months, an attempt was 
made to compare the two stage procedure to 
debridement without implant removal. The infec-
tion free rate of the staged procedure was 100 % 
and only 37 % with the salvage procedure at a 
minimum 5 years follow up [ 44 ]. In another study 
with 20 infected TKAs, who were treated with 
the two stage procedure, no need for revision was 
recorded at an average of 6 years follow up [ 41 ]. 
In a recent systematic review with a large number 
of incidents (204 knees with one stage procedure 
and 1,421 with two stage) the infection free sur-
vival rate was 89.8 % for the two stage and 
81.9 % for the one stage procedure at a mean fol-
low up of 44 months [ 45 ]. Two stage reimplanta-
tion is still effective for treating contemporary 
pathogens, many of which are multi-antibiotic 
resistant (MAR). In a series of 75 infected TKAs, 
the infection free rates were similar to both MAR 
(91.2 %) and non MAR (91.3 %) infections at 
2 years follow up [ 35 ].

   Limited data is available concerning antibiotic 
loaded spacers used in two stage revisions. The 
standard of care includes implantation of an antibi-
otic loaded cement spacer to eradicate any organ-
isms prior to reimplantation of the prosthesis. The 
traditional spacers used are static cement blocks 
inserted into the joint space (Fig.  22.5 ). More 
recent spacers include endoskeleton type, static 
cement spacers and articulating spacers (Fig.  22.6 ). 
Articulating spacers can be constructed intraopera-
tively or from commercial components. Their use 
is becoming increasingly popular. In a review pub-
lished in 2014 which included 962 TKAs treated 
with articulating spacers and 707 TKAs with static 
ones, an infection relapse rate of 9.7 % in the static 
and 7.9 % in the articulating group was found at an 
average 4 years follow up [ 40 ]. However, the reop-
eration rate for additional complications was higher 
in the articulating spacer group. In another study, 
greater range of motion was observed in patients 

  Fig. 22.5    Postoperative radiological AP view of a cus-
tom made antibiotic static spacer       
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with articulating spacers (100° versus 92°) [ 46 ]. In 
a review which presented an average of 89.8 % 
infection free rate in two stage procedures, the rate 
was higher in the articulating spacer subgroup 
compared to the static spacer subgroup (91.2 % 
versus 87 %) [ 45 ]. In an another small series of 15 
patients, who were treated with the two stage pro-
cedure using intraoperatively molded articulating 
spacers, all cases resulted in infection control for at 
least 2 years [ 47 ]. Although current data shows an 
advantage of articulating spacers over the static in 
terms of function and range of motion [ 37 ,  40 ,  48 ] 
further research is needed especially related to the 
newer endoskeleton type spacers.   

 Limited data is available related to the role of 
arthrodesis in the infected TKA. It is indicated 
for infected TKA with defi cient extensor mecha-
nisms and in cases with high resistant organisms 
[ 23 ]. Arthrodesis may be an option in patients 
with recurrent infection or with a history of mul-
tiple revision failures (Fig.  22.7 ).  

 Amputation is indicated in immunocompro-
mised patients only, or in patients with system-
atic sepsis or with persistent local infection 
combined with massive bone loss and continuous 
pain [ 23 ]. It is believed that amputees with the 
use of an external prosthesis will present better 
joint function. 

 The risk of deep infection after revision 
TKA is greater than that of primary TKA. The 
rate of infection after revision TKA varies 
between 1 % and 10 %. Although more studies 
evaluate the incidence of infection after revi-
sion for aseptic loosening, in a review study 
which included 476 knees, infection relapse 
occurred in 44 of them (9 %). The infection rate 
was higher in patients undergoing revision for 
infection than in patients with aseptic loosening 
(21–23 % of 91 and 5–21 % of 385) [ 62 ]. Thus 
infection of primary TKA is the most important 
risk factor for subsequent infection of TKA 
revisions.     

a b

  Fig. 22.6    ( a ) Intraoperative view of an commercially available articulating spacer, ( b ) radiological lateral view of the 
same spacer       
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      Short and Mid Term Outcome 
of Total Knee Arthroplasty. 
The Effect of Rehabilitation 

           Kyriakos     Avramidis      and     Theofi los     Karachalios     

           Introduction 

 Total knee arthroplasty (TKA) is the most com-
mon procedure performed for end stage osteoar-
thritis (OA) in older individuals. Current data 
from 21 European countries reveal that the annual 
incidence of TKA is 109 procedures per 100,000 
persons, which is more than twice that reported in 
1998 [ 1 ]. TKA reliably reduces pain and improves 
function in patients with knee OA and 90 % of 
patients report reduced pain, improved functional 
ability and greater health related quality of life 
after surgery [ 2 ]. Moreover, 85 % of patients who 
undergo TKA report being satisfi ed with the out-
come [ 2 ]. Despite the well documented success of 
this procedure, patients continue to demonstrate 
physical impairment and functional limitations 
following TKA compared with individuals with-
out knee disease [ 3 ]. One month after TKA quad-
riceps strength drops to 60 % of preoperative 

levels, even when  traditional postoperative 
 rehabilitation is initiated within 48 h after surgery 
[ 4 ,  5 ]. This quadriceps weakness persists years 
after surgery, based on comparisons with age-
matched controls [ 6 ]. Similarly, functional perfor-
mance is reported to worsen by 20–25 % 1 month 
after TKA [ 7 ] and reduced function persists with 
reports of 18 % slower walking speed and 51 % 
slower stair- climbing speed compared to age-
matched controls at 12 months after TKA [ 3 ]. 
Despite these documented impairments and activ-
ity limitations, there is little evidence to support 
the introduction of structured rehabilitation to this 
population. In 2003, the National Institute of 
Health (NIH) concluded that “the use of rehabili-
tation services is perhaps the most understudied 
aspect of the perioperative management of TKA 
patients” and “there is no evidence supporting the 
generalized use of any specifi c preoperative or 
postoperative rehabilitation intervention” [ 2 ]. 
Currently, there is no universally accepted reha-
bilitation protocol for patients after TKA and 
rehabilitation paradigms are often institution or 
surgeon specifi c [ 8 ,  9 ]. 

 In 2007, the most recent meta-analysis on the 
effectiveness of physical therapy following TKA 
concluded that physical therapy has no long-term 
benefi ts [ 10 ]. However, these conclusions were 
based on only fi ve studies that met the inclusion 
criteria for the meta-analysis. Potential reasons 
for the lack of demonstrated effi cacy of these 
 trials are the following: (a) none of the included 
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trials examined the use of a high intensity, long 
duration rehabilitation program initiated after 
discharge from hospital, (b) trials in which the 
intervention consisted of an electrical adjunct to 
physiotherapy such as the use of continuous pas-
sive motion (CPM) or neuromuscular electrical 
stimulation (NMES) were excluded. 

 The purpose of this review is to thoroughly 
evaluate randomized controlled trials (RCTs) and 
other quality studies in order to determine the 
effectiveness of structured and systematic post-
operative rehabilitation on the short and long 
term functional recovery of patients after TKA.  

    Strengthening Interventions 

 Loss of quadriceps strength after TKA has been 
documented extensively [ 4 – 7 ]. However, recent 
studies suggest that hamstring muscle dysfunc-
tion [ 11 ] and hip abductor muscle weakness [ 12 ] 
are also present after the operation and should be 
addressed during rehabilitation. Rehabilitation 
programs which incorporate higher intensity, 
progressive resistive exercises that target all 
major muscle groups of the lower extremity have 
demonstrated superior mid-term [ 13 ] and long- 
term [ 14 – 16 ] strength and functional gains com-
pared with lower intensity programs. Moffet 
et al. [ 13 ] has evaluated the effectiveness of an 
intensive functional rehabilitation (IFR) program 
on the functional ability and quality of life (QOL) 
of patients who underwent primary TKA. Two 
months after the operation, subjects were ran-
domly assigned to either a group with IFR (n = 38) 
who received 12 supervised rehabilitation ses-
sions combined with home exercises between 
months 2 and 4 after TKA, or to a control group 
(n = 39) who received standard care. The specifi c 
strengthening exercises, performed in a supine or 
seated position, consisted of maximal isometric 
pain free contractions (knee extensors and fl ex-
ors) at different angles of knee fl exion and 
dynamic (concentric-eccentric) contractions 
against gravity (hip abductors). All participants 
were evaluated at baseline (2 months after TKA), 
immediately after IFR (4 months after TKA) and 
2 and 8 months later (6 and 12 months after 

TKA). The primary outcome measure was the 
6 min walk test (6-MWT) at different time inter-
vals, the WOMAC pain score, WOMAC diffi -
culty score and SF-36 Health Survey. Patients in 
the IFR group walked signifi cantly longer dis-
tances in 6 min and had less pain, stiffness and 
diffi culty in performing daily activities compared 
to controls. Positive changes in QOL (PCS, 
MCS) in favor of the IFR group were also 
observed. The authors conclude that IFR was 
effective in improving short and mid-term func-
tional ability after uncomplicated primary TKA, 
and suggest that in order to maintain these func-
tional improvements in the long term (1 year 
post-surgery), more intensive rehabilitation 
should be introduced during the sub-acute recov-
ery period (2–4 months after TKA). In a recent 
RCT, Petterson et al. [ 14 ] applied a progressive 
muscle strengthening protocol with or without 
the addition of NMES commencing 3−4 weeks 
after TKA and compared these two groups of 
patients (Exercise group and Exercise-NMES 
group, 100 patients each) to an embedded cohort 
of patients (control group) who received “stan-
dard rehabilitation” focused on functional train-
ing. The active treatment groups received two to 
three sessions of outpatient physical therapy per 
week for a total of 6 weeks. Treatment effects 
were evaluated by a burst superimposition test to 
assess quadriceps strength, knee range of motion 
(ROM), timed up and go test (TUG), stair climb-
ing test (SCT) and 6 min walk (6-MW) measure-
ments, SF-36 as well as completion of the knee 
outcome survey activities of daily living scale 
(KOS-ADLS) at 3 and 12 months postopera-
tively. There were no signifi cant differences 
between the exercise and exercise-NMES groups 
on any outcome measure at 3 and 12 months 
(P > 0.08); however, both groups signifi cantly 
improved on all scales from baseline to 3 and 
12 months (P < 0.001 for all) compared to con-
trols, with the exception of the mental component 
score (MCS) of the SF-36 which only improved 
from 0 to 3 months. In other words, strength, acti-
vation and function were similar between the 
exercise and exercise-NMES groups at 3 and 
12 months. The standard care group was weaker 
and exhibited worse function at 12 months 
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 compared to both treatment groups. The authors 
therefore conclude that progressive lower limb 
muscle strengthening can enhance clinical 
improvement after TKA, achieving similar short 
and long term functional recovery approaching 
the functional level of healthy older adults. The 
above studies [ 13 ,  14 ] applied high intensity pro-
grams 2 and 1 month after surgery, when strength 
and functional defi cits were already profound 
[ 3 – 5 ], based mainly on concerns related to the 
assumption that a higher intensity intervention 
initiated immediately following hospital dis-
charge, could lead to increased pain and swelling 
and ultimately to poorer ROM and functional 
outcomes. Bade et al. [ 16 ] in another recent RCT, 
attempts to assess clinical outcomes of a long 
duration IFR program initiated immediately after 
discharge from hospital in eight TKA patients. 
Effects were compared to those of a control group 
of another eight patients who participated in a 
lower intensity rehabilitation program. At the 3.5 
and 12 week (end of rehabilitation) time points, 
patients in the IFR group had better functional 
performance and greater quadriceps strength 
compared to the control group and this improve-
ment was maintained at 52 weeks. The high 
intensity program did not impair knee ROM and 
did not result in any musculoskeletal injuries in 
this small group of patients. Evgeniadis et al. [ 17 ] 
reports that TKA patients discharged from an 
8 week home supervised strengthening exercise 
program had signifi cantly greater knee fl exion 
and extension active ROM compared to a control 
group who received only inpatient rehabilitation 
(mean fl exion 98.42 and 80.42° and mean exten-
sion −0.8° and −6.42° respectively) 14 weeks 
after surgery. This improvement of active ROM 
was accompanied by similar benefi ts in func-
tional autonomy. 

