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Objective: Precise hip cup positioning is essential for the prevention of component
impingement and dislocation in robotic assisted total hip arthroplasty (THA). Currently,
the robotic system uses a mechanical alignment guide (MAG) for cup placement, which
is one-size-fits-all, and the optimal cup positioning is controversial. Robotic assisted
THA has not used any personalized cup positioning guides. The goal of this study was to
identify an optimal guide for cup placement in robotic assisted THA to improve prognosis
and life quality after THA.

Materials and Methods: Pelvis and femoral CT data of 47 participants were
retrospectively collected for preoperative planning of robotic THA. The universal MAG
guide and three personalized guides, including acetabular rim labrum guide (ARLG),
transverse acetabular ligament guide (TALG), and ischiatic-pubis line guide (IPLG), were
used to pose cups in the acetabulum of each participant. The position of cups was
evaluated by inclination and anteversion; the function of hip joints was evaluated by hip
ranges of motion, including abduction, adduction, extension, flexion, internal rotation,
and external rotation.

Results: In terms of cup positioning, ARLG provided a bigger cup inclination
(p < 0.0001), while IPLG and TALG provided smaller cup inclination (p < 0.001) than
MAG; the three personalized guides provided larger cup anteversion (p < 0.0001) than
MAG. In terms of HROMs, compared with the use of MAG, the use of three personalized
guides significantly decreased abduction (p < 0.0001), extension (p < 0.0001), and
external rotation (p < 0.0001), but increased significantly flexion (p < 0.0001) and
internal rotation (p < 0.0001); the use of ARLG significantly reduced adduction
(p < 0.0001), but the use of IPLG and TALG increased adduction (p < 0.0001).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1 August 2020 | Volume 8 | Article 988

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.00988
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.00988
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.00988&domain=pdf&date_stamp=2020-08-21
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00988/full
http://loop.frontiersin.org/people/853998/overview
http://loop.frontiersin.org/people/459626/overview
http://loop.frontiersin.org/people/854101/overview
http://loop.frontiersin.org/people/1058996/overview
http://loop.frontiersin.org/people/853978/overview
http://loop.frontiersin.org/people/707938/overview
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00988 August 20, 2020 Time: 14:59 # 2

Wang et al. Personalized Positioning Reduced Dislocation in RATHA

Conclusion: Compared with MAG, personalized guides provided greater flexion and
internal rotation, which may reduce the risk of posterior dislocation. Among the three
personalized guides, IPLG is the most reliable one for the preoperative planning of
robotic assisted THA.

Keywords: robotic assisted total hip arthroplasty, dislocation, impingement, cup positioning, hip ranges of motion

INTRODUCTION

Total hip arthroplasty (THA) is the most effective treatment
for the end stages of hip diseases (Pivec et al., 2012). Since the
1980s, the use of robotics in assisting the surgical procedure
was gradually introduced to THA. Many robotic systems were
developed to improve the precision of surgery (Illgen et al., 2017).
Robotic assisted THA is considered safer and more accurate
than traditional THA with fewer complications, less trauma,
and attainable superior long-term clinical outcomes. Optimal
component positioning is one surgeon-controlled factor that
plays a significant role in preventing complications including hip
dislocations, accelerated bearing wear, poor biomechanics, leg
length discrepancy, and revision surgery (Abdel et al., 2015; De
Martino et al., 2017; Seagrave et al., 2017).

Preoperative planning is the most important step in robotic
assisted THA to determine the accuracy of components. One of
the most important factors indicating component impingement
after THA (Peter et al., 2015) is the hip range of motion (HROM),
which consists of six parameters, including abduction, adduction,
extension, flexion, internal rotation, and external rotation.
Reduction of flexion, adduction, and internal rotation indicates
an impingement between the anterior acetabular component
(cup) and femoral component (stem), which may lead to
posterior dislocation; meanwhile, reduction of extension and
external rotation indicates an impingement between posterior
cup and stem, which may lead to anterior dislocation (Mccarthy
et al., 2016). The preoperative planning of the mainstream
robot-assisted systems (MAKO and ROBODOC) uses CT data
to reconstruct pelvis and hip joints and perform simulated
surgery (Tarwala and Dorr, 2011; Jacofsky and Allen, 2016).
Previous studies evidenced that the preoperative planning based
on simulated surgery could accurately predict the position
of the prosthesis after THA (Sato et al., 2000; Scifert et al.,
2001; Won et al., 2013). Several studies (Stansfield et al.,
2003; Fischer et al., 2018) have compared the simulated
HROMs in preoperative planning and the measured post-THA
HROMs and indicated that estimated HROMs in preoperative
planning could be used as a surrogate to predict the HROMs
after THA. Preoperative planning has several steps, taking
MAKO as an example, including (1) importing CT data and
reconstructing pelvis and hips, (2) determining the reference
planes, (3) planning cup positioning, (4) planning stem
positioning, and (5) estimating the effect of the preoperative plan
(Qin et al., 2018).

