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Background: Accurate cup placement in total hip arthroplasty (THA) for patients with dysplasia is
challenging due to the distinctive bone deformities. This study aimed to compare the accuracy of cup
placement position and orientation across robotic armeassisted systems (R-THA), computed tomography
ebased navigation (N-THA), and manual procedure (M-THA) in THA for osteoarthritis secondary to
dysplasia.
Methods: A total of 167 patients (197 hips), including 88 R-THAs, 45 N-THAs, and 46 M-THAs, were
analyzed. Propensity score matching was performed to align the patient backgrounds. Horizontal and
vertical centers of rotation were measured for cup position, whereas radiographic inclination and
anteversion were measured for cup orientation. The proportion of cases with cup placement within 3
mm and 5� from the target was compared.
Results: R-THA had a significantly higher percentage of cup placement within 3 mm of the target
compared to N-THA (78% vs 49%; P ¼ .0041) and M-THA (78% vs 53%; P ¼ .013). Similarly, R-THA was
significantly more successful in placing the cup within 5� of the target compared to N-THA (84% vs 58%;
P ¼ .0049) and M-THA (91% vs 20%; P < .0001). Moreover, N-THA was significantly better at placing the
cup within 5� of the target compared to M-THA (62% vs 14%; P < .0001), whereas there was no significant
difference in the percentage of cup placement within 3 mm of the target (51% vs 51%; P ¼ 1.0).
Conclusions: Robotic armeassisted system and computed tomographyebased navigation improved ac-
curacy in cup orientation compared to the manual procedure. Additionally, the robotic armeassisted
system further improved cup position accuracy.
© 2024 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

In total hip arthroplasty (THA), positive clinical outcomes and
long-term survival have been achieved through innovations in
surgical technique, implant design, and materials [1]. Nevertheless,
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implant malposition is associated with increased rates of
impingement, bearing surface wear, dislocation, and revision sur-
gery [2,3]. Various devices have been developed to improve the
accuracy of implant placement [4]. Computed tomography (CT)e
based navigation systems have enabled 3-dimensional (3D) visu-
alization of planning and actual cup orientation in real-time during
surgery [5]. The robotic armeassisted system, such as the Mako
system (Stryker, Kalamazoo, MI, US), has been further developed to
enhance the reproducibility of the acetabular reaming and instal-
lation via semi-automatic guidance based on the surgical plan.

Determining and reproducing the appropriate target point for
acetabular reaming and cup insertion is challenging, especially for
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Figure 1. An example case of developmental dysplasia of the hip (Crowe type II). The
presence of distinctive deformities, such as a shallow and steep acetabulum, double
floor, and osteophytes was seen.
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secondary osteoarthritis (OA) of the hip caused by dysplasia due to
the presence of distinctive deformities, such as a shallow and steep
acetabulum, double floor, and osteophytes at the acetabular margin
(Fig. 1) [6,7].

Although there have been several reports investigating the ac-
curacy of cup orientation and position in THA for patients with
dysplasia through robotic-arm assisted THA (R-THA), CT-based
navigated THA (N-THA), and manual THA (M-THA), [8-10] only a
limited number of studies have compared the accuracy of the 3
procedures.

This study aimed to compare the accuracy of cup placement
position and orientation among robotic armeassisted systems, CT-
based navigation, and manual procedure in THA for osteoarthritis
secondary to dysplasia.
Material and methods

Patients

This studywas approved by the institutional review board of the
authors’ affiliate institution (reference number 2021-210). We
reviewed the cases of patients who underwent primary THA for hip
OA secondary to dysplasia. The procedures were performed by 10
surgeons at a single institution between September 2019 and
December 2022. All surgeries utilized the same implants: Trident
HA cup (Stryker, Mahwah, NJ, USA) and Accolade II femoral hip
stem (Stryker, Mahwah, NJ, USA). Dysplastic hips were defined as
hips with lateral center edge angle (LCEA) <25� on a plain ante-
roposterior radiograph of the hip joint [11,12].
Figure 2. Patient flow diagram. M-THA, manual total hip arthroplasty; N-THA, computed tom
arthroplasty.
During the study period, primary THA for OA secondary to
dysplasiawas performed in 211 patients. Of these,14were excluded
due to a lack of postoperative CT data. Fourteen R-THA and 4 N-THA
cases were excluded because of intraoperative conversion to the
manual procedure. Ultimately, 88, 45, and 46 patients who un-
derwent R-THA, N-THA, and M-THA, respectively, were included in
the analysis (Fig. 2). There were no significant differences in age,
sex, or body mass index among the 3 groups. Regarding the Crowe
classification [13], remarkable differences were observed among
the 3 groups (Table 1). Multiple comparisons showed that the R-
THA group had significantly more patients with Crowe type 2e4
than the M-THA group (17% vs 2.2%; P ¼ .011).
Preoperative planning and placement target