 Whole body vibration (WBV) is an exercise 
mode which has been suggested in order to reha-
bilitate patients with lower extremity weaknesses 
and provide an alternative strengthening method 
in older patients who may not be able to perform 
standard exercise programs [ 18 ]. Johnson et al. 
[ 19 ] investigated the use of WBV as an alternative 
strengthening regimen in the rehabilitation of 
individuals after TKA, in comparison with 

 traditional progressive resistance exercise 
(TPRE). Individuals, 3–6 weeks after TKA, 
received physical therapy with WBV or TPRE for 
4 weeks. Knee extensor strength improved at a 
level of 84.3 % in the WBV and at a level of 
77.3 % in the TPRE group. TUG scores improved 
at a level of 31 % in the WBV and at a level of 
32 % in the TPRE group. There were no signifi -
cant differences between groups for strength, 
muscle activation and mobility and no adverse 
effects were reported in either group. In this study 
both WBV and TPRE proved equally effective in 
improving strength and function during rehabili-
tation after TKA.  

    Continuous Passive Motion 
After TKA 

 The concept of continuous passive motion (CPM) 
was introduced into orthopaedics by Salter et al. 
in 1980 [ 20 ]. They studied the biologic effect of 
CPM on the healing of full thickness defects in 
rabbit knee articular cartilage and found it strik-
ingly benefi cial. Salter suggested that immobili-
zation was detrimental to joints, motion was 
benefi cial and CPM minimized forces across 
damaged joint surfaces. For motion to be contin-
uous, it had to be applied passively, as muscles 
would fatigue with continuous active movement 
of a joint [ 20 – 22 ]. Encouraged by these studies, 
Coutts et al. [ 23 ] were the fi rst to introduce con-
tinuous passive motion into the postoperative 
rehabilitation of patients undergoing TKA. They 
demonstrated improvement in the range of knee 
motion, reduction in the length of hospital stay 
and a dramatic decrease in the use of pain medi-
cation in a small group of patients receiving CPM 
for 20 h a day compared to controls who kept 
their knees immobilized for the fi rst four postop-
erative days. After this study, the use of CPM 
devices after TKA increased dramatically and 
CPM has been widely used as an adjunct to phys-
iotherapy after TKA for the past three decades. 
Despite this widespread use, however, studies on 
the effectiveness of CPM have not supported risk 
and benefi t issues and its widespread use remains 
controversial. Earlier studies (before 2000) 
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 recommend its use [ 24 – 31 ], whereas more recent 
studies have found it to be less valuable in the 
rehabilitation of TKA [ 32 – 37 ]. Studies presented 
by Maloney [ 24 ], Johnson [ 25 ], McInnes [ 26 ] 
and Ververeli [ 27 ] have demonstrated a signifi -
cant increase in the range of motion of the knee, 
at discharge, due to an increase in active fl exion 
and a decrease in swelling. However, a longer 
term effect was not evident at 6 weeks, 3 months, 
1 and 2 years after operation. At discharge, active 
knee extension was reported to be less and fl ex-
ion contracture more in CPM treated knees [ 25 , 
 27 ,  38 ]. This “extensor lag” was found to be tran-
sient and was attributed to fl exor muscle stiffness 
and quadriceps muscle weakness of the knees 
subjected to CPM [ 38 ]. In all these studies which 
report faster knee recovery during the hospital 
stay, duration of CPM applications varied from 
16 to 24 h per day and it was performed during 
the fi rst 7 days after TKA. Moreover, knees in 
control groups were immobilized for 3–7 days in 
a splint, whereas the experimental groups 
received early postoperative CPM applications 
[ 23 – 29 ]. These results cannot be applied to con-
temporary practice because a long period of 
immobilization is no longer recommended and 
early movement is always promoted after TKA 
[ 35 ]. CPM is generally applied to patients after 
TKA during the postoperative hospitalization 
period (5–10 days) and current recommendations 
regarding the length of its application in order to 
attain treatment benefi ts are between 3 and 5 h in 
total per day [ 32 ]. However, in practice each ses-
sion cannot last longer than 2 h because patients 
have to be allowed time for conventional physical 
therapy interventions, occupational therapy vis-
its, nursing care and radiographic and medical 
assessments. Furthermore, they need time to 
achieve all of their rehabilitation goals, in addi-
tion to knee fl exion, such as transferring and 
walking with aids, before being discharged [ 35 ]. 
Lenssen et al. [ 36 ] has investigated the effective-
ness of prolonged CPM use at home for 17 con-
secutive days after surgery as an adjunct to 
standardized physiotherapy and found neither 
long term effects of this intervention nor transfer 
to better functional performance. Confl icting evi-
dence exists with respect to the use of analgesics 

for postoperative pain control in TKA patients 
using CPM. Colwell and Morris [ 28 ] reported a 
statistically signifi cant decrease in the use of nar-
cotic analgesics in patients using a CPM device 
in a small RCT study, whereas Pope et al. [ 29 ] in 
a larger, more recent, RCT study comparing three 
groups of patients (no CPM, CPM of 0–40° and 
CPM of 0–70°) detected a signifi cant increase of 
analgesic requirement in the two groups who had 
CPM. Pope’s study also demonstrates signifi -
cantly increased mean blood drainage postopera-
tively in the high fl exion group who had CPM of 
0–70° (1,558 ml) compared with the “no CPM” 
group (956 ml) and the 0–40° CPM group 
(1,017 ml). 

 There is controversy concerning the effect of 
CPM on the incidence of deep vein thrombosis 
(DVT) after TKA. Many authors have not found 
any difference in DVT with CPM applications 
[ 27 ,  32 ,  39 ], whereas others have found less DVT 
in CPM application groups, although this fi nding 
may be attributed to the fact that control knees 
were immobilized [ 30 ,  40 ]. Coutts et al. [ 30 ] has 
presented a multi-center study, in 1983, compar-
ing manipulation rates after TKA in a CPM group 
(137) and a control group (129) of patients. They 
reported no manipulations in the active treatment 
group, while 21 % of the knees in the control 
group required manipulation. Subsequent studies 
[ 27 ,  31 ,  41 ] also support the use of continuous 
passive motion in order to decrease the rate of 
manipulation (and its costs) for poor range of 
motion after TKA. The effects of CPM on the 
healing process after TKA remain controversial. 
Wound swelling has been reported to be decreased 
with the use of CPM after TKA [ 30 ,  38 ]. A 
wound complication is defi ned as an infection or 
other condition that necessitates a change in the 
postoperative regimen. According to this defi ni-
tion Maloney et al. [ 24 ] have reported an 
increased incidence of wound complications in a 
series of CPM application after TKA, mainly 
haematomas, superfi cial and deep wound infec-
tions. Davis [ 42 ] report increased aseptic wound 
drainage with the use of CPM. Confl icting reports 
by Bennett [ 43 ] and Colwell and Morris [ 28 ] 
show no signifi cant difference in wound drain-
age. Johnson et al., in his landmark paper [ 25 ], 
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measured the transcutaneous oxygen tension of 
knee wounds and found decreased viability of the 
edges of the wound (particularly the lateral edge) 
with knee fl exion beyond 40° during the fi rst 
three post-operative days. On the basis of these 
results, a protocol was designed for CPM to min-
imize the detrimental effects on wound viability. 
This protocol included restricting fl exion of the 
knee from 0 to 40° for the fi rst three postopera-
tive days and then slowly increasing the range of 
motion by daily increments to reach 90° on the 
sixth day. The CPM machine was removed on the 
seventh day. In Johnson et al.’s study 102 patients 
undergoing TKA were randomly assigned to an 
immediate CPM group which followed the above 
protocol and a control group which had their 
knees immobilized in a splint for 7 days. There 
was no difference in the incidence of infection or 
wound healing between the two groups, demon-
strating that if CPM is not aggressive, the inci-
dence of problems with wound healing will not 
increase. Speed of CPM made little difference in 
terms of wound viability, although a setting of 
one cycle per minute maximized oxygenation 
without the discomfort associated with faster 
settings.  

    Aquatic Therapy 

 In Europe aquatic therapy, such as pool exercise, 
is commonly used in the aftercare of patients fol-
lowing TKA. Proponents of water based rehabili-
tation protocols argue that exercising in warm 
water may reduce stress on the joint and allow an 
individual to strengthen their lower extremity 
using water as resistance, while taking advantage 
of the weight reducing effects of buoyancy [ 44 ]. 
This weight reduction, in line with to Archimedes 
law, protects the joints and permits better move-
ment, muscular reinforcement through proprio-
ceptive mechanisms and accelerated mobilization 
of the operated limb [ 45 ]. Resistance to move-
ment can be varied by changing the speed of 
motion and by increasing water turbulence. 
Because pool exercises require a continuous bal-
ance response, muscular coordination is 
improved. Patients overall report a sense of 

 pleasure and pain relief while exercising in water 
[ 44 ,  45 ]. Liebs et al. [ 44 ] has found that water 
based therapy can be safely started as early as 
6 days after TKA, provided the wound is covered 
with a waterproof adhesive dressing (Op-Site). 
These authors have also shown that patients ran-
domized to start water based therapy on the sixth 
postoperative day had better WOMAC, SF-36, 
and Lequense Knee scores 12 and 24 months 
after TKA, compared to patients who were ran-
domized to start the same program on the 14th 
postoperative day. While these results were not 
statistically different between groups, the effect 
of the size of the intervention on WOMAC score 
was similar to the effect of nonsteroidal anti- 
infl ammatory drugs on functional limitations 
associated with knee OA. The change in 
WOMAC score also exceeded the minimal clini-
cally important difference cut-off of 24 months 
following surgery. The authors conclude that 
early aquatic therapy after TKA led to a clinically 
important improvement in patient outcomes 
when compared with late aquatic therapy. 
However, these authors used only self-reported 
measures of function and did not compare the 
outcomes of aquatic based therapy to other land- 
based rehabilitation programs. Valtonen et al. 
[ 46 ] analyzed the effect of a 12 week progressive 
aquatic resistance training program on mobility 
limitations (walking speed and stair ascending 
time), self-reported function (WOMAC), knee 
extensor and fl exor power assessed isokinetically 
and quadriceps muscle cross sectional area 
(CSA) assessed by computed tomography. Fifty 
patients in the late stages of recovery after TKA 
(average 10 months postoperatively), were ran-
domized to either an aquatic program group (26) 
in which progressive strengthening exercises 
were performed in the pool, or to a control group 
of patients (24) advised to maintain their usual 
physical activity level. At the end of the 12 week 
training program, subjects in the active treatment 
group had better knee fl exion and extension 
power (48 % and 32 % respectively), greater 
thigh muscle CSA (3 %), faster habitual walking 
speed (9 %) and faster stair ascending time 
(15 %) compared to controls. No differences 
were found for WOMAC scores between groups. 
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The authors also evaluated the maintenance of 
observed aquatic training induced benefi ts at a 
follow up of 12 months after the end of the inter-
vention [ 47 ]. At this 1 year observation period, 
knee extensor and fl exor powers were still sig-
nifi cantly higher (32 % and 50 % respectively) in 
the active treatment group compared to the con-
trol group, while all the signifi cant 12 week 
improvements in muscle CSA, walking speed 
and stair ascending time had been lost. The 
authors suggest that aquatic resistance training 
should be continued to maintain the training 
induced benefi ts on mobility. Harmer et al. [ 48 ] 
randomized 102 patients scheduled for TKA to 
receive either land based (49) or water based (53) 
physical therapy, commencing 2 weeks after sur-
gery. Both groups attended 1 h sessions twice a 
week for 6 weeks. The same therapist supervised 
both water and land based treatment and the exer-
cise prescription was highly standardized to 
ensure that the only difference between treatment 
groups was the medium (water versus land). 
Patients were evaluated 8 and 26 weeks after 
TKA and there were no differences between 
groups for WOMAC score, knee ROM, 6 min 
walk test and stair climbing power (SCP), 
although both groups demonstrated signifi cant 
improvement compared to baseline. The authors 
conclude that water-based therapy was not par-
ticularly advantageous with respect to functional 
outcome or clinical metrics, although it may be a 
valid alternative treatment for rehabilitation after 
TKA.  