Multiple factors may influence HROM, including positioning,
height, depth, and diameter of the cup, as well as head size, depth,
offset, and neck length of the stem. Among these factors, cup
positioning is the most critical factor (Jones, 2015; Seagrave et al.,

2017). Accurate cup positioning is essential to avoid component
impingement and dislocation. Cup positioning consists of two
parameters: inclination and anteversion. Inclination is defined
as the angle between the patient’s sagittal plane and the axis
of the cup. Anteversion is defined as the angle between the
patient’s vertical axis and the axis of the cup projected on the
sagittal plane of the patient. Universal and personalized guides
have been reported to improve the accuracy of cup positioning
in traditional THA (Digioia et al., 2002; Beverland et al., 2016;
Rutherford et al., 2018). Mechanical alignment guide (MAG) is
the most widely used universal guide (Rutherford et al., 2018),
due to its easy use. MAG assumes that the operating table parallels
with the sagittal plane, and the long axis of the operating table
parallels the vertical axis of the patient; however, any changes
in the relative position of the patient and the operating table
may influence the accuracy of cup positioning. The use of MAG,
reported by Bosker et al. (2007), caused inaccuracy in both cup
inclination and anteversion MAG caused an average deviation
of 6.3◦ in cup inclination and an average 5.7◦ in anteversion.
Assuming that the goal of cup poisoning was the inclination
of 40◦ and anteversion of 15◦, there were deviations of 15.25%
in inclination and 38% in anteversion. Transverse acetabular
ligament guide (TALG) uses transverse acetabular ligament to
provide a personalized cup position and to reduce dislocation rate
(Archbold et al., 2006). Nevertheless, the absence, calcification,
and destruction of the transverse acetabular ligament may disable
the guide for positioning. Acetabular rim labrum guide (ARLG)
uses acetabular rim and labrum to provide personalized cup
positioning (Higgins et al., 2014). ARLG works well when
lesion of the pelvis is mild, but it is unstable when acetabulum
suffers severe lesions, such as late-stage femoral head necrosis
and developmental dysplasia of the hip. Ischiatic-pubis line
guide (IPLG) uses three peri-acetabulum anatomic landmarks to
provide personalized cup positioning (Sotereanos et al., 2006),
but the over-exposure of muscles around acetabulum may cause
additional damage.

Currently, mainstream robotic assisted systems (including
MAKO and ROBODOC) use MAG to determine the positioning
of cups. MAG is one-size-fits-all, thus potentially leading to
controversial optimal positioning (Abdel et al., 2015; Tezuka
et al., 2019). Personalized cup placement guides have not been
used in robotic assisted THA. There are various approaches
to THA. The most widely used THA in the world is the
posterior approach (James et al., 2010). This study aimed to
identify an optimal cup positioning guide for robotic assisted
THA, by comparing the effects of MAG and three personalized
guides (TALG, ARLG, IPLG) on cup positioning and HROMs
in preoperative planning of robotic assisted THA, under the
posterior approach.
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MATERIALS AND METHODS

Data Collection
Retrospective computer tomography angiography (CT) from all
patients in 2016 was retrieved from the imaging database of
Union Hospital in Wuhan, China. The inclusion criteria followed
two principles: (1) CT angiography should contain bilateral
femurs and whole pelvis, and (2) the participants are older
than 18 years old. The study also excluded participants with
orthopedic diseases including fracture, deformity osteoarthritis
(OA), dysplasia of the hip (DDH), osteonecrosis of the femoral
head (ONFH), tumor, and previous orthopedic operation.
Moreover, the study excluded participants whose TAL and
labrum did not reveal under CT.