Each surgeon conducted preoperative planning with use of the
CT images which were routinely performed in our hospital. Plan-
ning with CT images was performed using the built-in 3D planning
system of the Mako system in the R-THA group and the ZedHip
(Lexi, Tokyo, Japan) and 3D Template (Kyocera, Kyoto, Japan) in the
N-THA andM-THA groups, respectively. Two-dimensional planning
was performed using radiographs in the 5 hips in the M-THA group
due to surgeon's preference.

The cup positionwas aimed at the true acetabulum; however, in
cases where the procedurewas challenging due to bone defects, the
cup was planned such that bony coverage could be obtained (cup
center edge angle �0�) [14]. The cup center edge angle was defined
as the angle created by the intersection of the line connecting the
hip center and lateral edge of the host bone and the line perpen-
dicular to the interteardrop line [15].

Cup orientation was determined based on the radiographic
definition [16]. The radiographic inclination (RI) was targeted at 40�

in all cases. The target angle for radiographic anteversion (RA) was
determined intraoperatively so that the sum of the stem ante-
version and cup RA was 40� to 60� based on the intraoperative
measurement, in accordance with the literature [17,18].
Surgical procedure

All THAs were performed using the posterior approach with a
cementless hemispheric cup and stem. To determine the target RA,
the stemwas placed before the cup [18]. The surgical procedure (R-
THA, N-THA, or M-THA) was selected at the discretion of the sur-
geons and the patient’s wishes. For R-THA and N-THA, the Mako
system and CT-based hip navigation (version 1.3, Stryker, Leibinger,
Freiburg, Germany) were used, respectively. In M-THAs, a conven-
tional mechanical guide was used for cup placement. In all cases,
intraoperative anteroposterior radiographs were taken. In cases
where the placement significantly deviated from the target, the
cups were replaced during surgery. There were no cases requiring
revision during surgery in N-THA or R-THA.
ographyebased navigated total hip arthroplasty; R-THA, robotic armeassisted total hip



Table 1
Patient demographics before matching.

R-THA N-THA M-THA P value

Number of cases 88 45 46
Age (y) 64 ± 9 66 ± 9 67 ± 9 .12
Sex (women/men) 78/10 38/7 37/9 .43
Body mass index (kg/m2) 24.2 ± 3.8 24.5 ± 3.9 26.2 ± 5.6 .081
Crowe type .030
I 73 (83.0%) 41 (91.1%) 45 (97.8%)
II 10 (11.4%) 3 (6.7%) 1 (2.2%)
III 2 (2.3%) 1 (2.2%) 0
IV 3 (3.4%) 0 0

Data are presented as mean ± standard deviation.
M-THA, manual total hip arthroplasty; N-THA, computed tomographyebased
navigated total hip arthroplasty; R-THA, robotic armeassisted total hip arthroplasty.
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Measurement

The center of rotation (COR) was used to evaluate the location of
cup placement [19]. Radiographic measurements, including those
of horizontal and vertical center of rotation (HCOR and VCOR,
respectively), were performed. Preoperative digitally reconstructed
radiographic images obtained from 3D planning and postoperative
anteroposterior radiographs were used for radiographic measure-
ments. HCOR was defined as the horizontal distance from the cup
center to the teardrop on the surgical side, which is parallel to the
interteardrop line. Similarly, VCOR was defined as the vertical dis-
tance from the center of the cup to the interteardrop line (Fig. 3a).
Figure 3. Measurement of cup position and orientation (a) cup position White line, Intertear
(b) cup orientation Radiographic inclination (RI) and radiographic anteversion (RA) were au
position via ZedHip.
The COR was defined as the center of the cup to eliminate the ef-
fects of the liner and ball offset [20].

