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Abstract Purpose Total Hip Arthroplasty (THA) aims to
restore patient mobility by providing a pain-free and stable
artificial joint. A successful THA depends on the planning
and its execution during surgery. Both tasks rely on the ex-
perience of the surgeon to understand the complex biome-
chanical behavior of the hip. We investigate the hypothesis
that a computer-assisted solution for THA effectively sup-
ports the preparation and execution of the planning.

Methods We devised MyHip as a computer-assisted frame-
work for THA. The framework provides pre-operative plan-
ning based on medical imaging and optical motion capture
to optimally select and position the implant. The planning
considers the morphology and range of motion of the pa-
tient’s hip to reduce the risk of impingements and joint in-
stability. The framework also provides intra-operative sup-
port based on patient-specific surgical guides. We performed
a post-operative analysis on three patients who underwent
THA. Based on post-operative radiological images, we re-
constructed a patient-specific model of the prosthetic hip to
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compare planned and effective positioning of the implants.

Results When the guides were used, we measured non-significant

variations of planned executions such as bone cutting. More-
over, patients’ hip motions were acquired and used in a dy-
namic simulation of the prosthetic hip. Conflicts prone to
implant failure, such as impingements or subluxations, were
not detected.

Conclusions The results show that MyHip provides a promis-
ing computer-assistance for THA. The results of the dy-
namic simulation highlighted the quality of the surgery and
especially of its planning. The planning was properly exe-
cuted since non-significant variations were detected during
the radiological analysis.

Keywords Total hip arthroplasty - Pre-operative planning -
Guiding blocks - Medical imaging - Joint kinematics -
Impingements and joint instability

1 Introduction

Total Hip Arthroplasty (THA) aims to restore patient mo-
bility by providing a pain-free and stable joint. A success-
ful THA is mainly characterized by the efficiency of the
prosthetic hip in terms of biomechanics and fulfillment of
patient expectations [31]. Another success criterion is the
cost-effectiveness of the surgery — which includes economic
aspects such as the surgical time and reduction of implant
revisions (up to 150% of the cost of a primary hip arthro-
plasty [50]).

THA is constantly evolving to reduce possible compli-
cations such as implant fracture or dislocation — despite it
presents a very good survivorship (e.g., 80% at 25 years of
post-operative follow-up [31]). Complications are particu-
larly related to the selection and positioning of the implants.
These factors are also critical to ensure patients’ comfort and
satisfactory hip range of motion (ROM).
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Conventional planning mostly relies on antero-posterior
radiographs to image the patient’s anatomy. Such procedure
is subjective and lacks accuracy in assessing the correct po-
sitioning of implants from 2D projected images [3]. To im-
prove the planning accuracy, some authors devised computer-
assisted solutions to select and fit the implants [25, 28, 43,
52].

Despite these improvements, the planning adopts a “static”

approach that ignores dynamic aspects such as joint kine-
matics and postural variations (i.e., pelvic tilt [29]). Kine-
matics play an important role since some movements may
yield excessive wear [5, 37] and create impingements re-
sulting in reduced ROM [54], dislocations [40, 45] and im-
plant loosening [34]. The influence of kinematics has been
studied in relation with kinetics (load, stress) in computer
simulations [1, 21, 45, 53] — but these works did not focus
on planning strategies to provide computer-assisted support
of THA.

While the THA success is undoubtedly dependent on the
planning quality [16, 18], the surgeon’s ability to exactly
reproduce the planning is also critical [38]. Without intra-
operative assistance, surgeons usually refine their choice of
resected areas and of the type and positioning of implants
during surgery, which is time consuming and may result in
a loss of accuracy [47]. For instance, Callanan et al. [9] re-
ported a 50% of malpositioned cups in non-assisted THA
and hip resurfacing surgeries.

Computer-assisted surgical systems have often been re-
ported with an increase of accuracy in implant positioning [2,

57] —but with some possible lengthening of surgical time [36].

