CHAPTER 1
CURRENT ROBOTIC
SYSTEMS APPLIED TO
SURGERY
Lawrence D. Dorr

It has been twenty years since Digioia won the Hip Society Award for his research into the improved acetabular position of the cup
in total hip replacement (THR) by computer navigation because of its correction for pelvic tilt.1 At that same time there were companies who designed computer navigation programs for total knee replacement (TKR). In 2005 MAKO (Ft. Lauderdale, FL, USA)
was founded to create and sell a robotic tool for unicompartmental knee replacement (UKR). Despite the time that has passed
there is only a small penetration of use of intraoperative computers in the orthopedic community. The reasons are both objective
and subjective. The objective reasons are the paucity of published data that shows clinical benefit for the use of these tools. The knee
has been studied much more than the hip, but few studies have found improvement in outcomes despite improved alignment.2 It
is ironic that TKR has had preferred use over the hip because the knee anatomy is so easily available to the surgeon. The hip has
more promise to benefit from quantitative knowledge of component position because the acetabulum is in a deep wound and the
pelvis is unavailable. With the hip the confirmation of leg length and offset would be popular with surgeons.
Subjective reasons for lack of acceptance is a universal response of different personalities as described by Gladwell in his book,
The Tipping Point.3 Change is designed by an innovator who perseveres to bring an idea to fruition. The initial advocates and users
of the change are named early adopters. These are people who do not shrink from risk, and in fact usually thrive on it. How fast
the change penetrates commercially beyond early adopters depends a lot on the perceived value of it. In medicine that perceived
value is a consequence of published results. The next group of users who need some proof of pragmatic value are the early majority,
and they are followed by the late majority who want extensive proof of value, and to know that others are routinely doing it. The
last group is the laggards, and these people change only because they have to in order to survive. There is sometimes a large gap
between the early adopters and the early majority, and that is what has been experienced with computers in the operating room.
The current environment would suggest that this technology has now tipped into the early majority for UKA and TKR.
The reasons for TKR being studied more prevalently than the hip is because technical challenges are greater, and clinical
results worse for TKR compared to THR. The reasons that more patients dislike their TKR has not been fully elucidated but surgeons believe if they improve the surgical result the clinical outcome will follow. Computer navigation/robotics in the operating
room is a realistic option for improving surgical results. A second pragmatic reason for improved acceptance of robotic technology
is the purchase of MAKO by Stryker Orthopedics. Stryker had deep penetration into the orthopedic community, and they expect
to profit from their purchase of robotic technology so their promotion of this technique has educated many orthopedic surgeons.
Stryker research focused on the total knee to complement the unicompartment program that MAKO had perfected. MAKO had
worked first on a Total Hip program but Stryker realized the market for Total Knee Replacement was more urgent, and technically
easier to accomplish for their goals.
Because more patients have a “forgotten hip”, surgeons feel less pressure to improve those results. But new knowledge about hip
replacement is changing that complacency. The realization that the lumbar spine-pelvis relationship affects hip function after THR
has increased the pressure on surgeons to achieve greater accuracy and precision of implant placement in the operating room.4, 5
Normal pelvic position and mobility allows the surgeon much latitude in performing the operation but as the position and
mobility of the spine and pelvis tighten so does the importance of understanding the hip component positions and mobility.
The relationship between the spinopelvic structure and the hip is really quite simple to understand. It seems complex because
it is new, and requires a change in planning. The relationship is best understood by knowing the position and mobility of the
spinopelvic construct. The position is directly related to the stiffness of the lowest three lumbar vertebrae as measured as the

