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10.1  What Is the Rationale 
for Computer-Assisted Hip 
Arthroplasty?

Total hip arthroplasty (THA) is a very successful 
procedure with 95% survivorship after 10 years 
and 80% survivorship at 25  years [1]. Despite 
this success, there are also reports about patient 
dissatisfaction, (early) revisions, and other issues.

Research has shown that appropriate femoral 
and acetabular component positioning and place-
ment is crucial for prevention of hip dislocations, 
accelerated wear, leg length inequality, unfavor-
able biomechanics, and suboptimal function. One 
of the persisting challenges of appropriate ace-
tabular component placement is its dependence 
on correct evaluation of the individual lumbo- 
pelvic kinematics and spine–hip relation.

Over the past decades, there have been multi-
ple innovative approaches to improve positioning 
and placement of components to enhance align-
ment or to recreate native characteristics of the 
hip and femur, such as intraoperative fluoroscopy 

and mechanical navigation [2] technology. 
Potentially, the most influential innovation 
related to efforts in improving implant position-
ing was the introduction of computer-assisted 
surgery (CAS), built on the technological foun-
dations and innovation and advances in major 
fields such as computing and optics.

When defining CAS, often computer technol-
ogy for planning, navigating, and guiding surgery 
and the use of robotic assistance in surgery are 
used interchangeably to describe the term. While 
the fields of robotic assistance and computer- 
assisted navigation are heavily intertwined and 
most robotics currently rely on computers and 
image-based preplanning for navigation (an 
exemption being the imageless NAVIO robotic 
system for knee arthroplasty by Smith & Nephew, 
LPC), the underlying methods and techniques are 
distinct.

CAS systems comprise of a number of differ-
ent technologies and methods to overcome chal-
lenges posed by arthroplasty. In total hip 
arthroplasty, CAS tracks the intraoperative posi-
tion and alignment of the pelvis, femur, and surgi-
cal instruments. Orthopedic surgery may 
specifically benefit from this development, since 
bone matter is a great candidate for such measures 
due to its relative rigidity and its distinction from 
soft tissue in the body. For THA, CAS allows for 
accurate and appropriate placement of the acetab-
ular component within the “safe zone” [3] and for 
recreation of the native femoral offset and leg 
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length. Some devices further provide information 
about joint biomechanics, surgery progress, joint 
irregularities, and cutting accuracy [4].

10.2  Imageless and Image-Based 
CAS

A number of established navigation systems rely 
either on accelerometer-based tools or position/
motion capture technology that combines infrared 
cameras and reflective (passive) or light- emitting 
(active) markers or diodes attached to arrays/plat-
forms, bony landmarks, and surgical tools. 
Software is then used to determine the position 
and orientation of the bone structures and instru-
ments in 3D space for monitoring and provision 
of feedback. Imageless CAS includes an intraop-
erative bone registration process, where the iden-
tification and digitization of bony landmarks are 
crucial for developing a 3D model of the hip and 
to establish femoral position and orientation.

After registration and definition of planes, 
e.g., anterior pelvic plane, reaming depth/direc-
tion, and implant placement can be intraopera-
tively planned and modified. For image-based 
CAS, CTs or MRI is used for 3D modeling and 
subsequent preoperative planning, with intraop-
erative flexibility to modify the plan.

10.3  Benefits, Complications, 
and Specific Risks of CAS

Overall, both imageless and image-based com-
puter navigation systems in THA are considered 
reliable and accurate. For imageless navigation, 
one study showed about 97% of acetabular com-
ponents were placed within the safe zone for 
inclination and anteversion. A meta-analysis 
including 7 clinical trials and 485 patients com-
pared THA with and without and imageless navi-
gation, where desired position of anteversion 
deviated on average less in navigated cases and 
the authors found no differences in mean cup 
inclination and anteversion [5].

Leg length equality may be well restored with 
CAS with decreased outliers regarding leg length 

discrepancies, but there is no current scientific 
evidence that CAS may be superior regarding 
this aspect. There is also currently no evidence 
for significantly higher or specific risks related to 
CAS; results from a retrospective, small cohort 
study showed no differences after 5–7 years post-
 op evaluation regarding clinical outcomes 
(HOOS, HHS, range of motion), bone mineral 
density, or polyethylene wear when comparing 
navigated and non-navigated THA [6]. Image- 
based CAS has also been shown to be a valuable 
alternative to conventional THA, with highly pre-
cise and favorable measurements of cup align-
ment, less placement outside the safe zone, less 
dislocations, and similar survival rates [7].