An adequate intra-operative assistance should help to repro-
duce the planning while being cost-effective and respectful
of patients (e.g., reasonable blood loss and short recovery
time).

In this paper, our research hypothesis is that the con-
sideration of patient morphology and dynamics during the
pre- and intra-operative phases are expected to improve the
quality and success of THA, as suggested by Wixson et al.
[56]. To test it, we developed and present here our computer-
assisted framework “MyHip” for THA that considers the
anatomy and kinematics of the prosthetic hip during plan-
ning. The planning relies on morphology and ROM of the
patient’s hip to optimally position the implant, and reduce
the risk of impingements and joint instability. The frame-
work also facilitates the automatic creation of patient-specific
surgical guides for intra-operative assistance — a technology
successfully used in total knee arthoplasties (TKA) [14, 15].

2 Materials and methods
2.1 Pre-operative planning

The goal of pre-operative planning is to assess the surgi-
cal parameters regarding acetabular and femoral position-
ing of implants — including size of implant components, cup
orientation and stem anteversion, femoral neck cut height
and angle, and differences in leg length and lateralization.
Cup orientation is controlled by inclination and anteversion
angles [39]. The positioning and the size of implants are
known to be correlated with implant failures such as dis-
locations [26, 46], impingements [26], reduced ROM [7],
excessive wear [8] and leg length discrepancy [27].

2.1.1 Anatomical reconstruction

Based on Computed Tomography (CT) images, we recon-
struct subject-specific models of hips by segmentation. The
CT protocol is designed to maximize image quality while
reducing at best the dose — by using varying slice thickness
(e.g., pelvis: [0.5— 1] mm, femur: [2 — 3] mm) and acquiring
only proximal and distal parts of the femurs.

Automatic thresholding coupled with bone filling seg-
ment most of the bones but we perform some manual seg-
mentation to refine results in pathological areas with abnor-
mal morphology and intensities. The manual refinement re-
quires in average 5 min of time. The segmentation is carried
out with Mimics software v16.0 (Materialise NV, Leuven,
Belgium).

Various anatomical and functional landmarks (Fig. 1)
are extracted from the reconstructed models to define key
parameters of the surgical planning and the kinematics. For
instance, landmarks on the pelvis are used to express pelvic
tilt (Sect. 2.1.2) and implant orientation while femoral neck
anteversion is derived from landmarks on femoral epicondyles.
Similarly the location of the hip joint center (HJC) — esti-
mated by a functional method [19] — is required to compute
the joint coordinate system and to estimate hip joint rota-
tions.

2.1.2 Pelvic tilt

Pelvic tilt is defined as the angle o between the anterior
pelvic plane (APP) and the coronal plane [4] (Fig. 2a). It is
an important indicator of pelvis version that should be used
to correct the chosen value of cup anteversion [32, 44, 48].
We used the ASIS and Sy anatomical landmarks (Fig. 1) to
compute the APP [33].

Lateral radiographs are commonly used to measure pelvic
tilt since patients can be acquired in weight-bearing posi-
tion. To accurately measure the angle by avoiding beam di-
vergence [58], left and right ASIS should be superimposed
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detector

ASIS

perpendicular

to S1 \

perpendicular
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Fig. 2 Pelvic tilt computation. a) The pelvic tilt is defined as the angle & between the coronal plane and the anterior pelvic plane (APP) passing
through the ASIS and Sy anatomical landmarks. Here the a angle is positive since the pelvis is anteverted. b) Our alternative radiograph protocol:
the centering point (x) is located below the iliac crest on the lumbar spine and the success criterion is the alignment of the femoral heads (®).
¢) The pelvic tilt is linked to the sacral slope B (angle between horizontal direction and cranial end-plate tangent of S1) and the y angle by
o =y+f —n/2.d) The y angle is independent of patient position and can be directly computed from the pelvic bone morphology.