1

MM_Catani.indb 1

9/25/2020 7:17:40 PM

2

ROBOTIC SURGERY FOR TOTAL HIP AND KNEE REPLACEMENT

angle of the lumbosacral joint (sacral slope, SS). Normally the pelvis points down and anterior when standing, and the SS angle is
40 degrees; when sitting the pelvis tilts posterior an average of 20 degrees so the SS angle is 20 degrees. The midpoint of a standing
and sitting pelvis is 30 degrees so when a pelvis is fixed in both standing and sitting with an SS angle above 30 degrees it is called
“stuck standing”; when it is fixed below 30 degrees both standing and sitting it is termed “stuck sitting”. A second measure of position is the pelvic incidence (PI) which measures the position of the femoral heads under the spine: if the heads are directly under
the spine the PI is Low PI; with Normal PI the heads are in front of the spine; with high PI the heads are way anterior and the pelvis
usually has increased mobility (the average stand to sit is 30 degrees, not 20). MOBILITY is the second criteria for understanding
the hip-spinopelvic relationship. It is measured by the difference in the SS angle standing and sitting (dSS), and the normal is
11-29 degrees. So any hip with motion of the spinopelvic structure ≤10 degrees is considered stiff. Stiff spinopelvic constructs need
cup inclination of 45degrees (and 50 degrees is acceptable in patients 75 years of age and older) and anteversion of 20-25 degrees.
Hips with >30 degrees of pelvic motion are hypermobile which can be a variant of normal. However, hypermobile hips which have
an SS ≤5 degrees sitting (kyphosis of the lumbar spine) are pathological, and a risk for dislocation. Hypermobile hips need a coronal cup position of 35-40 degrees inclination and 15-20 degrees anteversion.
The Lewinnek safe zone for the cup is not a reliable indicator for dislocation.6, 7 A reliable measure is the Combined Sagittal
Index which is the sum of the Ante-inclination (AI)and femoral position (PFA), and this is the functional safe zone.8 Hips with a
CSI standing that is above Normal are at risk for anterior dislocation; A sitting CSI below normal is at risk for anterior impingement and therefore posterior dislocation. The risk for impingement is related more to the PFA (femur) than to the AI (acetabulum) which is different than the traditional thought. The functional safe zone is measured from the lateral spinopelvic-hip X-rays.
I have used computer navigation for THR since the early 2000s. I learned it was both more accurate and precise in placing the
acetabular component.9 Surgeons from Rush University recently published that outcomes with computer navigation reduced the
rate of dislocation and cup revision following primary THR.10 Leg length could be accurate but it required a pin for attachment
of sensors be placed in the distal femur so the leg could be positioned exactly as it was for the preop measurement. This distal pin
went through the iliotibial band and that caused pain which was bothersome for six weeks so we abandoned that. We next used
a small screw in the greater trochanter and tried to position the legs the same as preop but the precision of this was worse than
our manual measurements. Near 2010 I approached MAKO and proposed they design a THR program. I knew the future would
be with advanced computer navigation with robots the next level. The intuitive surgical robot was penetrating prostate surgery,
and in gynecological surgery. MAKO allowed me to form a team which I did with Robert Truesdale and Mark Pagnano from
the Mayo Clinic; Douglas Padgett and Amar Ranawat from the Hospital for Special Surgery; and Richard “Dickey” Jones from
Southwestern University in Texas. Together with the engineers from MAKO we developed a THR program which is the one
currently in use with Stryker.
When I first started use of the computer I quickly understood the importance of combined anteversion of the stem and cup
which could be accurately performed with computer numbers, and defined the limits as 25-45 degrees.11 Ranawat had previously
described a manual method which developed the concept but was much less precise.12 The importance of preparing the femur
first can be learned from studies of stem anteversion.13, 14 The stem is not always in 15 degrees of anteversion, and in one study
combined anteversion was less than 25 degrees in 30% of hips because of low stem anteversion.13 However, stem anteversion is
dependent on stem design,14 and Emerson had a mean stem anteversion of 22 degrees with a blade noncemented stem.15 The
importance of combined anteversion can be readily visualized on a sitting lateral spine-pelvic-hip X-ray because with correct
combined anteversion the femoral head sits in the center of the cup, and with poor combined anteversion the head is uncovered
posteriorly which indicates risk of dislocation. It is combined anteversion and restoration of the hip Center of Rotation (COR)
that are the two most important reconstructions with THR. Correct COR makes the balance of hip length and offset quite easy,
and this biomechanical reconstruction is paramount to good function and stability of the THR.
The use of a computer in the operating room improves the surgical decision-making, and for THR can reduce complications
with dislocation and cup revision.10 A deficiency of several computer navigation systems is a lack of ability to measure the COR.
Manual determination by reaming of THR COR results is error of a mean 6.4 degrees, and superior displacement of the COR by
5 mm or more creates problems balancing the THR.16, 17 In fact it was the discovery of superior COR of 5 mm or more that stimulated the design of the offset stem by Bourne.18 The primary problem with a superior COR is that the gluteus medius muscle is
shortened which weakens the hip, and that causes pain, and potential instability plus greater wear.
The weakness of establishing the hip COR has been resolved with the robotic software. One factor is the use of a preop CT scan
but most importantly it is incorporated into the software. A CT scan is not necessary because imageless computer navigation does
determine the COR by registration of the acetabulum. In our study of robotic acetabular placement the mean COR was 0.9±4.2 mm
superior and medial was 2.7±2.9 mm as confirmed by postoperative CT scans. Precision of the COR was 81.5%.19 In the study of
the robot by Kayani et al.20 the COR was also 0.9 mm superior ±1.1 mm and medial was 1.9±1.3 mm. In his study 96% of hips were
within Lewinnek’s safe zone, and this confirmed the report by Domb et al.21 who reported 100% of hips operated by robot being
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within Lewinnek’s safe zone. No study has studied the functional safe zone but the precision demonstrated with the robot gives
expectation that the precise cup positions needed to achieve the functional safe zone can be achieved.
The weakness of the current robotic systems is that none has demonstrated it can reliably measure leg length and offset. But
for reproducible acetabular position and COR, as well as combined anteversion, the current robotic systems provide excellent
accuracy and precision. The future will be expected to demonstrate superior clinical outcomes.
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CHAPTER 2
ROBOTIC-ASSISTED SURGERY
IN PRIMARY TOTAL HIP
REPLACEMENT (MAKO-Rio)