A potential disadvantage of imageless naviga-
tion is the reliance on consistently accurate regis-
tration of bony landmarks for evaluation of the 
anterior pelvic plane (APP). The individual vari-
ability of soft tissue thickness overlaying land-
marks such as the bilateral ASIS and the 
symphysis pubis may be challenging and lead to 
registration errors affecting cup positioning. It 
has been questioned whether the APP derived 
from the position of aforementioned landmarks 
as an anatomical reference plane for navigation 
may actually be inferior (especially in cases with 
difficulty to access the bony landmarks due to 
surrounding soft tissue) to the alternative supine 
coronal plane, which some systems allow to 
assess and use as a functional reference plane.

10.4  Cost-Effectiveness of CAS

Despite numerous positive reports regarding the 
safety, accuracy, and clinical outcomes, most sur-
geons have not yet adopted the technology citing 
high cost, the learning curve, and increased opera-
tive time. However, the complexity of current sys-
tems has significantly decreased throughout the 
past decade, and it allows for easier integration 
into the operating room (OR) workflow. Overall, 
there is a significant initial setup cost associated 
with the integration of computer navigation in the 
OR, so it has been postulated that lower priced 
systems may be crucial to justify setup and use of 
the technology for many facilities having to bal-
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ance cost and efficiency [8]. This initial setup cost 
may be well compensated by the longer term effi-
cacy; overall, there may be a smaller number of 
required instrumentation trays [1], and implants, 
and a decrease of other indirect costs. Other major 
factors determining cost effectiveness may be the 
overall case volume (with decreased efficiency 
associated with lower number of surgeries), efforts 
to decrease revision rates in comparison to exist-
ing methods, and reducing costs of the technology 
itself, additional equipment, and disposables. The 
use of image- based navigation requires additional 
presurgery imaging, which further increases costs, 
and there has been some concern about infection 
due to pins placed percutaneously at the iliac crest, 
thus increasing risk for the patient. The latter has 
been identified and addressed by several naviga-
tion device manufacturers, as some devices either 
do not require the use of femoral trackers or use 
pinless technology where markers/trackers are 
attached to the limb surface without the need for 
incision or drilling. Alternatively, in certain sys-
tems, leg length may be acquired by positioning a 
probe on a distal femur landmark.

10.5  Some Current Navigation 
Systems

The imageless Intellijoint system (Intellijoint 
Surgical Inc., Waterloo, Canada) was developed 
to tackle current issues associated with conven-
tional CAS, mainly the high per-patient costs, the 

increased surgical time, and the interruption of 
surgical workflow. This miniature tool acts as an 
intraoperative guidance tool that can provide 
information on cup position, leg length, offset, 
and hip center. The system is based on optical 
infrared technology described earlier and con-
sists of a camera magnetically attached to a pel-
vic platform attached to the ipsilateral 
(contralateral in direct anterior approach arthro-
plasty) iliac crest with two screws, and a femoral 
disc tracking/registration point that is secured at 
the greater trochanter. The surgeon must also cre-
ate an accurately reproducible tracking point at 
the distal femur, which can either be done via a 
small incision or some other surface marker that 
will not move.

This allows for a real-time evaluation of joint 
alignment and component positioning, and the 
magnetic array allows for easy adjustment of the 
camera-tracker setup, e.g., to attach the tracker to 
the bone impactor or a surgical probe. The native 
characteristics of the hip and femur are evaluated 
before dislocation; then during trial reduction, 
tracker measurements are conducted through the 
range of motion, and tracking then helps with 
selection of correct implant size and component 
placement (Fig. 10.1).

One major advantage of this system (apart 
from no requirements for additional imaging) is 
that the miniature-format system can be set up in 
the sterile field (with the camera sterilely draped 
and the monitor outside the sterile field) with no 
interruption of the surgical workflow. This also 

Fig. 10.1 Intraoperative 
monitoring of leg length 
and offset using the 
Intellijoint miniature 
navigation system. The 
digitizing probe is used 
to trace the groove of the 
disc attached to the 
femur to establish 
femoral position and 
orientation changes

10 Reproducing the Hip Anatomy: Intraoperative Planning and Assistive Devices (CAS, Robotics)



102

minimizes any issues regarding visibility of the 
markers for the camera.