Amongst 90 participants who met the criteria, this study
excludes another 24 participants due to DDH, ONFH, OA,
and previous orthopedic operations, and 19 participants because
either TAL or labrum could not be observed under CT.
Eventually, CT data from 47 participants, saved in DICOM
format, was used for further analysis.

Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology, approved this study.
This study was a retrospective study, and no patients received
additional X-rays because of this study. Ethics Committee
approved a waiver of informed consent for this retrospective
study of Tongji Medical College.

Preoperative Planning
The preoperative planning included regeneration of pelvis
and hips from CT data, determination of reference planes,
cup positioning planning, stem positioning planning, and cup
positioning evaluation.

CT Data Regeneration and Determination of
Reference Planes
CT data of lower extremities were loaded into Mimics
Research 17.0 (Materialise Inc., Belgium) to regenerate whole
pelvises and bilateral femurs by CT bone segmentation for
THA simulation. A reliable 3D pelvic coordinate system
was determined by the anterior pelvic plane, mid-sagittal
plane, and transverse plane with the method by Dai (Zhang
et al., 2017). Briefly, anterior pelvic plane (equivalent to
the coronal plane) was determined by the bilateral anterior
superior spine and pubic symphysis; the sacral spinous
process determined mid-sagittal plane (equivalent to sagittal
plane), the midpoint of the bilateral anterior superior spine,
and pubic symphysis. The transverse plane was determined
by both coronal and sagittal planes and was perpendicular
to the tow planes.

Cup Positioning Planning
The cup planning was determined by four parameters:
positioning, height, depth, and diameter. We referred to
the method proposed by Shen for the preoperative planning
of the cup (Zeng et al., 2014). We evaluated the effects of four
guides – MAG, TALG, ARLG, and IPLG – on positioning and
HROMs while keeping the other parameters – including the

cup, height, depth, and diameter – the same to avoid their
confounding effects.

When applying MAG, the angle between the cup axis and the
sagittal plane set at 40 degrees and the angle between the cup axis
projected to the sagittal plane and vertical axis set at 15 degrees
(Figure 1A). When using TALG, the face of the cup was placed
parallel and attached to the inner edge of the transverse acetabular
ligament (Figures 1B,C; Archbold et al., 2006). When using
IPLG, the face of the cup was paralleled with a plane consisting
of three points, including lowest point of the acetabular sulcus of
the ischium, the prominence of the superior pelvic ramus, and the
most superior point of the acetabular rim (Figure 1D; Sotereanos
et al., 2006). When using ARLG, the face of the cup was paralleled
with the plane that fitted to the labrum around the acetabular
rim (Figure 1E).

The diameter of the femoral head determined the size of the
acetabular prosthesis. The acetabular prosthesis was placed close
to the acetabular fovea with the original height of the rotation
center (Daines and Dennis, 2012; Fukui et al., 2013).

Stem Positioning Planning
The stem planning included four parameters: head size, depth,
offset, and neck length. We referred to the method proposed
by Akiyama for the preoperative planning of stem (Akiyama
and Shibuya, 2018). All four parameters were kept the same
to avoid confounding factors. A stem of M/L Taper (Zimmer,
United States) was inserted into the femoral shaft. The
femoral anteversion of femoral prothesis was consistent with
the original femoral anteversion of each participant. Femoral
heads with 28 mm diameters were used for all participants.
Three kinds of neck, −3.5 mm, 0 mm, and + 3.5 mm, were
prepared to keep the length of the femoral net consistent
with original ones.

Evaluation of Cup Positioning
The two parameters of cup positioning, including inclination
and anteversion, were measured with the Murray method
(Murray, 1993).

HROMs Prediction
Six parameters of HROMs, abduction, adduction, extension,
flexion, internal rotation, and external rotation, were measured.

The procedure rotated femur outward and inward in the
coronal plane to test abduction and adduction, respectively
(Figures 2A,B); rotated femur forward and backward in
the sagittal plane to test flexion and extension, respectively
(Figures 2C,D); rotated femur inward and outward around
the sagittal axis to test internal rotation and external
rotation, respectively (Figures 2E,F). The point in which
cup-neck impingement occurred represented the maximum
range of motion.