CT image measurements, including those of RI and RA, were
performed to evaluate the cup orientation. For the CT image mea-
surements, the preoperative functional pelvic planewas used as the
pelvic coordinate system. Briefly, the axial and coronal planes were
connected to the bilateral anterosuperior iliac spine, and the
sagittal plane was based on the tabletop plane. All measurements
were performed using ZedHip. The ZedHip software has built-in
data on various cups, and by overlaying this information on the
actual cup installation position, the software can automatically
calculate the cup orientation (both RI and RA) relative to the pre-
operative functional pelvic plane (Fig. 3b) [21]. The difference be-
tween the placement target and postoperative measurement
values for each group was calculated as the error. To examine the
accuracy of the cup position, the absolute errors of the HCOR and
VCOR and the proportion of hips within 3 mm of the target were
compared [22,23]. For cup orientation, we compared the absolute
errors of RI and RA, as well as the proportion of hips within 5� of the
target [24,25]. All measurements were conducted by the first
author (T.K.), and 20 randomly chosen cases were examined to
determine the interobserver and intraobserver reproducibility to
evaluate the reliability of the cup position and cup alignment data.
The intrarater and inter-rater reliabilities for these 20 cases were
calculated after each evaluation was performed twice by 2 distinct
observers (T.K. and T.S.) who were each blinded to the findings
given by the other. The intrarater and inter-rater reliabilities for
drop line; H, horizontal center of rotation (HCOR); V, vertical center of rotation (VCOR).
tomatically measured when the installed implant is placed in the actual cup placement



Table 2
Reliability of measurement.

Parameter Intrarater reliability Inter-rater reliability

HCOR (planning) 0.93 0.88
VCOR (planning) 0.93 0.93
HCOR (post operative) 0.97 0.97
VCOR (post operative) 0.82 0.83
RI 0.91 0.94
RA 0.94 0.92

HCOR, horizontal center of rotation; RA, radiographic anteversion; RI, radiographic
inclination; VCOR, vertical center of rotation.
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measurement were in an almost-perfect agreement (0.82-0.96,
Table 2).
Statistical analysis

Statistical analyses were performed using the JMP software
(version 16.0; SAS Institute, Cary, NC, USA). The KruskaleWallis test
was used for continuous variables, whereas Fisher’s exact test was
used for categorical variables. Propensity scorematching (PSM)was
performed to reduce differences between the groups. We matched
patients using the nearest-neighbor technique with a caliper set at
0.2 standard deviations of the logit of the propensity score. PSM
was performed to compare R-THA to N-THA, R-THA to M-THA, and
N-THA to M-THA. The matching process accounted for age, sex,
body mass index, and the Crowe type.

Outcomes were compared between the R-THA and N-THA, R-
THA and M-THA, and N-THA and M-THA cohorts. Comparisons
between the study groups were performed using the Student’s t-
test for continuous variables and Fisher’s exact test for categorical
variables. All tests were two-sided, and P < .05 was considered
significant. In accordance with the Bonferroni correction, P < .017
was considered significant for multiple comparisons among the 3
groups [26]. The difference in absolute error in cup orientation
between N-THA and R-THA, where the discrepancy is small, was
approximately 1.5� ± 2.0� based on previous study [8]. The required
sample size to detect this difference was 30 cases per group. This
study met the required sample size.
Table 3
Patient demographics and error from preoperative planning after matching (R-THA
vs N-THA).