The imageless Brainlab Hip System (Brainlab, 
Munich, Germany) uses wireless technology and 
is a touchscreen-based planning and navigation 
module. A single camera unit (consisting of two 
cameras for 3D space) that is part of the naviga-
tion station outside the sterile field emits and 
detects infrared flashes. Just as with other similar 
systems, markers that are attached to reference 
arrays on patients’ bony landmarks (and a pinless 
femur reference option), probes, and instrumen-
tation reflect the infrared light back to the camera 
system where it is detected and processed by 
software to calculate the 3D positions of the dif-
ferent landmarks and instruments. Preoperatively, 
the operator measures ASIS distance and pelvic 
tilt. Then, after making the incision and preparing 
the bone, a landmark registering process follows, 
which provides the computer with reference 
landmarks in space relative to reference arrays 
and information about individual patient anat-
omy. Instrument adapters allow for the use of 
devices not provided by the manufacturer, but 
require additional calibration steps. Intraoperative 
planning can be conducted in regards to both cup 
and femoral component, and “leg situation 

 analysis” allows for intraoperative evaluation of 
leg length and combined femoral and pelvic off-
set (Fig.  10.2). It also allows for intraoperative 
range of motion and, depending on approach, 
impingement analysis.

Stryker’s OrthoMap imageless system 
(Stryker Corporation, Kalamazoo, MI, USA) 
allows for registration in both supine and lateral 
position for different approaches, intraoperative 
evaluation of leg offset, leg length, ROM, and 
joint stability, and enables the user to intraopera-
tively plan both the cup and stem. Users may uti-
lize the Stryker instruments or compatible 
instruments from several other cup manufactur-
ers. A single infrared light-emitting and detecting 
unit is used in combination with markers/tracker 
attached to the pelvis and the femur, whereas leg 
length assessments can also be done without the 
use of a femoral tracker by using skin marker 
digitization at the distal femur. Cup positioning is 
based on the anatomical definition of cup align-
ment and allows for the determination of inclina-
tion, anteversion, and hip center shift (translation 
of the cup relative to the hip center in 3D space). 
Stem alignment and position can be assessed 
(e.g., anteversion, leg length, and femoral 
offset).

Fig. 10.2 The Brainlab 
system for THA uses a 
proximal femoral screw/
tracker that can be 
reacquired throughout 
the procedure for 
assessment of the leg 
length and offset
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10.6  Robotic Assistance

It has been proposed that every industry, includ-
ing modern medicine and ultimately total joint 
arthroplasty, follows a similar set of steps of mat-
uration with the final phases being automation 
and computer integration [9]. Hence, the devel-
opment of robotic assistance for orthopedic sur-
gery is not surprising. Robotic assistance in joint 
surgery has been around since the 1990s, with 
William Bargar and Howard Paul developing the 
technique in 1992 for hip arthroplasty. Robotic 
devices such as the pioneering ROBODOC 
(Curexo Technology, Fremont, CA and Think 
Surgical Inc., Fremont, CA) have the robot navi-
gate based on mechanical, computer-assisted 
navigation, and meticulous preplanning/templat-
ing before surgery.

Surgical robots can be classified as active, 
semi-active, and passive systems. Passive sys-
tems assist in parts of the surgery, under complete 
guidance from the surgeon, e.g., keeping a guide 
in position while the surgeon performs the bone 
preparation. Semi-active systems require inter-
vention from the surgeon in form of manipulation 
of the cutting tool, while the system provides the 
operator with either haptic, visual, and/or audi-
tory feedback regarding predetermined (pre-
planned) spatial constraints associated with the 
cutting process (i.e., “active constraint”). The 
Mako system (Stryker Corporation, Kalamazoo, 
MI, USA) is an approved and well-known semi- 
active system providing haptic guidance through-
out the cutting procedure. Active robots execute 
tasks such as cutting without dependence on 
guidance from the surgeon, and once initiated, 
conduct the bone preparation autonomously.

