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Chapter 11
Robotic Primary and Revision THA
for the Femoral Side

Nobuo Nakamura

Abstract Robot-assisted THA for femoral side is one of the oldest appreciations of
robotics in orthopedic surgery. The first active robotic system, ROBODOC, has been
used in many countries. Originally, it utilized pin-based registration system and
required locator pin implantation in the patient femur before THA. Subsequently, non-
pin-based surface registration technique was developed, which eliminated the need for
pin implantation and pin-related complications. Besides the function of femoral mill-
ing during primary THA, this system can also selectively remove bone cement from
the femoral canal during revision THA. Although one study shows a higher revision
rate of robotic femoral surgery than a conventional technique, many studies show
accurate femoral preparation, same or slightly better postoperative function, better
alignment of the stem, less fat embolism, less stress shielding, and a lower incidence
of femoral fracture by using the robot than conventional techniques.

Keywords Robotic - Primary total hip arthroplasty - Revision total hip arthro-
plasty - Femoral

11.1 Introduction

Historically, there were two robotically assisted systems for femoral milling during
total hip arthroplasty (THA): ROBODOC (Think Surgical, Fremont, CA, USA) and
CASPAR (URS Ortho, Rastatt, Germany). ROBODOC was the first active robotic
system designed to improve outcomes on the femoral side of cementless total hip
arthroplasty (THA) by reducing technical errors [1]. During the 1980s, the clinical
results using cementless THA were not stable because of bone ingrowth failure and
persistent thigh pain. Manual preparation of the femoral cavity was thought to be
one of the major causes of the problem [2]. Initial pilot studies were performed in
dogs, and clinical use of this system was initiated in 1992 [2].
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The US Food and Drug Administration (FDA) authorized a multicenter study that
started in 1994. Although the robotic system used in that study required insertion of
three locator pins, and the average operative time was more than 240 min, the study
demonstrated better fit and positioning of the femoral component in the robot-assisted
group [1]. Later, there were further system improvements that included reduction in
the number of locator pins used (from three to two) and improved milling speed and
cutting paths to reduce surgical invasiveness and robot milling time [1].

The European Union approved the system in 1994 [3], although the early trials in
Germany led to multiple lawsuits and negative media coverage because of the high
complications rate [4]. In Japan, we initiated a multicenter clinical trial in 2000 to
acquire approval by our Ministry of Health, Labour, and Welfare. Subsequently, a “pin-
less” registration system was developed that utilized the bone surface for registration.
In 2008, it received FDA approval for its use in THA. The ROBODOC system has now
been used for more than 28,000 joint arthroplasties, including those in the knee.

CASPAR was the other image-based active robotic system. Although prelimi-
nary in vitro studies showed better bone-implant contact than manual implantation
[5] and accuracy comparable to that of the ROBODOC system [6], the CASPAR
system has been shown to have low accuracy regarding the postoperative stem ante-
version angle compared with that in the original plan [7]. In addition, in a prospec-
tive trial, the CASPAR system had worse outcomes in terms of blood loss,
dislocation, revision rate, and heterotopic ossification than the conventional group
at the average 18 months of follow-up [8]. This system is no longer available for
clinical use [4]. In this chapter, therefore, we address the ROBODOC system.

11.2 Techniques

11.2.1 Primary THA Using a Pin-Based System

ROBODOC is a fiducially based registration system. It consists of three units: a
robotic arm with a high-speed end-milling device, a control cabinet, and a preopera-
tive planning workstation (ORTHODOC; Think Surgical) (Fig. 11.1). Additional
disposable equipment (e.g., sterilized drill bits and drapes) are needed for each
robotic operation.