    Balance Training 

 Impairment of balance is a serious problem in 
fully recovered TKA patients [ 49 ] along with 
persistent muscle weakness [ 3 ,  6 ]. After TKA 
patients are at a higher risk of falling and sustain-
ing further orthopaedic injury [ 50 ,  51 ]. During a 
6 month observational period of a cohort of 
patients 6–12 months following their TKA, 
Matsumoto et al. [ 50 ] identifi ed a 32.9 % inci-
dence of fall. Swinkels et al. [ 51 ] reported a 
recent preoperative history of falling to be com-
mon (24.2 %) in people undergoing TKA and 

approximately 45 % of these patients fell again in 
the year following surgery. Therefore, resolving 
balance impairments after TKA, should be an 
important goal of physical therapy. Two studies 
with similar methodology have assessed the 
effectiveness of adding specifi c balance exercises 
(agility and perturbation techniques) to a func-
tional training (FT) protocol. Piva et al. [ 52 ] has 
compared the effects of balance training (B) and 
function training (FT) on mobility outcome in 
small sample groups. The interventions were 
6 weeks of supervised FT or FT + B program, 
followed by a 4 month home exercise program. 
Outcome data were collected at baseline, after 
completion of the supervised program (2 months) 
and at completion of the 4 month home exercise 
period (6 months after randomization). Both 
groups demonstrated clinically important 
improvements in lower extremity functional sta-
tus. Differences between groups did not have 
adequate power to demonstrate statistical signifi -
cance; however, the degree of improvement 
seemed higher for gait speed, single leg stance 
time and stiffness in the FT + B group compared 
with the FT group. Liao et al. [ 53 ] has found that 
the addition of 8 weeks of balance exercises to a 
postoperative rehabilitation program signifi -
cantly improved (at the end of the intervention) 
functional forward reach, single leg stance, sit to 
stand test, stair climbing time, 10 min walk time, 
timed up and go scores and the WOMAC Index 
scores to a greater extent than a control group 
which did not receive balance retraining exer-
cises (all P < 0.001). It should be noted that Liao 
et al. had a larger sample size (130 versus 43 
patients) and longer intervention (8 versus 
6 weeks) than the study by Piva et al. Additionally, 
patients randomized to receive balance retraining 
in Liao’s study also had longer session duration 
than subjects of the control group in the same 
study (up to 90 min versus 60 min). The authors 
conclude that 8 weeks of additional balance train-
ing can improve functional performance in 
mobility after TKA. Fung et al. [ 54 ] tested the 
use of an integrated Wii Fit TM  commercially 
available motion controlled video game system 
[ 55 ] in the rehabilitation of outpatients following 
TKA. In addition to standard therapy, subjects 
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randomized to the active treatment group (27) 
received 15 min of Wii Fit TM  gaming activity, 
while the control group (23) received 15 min of 
additional lower extremity exercise. There were 
no differences between groups for active knee 
fl exion and extension, distance covered in the 
2 min walk test, numeric pain rating scale, activ-
ity specifi c balance confi dence scale, lower 
extremity functional scale or length of outpatient 
rehabilitation. These fi ndings suggest that the 
addition of Wii Fit TM  as an alternative to lower 
extremity strengthening may be an appropriate 
rehabilitation tool.  

    Neuromuscular Electrical 
Stimulation (NMES) 

 One month after TKA impairment in quadriceps 
muscle strength is predominantly due to central 
activation defi cits (also referred to as “refl ex inhi-
bition”), but is also infl uenced to a lesser degree 
by muscle atrophy [ 4 ,  5 ,  56 ]. Although the neuro-
physiologic mechanisms for quadriceps muscle 
voluntary activation defi cits are not fully under-
stood, spinal refl ex activity from pain or effusion 
in the knee joint may alter afferent input from the 
injured joint and result in diminished efferent 
motor drive to the quadriceps muscle that reduces 
muscle strength [ 57 ]. Early studies by Gibson 
[ 58 ] and Martin [ 59 ] demonstrated that neuro-
muscular electrical stimulation (NMES) can pre-
vent muscle atrophy in patients with knee OA 
who are awaiting or recovering from TKA. Recent 
studies by Thomas [ 60 ] and Stevens [ 61 ] have 
demonstrated the potential of NMES to mitigate 
voluntary activation defi cits and prevent muscle 
atrophy early after surgery, thus restoring normal 
quadriceps muscle function more effectively than 
voluntary exercise alone. How NMES improves 
muscle strength is unclear, though some theories 
have emerged. Firstly, the intensity of the muscle 
contraction produced during stimulation may be 
greater than that without NMES (at least 30–50 % 
of maximal voluntary effort), thus overloading 
the muscle suffi ciently to induce strength gains 
[ 60 ]. Secondly, NMES may alter motor recruit-
ment inducing activation of a greater proportion 

of type II muscle fi bers which are larger than type 
I, so greater activation of type II fi bers maximizes 
force production [ 62 ]. Results of studies applying 
NMES to the quadriceps muscle of patients after 
TKA are promising. Gotlin et al. [ 63 ] random-
ized 40 patients who underwent TKA to either a 
control group (19) or an NMES group (21). Both 
groups received conventional physical therapy 
including CPM to the affected limb, ambulation 
training, ROM exercises and activities of daily 
living (ADL) training. Within the fi rst postopera-
tive week, the active treatment group additionally 
received, twice daily for 1 h during CPM treat-
ment, electrical stimulation (frequency of 35 Hz, 
stimulation time 15 s followed by a 10 s rest 
interval) with electrodes placed over the proxi-
mal femoral nerve and the distal vastus medialis 
obliquus (VMO) muscle. Active treatment group 
patients reduced their extensor lag from 7.5 to 
5.7°, whereas control group extensor lag 
increased from 5.3 to 8.3° in the same time frame. 
These trends were signifi cantly different 
(p < 0.01). In addition, NMES patients had a sig-
nifi cantly different (p < 0.05) length of hospital 
stay (7.4–6.7 days). As the greatest loss of quad-
riceps strength occurs in the fi rst month follow-
ing TKA [ 4 ,  5 ], Avramidis et al. [ 64 ] examined 
the use of NMES on the quadriceps muscle of the 
operated limb for the fi rst six postoperative weeks 
in addition to standard physical therapy and dem-
onstrated a statistically signifi cant improvement 
in patients’ walking speed at 6 weeks (p = 0.0002) 
as well as a “carry over” effect 6 weeks after dis-
continuation of treatment (12 weeks after the 
operation, p < 0.0001). Based on this original 
study, the same author also attempted to investi-
gate the long term effect of this intervention 
1 year after TKA, at which time most of the 
patients’ functional improvement was expected 
to have occurred [ 65 ]. Seventy patients who 
underwent TKA were randomly assigned to 
either an NMES group (35) receiving electrical 
stimulation of the vastus medialis muscle in addi-
tion to a traditional physical therapy program or a 
control group (35) who followed only the same 
physical therapy protocol, for 6 weeks. NMES 
was initiated on postoperative day 2 and was 
applied twice a day for 2 h on each occasion 
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(4 h total daily treatment) while the patient was 
lying in bed or sitting. The neuromuscular stimu-
lator was set to 40 Hz, a pulse duration of 300 μs 
and an 8 s on time followed by an 8 s rest time 
with the current intensity set at the patient’s max-
imum tolerance. Compared with the control 
group the NMES group demonstrated faster 
walking speeds and better scores on the Oxford 
Knee Score and American Knee Society function 
score at 6 and 12 weeks following TKA; how-
ever, differences between groups were no longer 
signifi cant at 52 weeks. The NMES group also 
had signifi cantly better SF-36 physical compo-
nent (PCS) scores at 6, 12 and 52 weeks postop-
eratively compared to the control group. These 
gains were secondary to an initial faster recovery 
of quadriceps muscle strength and subsequent 
ability to participate more fully in the voluntary 
exercise program. No complications were associ-
ated with the use of NMES beginning on postop-
erative day 2, although 3 of the 38 originally 
recruited patients in the NMES group abandoned 
use of the stimulator due to discomfort, thus leav-
ing the group with 35 patients who attended sub-
sequent follow up evaluations. In a similar study, 
Stevens- Lapsley et al. [ 66 ,  67 ] examined the use 
of NMES to the quadriceps muscle early after 
TKA utilizing a randomized, unblinded study 
design. Sixty- six patients undergoing TKA were 
randomly assigned to receive either standard 
rehabilitation (control group) or standard reha-
bilitation plus NMES applied to the quadriceps 
muscle. Electrical stimulation treatment began 
on postoperative day 2, continued for 6 weeks 
and was applied twice per day for 15 isometric 
contractions on each occasion (a total of only 
30 min per day). The stimulator was set to deliver 
a biphasic current, using a symmetrical wave-
form, at 50 Hz and a pulse duration of 250 μs, for 
a 15 s on phase followed by a 45 s rest time with 
the current intensity set at the patient’s maximum 
tolerance. Data for muscle strength, functional 
performance and self-report measures (WOMAC 
Index) were obtained before surgery and at 3.5, 
6.5, 13, 26, and 52 postoperative weeks. 
Compared with the control group, the NMES 
group demonstrated superior quadriceps strength, 
hamstring strength, 6 min walking distances, 

TUG times, SCT times, and active knee exten-
sion at 3.5 weeks after TKA. No differences 
between groups were noted for changes in the 
SF-36 (MCS and PCS) and WOMAC scores. At 
52 weeks, differences between groups were 
attenuated but remained signifi cant (favoring 
NMES) for quadriceps and hamstring muscle 
strength, TUG, SCT, 6MWT, SF-36 MCS and 
WOMAC scores. Improvement in active exten-
sion ROM tended to be better in the NMES group 
(p = 0.08). Similarly to the previous study, no 
adverse events were observed with the utilization 
of NMES beginning on postoperative day 2. A 
key observation from the Stevens-Lapsley et al. 
[ 66 ,  67 ] trial was that patients who were capable 
of achieving higher stimulation training intensi-
ties had greater quadriceps muscle strength and 
activation gains compared with those utilizing 
lower intensities. Therefore, increasing the com-
fort of NMES to accomplish this goal seems to 
play a role. Electrode size is important because it 
has a direct effect on current density, with smaller 
electrodes resulting in higher current density and 
potentially uncomfortable stimulation before 
reaching maximum muscle contraction torque. In 
both Avramidis’s and Stevens-Lapsley’s studies 
electrodes were applied to the skin over the vas-
tus medialis muscle and lateral side of the thigh 
and connected to the “active” and “indifferent” 
leads respectively. Avramidis et al. [ 65 ] utilized 
70 × 70 mm electrodes (Pals Plus, Nidd Valley 
Med., Knaresborough, UK), a shorter rest time 
(8 s), and longer NMES treatment duration of 2 h 
per session, whereas Stevens-Lapsley et al. [ 66 , 
 67 ] utilized larger 76 × 127 mm electrodes 
(Supertrodes, SME Inc., Wilmington, USA), as 
well as longer rest-times (45 s) and shorter NMES 
treatment times of 15 min per session. These dif-
ferences may have enabled patients to achieve 
higher stimulation intensities and, thus, greater 
strength gains, which may explain why the trial 
by Stevens-Lapsley et al. [ 66 ,  67 ] observed long 
term benefi ts in addition to short term benefi ts. 
Though the results of several investigations indi-
cate NMES may be benefi cial following TKA, 
Petterson’s recent randomized clinical trial [ 14 ] 
comparing (a) Exercise and (b) Exercise + NMES 
suggests that NMES (ten contractions, twice per 

K. Avramidis and T. Karachalios



235

week for 6 weeks) initiated 1 month post- 
operatively, may not be any more benefi cial than 
exercise alone. Specifi cally, the authors noted no 
differences between the exercise and exercise + 
NMES groups in quadriceps strength, activation 
or function at 3 and 12 months after TKA. Both 
groups, however, had better strength, activation 
and function 12 months postoperatively com-
pared to a cohort receiving less intensive rehabili-
tation in the community. These results suggest 
that the timing and frequency of NMES treatment 
may be critical to patient outcomes. In this study, 
had the use of NMES commenced immediately 
after surgery it may have proved more effective, 
because preventing the early (within the fi rst 
month) decline of muscle function is likely to be 
more effective than working to reverse losses 
after they occur. It is also possible that the fre-
quency of NMES application (two times per 
week) may not have been suffi cient to induce 
changes in quadriceps muscle strength and acti-
vation. In conclusion, early use of NMES (within 
the fi rst month after TKA) and NMES delivered 
more than twice per week may be necessary.  

