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Chapter 12
Computer-Assisted Orthopedic Surgery
for Hip Osteotomy

Masaki Takao, Takashi Sakai, Hidetoshi Hamada, and Nobuhiko Sugano

Abstract Developmental dysplasia of the hip (DDH) is a common cause of sec-
ondary osteoarthritis. Various types of periacetabular osteotomy that reorient the
dysplastic acetabulum have been developed to prevent the early onset of second-
ary osteoarthritis. Bernese periacetabular osteotomy and rotational acetabular
osteotomy are now commonly used as surgical treatments for symptomatic DDH.
Periacetabular osteotomies are technically demanding procedures that require
detailed anatomical knowledge of the pelvic anatomy and three-dimensional (3D)
cognitive skills because surgeons must avoid intra-articular perforation of chisels,
thin acetabular fragments, posterior column fracture, and vascular and nerve
injury. Preoperative 3D simulation of the osteotomy would be useful to avoid
these perioperative complications. Computer-assisted systems such as navigation
and custom cutting guides would be powerful tools with which to accurately exe-
cute the 3D osteotomy plan. A few reports have described the clinical application
of a navigation system or custom cutting guide for periacetabular osteotomy.
However, no navigation system that can track movement of the acetabular frag-
ment has been developed. Some researchers have been developing such naviga-
tion systems with a focus on tracking the acetabular fragment.
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12.1 Need for Computer Technology in Periacetabular
Osteotomy

Developmental dysplasia of the hip (DDH) is a common cause of secondary osteo-
arthritis. Various types of periacetabular osteotomy that reorient the dysplastic ace-
tabulum have been developed to prevent the early onset of secondary osteoarthritis
[1-3], including Eppright’s dial osteotomy [4], Wagner’s spherical acetabular oste-
otomy [5], Ganz’s Bernese periacetabular osteotomy [1], rotational acetabular oste-
otomy (RAO) [2], and curved periacetabular osteotomy (CPO) [6]. Bernese
periacetabular osteotomy and RAO are now commonly used as surgical treatments
for symptomatic DDH in Europe, North America, and Japan [7]. Clinical applica-
tion of computer technology has also been reported mainly for Bernese periacetabu-
lar osteotomy, RAO, and CPO.

Bernese periacetabular osteotomy was first described in 1988 by Ganz et al. [1]
and has been performed in Europe and North America. Its polygonal osteotomy
design involves three cuts in the ilium, pubis, and ischial bones through a modified
Smith-Petersen approach and maintains the integrity of the posterior column. RAO
is a reorientational periacetabular osteotomy first described by Ninomiya and
Tagawa in 1984 [2]. The surgical approaches and procedures of RAO have been
modified, and it is currently widely used throughout Japan for patients with the
early stages of osteoarthritis secondary to DDH. The design of the osteotomy is
spherical, allowing the acetabular fragment to easily rotate and increasing the bone
contact area between fragments for stability and bone healing (Fig. 12.1). RAO also
maintains the integrity of the posterior column. CPO was modified from periace-
tabular osteotomy by Naito et al. [6]; the osteotomy design is spherical and per-
formed through a modified Smith-Petersen approach.

The common aims of these techniques are to improve femoral head vertical cov-
erage with articular cartilage and restore the femoral head from its subluxated posi-
tion. Most of these osteotomies are technically demanding procedures. Insufficient
lateral and anterior acetabular coverage as well as excessive anterior coverage after
periacetabular osteotomy reportedly leads to early osteoarthritis [8]. Thus, many
researchers have attempted to develop a three-dimensional (3D) system with which
to evaluate the acetabular coverage of the femoral head [9-13], a 3D planning sys-
tem [10, 14, 15], and a surgical guidance system for periacetabular osteotomy that
includes navigation [16-22] and a custom cutting guide [23, 24]. Periacetabular
osteotomy requires detailed anatomical knowledge of the pelvic anatomy and 3D
cognitive skills because surgeons must avoid intra-articular perforation of chisels,
thin acetabular fragments, posterior column fracture, and vascular and nerve injury
[25-27].