2.1

PREOPERATIVE PLANNING – POSITION AND
ORIENTATION OF THE STEM AND OF THE CUP
Ivan De Martino, Fabio Mancino, T. David Tarity, Seth A. Jerabek

Total hip arthroplasty (THA) is widely considered the orthopaedic operation of the century.1 Sir John Charnley introduced the
innovative concept of the “Low Friction Arthroplasty”, focusing the attention to the load transfer across the joint and to implant
fixation and bearing materials in order to obtain long-term survivorship.2,3 However, with a new generation of younger and more
active patients, the cemented Charnley implants reported higher failure rates on both femoral and acetabular side.4 A shift toward
cementless fixation, particularly for the acetabular reconstruction, over the last two decades has demonstrated improved survivorship.5 Despite the overall success of THA, instability remains a costly and difficult problem with negative implications on patients’
quality of life.6 With a dislocation rate of 1% after primary THAs and up to 25% after revision THAs,7 instability is considered
the most common reason for revision hip arthroplasty (17-33% of all revisions’ indications).8 Component position and bearing
surface choices are associated with long-term survivorship.
THA instability is considered multifactorial, related to patients, implants and surgical characteristics.9 In order to reduce the
risk of instability, impingement, and edge loading, Lewinnek et al. introduced the concept of “Safe Zone” for acetabular cup of
approximately 40° of abduction and 15° of anteversion,10 later adjusted by Callanan’s Safe Zone of 30-45° of abduction and 5-25°
of anteversion.11 The Lewinnek Safe Zone (LSZ) has been widely used as reference point for nearly 40 years, but recent studies
have demonstrated that cups positioned within this range did not prevent dislocation.12,13 In addition, recently there has been an
increased interest in the hip-spine relationship as well as the concept of functional acetabular component position, and it’s impact
on THA outcomes.8,14 Pelvic tilt seems to be strictly related to acetabular anteversion, which challenges the concept of LSZ.10,15
However, it is widely accepted that freehand acetabular component positioning frequently fall outside the “safe zone”, reaching
up to 68% using the direct lateral approach,16 43% using the posterolateral approach,11 and 21% using the anterolateral approach.17
Reproducible implant positioning remains a major problem for orthopaedic surgeons in order to provide long-term survivorship
and minimize the risk of instability and bearing wear.
In order to address the devastating complication of hip instability, many surgeons adopted newer technologies such as intra-
operative navigation to improve survivorship and outcomes. Significantly lower variability was reported by using navigation
during THA, however, cup anteversion was generally less accurate than cup inclination with the imageless navigation.18 This led to
an increased interest in robotic-assisted THA in order to consistently improve implant positioning. DiGioia et al.19 first reported on
the CT-based navigation for accurate placement of the cup in THA using a combination of preoperative CT images and 3-D reconstructions based on anatomic landmarks. Compared with cross sectional imaging, preoperative planning based on plain radiographs
encounters many limitations such as ensuring consistent magnification and high quality antero-posterior (AP) image of the pelvis,
as well as, difficulty assessing the proximal femur in patients with significant joint contracture. A rigorous evaluation of radiographic outcomes reveals that a large percentage of acetabular components fall outside accepted parameters for optimal position.20
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Figure 1. A CT-scan of the patient and 3D reconstruction are the first step in the THA pre-operative planning using MAKO
system (Courtesy of Stryker, FL, USA). Hip length and combined offset are measured and taken into account.