    Out-Patient Clinic and Home Based 
Therapy 

 Physical therapy conducted in an outpatient 
clinic allows the therapist to directly monitor 
patient progress and adjust the intervention to 
the patients’ functional status. However, it is 
more expensive than home based rehabilitation 
programs and requires that the patient travel to 
the clinic, which may be diffi cult for an elderly 
population. Rajan et al. [ 68 ] randomized 120 
patients and found no statistically signifi cant 
benefi t of outpatient physiotherapy in knee ROM 
at 3, 6 months and 1 year after TKA. Mockford 
et al. [ 69 ] randomized 150 patients into a group 
which received outpatient physiotherapy for 
6 weeks and another group receiving no outpa-
tient physiotherapy. No differences between 
groups were found for fl exion and extension 
ROM, Oxford Knee Score (OKS), Bartlett patel-
lar score (BPS) or SF-12 general health ques-
tionnaire 1 year after surgery. The conclusions 

drawn by Rajan et al. that there is “no need for 
outpatient physiotherapy after TKA” and by 
Mockford et al. that “a standard routine course 
of outpatient physiotherapy does not offer any 
benefi t in the long term to patients undergoing 
TKA” are not supported by the methodologies 
and results from these studies. Unfortunately, 
however, in neither study was there standardiza-
tion or a description of the protocol or duration 
of the outpatient physical therapy intervention, 
and only ROM and self-reported outcomes were 
assessed to make determinations about the effec-
tiveness of outpatient rehabilitation. Additionally, 
1 year after surgery patients in both studies had 
knee fl exion range of motion (97° and 108°) 
which was lower than the cut off for functional 
range of motion (110°) and less than the 120° 
reported by Petterson et al. [ 14 ], suggesting that 
these patients were under- rehabilitated. In order 
to determine the effectiveness of home based 
therapy monitored via periodic telephone calls 
from a physical therapist, Kramer et al. [ 70 ] ran-
domized 160 patients to receive either clinic 
based or home based therapy. Both groups were 
given two booklets of ROM and strengthening 
exercises with the prescription to perform them 
at home three times daily until their 12 week fol-
low up, at which time they were advised to con-
tinue the home exercises at least once daily, 
indefi nitely. A physical therapist familiar with 
the protocol evaluated the home based group 
weekly in order to monitor adherence and com-
pliance with the protocol. The clinic based group 
attended outpatient therapy between weeks 2 
and 12 after surgery, for two sessions per week 
of 1 h duration each and patients completed the 
common home exercises only twice on days that 
they attended clinic sessions. At the 12th and 
52nd week follow-up, values for WOMAC, 
SF-36, 6 m walking, 30 s stair test, knee fl exion 
ROM, and Knee Society clinical rating scale 
were signifi cantly better compared to baseline in 
both groups and there was no relative advantage 
of one group over the other. Madsen et al. [ 71 ] 
compared late clinic based and home based reha-
bilitation, commencing 4–8 weeks after 
TKA. They allocated 80 patients undergoing the 
operation to either group based rehabilitation 
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(40) or individual, supervised home training 
(40). The group based rehabilitation consisted of 
12 outpatient visits over 6 weeks, including 
strength-endurance exercises, education and 
self-management combined with home exer-
cises. The control group performed home exer-
cises, received an initial visit of a physical 
therapist in which the training program was 
adjusted to each individual’s needs and one or 
two additional visits during the treatment period 
to further adjust the program. Three and 6 months 
after TKA, there were no differences between 
groups, after adjusting for baseline values, for 
self-reported measures (Oxford Knee Score, the 
physical function part of the SF-36, EuroQol-5 
Dimensions), impairment metrics (leg extensor 
power, pain level during the power test) and per-
formance metrics (tandem test for balance, 10 m 
walking test, 30-s and fi ve times sit to stand 
tests). The authors conclude that individual, 
supervised home training and group based reha-
bilitation programs improved patients’ quality of 
life and physical function equally 6 months after 
TKA. 

 Russell et al. [ 72 ] has evaluated the equiva-
lence of an internet based tele rehabilitation pro-
gram compared with conventional outpatient 
physical therapy for patients following TKA in 
Australia. Access to rehabilitation may be diffi -
cult for patients who live in rural or remote areas 
and one possible solution is the use of tele reha-
bilitation technology to enable delivery of such 
service from a distance. In this study 65 patients 
were randomized to receive a 6 week program of 
outpatient physical therapy either in the conven-
tional manner or by means of an Internet based 
tele rehabilitation program. The primary outcome 
measure was the WOMAC score and secondary 
outcomes included the Patient Specifi c Functional 
Scale, TUG test, pain intensity, knee fl exion and 
extension, quadriceps muscle strength, limb girth 
measurements and an assessment of gait. After 
the 6 week intervention, participants of both 
groups had signifi cant improvement on all out-
come measures (p < 0.01 for all); however, differ-
ences between groups were not signifi cant for 
most of the above outcomes with the exception of 
the Patient Specifi c Functional Scale and the stiff-

ness subscale of the WOMAC for which results 
were better in the tele rehabilitation group 
(p = 0.04). Despite the lack of between group dif-
ferences, both groups were under rehabilitated; 
patients had residual knee fl exion contractures 
and quadriceps lag on active knee extension, indi-
cating signifi cant residual weakness. Moreover, 
TUG times in both groups were still greater than 
12 s at the end of the study, nearly 45 % longer 
than the TUG times reported by Petterson et al. 
[ 14 ] 3 months after TKA and 30 % longer than the 
TUG times in the active treatment group reported 
by Stevens-Lapsley et al. [ 66 ,  67 ] 6.5 weeks after 
TKA. These results suggest that ROM, strength 
and functional impairment are not completely 
resolved with this type of postoperative treatment 
strategy. The authors also acknowledge a number 
of limitations in their study, such as an inability to 
estimate patient compliance with the tele rehabili-
tation intervention at home and the lack of long 
term outcomes (only 6 weeks follow-up). Future 
research is needed to better assess long term 
effects, as well as the fi scal impact of this alterna-
tive mode of remotely delivered physical therapy. 

 Kauppila et al. [ 73 ] has tested whether a 
10 day multidisciplinary rehabilitation program 
was effective in achieving faster and greater 
functional recovery after TKA. Patients in the 
active treatment group (44) attended the multidis-
ciplinary program 2–4 months after the surgery. 
This program involved completing group exer-
cise sessions with a physical therapist and attend-
ing lectures from a variety of health care 
personnel (orthopaedic surgeon, psychologist, 
social worker and nutritionist). The control group 
(42) followed usual care. The main measures 
assessed preoperatively and at 2, 6 and 12 month 
follow up were the WOMAC index, 15 m walk 
test, stair test and isometric strength measure-
ment of the knee. The use of rehabilitation ser-
vices were recorded with a use of a questionnaire. 
The active treatment group did not achieve func-
tional recovery any faster and neither did their 
quality of life improve more than conventional 
care controls. Furthermore, the intervention did 
not reduce the use of postoperative rehabilitation 
services. However, patients who undergo TKA 
often have co morbidities including depression, 
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obesity and cardiovascular impairments and such 
patients may benefi t from a multidisciplinary 
rehabilitation treatment after surgery. Future 
studies are needed to test this hypothesis.  

    Conclusions 

 Physical therapy and rehabilitation protocols 
are critical to recovery after TKA. There is a 
large decrease in quadriceps muscle strength 
immediately after TKA, which is attributed to 
activation defi cits and atrophy [ 4 ,  7 ]. 
Progressive strengthening exercise interven-
tions of high intensity and early application of 
NMES should be used in order to attenuate 
early quadriceps weakness and the associated 
impairment. Further work is needed to fully 
elucidate the relationship between postopera-
tive exercise protocols and outcomes, given 
that most studies do not accurately describe the 
“usual care” groups that were included as treat-
ment arms in these randomized trials. Overall, 
the long term effect of structured physical ther-
apy on the TKA outcomes is unclear.     
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        Total knee arthroplasty (TKA) is a surgical pro-
cedure performed throughout the world in high 
numbers and at a high cost for health systems. 
Many countries have published national guide-
lines for the selection of a cost effective implant. 
The major criterion for this selection is the long 
term survival of the artifi cial joint. On the other 
hand, the evaluation of functional outcome and 
quality of life is also an important issue if the 
operation has to be proved cost effective. 
However, there is no general agreement related to 
the use of functional outcome tools in evaluating 
TKA [ 1 ]. 

 Although the majority of patients report sub-
stantial gains in functional outcomes following 
primary TKA, the degree of improvement varies 
widely. In order to evaluate the potential role of 

preoperative pain due to other musculoskeletal 
conditions on postoperative functional outcomes, 
authors have attempted to quantify bilateral knee 
and low back pain before primary TKA and eval-
uate its effect on postoperative physical func-
tional outcome. They concluded that the degree 
of functional improvement depends on the bur-
den of musculoskeletal pain in other weight bear-
ing joints [ 2 – 4 ]. 

 There are several assessment tools which can 
be used in order to evaluate TKA functional out-
comes. The majority of these functional scales are 
not patient oriented. Usually, there is a person 
(medical personnel), other than the patient, who 
performs the test by clinical examination alone or 
by a combination of clinical examination and the 
administration of a questionnaire of physical activ-
ities. However, patient satisfaction scores do not 
always correlate with clinical functional parame-
ters recorded by the medical personnel [ 5 ,  6 ]. 

 Mahomed et al. [ 7 ] developed a validated, 
self-administered satisfaction scale (very satis-
fi ed, somewhat satisfi ed, somewhat dissatisfi ed, 
very dissatisfi ed) which assesses overall satisfac-
tion in terms of pain relief and the ability to per-
form daily and leisure activities. Wylde et al. [ 8 ] 
utilized this satisfaction scale in a comparison 
study of fi xed versus mobile bearing TKAs (250 
knees). While the authors found no differences in 
satisfaction between the two types of implants, 
they did note surprisingly low satisfaction rates 
for specifi c activities (66 % “very satisfi ed” for 
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pain relief, 52 % for return to normal activities of 
daily living and 44 % for the ability to perform 
leisure activities) [ 8 ]. 

 Thomsen et al. [ 9 ] investigated whether the 
achievement of a higher degree of knee fl exion 
after TKA would result in a better patient per-
ceived outcome. High fl ex compared to non high 
fl ex TKA showed increased knee fl exion, but no 
signifi cant differences were found in patient per-
ceived outcomes. It was suggested that improved 
knee fl exion (more than 110°) has little relevance 
for the patients due to the fact that pain free range 
of motion and high patient satisfaction were 
achieved with both types of TKA’s [ 9 ]. Boese 
et al. [ 10 ] have also investigated contemporary 
high fl exion TKA knee designs which claim to 
provide more than 120° of fl exion. Although a 
high degree of fl exion is necessary for some 
activities of daily living there were no signifi cant 
mid-term improvements in terms of function, 
patients’ overall satisfaction, fl exion gained or 
lost, and the need for further surgery [ 10 ]. Chang 
et al. [ 11 ] assessed alterations in physical activity 
profi les of Korean patients after TKA and tried to 
determine whether postoperative physical activ-
ity level is infl uenced by patient socio- 
demographic factors and postoperative functional 
outcomes. They conclude that regular participa-
tion in physical activity should be encouraged to 
improve patient satisfaction [ 11 ]. 

 Outcome measures used to evaluate an inter-
vention, such as TKA, should be valid (measure 
the proper outcome), reproducible (the same 
value should be obtained on repeated assess-
ments of a stable patient), and responsive to 
changes in a patient’s condition [ 12 ]. For assess-
ing TKA, validated outcomes tools include those 
that are related to general health (SF-36, SF-12, 
Nottingham Health Profi le, Sickness Impact 
Profi le, & EuroQol), disease specifi c (WOMAC, 
Oxford Knee Score) and patient specifi c 
(MACTAR). A number of tests are available to 
assess functional outcomes after TKA. For func-
tional capacity, in order to assess patients under-
going TKA, the 6 min walk and 30-s stair climb 
are commonly used. Other functional capacity 
tools include the KOOS, which is based on the 
WOMAC score but it has been expanded to 

include the outcomes of pain, activities of daily 
living, sport and recreation function, and knee 
related quality of life. Other functional outcomes 
of interest include the International Knee 
Documentation, the Lower Extremity Functional 
Scale, and the UCLA activity level rating [ 1 ]. 
The short form – 36 Health Survey (SF-36) is a 
36 item questionnaire which has been used exten-
sively and validated as a measurement of general 
health status. It generates scores in eight dimen-
sions, namely physical functioning, role limita-
tion due to physical problems, role limitation due 
to emotional problems, social functioning, men-
tal health, energy/vitality, bodily pain, and gen-
eral health perception. Other similar assessment 
tools have the disadvantage that they have been 
used up to 2 years post operatively and the sus-
tainability of these outcomes in the longer term 
remains unknown. However, there are published 
efforts to evaluate changes in the SF-36 over a 
period of 5 years and at the same time to validate 
the effects of age and gender on the scores [ 13 ]. 
The SF-36 has been criticized when applied on 
an individual basis, but its extensive use in out-
come analysis and its proven validity and reli-
ability make it useful for comparison between 
different conditions. Sample size and duration of 
follow-up are always important. A designated 
person (nurse, student etc) should be responsible 
for the administration and collection of the ques-
tionnaires, ensuring the consistency and com-
pleteness of the database. Details about health 
status and outcomes may be lost with a simpler 
questionnaire (e.g. SF-12). The Oxford knee 
score (OKS) is a validated and widely accepted 
disease specifi c patient reported outcome mea-
sure, but there is limited evidence regarding long 
term trends in the score. Williams et al. [ 14 ] 
reviewed 5,600 individual OKS questionnaires 
(1,547 patients) from a prospectively collected 
TKA database in order to determine the trends in 
OKS over a 10 year period following TKA. The 
maximum post operative OKS was observed at 
2 years, following which a gradual but signifi cant 
decline was observed over the 10 year assess-
ment. A similar trend was observed for most of 
the individual OKS components. Kneeling ability 
initially improved in the fi rst year but was then 
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followed by rapid deterioration. Pain severity 
exhibited the greatest improvement, although 
residual pain was reported in over two thirds of 
patients post-operatively. Peak improvement in 
night pain component did not occur until year 4. 
Post operative OKS was lower in women younger 
than 60 years and in those with a BMI >35 [ 14 ]. 