ASIS: anterior superior
iliac spine

PSIS: posterior superior
iliac spine

HJC: hip joint center
FEL: femoral lateral
epicondyle

FEm: femoral medial
epicondyle

FE: midpoint of femoral
epicondyles

Sy: middle of symphisis

o FEwmr FEm

Fig. 1 Anatomical and functional landmarks for surgical and kine-
matic parameters.

and centered with respect to the detector [4] (Fig. 2a). This
results in a significantly large portion of the detector being
directly exposed which yields too short exposure time and a
bad image quality when using Automatic Exposure Control.

To avoid the use of an invasive fluoroscopy guidance
to tackle beam divergence, we devised an alternative pro-
tocol based on the acquisition of lateral lumbar spine radio-
graphs (Fig. 2b). In this protocol, we do not need to acquire
the ASIS as produced radiographs are used to compute the
sacral slope. It is defined as the angle 3 between the hori-
zontal direction and the cranial end-plate tangent of S1 (Fig.
2¢).

As reported by Lazennec et al. [29], the B angle is accu-
rately computed in lateral radiographs — with the same ac-
curacy than would be obtained with the modality EOS (EOS
imaging SA, Paris, France). Similarly to radiographs, the
EOS scans patients in standing position but does not pro-
duce images with projective distortion — which theoretically

makes it a better candidate to compute pelvic descriptors.
However, Lazennec et al. [29] could not find any statistical
difference when measuring the sacral slope with EOS and
standard radiographs.

The value of pelvic tilt o is linked to the sacral slope
with the following formula (Fig. 2c):

o=y+B—-mn/2 (L
The presence of divergence or the possible absence of the
ASIS in the radiographs prevent the direct computation of
the y angle. However, the y angle is not dependent on the
patient position and can be expressed as the angle between
the normals of the S1 cranial plate and the APP (Fig. 2d).
Hence, we can easily compute this angle from the recon-
structed models of the hip (Sect. 2.1.1).

2.1.3 Kinematics

To perform realistic motion simulations of prosthetic mod-
els, a motion database of daily activities was created. Four
young active healthy subjects (1 female, 3 males; mean age,
weight and height: 28.0 years, 74.2 kg, 181.5 cm) underwent
Magnetic Resonance Imaging (MRI) and motion capture.

Kinematic data was recorded using a Vicon MXT40S
motion capture system (Oxford Metrics, UK) consisting of
24 cameras sampling at 120 Hz. The volunteers were equipped
with retroreflective markers (@14 mm) placed directly onto
the skin. Six markers were placed on pelvic anatomical land-
marks (e.g., ASIS, Fig. 1) and two clusters of six markers
were stuck on the lateral and frontal parts of both thighs.
Additional markers were distributed over the body to pro-
vide a global visualization of the motion.

The following activities were recorded (3 trials each):
walk, stand-to-sit, lie down on the floor, lace the shoes while
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seated and pick an object on the floor while seated or stand-
ing. These activities were chosen to reflect a variety of rou-
tine movements. Some are also known to be prone to hip
implants failure (e.g., dislocation, impingements) [40, 45].
If more specific patient’s activities (e.g., sport movements)
would be required, the patient could perform a dedicated
motion capture session to enrich the motion database.

The hip joint kinematics was computed from the recorded
marker data (Vicon markers reconstruction error < 0.5 mm).
To solve the issue of soft tissue artifacts (STA) that could
hinder accurate kinematic estimation [30], we used a val-
idated optimized fitting algorithm (accuracy: translational
error ~ (0.5 mm, rotational error < 3°) which accounted for
STA and patient-specific anatomical constraints [10, 11]. In-
deed, computed motion was applied to the volunteer’s hip
joint 3D models reconstructed from their MRI data [51] —
which allowed accounting for the subject’s anatomy and kine-
matic parameters (e.g., hip joint center). Figure 3 shows ex-
amples of computed postures.

Fig. 3 Kinematic animation of the right hip joint during activity of
“picking an object on the floor”, showing the markers set-up (small
colored spheres) and a virtual skeleton used to better visualize and an-
alyze the motion as a whole.