Figure 2. Cup planning and restoration of the COR, cup inclination and version.
In 1988, ROBODOC (Integrated Surgical Systems, DE, USA) was introduced in THA in order to allow precision planning
and milling for the femoral component. The main advantage of robots over conventional techniques was the accurate and precise
cutting and reaming of bone in preparation for implant placement, resulting in fewer errors and outliers. The first autonomous
robotic systems were enabled to complete the operation without surgeon input, executing the preoperative plan of resection,
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positioning and sizing. Despite initial enthusiasm, these robots have progressively fallen out of favor due to concerns over soft
tissue safety and a lack of direct control during the surgical procedure, along with other complications. Following the introduction of active robots, semiautonomous systems have been progressively developed. These systems require surgeon’s involvement;
however, they prevent surgeons from deviating from the preoperatively planned bone removal, which has led to an increased
accuracy and reduced errors in component placement.21-23
The Robotic Arm Interactive Orthopedic System (RIO; MAKO Stryker, Fort Lauderdale, FL, USA) is an image-based haptic
system. The haptic guidance defines the degree of freedom within which the surgeon can perform the bone reaming while still
maintaining control during the THA procedure. It requires a preoperative CT-scan to evaluate the patient’s specific anatomy. A
preliminary plan is prepared that determines component sizing, positioning and bone resection. During surgery, the surgeon registers the patient’s bone, so the robot recognizes where the patient is in 3-dimensional space. The pre-operative plan is then confirmed and adjusted intraoperatively based to the patient’s kinematics, allowing for better range of motion, decreased impingement, and increased stability, which potentially improving outcomes and function.26 The robotic system provides haptic feedback
during the procedure in order to prevent bone resection outside the desired plan. It has been reported in the literature that THA
using robotic-arm assistance significantly increase the precision and reduces the variability of acetabular cup implantation as well
as hip length and offset when compared to conventional manual technique.20,24,25
Robotic assisted haptically guided THA using the MAKO-Rio system (Stryker, Fort Lauderdale, FL, USA) enables personalized surgery. In order to provide an customized pre-operative plan, CT-scans of the patient’s pelvis and proximal femur are
required (Figure 1), in addition to a few sections of the distal femur to evaluate the condylar axis for femoral anteversion analysis. In addition, hip length and offset are evaluated and compared to the contralateral side. The pelvic tilt is measured in the
supine position in the CT-scanner and used to calculate the correct functional acetabular anteversion20,27 for each patient. The
software then converts the 3D model into a 2-dimension image that recreates a standardized AP pelvis radiograph in the functional plane eliminating any distortion from a flexion or external rotation contracture, thus depicting the true femoral anatomy.
From the CT-scan, the bone is segmented developing a 3D model of the pelvis and femur of the patient and provides an initial

Figure 3. Femoral stem planning and visualization of the planned cup COR, the selected femoral head length and the
native femur head center.
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Figure 4. Reduced mode that allows a final review of the combined offset and hip length.