Preoperative 3D simulation of the osteotomy would help to avoid these periop-
erative complications. Computer-assisted systems such as navigation and custom
cutting guides would be powerful tools with which to accurately execute the 3D
osteotomy plan. Many authors have reported the usefulness of navigation in total
hip arthroplasty to reduce malpositioning of components and minimize leg-length
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Fig. 12.1 (a) Design of rotational acetabular osteotomy and (b) position and alignment of a reori-
ented acetabulum were simulated three-dimensionally. Reprinted from [32]

discrepancy regardless of the incision length, approach, or surgeon’s experience
[28]. However, a few reports have described the clinical application of a navigation
system or custom cutting guide for periacetabular osteotomy (Table 12.1) [16-19,
22-24,29-32].

12.2 Periacetabular Osteotomy Using Navigation

Langlotz et al. [16] developed their original image-guided freehand navigation of
surgical instruments and applied it to Bernese periacetabular osteotomy for 12
patients with 12 dysplastic hips. Their system did not incorporate the preoperative
planning of osteotomies, reorientation, or refixation, but could visualize the osteo-
tome in real time. The real-time visualization initiated a modification of the estab-
lished surgical technique in the form of an alteration of the direction of the pubis
osteotomy. The system indicated that the risk of endangering the hip joint during
this osteotomy could be reduced by a less markedly inclined cut. The authors also
reported the outcomes of 14 cases of computer-navigated osteotomy [17]. They
found that although the operative time was 20-30 min longer and the operative
blood loss volume was higher than those for nonimage-guided interventions, no
intraoperative or postoperative complications were observed, and an accurate and
safe pelvic osteotomy could be performed.
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Mayman et al. [19] developed an original CT-based navigation system and
applied it to periacetabular osteotomy through a transtrochanteric approach for
seven patients with eight dysplastic hips. The iliac and ischial osteotomies were
marked in three dimensions using an optically tracked drill following the preopera-
tive plan. The superior pubic rami osteotomy was performed under fluoroscopic
guidance. They reported that computer enhancement of periacetabular osteotomy
allows the surgeon to take the preoperative plan to the operating room and carry out
that plan with accuracy, reliability, and safety. This exposure allows the experienced
hip surgeon to perform the procedure safely under direct vision, even if the com-
puter enhancement fails.

Nakahodo and Sugano et al. [18] developed an original CT-based navigation sys-
tem that could guide both the surgical instruments and movement of the fragment as
well as reconstruct the intraoperative change in the acetabular fragment model.
Three screws were placed around the acetabular rim just before the osteotomy, and
the movement of the acetabular fragment was determined by measuring the move-
ment of the position of each screw head. They applied the navigation system not
only to two cases of RAO but also to two cases of Chari medialization osteotomy.
Sugano et al. [22] reported the 8-year follow-up outcomes of RAO using this
CT-based navigation system. The position of the acetabular fragment was estimated
by touching the edge points of the rim and osteotomy line with a navigation probe.
No perioperative complications such as infection, nonunion, avascular necrosis, or
neurovascular injuries occurred, but variations in the postoperative center-edge (CE)
angle and acetabular roof angle were not smaller than the preoperative angles
despite the fact that the preoperative plan targeted a CE angle of 35°. This indicates
that the landmark matching technique to evaluate the position of the reorientated
acetabulum is not as accurate as real-time tracking of the navigated osteotome.
An additional tool with which to track the acetabular fragment, such as a fiducial
marker or a tracker, might improve the accuracy of reorientation. Radiographic
progression of osteoarthritis was found in one hip, but no hips were converted to total
hip arthroplasty.