Using this pin-based system, each procedure consists of locator pin implantation,
computed tomography (CT) scanning, preoperative planning using the workstation,
robotic diagnostics and preparation, exposure and registration of pins, and robotic
milling of the femur. For femoral registration, two locator pins are implanted: one
in the greater trochanter and the other in the lateral condyle of the femur (Fig. 11.2).
After pin implantation, which is performed with the patient under local anesthesia
prior to THA, a CT scan is obtained according to the manufacturer’s specified
protocol.
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Fig. 11.1 ROBODOC surgical robot system. (a) ROBODOC surgical assistant, a five-axis
SACARA-type surgical robot. (b) Control cabinet. (¢) ORTHODOC, a three-dimensional (3D)
preoperative planning workstation

Fig. 11.2 Fiducial screws for registration. The screws are inserted in the greater trochanter and
femoral condyles, and computed tomography (CT) images are obtained
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Fig. 11.3 Preoperative planning using the workstation. (a) Using the CT data, the surgeon con-
structs a 3D plan for prosthesis implantation. (b) Green lines around the stem indicates the cutting
path, by which the surgeon can identify any risk to soft tissues and/or the possibility of bone injury

At the workstation, using the CT image data for the patient, the surgeon can cre-
ate a three-dimensional (3D) preoperative plan to select the size of the prosthesis
and its position in the femur (Fig. 11.3a). As the workstation shows the cutting paths
three-dimensionally, the surgeon can identify any risk of abductor tendon injury
and/or damage to the greater trochanter (Fig. 11.3b). When the implant is optimally
positioned (virtually, at the workstation), the preoperative planning data are recorded
on a compact disk (CD). Prior to the surgical procedure, the surgeon loads the
patient data on the CD into the robot-assisted system and performs self-start-up
diagnostics of the robot.

During the operation, the surgeon exposes the pins and secures the patient’s lower
extremity to the robot with a femoral positioning clamp (Fig. 11.4). The surgeon then
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Fig. 11.4 Surgical exposure of the left hip via a posterior approach. Femoral head and neck are
elevated by an abdominal spatula (a). Gluteus maximus is retracted with a Charnley retractor (b).
Gluteus medius and minimus muscles are retracted with a Hohmann retractor (¢). A femoral posi-
tioning clamp (d) is then applied to the proximal femur (just below the lesser trochanter) to connect
it with the robot (e). Finally, a bone motion monitor (f) is placed on the bone surface. (g) Greater
trochanter; (h) femoral head

Fig. 11.5 Exposure and registration of the two locator pins: one in the greater trochanter (left
panel) and the other in the lateral condyle of the femur (right panel). Inset: Robotic probe is touch-
ing the pins for registration

moves the robot arm by guiding its probe into contact with the pins (Fig. 11.5). The
robot-assisted system computer records the pin locations and automatically performs
registration and verification of its accuracy.
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Fig. 11.6 (a) Robotic milling of the proximal femur. The gluteus medius and minimus muscles
were retracted anteriorly without any damage. (b) Monitor on the control cabinet shows the milling
process by the robot in real time

The surgeon then installs a drill bit and guides the robotic arm in front of the
bone to begin milling the femur (Fig. 11.6a). While the robot mills the femoral
canal, the monitor shows the milling process (Fig. 11.6b). The surgeon can stop the
machine at any time by pressing a “pause” button. We prefer a posterior approach
so the gluteus medius and minimus muscles are easily retracted anteriorly to avoid
damage (Fig. 11.6a). After the milling is complete, the surgeon inserts the implant
in the usual fashion. It is easy to determine the osteotomy level of the femoral neck
because the medial cortex of this level has already been milled by the robot.