R-THA N-THA P value

Number of cases 45 45
Age (years) 66 ± 10 66 ± 9.3 .82
Sex (women/men) 38/7 38/7 1.0
Body mass index (kg/m2) 24.7 ± 3.5 24.5 ± 3.9 .79
Crowe type (I / II / III) 41 / 3 / 1 41 / 2 / 2 .77
The error in COR
DHCOR (mm) �0.6 ± 2.0 �0.8 ± 2.9 .71
DVCOR (mm) 0.2 ± 1.8 �0.0 ± 2.9 .66

The absolute error in COR
|DHCOR| (mm) 1.6 ± 1.3 2.5 ± 1.7 .013
|DVCOR| (mm) 1.4 ± 1.2 2.2 ± 1.9 .019

The error in orientation
DRI (�) 0.1 ± 2.1 0.1 ± 4.9 .97
DRA (�) �0.8 ± 2.9 �1.1 ± 4.7 .76

The absolute error in orientation
|DRI| (�) 1.4 ± 1.4 3.6 ± 3.3 .0002
|DRA| (�) 2.1 ± 2.1 3.8 ± 2.9 .0028

Data are presented as mean ± standard deviation.
R-THA, robotic-arm assisted total hip arthroplasty; N-THA, CT-based navigated total
hip arthroplasty; HCOR, horizontal center of rotation; VCOR, vertical center of
rotation; RI, radiographic inclination; RA, radiographic anteversion.
Results

Cup position

The R-THA group showed a smaller absolute error for HCOR and
VCOR than the N-THA (P ¼ .01, P ¼ .02) and M-THA (P < .0001, P ¼
.11) (Tables 3 and 4) groups. There was no difference in the absolute
errors of HCOR and VCOR between the N-THA and M-THA (P ¼ .20,
P ¼ .75) (Table 5) groups. The proportion of hips placed within 3
mm of the target was significantly higher in the R-THA group than
in the N-THA (78% vs 49%; P ¼ .0041) and M-THA (78% vs 53%; P ¼
.013) (Figs. 4a and 5a) groups. Meanwhile, no significant difference
in the proportion of hips placed within 3 mm of the target was
observed between the N-THA and M-THA groups (51% vs 51%; P ¼
1.0) (Fig. 6a).
Cup orientation

The absolute errors for RI and RA were significantly smaller in
the R-THA group than in the N-THA group (P¼ .0002, P¼ .0028) and
significantly smaller in the N-THA group than in the M-THA group
(P ¼ .095, P ¼ .0003) (Table 3 and 5).

The proportion of cases with cups placed within 5� of the target
was significantly higher in the R-THA group than in the N-THA
group (84% vs 58%; P¼ .0049) and significantly higher in the N-THA
group than in the M-THA group (62% vs 14%; P < .0001) (Figs. 4b
and 6b).
Complications

In a survey of complications, including the cases that were
not matched, dislocation was observed in 1 case (1.1%) for R-
THA, 1 case (2.2%) for N-THA, and 0 cases (0%) for M-THA. All
cases of dislocation did not require reoperation. One case of
deep infection was observed in both R-THA and N-THA, and
both cases required reoperation. There were no significant
differences in dislocation and infection rates between groups
(P ¼ .60, P ¼ .86).
Table 4
Patient demographics and error from preoperative planning after matching (R-THA
vs M-THA).

R-THA M-THA P-value

Number of cases 45 45
Age (years) 68 ± 8 68 ± 8 .98
Sex (women/men) 38/7 37/8 .71
Body mass index (kg/m2) 25.8 ± 3.5 25.6 ± 3.8 .77
Crowe type (I / II / III) 44 / 1 44 / 1 1.0
The error in COR
DHCOR (mm) �0.2 ± 1.8 �1.7 ± 3.2 .005
DVCOR (mm) 0.1 ± 2.0 1.2 ± 2.9 .015

The absolute error in COR
|DHCOR| (mm) 1.4 ± 1.1 2.9 ± 2.1 .0006
|DVCOR| (mm) 1.6 ± 1.3 2.4 ± 2.0 .11

The error in orientation
DRI (�) 0.2 ± 1.9 �2.3 ± 5.7 .0065
DRA (�) �0.3 ± 2.5 3.7 ± 7.7 <.0001

The absolute error in orientation
|DRI| (�) 1.3 ± 1.4 4.9 ± 3.6 <.0001
|DRA| (�) 1.7 ± 1.8 7.0 ± 4.8 <.0001

Data are presented as mean ± standard deviation.
HCOR, horizontal center of rotation; M-THA, manual total hip arthroplasty; N-THA,
computed tomographyebased navigated total hip arthroplasty; RA, radiographic
anteversion; RI, radiographic inclination; R-THA, robotic armeassisted total hip
arthroplasty; VCOR, vertical center of rotation.