 The Knee Society clinical score (KSS), the 
Knee Society Functional Score, the Western 
Ontario, the McMaster Universities Index of 
Osteoarthritis score and the Hospital for Special 
Surgery score (HSS) are disease specifi c tools 
also widely used for the clinical assessment of 
TKA surgery. A long term survival analysis of a 
consecutive series of patients with hydroxyapatite- 
coated cementless TKAs was performed by a 
single surgeon between 1992 and 1995. All 
patients were invited for a clinical outcome 
review which was based on the Knee Society 
clinical score (KSS) and an independent radio-
logical analysis. Of 471 TKAs performed on 356 
patients, 432 TKAs on 325 patients were fol-
lowed for a mean of 16.4 years (15–18) [ 15 ]. 
Long et al. [ 16 ] also evaluated functional out-
come after TKA in young and active patients. 
There is also a meta-analysis of revision rates and 
functional outcome in TKA using only long term 
results from a wide base of articles. All the above 
papers concluded, using the Knee Society Knee 
Score, the Knee Society Function Score, the 
Hospital for Special Surgery Score and the New 
Jersey Orthopedic Hospital Knee Evaluation 
System, that TKA is a successful treatment for 
osteoarthritis of the knee with an expected revi-
sion rate of less than 5 % within 10 years and a 
long lasting functional improvement of more 
than 30 % on any assessment score [ 15 – 17 ]. 

 To date, no single functional outcome tool has 
emerged as a gold standard for TKA research 
although there is considerable agreement that val-
idated outcome tools that are responsive, reliable, 
and reproducible should be used. The widely used 
Knee Society clinical rating scale has not been 
validated. As a consequence, the WOMAC and 
Oxford 12 disease specifi c scores are the most fre-
quently used outcomes tools. When comparisons 
with other medical interventions are needed, the 
general health outcomes such as the SF-12, SF-36, 

or EuroQol can be useful [ 1 ]. Recently there has 
been an evolving effort from various authors to 
evaluate functional outcome after TKA using 
assessment tools that are mainly patient oriented 
with each patient being asked to complete a self 
administered, validated Total Knee Function 
Questionnaire. However, this is a very diffi cult 
task when trying to evaluate mid or long term 
functional results because of the problem of recall 
bias. Therefore, in most articles mid and long 
term functional results are presented as combined 
data derived from both patient oriented questions 
and clinical assessment tools. Bourne et al. [ 18 ] 
re-examined patient’s satisfaction using historic 
TKA implants. Despite substantial advances in 
primary TKA, numerous studies suggest only 
82–89 % of primary TKA patients are satisfi ed. A 
cross sectional study of patient satisfaction was 
performed after 1,703 primary TKAs in the prov-
ince of Ontario. The satisfaction questionnaire 
included three questions: (1) Overall, how satis-
fi ed are you with the results of your TKA? (2) 
How satisfi ed are you with your most recent TKA 
surgery for reducing pain (walking on a fl at sur-
face, going up or down stairs, sitting or lying 
down)? and (3) How satisfi ed are you with your 
most recent TKA surgery for improving your abil-
ity to perform fi ve functions (going up stairs, get-
ting in/out of a car or on/off a bus, rising from bed, 
lying in bed, performing light domestic duties)? A 
question concerning overall satisfaction was used 
to determine a two category satisfaction outcome 
by combining patients who answered very dissat-
isfi ed, dissatisfi ed, or neutral into one group, and 
patients who answered satisfi ed or very satisfi ed 
into the second group. This two category outcome 
(satisfi ed, not satisfi ed/neutral) was used as the 
measure of overall satisfaction for all statistical 
analyses. Data confi rmed that approximately one 
in fi ve (19 %) primary TKA patients were not sat-
isfi ed with the outcome. Satisfaction in terms of 
pain relief varied from 72 % to 86 % and of func-
tion from 70 % to 84 % for specifi c activities of 
daily living. The strongest predictors of patient 
dissatisfaction after primary TKA were expecta-
tions not met (10.79 greater risk), a low WOMAC 
(2.59 greater risk) at 1 year, preoperative pain at 
rest (2.49 greater risk) and a postoperative 
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 complication requiring hospital readmission 
(1.99 greater risk) [ 18 ]. 

 Patient oriented tests seem to be more effi cient 
than unvalidated scoring systems in which the 
patient is asked about their level of pain and 
return to specifi c activities, followed by the sur-
geon objectively measuring range of motion and 
joint stability. Increasing evidence is emerging 
that patients and doctors do not always agree on 
ratings of quality of life improvements after ther-
apeutic interventions. 

 The use of new designs and high fl exion TKAs 
can provide a very satisfactory range of motion 
during the fi rst postoperative period. However, 
long term functional results do not defer when 
the design factor is considered. It seems that 
overall health status, co-existing musculoskeletal 
diseases, patient’s expectations not being met, 
effi cient surgical technique and participation in 
physical activities of daily living are the most 
important factors affecting mid and long term 
functional results after TKA.    
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      Long Term Outcome of Total 
Knee Arthroplasty. The Effect 
of Navigation 

           Aristides     Zimbis      and     Theofi los     Karachalios     

           Introduction 

 Total knee arthroplasty (TKA) is an effective 
 procedure which relieves pain, restores knee 
function, and improves the quality of life of 
patients with end stage knee arthritis [ 1 – 6 ]. 
Further improvement of its results seems diffi -
cult. Ten year survival rates are reported to be 
higher than 90 % in large patient series and regis-
ters [ 7 ]. Total knee arthroplasty outcomes are 
highly dependent on surgical technique, specifi -
cally limb alignment, and implant positioning. 
Proper alignment of the femoral and tibial com-
ponents is an important predictor of postopera-
tive pain, polyethylene liner wear, stability, and 

implant longevity [ 8 – 11 ]. Implant malposition is 
also associated with postoperative pain, decreased 
function and/or higher revision rates. More than 
50 % of TKA revisions are performed within 
2 years after surgery and a common reason is 
component malposition [ 12 ]. In addition, when 
TKA is performed in lower volume hospitals 
(hospital volume of 25–50 TKAs/year), a higher 
TKA revision rate at 5–8 years has been reported. 
Numerous studies have demonstrated that poor 
clinical outcomes and decreased implant longev-
ity in TKA are often associated with inaccurate 
placement of either the tibial or the femoral 
implant [ 9 ,  13 – 18 ]. Choong et al. [ 19 ] found that 
more accurate component placement correlates 
with better knee function and improved quality of 
life. Some investigators have reported that even 
in major arthroplasty centers, optimal postopera-
tive alignment of the components can only be 
obtained in 70–80 % of patients using conven-
tional techniques with either intra or extramedul-
lary alignment rods. Computer assisted navigation 
techniques, including image based and image 
free systems, have been recently developed and 
used in order to improve the positioning of the 
components and the axis of the limb in TKAs 
performed for both deformed and normally 
aligned knees [ 20 – 25 ]. Effective soft tissue bal-
ancing is also a determinant of TKA long term 
outcome [ 15 ,  26 ]. Common reason for TKA fail-
ure is patella component or extensor mechanism 
failure in combination with femoral and tibial 
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components, alignment failure [ 18 ,  27 ,  28 ]. In 
cases with extraarticular femoral deformities, it is 
diffi cult to perform distal femoral cuts using 
intramedullary alignment rods and instrumenta-
tion for extramedullary alignment is not reliable 
in the coronal and sagittal planes. Instead, com-
puter assisted navigation can help surgeons to 
perform TKA in such diffi cult cases [ 29 ]. 

 Computer assisted navigated TKA was fi rst 
performed in 1997 [ 30 ] and its use and technol-
ogy have evolved rapidly. Navigation in TKA has 
been recognized as a useful technique in patients 
undergoing TKA with extraarticular deformity 
[ 31 ] and its clinical applications in primary TKA 
are now expanding in order to include knees with 
less deformity [ 20 ]. Navigated TKA is gaining 
popularity [ 32 ,  33 ] and combines the technology 
of computer assisted orthopaedic surgery with 
conventional TKA in an attempt to improve clini-
cal, radiographic, and functional scores in 
patients undergoing TKA by reducing radio-
graphic outliers. Signifi cant interest has been 
shown in the development of computer-assisted 
surgery (CAS) using imageless navigation sys-
tems [ 25 ,  34 – 36 ]. Augmented reality systems are 
based on a display technique that combines infor-
mation taken from the real environment with data 
generated by the computer, augmenting the real 
scene with additional information and enhancing 
the user’ s perception of the world. 

 The purpose of this review is to present navi-
gation principles, systems which are currently in 
clinical use and evaluate recent literature con-
cerning the effect of these modern techniques on 
the long term outcome of THA.  

    Basic Principles and Techniques 

 Surgical navigation systems are augmented real-
ity systems which provide the surgeon with accu-
rate visual and numerical information on spatial 
relationship of patient’s anatomic structures and 
surgical tools during surgery, updated in real- 
time. The augmentation can be carried out in sev-
eral ways. Some systems show in the virtual 
scene the three dimensional model of the anat-
omy reconstructed either from preoperative CT 

or MRI studies of the patient, or adapting generic 
existing models to the patient under evaluation. 
Other systems do not visualize the 3D model of 
the anatomy but show the model information 
required for the task with lines and points deter-
mined from direct measurement of limb dynam-
ics and of bone surface. In general surgical 
navigation systems include three main compo-
nents [ 37 ]. An  intra - operative  position tracking 
system (that is the device used to monitor rele-
vant object in the operating fi eld, collecting in 
real time data relating to their location and orien-
tation; depending on the technology they use, 
these tracking systems can be mechanical, opti-
cal, electromagnetic or ultrasonic) (Fig.  25.1 ). 
A  display device  showing the virtual scenario, 
updated in real time (Fig.  25.2 ). A  control 
 software  which processes data collected by the 
tracking system to update the position of the 
objects in the virtual scenario and produces 
the images to be shown by the display device. 
These images have to be provided at a suffi cient 
frame rate in order to avoid fl ickering images. 
Moreover the system must be able to update them 
as much frequently as is possible, because the 
longer is the delay in processing the tracker’s 
data to display new images, the worse is the accu-
racy of the virtual environment in reproducing 
the real world (Fig.  25.3 ).    

 All these systems allow a preoperative or intra-
operative planning of the surgery based on 
patient’s specifi c information, permitting the sim-
ulation of different surgical strategies and to 
choose the optimal one. In case of preoperative 
planning, during the intervention, the planned 
strategy can be displayed in the virtual scenario 
and integrated with intraoperative information. 
During the intervention, providing visual and 
numerical information of the position of surgical 
tools and patient’s anatomy is updated in real- 
time, these systems give to the surgeon an accu-
rate visual feedback, guiding him towards the 
completion of the planned strategy. These  systems 
have the ability to provide more visual informa-
tion in the surgical fi eld than is available to the 
naked eye and help in solving the problems of 
visualization especially in case of minimally inva-
sive surgery. It is well known that less invasive 
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surgery contribute to rather better patient out-
comes, but minimization of invasiveness gener-
ally results in a lack of surgeon’s perception and 
dexterity. Showing the structural anatomy of the 
patient together with surgical tools, these aug-
mented reality navigation systems allow the sur-
geon to accurately localize anatomical areas and 
to reach predefi ned positions watching at the dis-
play device. 

 Several orthopaedic procedures lends them-
selves well to the use of augmented reality navi-
gation systems. Most common tasks developed 
by existing navigation systems are: joint replace-
ment, arthroscopic surgery, fracture treatment 
and spinal surgery. 