The hip ROM was quantified for each volunteer and for
all recorded daily activities, thanks to two bone coordinate
systems (one for the pelvis, one for the femur) defined on
the reconstructed models and derived from the anatomical
landmarks (Sect. 2.1.1), according to standards of the Inter-
national Society of Biomechanics [59]. Given the computed
bone poses from motion capture data, hip angles (flex/ext,
abd/add and IR/ER) were determined at each point of the
movement [11]. Eventually, the ROM of the four volunteers’
trials were averaged for each activity and the final values
were stored in a database to be later used in the simulation
software.

We decided to use a motion database for two main rea-
sons: 1) to acquire target ROMs that THA should restore in
terms of mobility, since patient undergoing this surgery have
limited ROMs or simply cannot perform a motion capture
due to their musculoskeletal disorder; 2) to avoid any ad-
ditional financial burden to patients since acquiring patient
motion might not be reimbursed by the health insurance.

2.1.4 Dynamic planning

Based on reconstructed models and surgical parameters com-
puted from landmarks (Sect. 2.1.1), surgeons perform a vir-
tual planning of THA. Implant size and positioning are se-
lected and a virtual bone resection is immediately applied to
the models, as exemplified in Fig. 4. This virtual planning is
performed online and provides an efficient feedback to pre-
pare a first planning based on morphological aspects.

The initial planning is subsequently refined by perform-
ing a dynamic simulation of the prosthetic 3D models driven
by the motion database. The goal of this simulation is to de-
tect potential risk of impingement and joint instability dur-
ing everyday activities. The pre-computed hip angles stored
in the database are first applied at each time step to the vir-
tual prosthetic hip in its anatomical coordinate systems [12].

A collision detection algorithm [10, 11] is then used to
virtually locate abnormal contacts between both prosthetic
and bony components (Fig. 4). Moreover, femoral head trans-
lations (subluxation) are computed to evaluate the joint con-
gruence [12]. Based on the simulation’s results, the surgeon
adapts and refines the initial implant configuration and se-
lects the optimal planning for the surgery.

o Fomm

Fig. 4 Detection of the impingement region during simulation of a
prosthetic hip. The colors represent the area of increased contact (blue
= no contact, red = highest contact). Here, the simulation shows a pros-
thetic impingement between the stem and the cup/liner during lacing
the shoes.

2.2 Intra-operative guidance

Guides are components that are placed intra-operatively on
bones to support the bone resection process. Their surface
must accurately match the patient anatomy to ensure a good
anchoring, and their shape and positioning are derived from
the surgical planning. Guides are thus personalized for the
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patient and the surgery, and are produced by rapid prototyp-
ing based on 3D meshes.

We devised a computer-assisted process for the creation
of these meshes, exemplified in Fig. 5. Based on informa-
tion of the surgical planning (e.g., cutting plane P for the
femoral neck) and on constraints provided by the opera-
tor (e.g., anchoring points a; and a, specified on bone),
generic models of guides are automatically resized and po-
sitioned with respect to the reconstructed bones. The geom-
etry of a guide is divided into different sub-parts that are
independently deformed with Thin-Plate Spline transforms
(TPS) [17] — this subdivision mainly preventing geometrical
complications such as overlapping triangles that could result
from TPS.

Finally, the bone surface is removed from the adapted
guide models based on Boolean mesh subtraction to obtain
individualized meshes closely fitting patient anatomy. We
used the CARVE library (http://carve-csg. com) to per-
form Boolean mesh operations.

2.3 Post-operative assessment

For validation purposes, we acquired and processed post-
operative CT images of operated patients to accurately as-
sess the quality of the surgery with respect to the planning —
by reconstructing 3D models of the bones and implants. Pa-
tients underwent a post-operative dual energy CT scan de-
signed to reduce artifacts of metallic implants. Instead of
directly segmenting the collected images, we rigidly regis-
tered the pre-operative bone models (Sect. 2.1.1) and CAD
models of the implants to the CT images.