Table 5
Patient demographics and error from preoperative planning after matching (N-THA
vs M-THA).

N-THA M-THA P value

Number of cases 37 37
Age (y) 67 ± 9 67 ± 8 .87
Sex (women/men) 32/5 29/8 .54
Body mass index (kg/m2) 24.8 ± 4.0 25.0 ± 3.5 .85
Crowe type (I / II) 36 / 1 36 / 1 1.0
The error in COR
DHCOR (mm) �0.9 ± 2.8 �2.0 ± 3.3 .14
DVCOR (mm) �0.1 ± 3.0 1.3 ± 2.9 .040

The absolute error in COR
|DHCOR| (mm) 2.4 ± 1.6 3.0 ± 2.3 .20
|DVCOR| (mm) 2.3 ± 1.9 2.4 ± 2.1 .75

The error in orientation
DRI (�) 0.4 ± 5.1 �2.4 ± 6.0 .031
DRA (�) �1.2 ± 4.7 3.3 ± 8.2 .0046

The absolute error in orientation
|DRI| (�) 3.7 ± 3.4 5.2 ± 3.8 .095
|DRA| (�) 3.7 ± 3.0 7.3 ± 4.9 .0003

Data are presented as mean ± standard deviation.
HCOR, horizontal center of rotation; M-THA, manual total hip arthroplasty; N-THA,
computed tomographyebased navigated total hip arthroplasty; RA, radiographic
anteversion; RI, radiographic inclination; R-THA, robotic armeassisted total hip
arthroplasty; VCOR, vertical center of rotation.

Figure 4. (a) Scatter plot of the differences in HCOR and VCOR between postoperative meas
within 3 mm (78% vs 49%; P ¼ .0041). (b) Scatter plot of the differences in RI and RA between
indicates the area within 5� (84% vs 58%; P ¼ .0098). HCOR, horizontal center of rotation; N
anteversion; RI, radiographic inclination; R-THA, robotic armeassisted total hip arthroplast
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Discussion

This study compared the installation accuracy in 3 groups of
patients that utilized different techniques to clarify the advantages
of robotic-arm assisted systems and CT-based navigation over
manual placement for OA secondary to dysplasia. The use of
robotic-arm assisted system improved the accuracy of cup place-
ment position and orientation, whereas the use of CT-based navi-
gation increased the accuracy of only the cup orientation.

Regarding cup position, the robotic armeassisted system ach-
ieved a higher accuracy than manual placement and CT-based
navigation, whereas there was no difference between the 2 latter
procedures. In a comparative study of robotic-arm assisted pro-
cedure and manual procedure, Coulomb et al. found that the use of
a robotic armeassisted system was associated with fewer outliers
in cup position [27]. Comparing the use of robotic armeassisted
system and CT-based navigation, Ando et al. [8] reported that the
absolute error in VCOR was smaller when the former was used [8].
These reports support the findings of our study. In CT-based navi-
gated procedures, the cup can be monitored in real-time while
reaming and cup placement are performed by the surgeon.
Therefore, there is still a risk of human error, such as excessive or
insufficient reaming. Consequently, there may not be a remarkable
urement and preoperative planning (R-THA vs N-THA). The square represents the area
postoperative measurements and preoperative planning (R-THA vs N-THA). The square
-THA, computed tomographyebased navigated total hip arthroplasty; RA, radiographic
y; VCOR, vertical center of rotation.



Figure 5. (a) Scatter plot of the differences in HCOR and VCOR between postoperative measurement and preoperative planning (R-THA vs M-THA). The square represents the area
within 3 mm (78% vs 53%; P ¼ .0013). (b) Scatter plot of the differences in RI and RA between postoperative measurement and preoperative planning (R-THA vs M-THA). The square
represents the area within 5� (91% vs 20%; P < .0001). HCOR, horizontal center of rotation; M-THA, manual total hip arthroplasty; RA, radiographic anteversion; RI, radiographic
inclination; R-THA, robotic armeassisted total hip arthroplasty; VCOR, vertical center of rotation.
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difference between CT-based navigation and manual placement in
terms of cup position accuracy. The robotic armeassisted system
controls the arm to prevent unintended movement outside the
boundaries of the reaming path defined by the preoperative 3D
plan [28,29]. This change may have affected the accuracy of the cup
placement position. THA for patients with dysplasia tends to result
in a high hip center, which decreases the range of motion and in-
creases the dislocation rate [30]. In cementless THA for patients
with dysplasia, obtaining adequate host bone-implant contact
while maintaining a normal hip center can be challenging. Robotic
armeassisted systems have the advantage of placing cups as
planned.