Hsieh et al. [30] performed a randomized comparative study of 36 patients
undergoing periacetabular osteotomy through a transtrochanteric approach using
either the commercially available CT-based navigation system (VectorVision Hip
Navigation System; Brainlab Inc., Westchester, IL) or the conventional technique.
They reported a reduced number of intraoperative radiographic images and a
reduced operation time using the navigation system than using the conventional
technique. No significant differences in the operative blood loss volume, transfusion
requirement, radiographic correction of deformity, or clinical functional improve-
ment were found after a 2-year follow-up. The authors concluded that the naviga-
tion system offers little additional benefit when the surgery is performed by an
experienced surgeon. However, their navigation system did not show the preopera-
tive plan superimposed on the bone model data, and only the tip of the osteotome
was shown as a line on the monitor. Therefore, the small number of cases and the
use of navigation with a primitive user interface without preoperative planning may
have failed to show a benefit.
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Akiyama et al. [29] applied a commercially available CT-based navigation sys-
tem (Stealth Station TRIA Plus; Medtronic Surgical Navigation Technologies,
Louisville, CO, USA) to CPO through a modified Smith-Petersen approach and
achieved an accurate osteotomy without intraoperative complications. The naviga-
tion system neither shows the intraosseous location and direction of the osteotome
nor follows an osteotomy line during an osteotomy. It cannot track the rotation of
the osteotomized acetabular fragment.

Inaba et al. [31] applied a commercially available CT-based navigation system
(OrthoMap 3D Navigation System; Stryker Orthopaedics, Mahwah, NJ, USA) to
RAO in 23 hips of 23 patients and compared the clinical and radiographic results
with those of RAO performed in 23 hips of 20 patients without navigation before
introduction of the navigation system. No significant difference in the operative
time or blood loss was observed between the two groups. Additionally, no signifi-
cant differences in the radiological assessments were observed between the naviga-
tion and non-navigation groups. The authors performed precise 3D preoperative
planning, and the navigation system could track the tip position of the osteotome
and vitalize the osteotomy line and target position of the acetabular fragment; how-
ever, it could not track the movement of the acetabular fragment.

Takao et al. [32] also applied the abovementioned CT-based navigation system
(OrthoMap 3D Navigation System; Stryker Orthopaedics) to RAO in 25 hips of 24
patients. They compared the outcomes of RAO performed by experienced surgeons
(16 hips) and less-experienced surgeons (9 hips) using this navigation system. The
navigation system could track the tip position of the osteotome and vitalize the
osteotomy line and target position of the acetabular fragment (Fig. 12.2), but it
could not track the movement of the acetabular fragment. There were no significant
differences in the clinical or radiographic results after a minimum 2-year follow-up
between the high-experience and low-experience groups. The use of navigation
combined with a preoperative CT-based plan enabled less-experienced surgeons to
perform RAO through a mini-incision as safely and reliably as that performed by
experienced surgeons. The authors also evaluated the accuracy of the osteotomy
position and acetabular movement using image registration between the preopera-
tive and postoperative CT data.

Preoperative planning and accurate bone cutting are major benefits of CT-based
navigation. However, no commercially available navigation system can track move-
ment of the acetabular fragment. Sugano et al. [22] attempted to estimate the position
of the acetabular fragment by touching the edge points of the rim and osteotomy line
with a navigation probe. However, there were two outliers (6%) that showed >10° of
difference from the targeted CE angle of 35°. Takao et al. [32] confirmed anterior and
lateral femoral head coverage with the moved acetabular fragment by visualization of
the planned position of the acetabular fragments on the navigation monitor. The posi-
tion of the reoriented acetabulum was assessed by touching the anterior and lateral
edges of the reoriented acetabulum with the navigation pointer with reference to the
3D plan on the navigation monitor (Fig. 12.3). However, there were five overcorrec-
tions (20%) that showed a CE angle of >40°. A navigation system that can track the
acetabular fragment is necessary to improve the accuracy of both rotation of the
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Fig. 12.2 Display of the navigation system shows the position and direction of the curved chisels
during (a, b) iliac osteotomy, (¢, d) ischial osteotomy, and (e, f) pubic osteotomy on (a) coronal,
(c) axial, and (e) sagittal images centered on the tip of the chisel. (b, d, f) Three-dimensional views.
(a, ¢, e) Green lines and (b, d, f) blue lines represent the tangential direction of the tip of the curved
chisel. Reprinted from [32]