The first robot of this kind was the aforemen-
tioned ROBODOC built on the platform of a tra-
ditional computer-assisted manufacturing system 
[10]. Another system is the TSolution One (Think 
Surgical, Inc., Fremont, CA), which is built on 
the foundation of ROBODOC technology. The 
overall strongest argument for the use of robotic 
assistance is the improved accuracy of bone mill-
ing in combination with 3D planning of the sur-
gery for optimal bone preparation and implant 
placement.

10.7  Benefits, Complications, 
and Specific Risks 
of Robotics

Most of the existing studies comparing robotic 
surgery and traditional THA include only small 
cohorts, allowing only for preliminary conclu-
sions about efficacy and safety. However, a recent 
meta-analysis of 178 articles (eight studies 
included in quantitative synthesis) and including 
only studies from 2005 to 2017 provided more 
insight regarding this topic [11]. Their analysis of 
intraoperative complications (femoral fractures/
cracks) and postoperative complications (infec-
tion, nerve palsy, deep vein thrombosis, and dis-
location) showed a significantly higher 
intraoperative complication rate for manual THA 
and similar postoperative complication rates 
between manual and robotic-assisted THA. The 
total complication rates were significantly higher 
in manual THA, including in the three included 
randomized-controlled trials. There were no sig-
nificant differences between the THA methods 
for several outcome measures (Japanese 
Orthopaedic Association Score, Harris Hip 
Score, Merle d’Aubigne Hip Score, Western 
Ontario and McMaster Universities Osteoarthritis 
Index). Radiographic data analyses showed no 
differences in leg length discrepancy, but a higher 
rate of optimal cup placement (within the safe 
zone) for robotic THA. This efficient and consis-
tent placement within the margins of the safe 
zone is, in turn, associated with a decreased risk 
for dislocation, instability, and revisions. The 
authors found no significant differences regard-
ing surgical time in the pooled analysis but an 
overall trend toward shorter surgery times for 
conventional THA. This factor may be related to 
each surgeon’s individual experience and the 
learning curve, and more research is required to 
investigate how much surgeon experience can 
affect shortening of robotic surgery times. Blood 
loss was only evaluated in two studies, with one 
favoring robotic THA, and one finding no differ-
ences. Additionally, it has been suggested that 
there has been an increased number of litigations 
related to earlier robotic devices, potentially due 
to patients’ perception that the use of robots indi-

10 Reproducing the Hip Anatomy: Intraoperative Planning and Assistive Devices (CAS, Robotics)



104

cates a lack of human oversight or decreased 
human control and involvement during the sur-
gery [4].

Robots are designed to execute a plan, and a 
current obstacle or limitation is the inability of 
active robot systems to adjust this plan intraop-
eratively (intraoperative modifications are much 
less of an issue in semi-active robotic assistance 
THA), since there is a dynamic environment 
whose variables may change in an instant. For 
example, if there is an intraoperative finding that 
requires adjustments or if there is a fracture 
occurring, the surgeon has to stop the robot and 
manually finish bone cuts as there is no flexibility 
of the robotic technology at this present time in 
case of unforeseen events. This current problem 
of active robotics will most likely be solved in the 
future with progress in artificial intelligence and 
improved control software.

10.8  Cost-Effectiveness

A major issue regarding the current lack of cost 
efficiency is the high cost of purchasing the 
robotic system and its hardware and software 
components, and associated costs such as cost of 
disposables, training of staff, and maintaining the 
system, that is, (re-)calibrations, upgrades. 
Conventional THA has an advantage regarding 
intraoperative time as a major cost evaluation 
aspect, but with current developments in robotic 
technology, we can expect intraoperative time to 
further decrease, e.g., with development of sim-
pler bone registration methods and improved OR 
workflow. Another very significant aspect are 
potential cost savings associated with robotic sur-
gery related to the significant reduction of instru-
ments needed and potential elimination of 
inventory in the field. To realize these cost sav-
ings, it will require a close collaboration between 
the individual stakeholders such as hospitals, OR 
facilities, device representatives, and physicians. 
Since there are still unanswered questions and a 
lack of long-term studies related to potential 
advantages/disadvantages of robotic THA, more 
research is needed to make valid statements about 

the overall cost-effectiveness. Ultimately, the 
market will decide whether the use of robotic 
technology is justified and the cost-effectiveness 
calculations will require constant updates and 
reevaluations, since the technology is still being 
further developed and refined.