The optimization of the model transformations was in-
directly performed by controlling the motion of the corre-
sponding models as they were rigid bodies evolving in a sys-
tem built upon Newtonian laws of motion [51]. We defined
external forces based on image gradient to attract models to-
wards boundaries of interest [51]. To regulate the simultane-
ous evolution of several models, we implemented collision
response to avoid inter-penetrating models and constrained
the head of the stem to remain inside the socket of the cup’s
liner.

Bone segmentation was corrected to account for resected
areas. First the implant models were subtracted from the
bone models, then the bony parts effectively removed by
the surgery were manually identified in the image and sub-
tracted from the models.

3 Experiments
First, we ran a pre-operative experiment to investigate the

impact of pelvic tilt on THA planning, by performing a dy-
namic analysis on one patient (Sect. 3.1). Then, we ran two

post-operative experiments with three patients based on post-
operative CT images and motion capture data (Sect. 3.2).

3.1 Pre-operative experiment on pelvic tilt

The purpose of this experiment was to quantitatively assess
the impact of significant pelvic tilts in the dynamic planning.
We considered a pelvic tilt as being significant when |a| >
5° (Eq. 1). Such value of 5° would produce an approximate
error of 3.5° in effective cup anteversion [32] (for planned
radiographic anteversion (RA) of 15° and inclination (RI) of
45°) — yielding a cup configuration close to the limits of the
recommended ‘“safe zone” [45].

We measured on one patient a retroverted pelvic tilt of
-17.8° based on our radiographic protocol (Sect. 2.1.2). Two
sets of prosthetic 3D models were produced whether or not
the pelvic tilt was accounted for in the planning. Dynamic
simulations (Sect. 2.1.4) were then performed with the two
sets of models in order to compare the incidence of im-
pingements during motion. To investigate more variations
of ROM, all individual motion trials of the healthy volun-
teers were simulated for each daily activity instead of the
averaged trials stored in the database.

3.2 Post-operative experiments

A pilot study was conducted with three male patients under-
going THA (mean age, weight and height: 65.0 years, 91.3
kg, 178.0 cm) — after approval from local ethics commit-
tees and written informed consent given by the patients. All
patients benefited from the MyHip pre-operative planning.
During their surgery performed with the anterior approach,
only femoral guides were used since support for acetabular
guidance was still under development.

Two post-operative experiments were conducted. The first
experiment (Sect. 3.2.1) studied the efficiency of the intra-
operative guidance with respect to surgical outcomes, while
the second one (Sect. 3.2.2) applied a dynamic analysis on
reconstructed post-operative hips based on kinematics ac-
quired from post-operative motion capture sessions or ex-
tracted from our motion database

3.2.1 Evaluation of intra-operative guidance

Based on our registration-based approach (Sect. 2.3), pre-
operative bone and implants models were simultaneously
and rigidly registered to the corresponding CT image. We
first assessed the accuracy of the bone segmentation by com-
paring the bone registration results with manual segmenta-
tions performed by a trained radiographer, based on the av-
erage symmetric distance (SD) [23]. Then, we measured (i)
the differences in position and orientation of the virtual and
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Fig. 5 Guide adaptation process with an example of prototype for a femoral guide. From left to right: a generic model of the guide is resized and
positioned on the bone surface based on information of the planning (e.g., femoral cutting plane P) and constraints provided by an operator (e.g.,
points g1 and g of the superior “pads” of the model to be located at anchoring points a; and a»). The generic model is composed of sub-parts
to easily resize the guide — while avoiding geometrical complications such as overlapping triangles. The bone surface is subsequently subtracted

from the guide model to yield the final personalized guide.

effective cutting planes of femurs and (ii) the positioning of
the stem with respect to the femur between the planning and
the post-operative reconstruction. Based on these measures,
the quality of the planning execution was studied along with
associated surgical outcomes such as leg length discrepancy.

3.2.2 Dynamic simulation

After a minimum of four months after surgery, the three pa-
tients participated to a motion capture session. Marker data
were collected during the activities of daily living with the
same motion capture system and markers protocol as those
used in the pre-operative stage. The captured data were post-
processed and the patients” hip ROM were calculated based
on the method described in Section 2.1.3.