 As proposed in Picard et al. [ 38 ], surgical nav-
igation systems can be divided in: (a)  systems 
using preoperative models . They can be either 
from preoperative three dimensional anatomy 
models reconstructed from CT/MRI images of 
the femur and of the tibia of the patient (patient 
specifi c) or generic anatomical model of the part 

in exam (non patient specifi c). By examining the 
imaging modalities on which the existing sys-
tems are based, one can identify two antithetic 
trends. The fi rst one is patient oriented and tends 
to exploit the most advanced devices and tech-
niques to reach excellent quality standards. CT 
and MRI based systems generally go in this 
direction and are very powerful, accurate and 
expensive. The other trend is focused on simplic-
ity and accessibility. Conventional X-ray and 
fl uoroscopy based systems are often less accu-
rate, but affordable for most potential users. The 
choice of a specifi c imaging modality is fre-
quently linked with that of a particular  registration 
approach [ 39 ]. The image based navigation sys-
tem has the advantage of precise preoperative 
planning, but the additional radiation, cost of pre-
operative CT scans, and additional time for pre-
operative planning do not improve accuracy [ 40 ]. 
(b)  Systems using intraoperative models . They 
help the surgeon to achieve the planned implant. 
The knee joint, the data collection probe, and the 

  Fig. 25.1    The detector device used to monitor relevant 
object in the operating fi eld, collecting real time data 
relating to their location and orientation is shown. It 
detects the joint and the instruments position and need to 

have visual contact with them. Depending on the technol-
ogy they use, these tracking systems can be mechanical, 
optical, electromagnetic or ultrasonic       
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implant insertion tool are sensorized with 
securely affi xed optical targets and, after the reg-
istration and calibration process performed using 
a particular procedure, they can be localized and 
tracked in real time (Fig.  25.4 ). They use intraop-
eratively acquired medical images to determine 
the model (image based), and systems using 
models derived from information determined 
with direct measurement of the bone surface or 
limb dynamics (non image based). During sur-
gery, using the localizer, the surgeon collects 
points on tibial and femoral surfaces, and statisti-
cal information about the shape variation of the 
femur are used to interpolate the data points. The 

positions of all sensorized objects, including the 
patient’s anatomy, are tracked in real time by an 
optoelectronic localizer and reproduced in the 
virtual scene. Then, through the registration 
 process, the system matches the ideal fi tting 
between acquired points and the generic model. 
Using a statistical method to build the model has 
the advantage of requiring less data points to 
obtain a suffi cient interpolation accuracy, reduc-
ing intraoperative time required for data acquisi-
tion [ 41 ]. Finally, to be accepted by surgeons, 
equipment have to be small unobtrusive, user 
friendly, safe and compatible to the surgical envi-
ronment. Adding any equipment in the operating 

  Fig. 25.2    The display device showing the virtual scenario, updated in real time is shown       
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  Fig. 25.3    When data collected and processed by the 
tracking system is completed a virtual scenario is pro-
duced. The images appear at the display device and the 

surgeon can perform the preoperative planning for the 
 orientation of osteotomy and for prosthesis template       

a b c

  Fig. 25.4    At the patient side the surgeon has to place bone 
markers on femur and tibia. ( a ) After that, using the data col-
lection probe, he has to defi ne a list of specifi c landmarks. 

( b ) Finally according to his preoperative planning he can use 
the sensorized cutting blocks and perform the osteotomies, 
while they can be localized and tracked in real time ( c )       
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room increases the risk of infection, so any part 
of the system that comes into contact with the 
sterile fi eld must be easily sterilized or draped. 
The digitalization of the bony landmarks is one 
of the crucial steps in navigation. Problems of 
reproducibility with intraoperative termination of 
these landmarks have been described to  especially 
appear with the femoral epicondyles [ 42 ,  43 ].   

    Clinical Data 

 In order to evaluate the advantages of navigated 
TKA over conventional TKA we need to look 
very critically at the percentage of radiographic 
outliers in coronal and sagittal plane alignment, 
the accuracy in component axial rotation, the 
improvement of fl exion extension gap and liga-
ment balancing, the operative times once experi-
ence is gained, the costs, the complication rates, 
the duration of learning curves, the postoperative 
functional scores and the survival of TKA 
implants as a result of application of a new surgi-
cal technique. 

 According to recent literature, several studies 
have demonstrated that computer assisted navi-
gated TKA achieves straight mechanical leg axis 
in coronal plane (on full length standing radio-
graphs of the lower extremity) within the range of 
3° of deviation [ 44 – 67 ]. Moreover the number of 
limb alignment outliers is reduced compared to 
traditional mechanical instrumented TKA [ 35 ,  40 , 
 46 ,  49 ,  63 ,  68 – 70 ]. However, all studies between 
image based navigation and conventional tech-
niques [ 40 ] groups were similar in early clinical 
outcomes as range of motion, knee scores, and 
postoperative complication rates at the fi nal fol-
low up. There were no statistical signifi cant dif-
ferences between the study groups. Moreover 
many of the reports supporting navigated TKA 
include small cohorts with a relative short follow 
up and present low levels of evidence [ 40 ,  71 ]. 

 Improved alignment in navigated TKA in the 
coronal plane and a reduction in radiographic 
outliers have been demonstrated in most of the 
reports which compare the two groups. Despite 
this fact, an improvement in clinical function 
scores, revision rates, or improved survival for 

TKA performed with navigation compared to 
conventional techniques has not been demon-
strated [ 69 ]. There are many studies which do not 
provide functional follow up data, but only report 
less than 2 years clinical outcome and radio-
graphic data. Clearly these studies, although pro-
viding useful feedback to surgeons about 
radiographic and alignment results, do not add to 
the body of evidence in favor of navigated TKA 
in terms of the question of long term functional 
improvements and lower revision rates. Generally 
there is no evidence from mid to longer term 
studies which supports functional improvements 
or reduced revision rates for navigated TKA. On 
the other hand, even published meta-analyses 
studies cannot agree on the concept of whether 
there is evidence to support any functional 
improvements in navigated TKA [ 69 ]. Different 
methods of statistical analyses, incomplete power 
calculations, and cohort studies combined 
together lead to confusing and contradictory 
results. 

 Moreover, many of the studies have been per-
formed in high volume surgical centers by sur-
geons with an interest or even confl ict of interest 
with industry and the development of navigation 
technology and who perform many TKA proce-
dures already. Although, there is evidence to sup-
port improvements in coronal plane alignment, 
however, sagittal plane and axial/rotational align-
ment have been less well studied. The accuracy 
to adjust the rotational alignment of the femoral 
component is a further prerequisite to avoid mal-
functioning in TKAs. It is well known that even 
small deviations of rotational alignment of the 
components have a considerable infl uence on 
patellar tracking, stability and on the overall bio-
mechanics of the joint [ 42 ]. Diagnosis of malro-
tation is challenging enough since it usually 
requires computed tomography (CT), bony land-
marks (usually the femoral epicondyles) and spe-
cial software to reduce the imaging artifacts 
which can provoke imprecision with and without 
navigation [ 42 ,  43 ]. 

 Computer assisted navigation systems have 
been designed in order to increase precision of 
the implantation of TKAs [ 46 ,  49 ,  68 ]. This could 
not explain the fact that the improvements in 
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 coronal alignment (with fewer outliers) have not 
produced improved clinical knee scores, implant 
survival, better TKA function, or durability. 
It may be attributed to three potential causes: 
(1) better alignment in two planes is mitigated by 
the remaining errors in the axial (rotational) 
plane either because of an incorrect defi nition of 
the navigation system landmarks or by the shear 
malalignment of the components in the axial 
plane; (2) alignment goals of a neutral mechani-
cal axis are not the correct target, and individual 
adjustments need to be made based on each 
patient’s anatomic variability; and (3) the groups 
studied are too small (insuffi cient power) and/or 
the clinical scoring systems measuring functional 
status are not refi ned enough and suffer early 
ceiling effects, not allowing to prove superiority. 

 Navigated TKA requires additional steps to be 
taken in the operative room for computer pro-
cessing, pin and tracker placement, array regis-
tering of data points, and analysis of intraoperative 
data. This increase in operating room time is vari-
able and ranges between an increase of 8–63 min 
and to a nearly double or more than double the 
procedure time, with a higher incidence of com-
plications because of small but consistent errors 
in navigation landmarking, compared to conven-
tional TKA [ 46 ,  69 ,  72 ,  73 ]. Surgeons may rely 
on the navigation, perform minimal or not enough 
bone resections, and prolong operating room 
times even further. Soft tissue balancing can not 
be directed from computer assisted navigation 
systems. Another potential source of error is 
when the use of the navigation system is limited 
to the bone cuts and is stopped before fi nal 
cementing of the implants. Finally, the volume of 
the operations performed by the surgeon and the 
experience in using computer navigation technol-
ogy might be contributing factors [ 69 ]. 

 Several authors have studied major complica-
tions related to computer navigation and 
TKA. They present different results: Bauwens 
et al. [ 46 ] found no difference in infection and 
thromboembolic events. Church et al. [ 74 ] per-
formed a double blind randomized study to com-
pare the incidence of fat embolic phenomena 
between navigated and non navigated knee pros-
thesis and demonstrated a signifi cant reduce in 

embolic events in the CAS group. Fat and bone 
marrow is a potential activator of the clotting sys-
tem and is thought to be an important factor for 
deep venous thrombosis. 

 In all studies comparing navigated TKA to 
conventional TKA, the cost of using a navigated 
TKA system is a factor that is well recognized 
yet diffi cult to quantify. Cost is often addressed 
indirectly with an increase in operative and pro-
cedure time for navigated TKA [ 75 ]. The use of 
computer assisted navigation causes costs, 
including the cost of the navigation system and a 
prolonged operative time [ 76 ]. These costs are 
justifi ed if there is a benefi t for the patient. It has 
been suggested that the use of a navigation sys-
tem might be cost effective if there are decreased 
revision rates [ 77 ]. However, improved long term 
function, lower revision rates and/or survival, are 
not supported by any currently available evidence 
data [ 69 ]. 

 TKA is one of the most successful procedures 
in terms of functional improvement, quality of 
life and cost effectiveness [ 78 ,  79 ]. It is therefore 
diffi cult for any new technique to further improve 
these results. Although many of these studies do 
show improvement in radiographic outliers, they 
correctly suggest that these improvements have 
not yet translated to improved knee function, 
quality of life, and survival of the implant [ 71 ]. 
One can argue that it may take a longer time to 
show a possible difference [ 71 ]. These fi ndings 
are not suffi cient enough in order to conclude that 
surgical navigation has to be abandoned. 
Surgeons, who perform relatively few TKAs, 
should also be cautious about adopting navigated 
TKA. Navigation is not a substitute for meticu-
lous intraoperative surgical technique and train-
ing in TKA. 

 The established roles for navigated TKA 
include use in patients with extra articular defor-
mity or retained implants and hardware that does 
not allow for traditional extra or intramedullary 
alignment guides. In addition, its use in resident 
teaching to provide immediate feedback regard-
ing the accuracy of cutting guide placement may 
be helpful. In order to effectively evaluate clini-
cal outcomes of navigated TKA, future clinical 
trials should be designed in order to follow 
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patients in short and mid terms documenting 
improved clinical function and in long terms 
establishing whether lower revision rates are 
achieved. For the above reasons the main ques-
tions for knee arthroplasty surgeons still remain-
ing to be answered is how to create, modify, and 
identify knee functional assessment tools, imag-
ing techniques, and reliable component align-
ment parameters to determine the benefi ts of 
navigated TKA. Therefore, more sensitive evalu-
ation tools may be necessary.     
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           Introduction 

 As medical and public health advances have led to 
enhanced treatments of existing diseases, and to 
delayed mortality, researchers have changed the 
way of examining health, looking beyond causes 
of mortality and morbidity and assessing the rela-
tionship of health to the quality of an individual 
life. The Constitution of the World Health 
Organization (WHO) defi nes health as “A state of 
complete physical, mental, and social well-being 
not merely the absence of disease …”, and thus 
the measurement of health and health care effects 
must include the changes in the frequency and 
severity of diseases as well as an estimation of 

well-being after appraising improvement in the 
quality of life (QoL) related to health care. 
Although there are generally satisfactory ways of 
measuring the frequency and severity of diseases 
this is not the case in the measurement of well- 
being and QoL [ 1 ]. QoL is a global concept that 
has different philosophical, political and health- 
related defi nitions. WHO defi nes QoL as individ-
uals’ perception of their position in life in the 
context of the culture and value systems in which 
they live and in relation to their goals, expecta-
tions, standards and concerns. This broad concept 
is affected by a person’s physical health, psycho-
logical state, level of independence, social rela-
tionships, personal beliefs, and relationship to 
salient features of his environment [ 2 ]. When 
QoL is considered in the context of health and dis-
ease, it is commonly referred to as health- related 
quality of life (HRQoL), to differentiate it from 
other aspects of quality of life. Since health is a 
multidimensional concept, HRQoL is also multi-
dimensional and incorporates domains related to 
the physical, mental and emotional, and social 
functioning of an individual (Table  26.1 ) [ 3 ].