acetabular fragment and medialization of the femoral head [20, 21]. Some researchers
have developed a navigation system that focuses on tracking of the acetabular frag-
ment. Pflugi et al. [20] developed a cost-effective surgical navigation system to mea-
sure the orientation of the acetabular fragment during Bernese periacetabular
osteotomy using commercially available inertial measurement units. They used plas-
tic bones in the operating room to compare a previously developed optical navigation
system with their inertial-based navigation system. The mean absolute difference was
<4°. Murphy et al. [21] developed a biomechanical guidance system that incorporated



12 Computer-Assisted Orthopedic Surgery for Hip Osteotomy 149

Fig. 12.3 Acquired lateral femoral head coverage by the acetabulum was checked on a (a) coronal
image and a (b) three-dimensional image by touching the lateral edge of the reoriented acetabulum
with the navigation pointer. The acquired anterior femoral head coverage was checked on a (c)
sagittal image and a (d) three-dimensional image by touching the anterior edge of the reoriented
acetabulum with the navigation pointer. (a, ¢) Green lines and (b, d) blue lines represent the navi-
gation pointer. Reprinted from [32]

intraoperative acetabular fragment tracking and acetabular characterization through
radiographic angles and joint biomechanics and used the system for 11 patients who
underwent 12 Bernese periacetabular osteotomies. The system collected information
on acetabula positioning by digitizing the four divots created on the acetabular frag-
ment by a bone burr. The measured acetabular positioning showed strong agreement
with the postoperative CT measurements (—0.3° to 9.2°; mean, 3.7°).

12.3 Periacetabular Osteotomy Using a Custom
Cutting Guide

Navigation has several advantages such as real-time tracking of surgical tools, intra-
operative validation of registration using landmarks, and intraoperative confirma-
tion of the reoriented acetabular position. However, it has also some drawbacks such
as expensive equipment and a learning curve for preparation and registration. Some
researchers have attempted to develop a custom guide for hip osteotomy using 3D
printing technology to overcome these drawbacks.



150 M. Takao et al.

Radermacher et al. [23] developed individual templates to create a cutting guide
of triple osteotomy, which involves three individual osteotomies in the ilium,
pubis, and ischium. They applied individual templates for iliac osteotomy and
compared 13 interventions using individual templates with 11 interventions per-
formed in the conventional manner. The mean effective time of intraoperative
X-ray monitoring was reduced by >75%, and the mean time of intervention was
reduced by 25% compared with the conventional procedures. They concluded that
the exact positioning of the osteotomies resulted in optimal mobility of the
acetabulum.

Otsuki et al. [24] designed a custom cutting guide made of titanium for CPO and
applied it to the C-shaped osteotomy of seven patients. They evaluated the accuracy
of the osteotomy position by measuring the actual cutting radius and the planned
cutting radius at three different points of the C-shaped osteotomy. The difference
was <5 mm in all measurements.

12.4 Target 3D Acetabular Coverage
in Periacetabular Osteotomy

Technological advancements in navigation systems and custom surgical guide
systems might improve clinical outcomes by reducing the risk of postoperative
instability due to undercorrection or impingement due to over-rotation. However,
the optimal range of acetabular coverage of the femoral head remains unclear.
The postoperative lateral acetabular coverage of the femoral head is a very
important factor because it is reportedly a determinant of long-term outcomes of
periacetabular osteotomy [8, 33]. Hartig-Andreasen et al. [34] reported that the
postoperative lateral CE angle of periacetabular osteotomy should be 30-40° at
the 4- to 12-year follow-up evaluations. They found the risk of conversion to
total hip arthroplasty to be doubled if acetabular reorientation was not confined
to this range. Albers et al. [8] found a lateral CE angle of <22° to be a risk factor
for failure. Tannast et al. [35] reported that a normal lateral CE angle is within
the range of 23-32°, which is quite a narrow target for periacetabular
osteotomy.