Using the patient’s motion as input and the models of
their prosthetic hips reconstructed from the post-operative
CT images (Sect. 3.2.1), a dynamic simulation was performed
to assess the prevalence of impingement during their prac-
tice. Again, the collision detection algorithm [10, 11] was
used to detect any abnormal contact (Sect. 2.1.4). All pa-
tients’ trials were simulated. To evaluate the patients’ mo-
bility compared to healthy subjects, additional simulations
were performed with motion data from the database.

4 Results
4.1 Impact of pelvic tilt on planning

In the pre-operative experiment on pelvic tilt impact (Sect.
3.1), the dynamic simulation was performed for the plan-
ning with and without tilting consideration. For both plan-
nings, impingements were observed during lace the shoes
in the anterosuperior position of the acetabulum. Contacts
occurred either between the stem and acetabular rim (20%),
the femur and anterior superior iliac spine (20%) or a combi-
nation of both (60%). Subluxation was slightly higher when
the pelvic tilt was ignored (mean =+ standard deviation: 1.0
+ 1.5 mm without tilt vs. 0.7 &= 1.0 mm with tilt).

Moreover, impingements between the prosthetic compo-
nents were more intense. In particular, the stem and cup/liner
also encountered collisions, which could result in extra joint
damage.

4.2 Evaluation of intra-operative guidance

In the first post-operative experiment (Sect. 3.2.1), the si-
multaneous registration of bone and implant models required
in average 3 min to converge (Intel Xeon Quad-Core at 2.1
Ghz, 8 Gb of RAM), while the subsequent manual correc-
tion for resected bone was quickly performed within 5 to 10
min.

The rigid registration of models combined with inter-
model constraints (collisions, liner-head constraint) allowed
us to tackle image regions with significant metallic artifacts
that would have been very difficult to segment manually
(Fig. 6a and 6b). Indeed, since some regions around bone
and implants presented little image artifacts, the approach
was more effective in these regions and could constraint the
registration in areas with more artifacts — yielding a robust
process.

Despite we used pre-operative bone models and the im-
ages presented resected areas and image artifacts, we ob-
served an accurate bone segmentation (Fig. 6). Compared to
the manual reference segmentation, we measured an average
SD of 0.36 £ 0.20 mm.

We measured small differences in the position and ori-
entation of the virtual and effective cutting planes of femurs.
We computed for the cutting plane area an average surface
error of 0.68 +0.08 mm. As shown in Fig. 7 this small error
was partially related to the “staircase” effect of the recon-
struction of the manually segmented area. Since the accu-
racy of the bone segmentation was very satisfactory (= 0.36
mm), it did not significantly bias the computation of the cut-
ting plane error.

Finally, we compared the positioning of the stem with re-
spect to the femur between the planning and the post-operative
reconstruction, by measuring an average distance of 4.4 mm
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Fig. 6 Example of segmentation of a post-operative CT image by rigid
registration of pre-operative models, whose contours are overlaid on
a)-b) axial and c) coronal slices. Our constrained registration is par-
ticularly useful in regions with strong metallic artifacts, exemplified in
the axial slices.

Fig. 7 Example of segmented femur for which the cutting plane area is
color mapped with the surface distance between planned and effective
resection. Highest errors take place along lines related to the staircase
effect of manual segmentation.

between the centers of the planned and post-operative head
of the stem.

4.3 Post-operative dynamic simulation

In the second post-operative experiment (Sect. 3.2.2), no im-
pingement could be noted for any patient using their own
motion. When the motion database was used, bony impinge-
ments were observed during lace the shoes and prosthetic
impingements occurred during pick an object while stand-
ing for all patients. The average subluxation was 2.63 £ 2.25
mm and 1.01 &£ 1.31 mm, respectively. The contacts were all
located in the anterosuperior position of the acetabulum.
Interestingly, patients did not have the same ROM com-
pared to the one from the motion database of healthy sub-
jects. Patients performed the different daily activities with
lower hip flexion (-13 4 11.2°) and higher abduction (+14
=+ 4.4°). In addition, one patient could not perform the full

ROM of one motion (lace the shoes) because of hip and back
pain.