pre-plan through standard landmarks according to the surgeon’s preferences. The CT-landmarks are used to calculate the hip
length, defined as the distance from the anterior superior iliac spine (ASIS) axis to the lesser trochanter, and the combined offset,
defined as the distance from the mid-line of the pubis to the anatomical axis of the femurs. The femoral version is determined by
evaluating the angle between a line through the center of femoral neck and head and the epicondylar axis. The operative hip is
also compared with the opposite side. The native hip center of rotation (COR) can be used during templating to generate a prosthetic hip that will restore the native muscle tension and perhaps feels more natural.28
The first preoperative step involves the acetabular component position, planned to be placed in the anatomic position
(Figure 2). The individualized inclination and version of the acetabular component are chosen according to the anatomic and
functional characteristics of the patient. The goal is to restore the patient’s center of rotation (COR) as well as placing the cup in an
appropriate combination of inclination and anteversion while maintaining adequate bony contact to provide solid bone fixation.
The depth of the reaming is controlled by the haptic arm to restore the COR. Combined anteversion can be adjusted by appropriate accommodations in either the acetabular or the femoral component reconstruction. The final position of the acetabular
component allows a range of motion that is not limited by impingement, considered one of the primary causes of failure of THA
before 20 years.29 The MAKOplasty THA using the Rio system enables the surgeon to evaluate the cup position intraoperatively,
potentially benefiting less experienced surgeons and providing accurate and reproducible acetabular cup placement within the
predetermined range even during difficult cases such as obese patients.30 Size and medialization of the acetabular component are
planned to achieve the best fit and bony coverage between the anterior and posterior columns, and to remove cartilage and sclerotic bone but preserving as much bone as possible for fixation and restoring the COR.20 The medial position of the cup is planned
in the transverse CT-slide that shows the thinnest thickness of the medial wall. The proper size and position of the acetabular
component are selected considering “Kohler’s line” and the lateral edge of the acetabular teardrop, in order to prevent violation
of the medial wall of the acetabulum. The superior and inferior boundaries are clarified on the coronal view, the subchondral
bone superolaterally and the line from the teardrop and the ischial tuberosity inferiorly. Finally, the planning software is able
to superimpose the acetabular component as planned in the AP pelvis radiograph reporting the cup COR and the bony femoral
COR. Once again, the surgeon can ultimately adjust the plan as desired.
Following acetabular component planning, it is possible to proceed with the 3-D planning of the femoral component (Figure 3).
The goal is to accurately predict femoral size and version by templating the correct stem that guarantees the restoration of hip
length and offset using the available head and neck options. Various femoral component designs are available in the planning
software. The neck cut is measured in order to restore the original femoral COR and the 3-D model helps to adjust the femoral
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component in relation to the planned position of the acetabular component. For example, if the acetabular COR is shifted medially in accordance with Charnley principles,31 it is then necessary to increase the femoral offset in order to restore the combined
offset, increase stability, abductor function and free-of-impingement range of motion.20 Depending on the hip length and combined offset, the surgeon can evaluate the effective difference from the stem COR and the bony femoral COR. Modular heads
with various neck lengths can be helpful in correcting leg length and offset. The size of the femoral component in the distal canal
is measured in the coronal view. The implant should be centered in the femoral canal and fit just inside the proximal femoral
cortices. When considering cemented stems, the broach model should be used to evaluate size and fit. Femoral version must
be planned in relation to the anteversion of the acetabular component, in accordance to the “combined anteversion” concept
introduced by Ranawat.32 In order to achieve the desired combined anteversion, the femoral component allows for little adjustment, especially in cementless fixation, compared to the acetabular component. If abnormalities of the native femoral version are
encountered adjustments of the acetabular component version can planned or perhaps selecting elevated polyethylene liners in
mild to moderate abnormalities, or using cemented or modular or cemented femoral component selection in severe abnormalities that allows greater control over final femoral implant anteversion.
Once acetabular and femoral components size and orientation are established, the Reduced Implant Plan Assessment provides the reduced view (Figure 4) with the planned stem reduced into the planned cup in order to finally confirm that hip length
and combined offset are correctly restored.

POSITION AND ORIENTATION OF THE STEM AND OF THE CUP
Two different femoral workflows are available depending to the surgeon’s preferences: the Enhanced Femoral Workflow and
the Express Femoral Workflow. The first one gives access to all the MAKOplasty features included guided neck resection, broach
and/or stem version and COR, combined anteversion display and real-time reduced hip length and combined offset. However,
this workflow requires registration of the proximal femur, which placement of the femoral array. The Express Femoral Workflow

Figure 5. Registration of pelvic landmarks.
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