   For decades, surgical prosthetic interventions 
were objectively assessed through operative com-
plications, the survival and lifetime of implanted 
materials, morbidity and mortality rates. More 
recently other subjective scales have been added to 
follow up evaluation protocols. Moreover, it has 
been shown that for complete assessment of the 
benefi ts of a surgical intervention, it is essential to 
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provide evidence of its impact in terms of health 
status and HRQoL [ 4 ]. These terms refer to expe-
riences of illness such as pain and fatigue, and 
broader aspects of the individual’s physical, emo-
tional, and social well- being. Unlike conventional 
medical indicators, these broader impacts of ill-
ness and treatment need to be assessed and 
reported by the patient [ 5 ]. The measurement of 
QoL provides objective evaluations of how and 
how much the disease infl uences a patient’s life 
and how he or she copes with it. These evaluations 
may be used as a baseline of outcome measures 
and should provide a framework to determine 
the impact of any change on patients’ QoL [ 6 ]. In 
this review we present the impact of total knee 
arthroplasty (TKA) on patient satisfaction and 
quality of life.  

    HRQoL Assessment 

 According to recent publications, there is an 
increasing interest in the use of HRQoL mea-
sures. There have been two fundamental types: 
generic instruments and disease specifi c 
instruments. 

  Generic health instruments  include single 
indicators, health profi les and utility measures. 
These measures attempt to capture important 
aspects or dimensions of HRQoL and are appli-
cable across a broad range of conditions and pop-
ulations. Because of its broad scope, the 
sensitivity of this type of measure is inferior to 
one reported with specifi c instruments [ 7 ]. Unlike 
generic health measures,  disease - specifi c mea-
sures  focus on symptoms and disabilities specifi c 
to the condition such as osteoarthritis of the knee. 
At the expense of a comprehensive health evalu-
ation, specifi c instruments tend to be more 
responsive to change within that defi ned domain. 

One challenge of measuring HRQoL, particu-
larly in joint arthroplasties, is to select measures 
that are responsive to change. Research in this 
area has shown that both generic and disease- 
specifi c measures are needed to thoroughly eval-
uate the effect of joint replacements [ 7 ]. It should 
be noted that in the international literature the 
terms QoL and HRQoL are used interchangeably, 
although it is probably more appropriate to use 
the latter term in health. In this section the term 
QoL is used to describe the HRQoL. 

 Because TKA is a high-volume, high-cost 
medical intervention, numerous HRQoL out-
comes have been developed to allow investiga-
tors to quantify preoperative to postoperative 
improvements in the health status of patients 
undergoing TKA. The most commonly used out-
comes tools are: the Oxford Knee Score (OKS) 
[ 8 ], the Knee Society Clinical Rating Scale (KSS) 
[ 9 ], the Knee Injury and Osteoarthritis Outcome 
Score (KOOS) [ 10 ], the Western Ontario and 
McMaster Universities Osteoarthritis Index 
(WOMAC) [ 11 ], and the Medical Outcomes 
Study 36-Item Short-Form Health Survey (SF- 
36) [ 12 ]. The SF-36 is the only generic scale 
identifi ed to measure outcomes of TKA; the other 
scales are specifi c to knee replacement or osteo-
arthritis. With the exception of the KSS that is 
completed by the clinician, the WOMAC, OKS, 
KOOS and SF-36 scales are self-reported. The 
Oxford Knee Score (OKS) is the questionnaire in 
most widespread use in knee outcome research in 
the UK. Since April 2009 the Department of 
Health has required the routine collection of the 
OKS for every knee replacement undertaken 
within the NHS. This is known as Patient- 
Reported Outcome Program (PROMs) [ 13 ].  

    QoL Following TKA 

 Based on existing research evidence, TKA is a 
safe and cost-effective treatment for alleviation of 
pain and restoration of physical function in 
patients not responding to nonsurgical treatment. 
Overall, TKA has been shown to be a very suc-
cessful, relatively low-risk therapy despite varia-
tions in patient health status and characteristics, 

   Table 26.1    Core components of multidimensional 
HRQoL assessment   

 Physical 

 Functional 

 Psychological/emotional 

 Social/occupational 
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type of prosthesis implanted, orthopaedic sur-
geon, and surgical facilities [ 14 ]. Although fol-
lowing TKA, patients show marked improvement 
in pain and physical function, time to recovery 
can vary. Clinically important improvements were 
reported with TKA at 6 months after surgery in 
terms of pain, stiffness, and/or function subscales 
of OKS, WOMAC and SF-36 [ 12 ,   15 – 19 ]. 
This evidence is supported by the English 
PROMs (Patient-Reported Outcome Measures) 
Programme, which uses 6-month outcome data to 
compare the results of hospitals that perform 
TKAs [ 13 ]. Further support was documented in a 
systematic review of three randomised controlled 
trials (RCTs) and six prospective cohort studies 
containing 4,369 patients in total, which report 
that most of the improvement shown on the OKS 
occurs in the fi rst 6 months after TKA although 
there is erratic evidence of a minimally important 
difference occurring between 6 and at 12 months 
[ 20 ]. In a multicenter RCT involving 116 sur-
geons and 2,352 patients and using as primary 
outcome measures the OKS, SF-12 and EQ-5D (a 
standardised instrument for use as a measure of 
health outcome), the improvements in functional 
status and QoL scores were observed at 3 months 
after TKA [ 21 ]. A slow pattern of improvement 
can be observed up to 1 year using disease/joint 
specifi c and generic questionnaires [ 12 ,  22 – 25 ]. 
Generic health measures showed a smaller magni-
tude of change, which is to be expected given the 
construct of these measures that evaluate overall 
health and include the effect of other health condi-
tions. The largest changes were seen in the 
domains that were primary related to total joint 
arthroplasty: pain and physical function [ 26 ]. 

 While TKA provides pain relief and an 
improved QoL, physical function may decline over 
time without any identifi able medical or device 
complication [ 27 – 29 ]. In a review of 5,600 indi-
vidual OKS questionnaires from a prospectively- 
collected knee replacement database, a gradual but 
signifi cant decline was observed over a 10-year 
assessment [ 29 ]. Progression of arthritis at other 
sites, especially in the lumbar spine [ 30 ], the effect 
of aging [ 28 ,  31 ], and an increasing number of 
patients with a medical infi rmity were the most 
common causes of decline of functional capacity.  

    Pain and Function Limitations 
After TKA 

 While a majority of patients report improvement 
in pain and function scores, a substantial number 
of individuals do not meet the level of improve-
ment expected [ 32 ]. 

 Chronic pain is the primary reason for people 
electing to undergo TKA and therefore pain relief 
is a key outcome after surgery [ 33 ]. However, 
some patients feel that TKA was not successful 
in relieving their pain; the percentage of these 
patients was found to be 13 % at 6 months post-
operatively [ 34 ]. At 12 months postoperatively, 
the prevalence of medically unexplained chronic 
pain was found to be 13 % in a sample of 116 
patients [ 35 ]. In this study, one in eight patients 
scored greater than 40 on a 100 VAS pain scale, 
despite having normal radiographic and clinical 
fi ndings. Mid-term results have also uncovered a 
high prevalence of chronic pain after TKA [ 32 ]. 
Five years after TKA 6 % of patients reported 
medically unexplained moderate to severe 
chronic pain [ 36 ]. Seven years after TKA, 30 % 
of patients reported developing moderate to 
severe pain at some time interval since their ini-
tial recovery from surgery [ 37 ]. Much of the 
chronic pain and associated disability experi-
enced by patients after TKA is medically unex-
plained. In a series of 27 patients that underwent 
an exploration of TKA for severe unexplained 
pain, only 45 % were found to have implant- 
related problems [ 38 ]. There is now evidence that 
there is a possible biological factor in the mainte-
nance of chronic pain after TKA, through a 
 dysfunction of pain modulation in the central 
nervous system known as central sensitization 
[ 39 ,  40 ]. 

 Improvements in functional ability after TKA 
are also variable [ 32 ]. The restoration of unim-
paired functional ability after TKA is rare, with 
only 33 % of people reporting no functional limi-
tations with their replaced knee [ 41 ]. Nearly one 
fi fth of TKA patients felt that their surgery was not 
successful in enabling them to resume their regular 
physical activities [ 34 ]. One year after TKA, 
patients still experienced substantial functional 
impairment compared with their age and gender 
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matched peers, especially going upstairs, bending 
to the fl oor, walking and climbing stairs [ 30 ]. In a 
French national longitudinal survey, comprised of 
202 subjects with TKA, people with TKA reported 
signifi cantly greater diffi culties than the general 
population with bending forward, walking more 
than 500 m and carrying 5 kg for 10 m [ 42 ]. In 
another study, patients reporting some diffi culty 
with activities because of their knee function were 
three times more following TKA, compared to 
individuals with healthy knee function [ 43 ]. Poor 
functional ability in some TKA patients could be a 
refl ection of limitations imposed by medical co-
morbidities rather than the replaced knee. 
However, comparisons with the general popula-
tion suggest otherwise. People with knee arthro-
plasty do not reach the level of mobility reported 
by the general population [ 34 ,  43 – 46 ]. One year 
post TKA, patients still experience substantial 
functional limitations compared with their age and 
gender matched peers [ 30 ,  43 ,  47 ]. In a 7-year 
matched pair cohort study of TKA patients and 
healthy controls, patients had signifi cantly lower 
physical function than controls [ 48 ]. Similarly, the 
French Handicap, Disability and Dependence sur-
vey, which included interviews of nearly 17,000 
individuals, found that people with joint replace-
ment had greater limitations and reported worse 
health than people without a joint replacement 
[ 49 ]. The underlying causes of these differences 
are unclear. Although it is likely that much of these 
differences are a refl ection of the biomechanical 
defi ciencies of contemporary TKA designs, other 
potential factors include alteration of the remain-
ing soft tissues and the absence of the native cruci-
ate ligaments. Related factors include the general 
condition of the soft tissues in patients with TKAs, 
including the presence of scar tissue, changes 
attributable to osteoarthritis, and a possible reduc-
tion in muscular tone and lower limb strength [ 43 ].  

    Factors Predicting PROMs After TKA 

 A variety of factors predicting TKA outcomes 
have been evaluated, including gender, age, obe-
sity, medical factors, implant design, and surgical 
technique. 

    Gender 

 The current data regarding gender are contradic-
tory. The 2003 NIH consensus statement con-
cludes gender was not strongly associated with 
short-term functional outcomes as assessed by 
the WOMAC, SF-36, or KSS [ 14 ]. In a large pro-
spective study of 7,326 primary TKAs there were 
equal pain relief and walking improvements for 
both sexes during a 5-year follow-up period [ 50 ]. 
In four prospective studies of less than 300 
patients each, gender was not associated with any 
difference in prevalence of substantial pain up to 
six [ 51 – 53 ] and 12 months post TKA [ 35 ]. On 
the contrary, a multinational randomized study of 
860 TKA patients reported worse pain in women 
on the WOMAC pain scale at 1 and 2 years post 
TKA, but no age differences [ 54 ]. In a large ret-
rospective observational study, women were 
45 % more likely to report moderate to severe 
pain 2 years after primary TKA [ 55 ].  

    Age 

 Data related to the effect of age on PROMs are 
also contradictory. While some studies report bet-
ter outcomes in older patients [ 36 ,  55 ,  56 ], others 
have reported similar outcomes in all age groups 
[ 35 ,  51 – 53 ,  57 ] or poorer in older age [ 54 ,  58 ,  59 ]. 
It is unclear whether the potentially  better out-
come in older patients is due to less demand on 
the replaced joint (e.g. higher pain tolerance or 
less scar formation with less stiffness) or to differ-
ent levels of expectations compared to younger 
patients. On the other hand, older patients are 
likely to have more co- morbidities and less room 
for improvement than younger people. Well 
selected elderly patients can derive as much ben-
efi t from TKA as younger recipients [ 60 ].  