5 Discussion
5.1 Dose exposure in radiological acquisitions

Volunteers of our pilot study underwent various radiologi-
cal acquisitions: the pre-operative CT for anatomical recon-
struction (Sect. 2.1.1), the lateral radiograph for pelvic tilt
computation (Sect. 2.1.2) and finally the post-operative CT
for post-operative assessment (Sect. 4.2). In clinical routine,
the MyHip approach does not include post-operative CT ac-
quisitions as surgeons commonly assess the implant posi-
tion by using post-operative radiographs — to reduce dose
exposure. In this study, the Computed Tomography Dose In-
dex (CTDI) and the Entrance Surface Dose (ESD, for radio-
graphs) were within the recommended National Diagnostic
Reference Levels provided by the Swiss Federal Office of
Public Health.

In our pre-operative CT protocol, we sought for the best
tradeoff between image quality and delivered dose, and we
preferred to not use MR images as an alternative modality
despite it is not invasive. In fact, despite equivalent bone
segmentation accuracy with MR or CT images has been re-
ported with cadavers [6, 49] MR scanning time is longer —
possibly yielding image motion artifacts with patients [49].
Furthermore, MR segmentation generally requires more com-
plex segmentation approaches as trabecular and cortical bone
intensities vary and are dependent on the MR protocol [51].
Finally, surgical outcomes are generally worse when MR
images are used for arthroplasty planning instead of the CT
modality (e.g., superiority of CT-based plannings [20] in
post-operative neutral alignment of total knee arthroplasty
compared to an MR-based approach [42]).

5.2 Pelvic tilt computation and consideration

Our experiment on the impact of pelvic tilt (Sect. 4.1) showed
that if the tilt was ignored during planning, there was an
increased risk of observing significant subluxation and im-
pingement in the prosthetic hip. These results are consis-
tent with other studies that showed the necessity to consider
pelvic tilt in THA [32, 44, 48].

Our imaging protocol to measure pelvic tilt (Sect. 2.1.2)
is currently performed in various clinics and hospitals and
the feedback from radiographers and physicians is so far
very positive. The main advantage of the protocol that we
were reported was its close similarity with standard pro-
tocols for lumbar spine acquisition. These protocols being
mastered by radiographers, the integration of the new pro-
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tocol in clinical practice is greatly facilitated without any
significant loss in productivity.

Besides this positive qualitative assessment, our imag-
ing protocol also brings some robustness against possible
positioning errors performed by radiographers such as lat-
eral flexion and pelvis rotation. Imai et al. [24] showed that
errors up to 6° in lateral flexion or rotation did not impact
significantly the accuracy of the sacral slope measurement
from lateral radiographs. In [55], results showed that even
with large rotations up to 30°, the measurement was still re-
liable. Experienced radiographers confirmed to us that they
could achieve an alignment of the femoral heads with errors
below 6°.

Study [24] also reported an accuracy of 3° to compute
the sacral slope from lateral radiographs. We showed in Eq.
(1) that pelvic tilt and sacral slope were related to the y an-
gle. Since this angle can be computed accurately from the
reconstructed models or the CT images, the computation of
the pelvic tilt is expected to be as accurate as the measure-
ment of the sacral slope.

5.3 Use of intra-operative guidance

Currently, the femoral guide provides assistance for the bone
resection but not for the placement of the femoral compo-
nent. Even if such assistance was available, many surgeons
still prefer to be able to perform some modifications based
on information only available intra-operatively (e.g., pene-
tration and adherence of the stem in the femur). Still, the
analysis of differences between planned and executed femoral
arthroplasty provides insightful information.