11.2.2 Primary THA Using a Pinless System

To eliminate the need for locator pin implantation and its potential pin-related com-
plications (e.g., postoperative pain at the site of pin implantation [9]), a proprietary
non-pin-based surface registration technique was developed by the manufacturer in
2000. First, a CT scan of the femur is performed according to the manufacturer’s
specified protocol. The CT data are then imported into the workstation, and surface
models of the proximal and distal femur are created for surface registration
(Fig. 11.7). A preoperative plan is created in the same manner as with the pin-based
registration system (Fig. 11.3). Once the surface bone model is successfully created
and the optimal surgical plan completed, the surgeon transfers the data to a CD.
Prior to the surgical procedure, the surgeon loads the CD’s information into the
robotic system and performs routine setup and diagnostic checks. During surgery, the
surgeon secures the patient’s leg in the femoral fixator of the robot and then locates
the bone surface points on the femur using a digitizer (Think Surgical) (Fig. 11.8a).
In the present study, 14 points from the proximal femur and three points from the
distal femur were digitized (Fig. 11.8b). The robotic computer recorded the spatial
information of surface points and matched them to the coordinate surface model that
was created preoperatively on the workstation. This procedure is called surface
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Fig. 11.7 Preoperative creation of the surface models of the femur on the workstation for pinless
registration. (a) The bone surface is defined (pink line) on each CT slice. (b) Acquired bone surface
model of the proximal femur. ROI region of interest
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Fig. 11.8 Pinless registration technique. (a) During the operation, the surgeon oriented the robot
by selecting points on the femoral surface using a “digitizer.” (b) Registration of the proximal
femur. Fourteen points were chosen, as shown on the monitor. The surgeon verified the registration
accuracy by touching the bone surfaces with the digitizer. (¢) If the locations coincided with the
bone surface points on the monitor, the surgeon accepted the registration
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registration. When the registration has been completed, the surgeon verifies its
accuracy by touching bone surfaces with the digitizer. If the difference between the
digitization-based surface contour and the CT-derived surface contour is within
1 mm, the registration is considered acceptable (Fig. 11.8c). A drill bit is then
installed, and the milling of the femur begins.

11.2.3 Cement Removal During Revision THA Using
a Pin-Based System

The pin-based registration system can also selectively remove bone cement from the
femoral canal during revision THA. Prior to the surgery, two locater pins are
implanted into the affected femur under local anesthesia. CT scans are obtained, and
their data are imported into a preoperative planning workstation. The long axis of
the femur is aligned. At least eight cross sections are defined, and the surgeon
demarcates a perimeter around the bone cement on axial views of the femur. From
these data, the workstation program automatically creates a 3D cutting path for
cement removal (Fig. 11.9). At this point, the surgeon can check and modify the

Fig. 11.9 At the planning workstation, multiplanar reconstruction view of the proximal femur is
used to plan robotic cement removal. A minimum of eight cross sections are defined on a coronal
view. A perimeter around the bone cement is demarcated on each section (blue lines). The cutting
path (purple) is then created automatically
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cutting path. These preoperative planning data are recorded on a CD. During the
operation, the femur is exposed and the femoral component removed using a con-
ventional procedure. After the patient’s leg is fixed to the robot and surgical table,
registration is performed using the two locater pins. After soft tissues are firmly
retracted, the robot mills the femoral canal to remove the bone cement. Finally, the
surgeon manually reams the femoral canal and inserts the stem.

11.3 Clinical Outcomes

11.3.1 Primary THA Using the Pin-Based System

The clinical accuracy (75 hips) of the pin-based system using postoperative CT
images was <5% for the canal fill, <1 mm for the gap, and <1° for the mediolateral
and anteroposterior alignment [10]. In our prospective, randomized study (78 hips
underwent robotic milling, 78 underwent hand rasping) using a posterolateral
approach, the robotic milling group showed significantly superior Merle d’ Aubigne
hip scores at 2 years. Compared with the robotic milling group, the hand rasping
group had more intraoperative femoral fractures (0 vs. 5), more stem undersizing,
higher vertical seating, and more femoral anteversion causing inferior fit of the
implant [11]. At the 5-year follow-up (71 hips with robotic milling, 75 with hand
rasping), there was significantly less variance in limb-length inequality and less
stress shielding of the proximal femur in the robotic milling group, although differ-
ences in the clinical scores were not significant [12]. This tendency was also true at
the 10-year follow-up [13]. At 2 years postoperatively, a dual energy X-ray absorp-
tiometry study suggested that robotic milling was effective in facilitating proximal
load transfer around the femoral component and minimizing bone loss after cement-
less THA [14].

The robotic femoral milling system reportedly reduces the development of intra-
operative pulmonary embolisms. Using transesophageal echocardiography (46 hips
with robotic milling, 25 with hand rasping), Hagio et al. found that the incidence of
severe embolic events was lower in the robotic-milling group than in the hand-
rasping group [15]. In contrast, Honl et al., who conducted a prospective, random-
ized study with 2 years of follow-up (74 hips with robotic milling, 80 with hand
rasping using an anterolateral approach), found that 18% of the attempted robotic
implantation procedures required conversion to manual implantation because the
robotic system failed. They also found more complications in the robotic milling
group, including nerve palsy (7%), dislocation (18%), and abductor dysfunction
requiring reoperation (15%) [16].