A boundary map of HROMs showed a combined effect
of abduction, adduction, extension, and flexion. We referred
to the method proposed by Griffin for testing boundary map
(Turley et al., 2013). Briefly, the femur was circumferentially
rotated. The point at which cup-neck impingement occurred was
plotted on a two-dimensional plot, which permitted range of
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FIGURE 1 | The methods to use the four cup positioning guides. For the mechanical alignment guide (A), inclination was the angle between the cup axis and the
sagittal plane, and the anteversion was the angle between the longitude axis and the cup axis that was projected to the sagittal plane. For transverse acetabular
ligament guide (B), the face of the cup was placed parallel to the transverse acetabular ligament, and the face was attached to the inner edge of the transverse
acetabular ligament, which could be observed in CT (C). When using the ischiadic-pubis line guide (D), the face of the cup was paralleled to a plane that was
consisted of three points, including the lowest point of the acetabular sulcus of the ischium, the prominence of the superior pelvic ramus, and the most superior point
of the acetabular rim. When using acetabular rim labrum guide (E), the face of the cup was paralleled to the plane that is fit to the labrum around the acetabular rim.

motion to be represented graphically as a continuum (Figure 2G;
Jie et al., 2016).

Data Analysis
Parameters of cup positioning and HROMs were tested for
normal distribution by using the Shapiro-Wilk normality
tests. Intraclass correlation coefficients (ICCs) were calculated
to evaluate the measurement reliability of each parameter
of cup positioning and HROMs. First, 10 participants (20
hips) were randomly selected from the primary data (47
participants, 94 hips). Next, two raters performed all operations,
including regeneration, plane reference, preoperative planning,
testing cup positioning, and testing HROMs. These two
raters performed the independent data analysis 10 days
apart. Finally, ICCs were analyzed by two-way analysis of
variance (ANOVA). The cutoff scores for excellent reliability
were set at 0.8, and the confidence level was set as 0.95
(Bonett, 2002).

Repeated measures ANOVA was used to compare the
different effects on cup positioning and HROMs among four
cup positioning guides, including MAG, TALG, ARLG,
and IPLG. Gender and age were adjusted as covariates
in the model. Post hoc two-sided paired t-tests were
conducted for pairwise comparison among these 4 guides
following statistically significant ANOVA omnibus tests.

Significance was set at 0.05. All statistical analyses were
performed using R 3.5.01.

RESULTS

Characteristics of Participants
Among 47 participants (94 hips), 25 (53.19%) participants
were male and 22 were female (46.81%). No significant
effects of gender were observed on inclination (p = 0.585),
abduction (p = 0.817), extension (p = 0.144), flexion
(p = 0.605), internal rotation (p = 0.390), and external
rotation (p = 0.162), but significant effects were observe
on anteversion (p = 1.01e-10) and adduction (p = 0.015).
The average age was 47.81 ± 19.76 years with a range from
22 to 78 years. No significant effects of age were observed
on abduction (p = 0.407), adduction (p = 0.059), extension
(p = 0.055), flexion (p = 0.251), internal rotation (p = 0.533),
and external rotation (p = 0.304), but significant effects were
observe on inclination (p = 9.15e-4) and anteversion (p = 0.022).
Thus, gender and age were adjusted as covariates in repeated
measures ANOVA analysis.

1https://cran.r-project.org/
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FIGURE 2 | The measurement of hip ranges of motion (HROMs) and boundary map. Six parameters of HROMs were measured. The femur was rotated outward and
inward in the coronal plane to test abduction (A) and adduction (B), respectively. The femur was rotated backward and forward in the sagittal plane to test extension
(C) and flexion (D), respectively. The femur was rotated around inward and outward around the sagittal axis to test internal rotation (E) and external rotation (F),
respectively. When measuring the boundary map, the femur was manipulated into performing circumduction (G).

FIGURE 3 | Q-Q plot of cup orientation and hip ranges of motion (HROMs). Two parameters of cup positioning, inclination (A) and anteversion (B), and six
parameters of HROMs, abduction (C), adduction (D), extension (E), flexion (F), internal rotation (G), and external rotation (H), were normally distributed.