The appropriate anterior acetabular coverage after periacetabular osteotomy is
also a controversial topic. Overcorrection of anterior acetabular coverage may
reportedly cause reduced range of motion [36] and postoperative femoral acetabu-
lar impingement [8]. Nakahara et al. [37, 38] analyzed acetabular and femoral
morphologies on 3D CT images and found that the anterior and lateral acetabular
coverage of both normal and dysplastic hips showed wide variations. In normal
hips, the mean lateral 3D CE angle was 35.6° (range, 21.4-59.2°), and the mean
anterior 3D CE angle was 58.6° (34.6-73.9°). Hamada et al. [36] simulated the
range of motion of 52 DDH-affected hips after RAO with several patterns of
femoral head coverage and compared them with those of 73 normal hips using
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computer models reconstructed from CT images. After RAO with a lateral 3D CE
angle of 30° and an anterior 3D CE angle of 55° producing coverage similar to
that of normal hips, the maximal flexion and maximal internal rotation at 110°
flexion with 20° adduction were significantly smaller than those of the normal
group. Yasunaga et al. [39] reported that the radiographic crossover sign did not
influence the radiographic progression of osteoarthritis after RAO during a mean
13-year follow-up. Imai et al. [40] reported that patients with a postoperative ver-
tical-center-anterior angle of >46° had impairment of activities of daily living
associated with limitations in hip flexion after RAO. The vertical-center-anterior
angle was measured on the false-profile radiographic view obtained with the
patients in the standing position; thus, it was necessary to estimate changes in
pelvic sagittal inclination from the supine to standing position in CT-based plan-
ning. Postoperative range of motion was determined by acetabular and femoral
morphologies, so individual biomechanical planning with range-of-motion simu-
lation and estimation of peak contact pressure during activities of daily living
would be necessary.

12.5 Computer-Assisted Orthopedic Surgery
for Proximal Femoral Osteotomy

Intertrochanteric osteotomy had been performed mainly for the adult sequelae of
DDH (varus, valgus, or derotational according to the final geometry of the proximal
femur). Because of the success of periacetabular osteotomy, isolated intertrochan-
teric osteotomy is indicated only occasionally [41]. Transtrochanteric rotational
osteotomy (TRO) [42] and curved varus osteotomy (CVO) [43] are performed to
preserve the joint in patients with femoral head osteonecrosis. Because of the suc-
cess of total hip arthroplasty, the technical demanding nature of the procedure, and
the unstable clinical results, TRO and CVO are also indicated occasionally.
Navigation systems have been used in the proximal femoral region in surgeries
including stem orientation in total hip arthroplasty [44], femoral component place-
ment in hip resurfacing [45-48], removal of bone cement in revision total hip
arthroplasty [49], and open reduction and fixation of proximal femur fractures [50,
51]. To the best of our knowledge, no reports have described the clinical application
of a navigation system in proximal femoral osteotomy. In TRO and CVO for femo-
ral head osteonecrosis, the ratio of the transposed intact articular surface of the
femoral head to the weight-bearing surface of the acetabulum on postoperative
anteroposterior radiographs (postoperative intact ratio) is the most critical factor in
preventing progression of femoral head collapse [42, 43, 52-56]. An appropriate
indication and surgical procedure are needed to obtain good postoperative outcomes
of TRO and CVO. Preoperative 3D simulation of TRO using 3D CT images and/or
3D magnetic resonance images is reportedly useful to determine the proper indica-
tions for these procedures [57].
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