One reason for the difference could be the surgical approach. It is possible that the
posterolateral approach allows better retraction of the abductor muscles and thus bet-
ter access for robotic milling than the anterolateral approach. However, Bach et al.
reported that, when the insertion of the hip abductor muscles was protected appropri-
ately, gait analysis showed no functional impairment after robotic procedures, even
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with an anterolateral approach [17]. Another reason could be the surgeons’ learning
curve with this system. The preoperative planning workstation shows the cutting paths
three-dimensionally, and the well-trained surgeon can then make the appropriate deci-
sions preoperatively and intraoperatively to avoid abductor tendon injury by choosing
the appropriate implant and/or approach for each patient [12].

11.3.2 Primary THA Using a Pinless System

We have reported a comparison study of the pinless system (40 hips) versus the pin-
based system (78 hips). The average duration of the surgery was 25 min longer with
the pinless system because more time was required for registration, including verifica-
tion. Differences in the average blood loss and complications (e.g., nerve palsy, femo-
ral fissure, dislocation, thigh pain) were not significant. At an average of 38 months
postoperatively, Japanese Orthopaedic Association hip scores were significantly bet-
ter in the pinless group than in the pin-based group, probably because patients with the
pinless system had no pin-related knee pain. The accuracy of postoperative stem
alignment of the pinless system was comparable to that of the pin-based method [18].

The pinless system received FDA approval in 2008. The advantages of this sys-
tem are that there is no need for prior pin implantation surgery and no concern about
pin-related knee pain.

11.3.3 Revision THA

Yamamura et al. reported 19 cases that required robotic bone cement removal from
the femoral canal. The mean robotic milling time was 34 min (range 17-51 min).
None of the patients suffered perforation or fracture of the femur during surgery or
follow-up. No patients displayed nerve palsy or infection. Dislocation was seen in one
patient. Radiographically, the bone cement was completely removed in all cases. Stem
subsidence was seen in two cases. At final follow-up (76—150 months), all stems were
considered stable. Early weight bearing was possible because of circumferential pres-
ervation of the femoral cortex. In nine cases, full weight bearing was achieved within
1 week postoperatively, which was better than that achieved with extended trochan-
teric osteotomy. Robotic bone cement removal thus seems safe and effective [19].

11.4 Discussion

There are several advantages of a robotic milling system. It enables precise preop-
erative 3D planning and execution of the plan. It enables better fit and increased
bony ingrowth between the implant and the host bone. It reduces the incidence of
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complications, such as intraoperative pulmonary embolism, femoral fractures, and
limb-length inequality. Its disadvantages are increased surgical invasiveness, longer
operation time, an extended learning curve, and higher cost. In addition, surgeons
cannot modify the surgical plan intraoperatively [4].

There have also been several reports of technical complications, such as having
to halt a procedure because of bone motion during cutting, thereby requiring rereg-
istration, femoral shaft fissures requiring wire cerclage, acetabular rim damage dur-
ing milling, milling of a defect of the greater trochanter, and registration failures
[20, 21]. To avoid these errors and complications, surgeons and staff must be fully
educated regarding the use of the robotic milling system. Being familiar with the
equipment and its use can minimize negative occurrences and optimize the safety
and usefulness of the robot. Surgeons should keep in mind that, with this system,
preoperative planning is part of the surgery, and an inappropriate plan results in
failure. During surgery, the surgeon needs to understand the workspace and appro-
priate positioning of the patient and robot, carefully watch the moving path of the
cutter, and listen to the sound of the milling to detect any abnormalities [22].

Future designs of the robotic system should include fail-safe mechanisms and
tracking to prevent inadvertent injuries. For example, combining it with a navigation
system would help avoid the need for reregistration as a result of bone motion. An
improved user—machine interface could reduce the incidence of registration failure
and subsequent incorrect execution of the surgery.
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