    Obesity 

 The correlation between knee osteoarthritis and 
obesity has been recognized for several years [ 61 ]. 
The negative effects of obesity following total 
joint arthroplasty, such as increased morbidity and 
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mortality, have also been well documented in the 
literature. However, the association between obe-
sity and outcome after TKA is disputed and little is 
known about whether specifi c body mass indices 
can be used as cut offs to determine which patients 
are most at risk for having a poor postoperative 
outcome [ 62 ]. Some studies indicate that obese 
individuals experience lower quality of life and 
performance after TKA [ 63 – 66 ]. In a large data 
set, including 1,011 primary TKAs, the effect of 
obesity was investigated in fi ve groups of patients 
based on BMI 1 year postoperatively. It was con-
cluded that the performance of the obese individu-
als quantifi ed by the WOMAC and SF-36 
outcomes tools was signifi cantly lower. 
Additionally, 1-year follow up indicated that 
higher BMI negatively affected the ascending and 
descending capabilities of these individuals [ 63 ]. 
In a prospective study including 535 primary 
TKAs with a mean follow up of 9.2 years, the 
Hospital for Special Surgery (HSS) scores were 
signifi cantly lower in obese individuals compared 
to peer-matched non-obese patients [ 64 ]. In 
another prospective study, 445 consecutive pri-
mary TKAs were followed up to 9 years. Clinical 
outcomes of non-obese (BMI <30) were compared 
to obese (BMI >30) patients. Signifi cant improve-
ments in outcome were seen and sustained in all 
groups 9 years after TKA. However, lower func-
tion scores were seen at all follow-up periods prior 
to 9 years in the highly obese subset with BMI >35 
[ 65 ]. In a systematic review of the literature iden-
tifying 24 studies with a mean 5-year follow-up, 
the postoperative mean objective and function 
KSS were signifi cantly lower in morbidly obese 
patients compared to non-obese. However, obese 
patients did not have signifi cantly lower KSS 
(objective and function scores) compared to non-
obese. Morbidly obese patients also had signifi -
cantly lower implant survivorship than obese and 
non- obese patients [ 62 ]. There are, however, other 
investigations reporting contradictory fi ndings 
with no signifi cant differences observed between 
obese and non-obese individuals in regard to the 
outcome of TKA [ 67 – 70 ]. They report that body 
weight did not adversely infl uence the outcome of 
TKA in the short term [ 68 ,  69 ] or in the long term 
although there was a trend for obesity to infl uence 

the rate of aseptic loosening [ 67 ,  70 ]. The degree 
of functional improvement following TKA in the 
obese population remains controversial. It appears 
that obese patients have similar satisfaction rates 
as the non-obese population following total joint 
arthroplasty. As BMI increases (>40), however, 
the functional improvement becomes less and/or 
occurs more gradually and is tempered by the 
associated increased complication profi le [ 71 ].  

    Medical Factors 

 Medical factors that are highly predictive of a 
poor outcome after TKA include a greater num-
ber of co-morbidities and a worse pre-operative 
status i.e. high pain and disability [ 72 ]. Depressive 
symptoms are also signifi cant predictors of both 
pain and functional limitations after TKA [ 35 , 
 73 ]. Low self-effi cacy is related to higher inten-
sity pain in arthritis [ 74 ], and expectations for 
complete pain relief after TKA exert a strong 
infl uence on achieving better function and less 
pain postoperatively [ 75 ]. Physical and psycho-
logical issues may infl uence the success of TKA, 
and understanding patient differences could 
facilitate the decision making process before, 
during, and after surgery, thereby achieving the 
greatest benefi t from TKA [ 14 ].  

    Implant Design 

 Despite the increased success of TKA, questions 
have arisen regarding the materials and implant 
designs that are most effective for specifi c patient 
populations. Implant design has evolved over 
time, with improvement in success rates [ 14 ]. 
A number of knee prosthesis designs are on the 
market today, however their relative merits are 
generally unclear. The mobile bearing compared 
to the fi xed bearing design has the theoretical 
advantages of decreased wear and improved 
kinematics, which should result in an improve-
ment in functional outcome and a decrease in 
long-term failure rate. The main theoretical 
 disadvantage is instability and dislocation of 
the bearing [ 76 ]. According to many RCTs, 
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meta- analysis and  systemic reviews, no statisti-
cally signifi cant differences could be identifi ed in 
any of the PROMs between patients who received 
the fi xed-bearing or the mobile-bearing knee 
post- operatively [ 77 – 80 ]. The polyethylene com-
ponents of modern prosthetic designs appear to 
be quite durable [ 14 ]. Another common variation 
is the design of the tibial component. Use of a 
metal-backed base plate has theoretical advan-
tages in that it distributes load more evenly across 
the bone implant interface than an all polyethyl-
ene tibia, and thus should decrease the risk of 
loosening. Limited comparisons between non- 
metal backed and metal backed components have 
been performed, and no defi nitive difference has 
been reported [ 81 ,  82 ]. There is considerable 
variability in patellar resurfacing; many surgeons 
routinely use it while others choose patellar 
retention. Although there is no clear evidence as 
to which approach is best, the role of soft tissue 
balancing and patella-friendly prosthetic designs 
is recognized.  

    Surgical Technique 

 Technical factors in performing TKA surgery 
may infl uence both short and long term clinical 
outcomes. Navigation systems have been devel-
oped to improve the accuracy of alignment of 
the components in TKA. Proper alignment of 
the prosthesis appears to be critical in minimiz-
ing long term wear, risk of osteolysis and loos-
ening of the prosthesis. Computer navigation 
may eventually reduce the risk of substantial 
malalignment and improve soft tissue balance 
and patellar tracking [ 83 ,  84 ]. However, the 
technology is expensive, increases operating 
room time, and the benefi ts on PROMs remain 
unclear [ 14 ]. Minimally invasive surgery (MIS) 
is widely promoted as a possible improvement 
over conventional TKA. It allows for faster 
recovery time, less pain, less need for assistive 
devices, better knee fl exion during the early 
post-operative period, and improvements in 
function [ 85 ,  86 ]. However, concerns have risen 
over potentially increased complications associ-
ated with delayed wound healing and infections, 

and the learning curve required for successful 
accomplishment of MIS techniques [ 87 ]. Poor 
visualization during surgery could also affect 
long-term outcomes (e.g. component malalign-
ment) [ 85 ,  86 ,  88 ]. A systematic review of RCTs 
comparing MIS and conventional TKA found 
that MIS resulted in longer operating times, 
early improvements in KSS (6 and 12 weeks, 
but not after 6 months), early improvements in 
knee range of motion (6 days after TKA), and a 
greater incidence of delayed wound healing and 
infection, although no greater incidence in over-
all complications and component malalignment 
[ 85 ]. Again, the benefi ts on PROMs remain 
unclear. A meta-analysis of RCTs comparing 
clinical and radiological outcomes following 
MIS and conventional TKA found that knee 
fl exion was signifi cantly greater following MIS 
and that there were trends for statistically sig-
nifi cant improvements in quadriceps muscle 
strength during early follow-up, but not at later 
follow-up [ 86 ]. In a systematic review of the 
published literature on MIS TKA, patients 
tended to have decreased postoperative pain, 
rapid recovery of quadriceps function, reduced 
blood loss, improved range of motion (mostly 
reported as a short-term gain) and shorter hospi-
tal stay compared with patients undergoing 
standard TKA. However, an increased tourni-
quet time and increased incidence of component 
malalignment in the MIS TKA groups is also 
reported [ 88 ].   

    Patient Satisfaction 

 The concept of satisfaction is most widely 
employed in consumer marketing and can be 
defi ned as “an attitude like judgment following 
an act, based on a series of product-consumer 
interactions” [ 89 ]. In the health service indus-
tries, patient satisfaction is perhaps the most 
important criterion of success and it has been 
used as a healthcare performance indicator for 
clinical care [ 90 – 92 ]. Quantifying satisfaction in 
a valid way is a challenge because is not straight-
forward to assess, and non-validated instruments 
can provide misleading data. 
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    Satisfaction with TKA 

 Patient satisfaction with the outcome of TKA is 
becoming increasingly used as a measure of the 
patient’s perception of TKA success and it has 
been recognized as an important measure of out-
come because there is a well- documented dis-
crepancy between clinician and patient ratings of 
health status [ 93 – 98 ]. On the other hand, the 
higher rates of success for this procedure have led 
younger and more active patients to undergo 
TKA, expecting to be more active and pain free 
after surgery. Therefore, it is important to evalu-
ate patient satisfaction after TKA in more detail, 
although we do not have a gold standard method 
to measure it by. While the majority of patients 
are satisfi ed with the outcome following TKA, 
and show good improvement in function after-
wards, some are dissatisfi ed with the outcome. 
Despite on-going advances in primary TKA 
patient selection, in implant design and surgical 
techniques, the rate of dissatisfaction following 
TKA ranges from 5.5 % to 19 % with patients cit-
ing either a lack of pain relief or lack of func-
tional improvement [ 93 ,  99 – 106 ]. The Swedish 
Arthroplasty Registry has reported that 
2–17 years after TKA, 81 % of the 25,000 
patients were satisfi ed with the outcome of their 
surgery, 8 % were not satisfi ed and 11 % unde-
cided [ 99 ]. The National Joint Registry for 
England and Wales found that 82 % of patients 
were satisfi ed at just over 1 year after primary 
TKA [ 106 ]. Other studies have found that 
14–19 % of patients were dissatisfi ed with the 
outcome 1 year after primary TKA [ 14 ,  93 ,  100 , 
 107 ]. Satisfaction with the outcome of TKA can 
vary depending on the domain being assessed. 
For example, in a cohort of 407 patients (523 
knees), 73 % of patients were very satisfi ed with 
pain relief, but only 50 % of patients were very 
satisfi ed with their ability to perform leisure 
activities 10 years after TKA [ 41 ]. In another 
cohort of 1,703 primary TKA patients, satisfac-
tion with pain relief varied from 72 % to 86 % 
and with function from 70 % to 84 % for specifi c 
activities of daily living 1 year after surgery [ 93 ]. 
In a small prospective study (n = 112) with 7 years 
of follow-up, 86 % of patients were satisfi ed with 

TKA, 80 % would undergo the operation again, 
and 56 % did regular physical activity and had 
better WOMAC pain and functional scores [ 108 ]. 
Determining which factors affect patient satisfac-
tion after TKA is a very important clinical issue 
and depends on many factors, including pain 
relief and functional ability achieved postopera-
tively, the fulfi lment of pre- surgical expectations 
and mental wellbeing [ 100 ,  109 ]. Achievement 
of pain relief and functional status are the most 
important predictors of satisfaction [ 100 – 111 ]. 
While pain relief is very relevant to patient satis-
faction, it is not the sole driver. It is quite possible 
for patients to report good levels of pain relief 
and overall dissatisfaction or vice versa. Marrying 
of expectations and resultant perception of out-
come has been suggested as a model for under-
standing satisfaction response. The failure to 
meet optimistic expectations is associated with 
dissatisfaction following joint arthroplasty, with 
the expectations of kneeling, squatting and ease 
of climbing stairs amongst the least frequently 
met expectations [ 100 ,  111 ]. 

 On the other hand, older patients demonstrate 
poorer functional outcomes, but exhibit high lev-
els of satisfaction, perhaps due to lower preopera-
tive expectations [ 45 ,  112 ,  113 ]. Psychological 
issues such as depression and a tendency to cata-
strophize have also a negative effect on both out-
comes and satisfaction [ 114 ,  115 ].   

    Conclusions 

 Primary TKA is most commonly performed 
for advanced knee osteoarthritis. Satisfactory 
outcomes of primary TKA in most patients are 
strongly supported by more than 20 years of 
follow up data. There appears to be rapid and 
substantial improvement in the patient’s pain, 
functional status, and overall health related 
quality of life in approximately 90 % of 
patients. 

 Current data regarding the effect of age, 
gender and obesity on patient reported out-
come measures remain contradictory, although 
older patients are likely to have less room for 
improvement than younger people, and lower 
BMI is associated with greater satisfaction 
and better functional outcome. Physical and 
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psychological issues may infl uence the suc-
cess of TKA, and understanding patients’ dif-
ferences could help us achieve the greatest 
benefi t from TKA. 

 Despite on- going advances in primary 
TKA patient selection, in implant design and 
surgical techniques, the dissatisfaction rate 
following TKA ranges from 5.5 % to 19 % 
with patients citing either a lack of pain relief 
or functional improvement.     
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