Good Reliability of All Measurements
Shapiro-Wilk normality tests showed that all
parameters for cup positioning and HROMs
followed a normal distribution (p > 0.05)

(Figure 3). The ICCs of all parameters for cup
positioning and HROMs were bigger than 0.8 with
p-value < 0.05, suggesting that the measurements were
reliable (Figure 4).
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FIGURE 4 | Intraclass correlation coefficients of cup orientation and hip ranges of motion (HROMs). The ICC score of two parameters of cup positioning, inclination
(A) and anteversion (B), and six parameters of HROMs, abduction (C), adduction (D), extension (E), flexion (F), internal rotation (G), and external rotation (H), were
bigger than 0.8 with p-value < 0.05, suggesting that the measurements were reliable.

Three Personalized Guides Leading to
Significantly Different Cup Positioning
Compared With MAG
The mean ± sd (standard deviation) of two parameters
of cup positioning, inclination and anteversion, were
displayed in Table 1. ANOVA omnibus test among 4
guides indicated that at least one guide is significantly
different from others for inclination (p = 1.26 × 10−101)
and anteversion (5.19 × 10−56), respectively. Post
hoc pairwise comparison of inclination (Figure 5A)
illustrated that compared with the use of MAG, the
use of ARLG significantly increased cup inclination
(p < 0.0001), but the use of IPLG and TALG significantly
decreased cup inclination (p < 0.001). Post hoc pairwise
comparison of anteversion (Figure 5B) demonstrated
that the use of three personalized guides significantly

increased cup anteversion compared with the use of
MAG (p < 0.0001).

Three Personalized Guides Showed
Different HROMs Compared With MAG
The mean ± sd of six parameters of HROMs, which
consisted of abduction, adduction, extension, flexion,
internal rotation and anteversion, were displayed in Table 1.
ANOVA omnibus test among four guides indicated that
at least one guide is significantly different from others for
abduction (p = 1.25 × 10−54), adduction (p = 1.84 × 10−53),
extension (p = 8.22 × 10−34), flexion (p = 2.92 × 10−77),
internal rotation (p = 2.21 × 10−125), and external rotation
(p = 6.02× 10−71), respectively.

Compared with the use of MAG, the use of the three
personalized guides significantly decreased abduction

TABLE 1 | Cup Positioning and HROMs by the four cup positioning guides.

Cup Positioning (mean ± sd) HROMs (mean ± sd)

Inclination (◦) Anteversion (◦) Abduction (◦) Adduction (◦) Extension (◦) Flexion (◦) Internal
Rotation (◦)

External
Rotation (◦)

MAG 45.05 ± 0.90 10.40 ± 1.07 48.91 ± 4.02 38.99 ± 3.09 39.79 ± 5.55 82.86 ± 2.35 22.30 ± 2.54 52.54 ± 3.47

ARLG 48.86 ± 3.28 17.22 ± 2.27 42.19 ± 4.57 33.11 ± 3.24 30.60 ± 10.09 105.70 ± 7.71 36.09 ± 1.92 40.94 ± 4.65

IPLG 40.40 ± 2.33 16.50 ± 4.19 37.87 ± 3.62 41.14 ± 3.66 28.30 ± 5.75 99.81 ± 7.19 34.08 ± 2.80 39.03 ± 4.05

TALG 39.36 ± 2.42 17.92 ± 3.99 37.74 ± 5.91 41.81 ± 4.15 26.13 ± 6.53 97.64 ± 7.70 30.97 ± 3.43 40.14 ± 5.95

P-value* 1.26 × 10−101 5.19 × 10−56 1.25 × 10−54 1.84 × 10−53 8.22 × 10−34 2.92 × 10−77 2.21 × 10−125 6.02 × 10−71

*P-value tested by ANOVA.
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FIGURE 5 | The four-cup positioning guides leading to different cup positioning and hip ranges of motion (HROMs). On the two parameters of cup positioning, great
significance was observed on both inclination (A) and anteversion (B) by the four guides. All parameters of HROMs, including abduction (C), adduction (D),
extension (E), flexion (F), internal rotation (G), and external rotation (H), were significant by the four guides. Pairwise comparison results were displayed by asterisk:
ns stood for p > 0.05, * stood for p ≤ 0.05, ** stood for p ≤ 0.01, *** stood for p ≤ 0.001, and **** stood for p ≤ 0.0001.