10.9  Personalizing Hip 
Replacement and the Role 
of CAS and Robotics

The usefulness of Lewinnek’s “safe zone” as a 
standard for cup orientation in THA has been 
questioned more and more in the past few years 
[12–14]. This is due to patients’ individual 
muscular and bony anatomical differences that 
may affect lumbo-pelvic kinematics and spine–
hip relationship throughout the range of motion. 
These individual differences have been pro-
posed to be crucial for finding accurate cup 
positioning to ensure optimal postoperative 
function and prevention of dislocation, instabil-
ity, and premature failure. The general “safe 
zone” does not account for such individual dif-
ferences, but there are efforts to take these 
aspects into consideration for THA. One prom-
ising approach is a preoperative evaluation of 
the patients’ joint kinematics and lumbo-pelvic 
interactions, as provided by Corin’s Optimized 
Positioning System (OPS, Corin, Cirencester, 
UK). The system uses preoperative imaging to 
investigate the individual dynamics of the 
lumbo-pelvic complex (Fig.  10.3). The kine-
matic information is then used to create an 
operative plan including suggestions for opti-
mal cup inclination and anteversion (Fig. 10.4). 
The software also provides a preview of the 
planned osteotomy and the cup placement 
(Fig.  10.5). Such individualized systems for 
THA are likely to be useful for improving post-
operative outcomes, but a solid created plan is 
only as good as its execution in the OR. For this 
specific system, Corin provides personalized 
jigs that are used to perform the suggested oste-
otomy/bone preparation on the acetabular and 
femoral side.

M. Dettmer et al.
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However, for high-precision intraoperative 
navigation, the system could be combined and 
integrated with CAS, i.e., with the use of the 
Intellijoint system. This would allow the surgeon 
to use both a personalized approach through 
thorough preoperative planning in combination 
with high precision and accuracy operative exe-
cution with the help of CAS.

The value of this combination of preopera-
tive planning and CAS may be further enhanced 

by concurrent developments in robotic assis-
tance technologies. Hence, the functional 
assessment of native joint anatomy and kine-
matics in combination with CAS and the preci-
sion of robotic assisted bone preparation could 
lead to a paradigm shift in regards to THA stan-
dard of care; the technological progress and 
fine-tuned combination of the described tools 
could lead to significant improvements of 
orthopedic care.

Standing parameters: Flexed seated parameters: Step-up parameters:

Sacral slope:
Lumbar lordotic angle:

11.9˚
45.6˚
63.1˚

Pelvic tilt:
Sacral slope:
Lumbar lordotic angle:

12.2˚
45.9˚

1.6˚

Pelvic tilt:
Sacral slope:
Lumbar lordotic angle:

2.6˚
36.3˚
51.1˚

Pelvic tilt:

Fig. 10.3 Preoperative functional imaging for evaluation of individual kinematics and personalized cup orientation 
using the Optimized Positioning System (Corin OPS, Cirencester, UK)

Radiographic Anteverion

Radiographic
Inclination

Supine pelvic tilt   17.8˚ 44/16 43/21 43/26

39/15 38/20

34/2034/15

38/25

33/25

Fig. 10.4 Operative 
plan for individualized 
cup orientation based on 
preoperative functional 
evaluation. (Corin OPS, 
Corin, Cirencester, UK)
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10.10  Future of CAS and Robotic 
Surgery

“The only current limitation in the application 
and adoption of these technologies is the imagi-
nation and understanding of what can be accom-
plished in the future” [15]. Overall, the potential 
developments in CAS and robotic surgery could 
include improved preoperative and intraoperative 
planning and streamlined workflow, improved 
time efficiency, accuracy, and more flexibility. 
The aforementioned combination of preoperative 
functional hip analyses and operative plan execu-
tion may be beneficial to make THA more effi-
cient and minimize the number of patients 

dissatisfied with their treatment. Navigated THA 
and robotic surgery have benefitted greatly from 
the technological advancements of the past two 
decades, specifically in the areas of computation, 
optical positioning/motion capturing, and indus-
trial robotics. While it is difficult to predict the 
future, the past has indicated which path future 
innovations could take. On a sensor/imaging 
level, the use of ultrasound for defining a 
 reference plane, or 3D laser scanning could 
become more important once the technologies 
are introduced in the workflow.