Compared to the manual procedure, the cup orientation was 3
and 1.5 times more accurate in the robotic-arm assisted procedure
and CT-based navigation, respectively. Kalteis et al. [31] reported
that CT-based navigation improved both RI and RA compared to
manual procedures. Meanwhile, Sato et al [9]. reported that the
absolute errors of RI and RA were smaller in robotic armeassisted
procedures than in manual procedures. These reports support our
findings. In manual procedures, there is a lot of variation in
orientation; therefore, CT-based navigation and robotic-arm assis-
ted systems have the advantage of being able to accurately repro-
duce the orientation. In R-THA, the orientation was twice as
accurate as that in N-THA. Comparing CT-based navigation and
robotic-arm assisted systems, Tamaki et al. [10] reported that the
absolute error of RI and RA was smaller in robotic-arm assisted
THA, which supports our study findings. The robotic armeassisted
system can control the cup impactor to the planned angle during
installation, which may contribute to the accuracy of cup orienta-
tion [32]. In a study evaluating optimal implant alignment based on
the range of motion, Harada et al. reported that RI, RA, and the sum
of the stem anteversion and cup RA should be within 34�-43�, 18�-
26�, and 35�-56�, respectively [33]. The target is quite narrow and
challenging to achieve with manual or CT-based navigated pro-
cedures. Because patients with dysplasia have a wide range of
femoral anteversion, cup RA must be adjusted to maintain the
proper combined anteversion [34]. Robotic armeassisted systems
are more effective in cases that require minor adjustments, such as
dysplasia, because they can be installed more precisely as planned.

In complex cases of THA, such as revision surgery [35], anky-
losing spondylolysis, post-traumatic arthritis [36], and fibrous
fused hips [37], robotic armeassisted systems have been reported
to be useful for accurate installation. This study showed that more
accurate placement can be achieved in OA secondary to dysplasia
using a robotic armeassisted system compared to manual and CT-
based navigated procedures.

This study has some limitations. First, thiswas a nonrandomized,
retrospective study. However, wematched the demographics of the



Figure 6. (a) Scatter plot of the differences in HCOR and VCOR between postoperative measurement and preoperative planning (N-THA vs M-THA). The square indicates the area
within 3 mm (51% vs 51%; P ¼ 1.0). (b) Scatter plot of the differences in RI and RA between postoperative measurements and preoperative planning (N-THA vs M-THA). The square
indicates the area within 5� (62% vs 14%; P < .0001). HCOR, horizontal center of rotation; M-THA, manual total hip arthroplasty; N-THA, computed tomographyebased navigated
total hip arthroplasty; RA, radiographic anteversion; RI, radiographic inclination; R-THA, robotic armeassisted total hip arthroplasty; VCOR, vertical center of rotation.
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2 groups, including the bodymass index and Crowe type, using PSM.
Second, there were 4 types of preoperative planning software.
Although the comparison in this study was based on the error be-
tween placement target and postoperative installation, we believe
that the influence of the software is small. Third, although the
number of cases was sufficient to evaluate the accuracy of place-
ment, complications, such as dislocation and infection,were too few
to be compared and evaluated. Finally, in many cases, the post-
operative period was short; hence, we could not compare clinical
outcomes. Therefore, a long-term follow-up would be beneficial in
future studies to be able to assess clinical outcomes.
Conclusions

The use of robotic armeassisted system resulted in a higher
accuracy in cup position and orientation than the use of manual
procedure or CT-based navigation in THA for OA secondary to
dysplasia. CT-based navigation improved the accuracy of cup
orientation compared to manual placement but did not improve
the accuracy of cup position.
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