(p < 0.0001), extension (p < 0.0001), and external rotation
(p < 0.0001), respectively, illustrating that the use of
three personalized guides might increase the risk of lateral
impingement during abduction (Figure 5C) and increase the
risk of posterior impingement and anterior dislocation during
extension (Figure 5E) and external rotation (Figure 5H); the
use of the three personalized guides significantly increased
flexion (p < 0.0001) and internal rotation (p < 0.0001),
respectively, demonstrating that the use of three personalized
guides reduced the risk of anterior impingement and
posterior dislocation during flexion (Figure 5F) and internal
rotation (Figure 5G); the use of ARLG significantly reduced
adduction (p < 0.0001) but the use of IPLG and TALG
increased adduction (p < 0.0001), demonstrating that the
use of IPLG and TALG reduced but the use of ARLG
increased the risk of impingement and dislocation during
adduction (Figure 5D).

The boundary map reflected the combined effects of
abduction, adduction, extension, and flexion. ARLG,
IPLG, and TALG improved adduction and flexion but
reduced extension: Flexion and adduction increased
the most in the ARLG group, the least increase in the
TALG group, and middle in IPLG group; the extension
decreased the most in the TALG, the least in ARLG

group, and the middle in IPLG group (Figures 6A–
C,E). MAG significantly reduces flexion but increases
extension (Figures 6D,E).

DISCUSSION

Our research found that the three personalized cup positioning
guides, including ARLG, IPLG, and TALG, affected differently
from MAG on cup positioning and HROMs. In terms of cup
positioning, compared with MAG, ARLG increased (p < 0.0001)
but IPLG and TALG decreased the inclination (p < 0.0001); the
three personalized guides increased anteversion (p < 0.0001).
In terms of HROMs, the three personalized guides increased
flexion (p < 0.0001) and internal rotation (p < 0.0001) while
reduced abduction (p < 0.0001), extension (p < 0.0001), and
external rotation (p < 0.0001); the use of ARLG decreased
(p < 0.0001) but the use of IPLG and TALG increased
(p< 0.0001) adduction, compared with the use of MAG. Notably,
gender had a significant effect on anteversion and adduction.
Tallroth and Murtha (Tallroth and Lepistö, 2006; Murtha et al.,
2008) reported that the anatomical variation between male
and female pelvis was a possible cause of the difference in
anteversion between males and females. Additionally, age had a
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FIGURE 6 | Boundary map by four cup positioning guides. The pattern in the boundary map presented a range of motion of the hip. The longitude (X ) axis
represented motions in the coronal plane: abduction (left) and adduction (right). The vertical (Y ) axis represented motions in the sagittal plane: flexion (up) and
extension (down). Concentric rings with different radiuses centered on the origin were scales indicating the degrees of circumduction, from inside to outside
representing 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, and 90◦. The boundary map could reflect the effects of abduction, adduction, extension, and flexion. Acetabular rim
labrum guide (A) improved flexion. Ischiadic-pubis line guide (B) and transverse acetabular ligament guide (C) improved adduction. Mechanical alignment guide (D)
improved extension. By comparing the boundary maps of the four guides (E), the advantage of each guide was distinct.

significant effect on inclination and anteversion, but no previous
studies have reported the role of age in cup positioning. In our
study, gender and age were adjusted as covariates in repeated
measures ANOVA analysis.

The inclination and anteversion are two crucial parameters to
stable cups. It has been reported that changing the inclination or
anteversion affected some parameters of HROMs (Chandler et al.,
1982; Sonntag et al., 2017): the increasing inclination correlates
with the increase of abduction and the decrease of adduction;
the increasing anteversion correlates with the increase of flexion
and internal rotation and decrease of extension and external
rotation. Increment of flexion, adduction, and internal rotation
suggests that possibility of anterior impingement and posterior
dislocation reduces; increment of extension and external rotation
suggests that possibility of posterior impingement and anterior
dislocation reduces (Mccarthy et al., 2016). Abduction might
have little effect on component dislocation, but excessive
large abduction may increase hip wear, while excessive small
abduction may cause impingement: excessive large or small
abduction might reduce the life of the components (Patil
et al., 2003; Korduba et al., 2014). Conclusively, impingement