Whereas it is impressive how precisely robots 
perform their given tasks, future developments in 
artificial intelligence and sensor technology as 

Standing AP X-ray Supine post-operative plan

Cup orientation when supine:  38°/20°

Cup:  50 Trinity

Sterm:  #3 MiniHip

Head:  36 -4

The default stem placement is planned to
reproduce the native femoral head centre in the
transverse plane, unless specified othenwise. See
page 2 for details.

Section in osteotomy plane Section in stem plane

Native femoral version: 16˚

13˚

M

A

L

P

Stem version:

Osteotomy:

Head centre:

30mm Above LT

2mm Below GT

Fig. 10.5 Preview of planned osteotomy and cup placement with the Optimized Positioning System (OPS, Corin, 
Cirencester, UK)
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part of the “Industry 4.0” phase may allow robots 
to be more efficient than they are currently; more 
advanced robots could be able to adjust to chang-
ing intraoperative variables and be able to per-
form modified bone cuts without requirements for 
intervention of the surgeon. Once robots will be 
able to distinguish between tissue types, they may 
assist both in soft tissue preparations and balanc-
ing and also be less likely to injure bone- 
surrounding ligaments, tendons, or blood vessels.

In their outlook regarding the future potential 
of robotic innovation, Jacofsky and Allen [9] sug-
gest that a recreation of the former kinematics of 
the native joint with less emphasis on imaging 
will be a potential next step, and there are recently 
initiated efforts to develop highly sophisticated 
customized and personalized implants that poten-
tially will not even be implantable without the 
use of robotic assistance.

Automation and robotics will not be excluded 
from future THA developments, and most likely 
play a larger role than today. “…one thing is 
clear: robotics appears to be here to stay” [9].

 Case Report

This particular case was a 26-year-old Caucasian 
woman with a Crowe IV dysplastic hip and 
pseudo-acetabulum (Fig.  10.6), who reported 

having had symptoms since the age of 12 years. 
The patient had previously undergone Chiari pel-
vic osteotomy, femoral osteotomy, and femoral 
lengthening, which were unsuccessful in improv-
ing pain and function in the longer term.

Considering the history of the patient in terms 
of disease progression, pseudo-acetabulum, 
deformities, and earlier treatments, preoperative 
planning would have been extremely difficult 
without CAS and robotic assistance. The semi- 
active robotic assistance also allowed for intraop-
erative plan modifications regarding cup 
placement to recreate the true acetabulum and 
femoral preparation to reproduce the proximal 
femur anatomy. We used the MAKOplasty 
Robotic Arm Interactive Orthopedic (RIO) 
robotic arm (MAKO Surgical Corp., Ft. 
Lauderdale, FL, USA) and surgery-planning 
software, which allowed us to preoperatively 
plan the placement of the acetabular shell into the 
severely dysplastic true acetabulum based on 
patient-specific anatomical characteristics (based 
on three-dimensional [3D] reconstructions of 
patient computed tomography [CT] scans, 
Fig.  10.7). Also, a small femoral tracker was 
placed on the proximal femur and a small electro-
cardiogram (ECG) lead was attached to the knee-
cap, so the system’s digitizer could be used to 
register those points for intraoperative evaluation 
of leg length and combined offset. This provided 
the opportunity to make intraoperative modifica-
tions when necessary. The use of the robotic arm 
helped to optimize accuracy and to execute the 
surgery plan with high levels of precision.

A Trinity shell (Corin, Cirencester, UK) was 
fixated using two screws and a neck-preserving 
MiniHip (Corin, Cirencester, UK) femoral stem 
was used. The surgery led to the reconstruction of 
the true acetabulum, which was associated with a 
decrease in leg length discrepancy (Fig.  10.8). 
The use of a neck-preserving short-stem implant 
in combination with use of the MAKO system 
helped to recreate the proximal femur anatomy. 
The patient followed up over 18  months and 
reported no issues related to her hip in the post-
operative phase.Fig. 10.6 Preoperative X-rays of 26-year-old patient 

with a Crowe IV dysplastic hip and pseudo-acetabulum
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Fig. 10.7 (a) 3D model of the hip showing pseudo-acetabulum and (b) planned position of the shell in the dysplastic 
true acetabulum

Fig. 10.8 Postoperative X-rays showing recreated true 
acetabulum and short-stem femoral implant
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