The absence of significant differences between planned
and performed femoral cut (= 0.68 mm of surface error,
Sect. 4.2) highlighted the surgeons’ capability to correctly
replicate the planned bone cutting by using the femoral guide.
As a result, guides offer a cost-effective alternative to more
complex computer-assisted surgical systems, since they of-
fer accuracy and reproducibility for an operative time equiv-
alent to a traditional surgery. Indeed, despite these advanced
systems provide improved reliability and accuracy they are
more expensive and usually yield longer operative times [36].

Despite the planned bone resection was well executed,
surgeons did not fully respect the suggested placement of
the femoral component as we measured an average error of
4.4 mm between planned and executed positions of the stem
head (Sect. 4.2). This error may impact any planned correc-
tion of leg length discrepancy (LLD) — a magnitude of LLD
over 20 mm being often associated with post-operative signs
of discomfort or functional disabilities [22]. The value of
problematic LLD being patient-specific, other studies [41]
proposed a more conservative threshold of 10 mm. Knowing
that THAs usually yield an average LLD of 5-6 mm [27, 35],

the measured difference of 4.4 mm is likely to lead to an
LLD below this conservative threshold.

We also assessed the impact of the automated creation
of the femoral guides (Sect. 2.2) from a productivity per-
spective. We surveyed the operators responsible for creating
the models of the guides based on the planning — who com-
monly performed a manual positioning and resizing of the
models. They reported that the time required to design the
models decreased from an average of 25 min to 3 min.

Despite we also reconstructed the acetabular components
from the post-operative images (Sect. 4.2), we did not per-
form a similar post-operative analysis since the involved pa-
tients did not benefit from an acetabular guide. Furthermore,
some surgeons use to align the cup with respect to the trans-
verse ligament, ignoring the traditional rule of thumb of 45°-
15° for inclination and anteversion. A further study would be
necessary to understand the impact of this anatomical align-
ment, especially with respect to dynamic aspects as con-
ducted in our experiments.

5.4 Consideration of hip kinematics

As in our previous studies [12, 13], we studied the effects
of implant positioning, pelvic tilt and motion on impinge-
ments, joint congruence and ROM — using computer simula-
tions and motion capture data. A strong correlation between
the frequency of impingements and implant characteristics
was reported. This confirmed the importance of performing
a dynamic planning to select the best implants configura-
tion based on the patient’s morphology, posture and activity
lifestyle.

In the post-operative experiment (Sect. 4.3), we inves-
tigated the surgical outcomes in terms of kinematics and
impingements. Patient’s motion was free of collisions, but
not when testing with ROM of healthy subjects. Simulations
revealed interesting motion adaptations in order to execute
the different activities. In particular, patients adopted less
hip flexion with more abduction, which seems to be a good
strategy to avoid impingement. However, it is unknown if
those adaptations resulted from the hip replacement, since
we could not compare the patient’s post-operative ROM to
motion data acquired before the surgery. This aspect could
be addressed in future work — such a study providing useful
information about patient’s mobility, stability and kinematic
changes after THA.

Finally, we were unable to post-operatively evaluate if
the use of intra-operative acetabular guidance to accurately
reproduce the planning minimizes the frequency of impinge-
ment during motion, since the guide was still under develop-
ment. The results of our post-operative study showed that the
patients’ hips were in good function. However, a more com-
prehensive study including more patients undergoing THA
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under the MyHip framework is necessary to evaluate the
support of acetabular guidance. This kind of study is already
planned by our research team.

6 Conclusion

We presented the computer-assisted MyHip framework to
plan and execute THA. Based on patient-specific data in-
cluding anatomical and dynamic information (posture, kine-
matics), we refined traditional planning by simulating the
prosthetic hip and detecting some possible causes of im-
plant failures. We showed how surgical guides can be de-
signed with computer-assistance and how they effectively
assist surgeons in performing more accurate surgical ges-
tures — yielding a more cost-effective surgery.

So far, more than 230 MyHip surgeries have been suc-
cessfully performed with the femoral guide. Results are very
encouraging but future work is needed to fully validate the
overall approach. In particular, the acetabular guide is now
available and we are extending our experiments to account
for a larger number of subjects and testing conditions.
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