and dislocation are associated with parts of excessive small
parameters of HROMs that are determined by inclination
and anteversion of cups. The ways to study HROMs include
cadaver study, CT three-dimension reconstruction, and skeletal
muscle model (Martin et al., 2008; Mccarthy et al., 2016,
2017; Ezquerra et al., 2017; Goh et al., 2017; Jamari et al.,
2017; Ohmori et al., 2017; Sonntag et al., 2017). Using
cadaveric hip, Martin (Martin et al., 2008) demonstrated not
only the impingement between bones or prostheses but also
the limitations among ligaments, muscle, and capsule, which
reflected the real situation of dislocation. However, for various
reasons, few corpses could be obtained, making the study less
repeatable. The CT three-dimension reconstruction, the most
commonly used model, used CT data to restore pelvis, femurs,
and hip joints. Researchers not only operate simulated THA
with preoperative planning but also predict HROMs through
simple finite element analysis (Sonntag et al., 2017). This method
is highly repeatable but lacks the effect of soft tissue. The
skeletal muscle model reconstructs both bones and soft tissues,
such as joint capsules, muscles, and ligaments (Goh et al.,
2017). It can predict the role of soft tissue in hip dislocation,
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but the soft tissue assessment by finite element analysis is
very complicated. This study, based on CT three-dimension
reconstruction, performed simulated THA through preoperative
planning to study the effects of personalized guides on cup
positioning and HROMs.

Preoperative planning is the most critical step in robotic
assisted THA because planning errors may relate to hip
dislocation. Many THA robots, such as MAKO, use MAG as
a cup positioning guide (Tarwala and Dorr, 2011; Banerjee
et al., 2016). However, everyone’s acetabulum is different, and
even two acetabula of an individual differ from each other.
Personalized cup positioning guides help orthopedists to find
the most appropriate cup position. Most orthopedic surgeons
choose the posterolateral approach in THA, resulting in an
increased risk for posterior dislocation (Jolles et al., 2002). All
personalized guides provided larger flexion and internal rotation
in our research. Both IPLG and TALG provided larger adduction,
indicating a lower possibility of anterior impingement and
posterior dislocation.

The surgical approach is one of the important factors
affecting cup positioning. The most commonly used approach
is the posterolateral approach, which is easy to learn and
operate but has the potential weakness of posterior hip
dislocation (Tsai et al., 2008). The use of TALG, ARLG,
and IPLG in preoperative planning of robotic assisted
THA under the posterolateral approach might substantially
reduce the incidence of posterior dislocation, through
the increment of flexion, adduction, and internal rotation
(Peng et al., 2019).

Among the three personalized guides, ARLG uses
labrum, and TALG uses transverse acetabular ligament as
reference marks. These marks may be indistinguishable
from muscles in CT, and 19 (of 90) participants were
excluded in this study because of the inability to identify
the labrum or transverse acetabular ligament. IPLG is a
less commonly used reference in traditional THA because
of over-damage of soft tissue. However, the preoperative
planning eliminates limitations of IPLG by a regenerated
CT model that provides a fully visible bone landmark: no
participants were excluded because of unidentifiable bony
landmarks. Although ARLG, IPLG, and TALG may decrease
the risk of posterior dislocation after robotic assisted THA,
the use of IPLG was more identifiable and reliable than
the other guides.

This study has some limitations. First, capsule and soft
tissues are important factors limiting HROMs, and the current
study does not investigate them since they do not present a
clear image in CT. Future studies are warranted to establish
a more accurate model with the effects of capsule and
soft tissues incorporated, which may lead to a better cup
positioning. Second, besides orientation that influences ROMs,
other potential confounding factors such as the diameter of the
cup, head, and neck (Delay et al., 2016), should be addressed
by future studies. Third, although we found that the use of
personalized cup positioning guides in THA could achieve
better motions of flexion, adduction, and internal rotation,
we do not know the effect of very small mispositions of

either abduction or anteversion on HROMs, which warrant
further investigation.

CONCLUSION

This study evaluated the effects of MAG and three personalized
guides on cup positioning and HROMs. Personalized guides
provided larger flexion and internal rotation than MAG,
which may reduce the risk of posterior dislocation. Among
the three personalized guides, based on their stability,
operability, and performance on HROM, IPLG might
be the most reliable one for the preoperative planning of
robotic assisted THA.
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