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Background: Total hip arthroplasty (THA) is an effective operation for patients with hip osteoarthritis;
however, patients with hip dysplasia present a particular challenge. Our novel study examined the effect
of robot-assisted THA in patients with hip dysplasia.
Methods: We retrospectively reviewed patients with developmental dysplasia of the hip undergoing
primary THA using robotic arm assistance at 2 institutions from January 2010 to January 2017. Patients
undergoing revision arthroplasty were excluded. Preoperatively, all patients underwent a computed
tomography scan so that 3-dimensional templating could be performed. Hip range of motion (ROM) and
clinical leg length discrepancy were recorded preoperatively. Two independent observers calculated
Crowe and Hartofilakidis grades for each operative hip. At the final follow-up, hip ROM, postoperative
complications, and modified Harris Hip scores were obtained.
Results: Seventy-nine patients underwent THA because of degenerative joint disease in the setting of
developmental dysplasia of the hip. There were 56 females and 23 males with a mean age of 45 years
(range: 26-64 years). We found that components were placed according to the preoperative plan, that
there was an improvement in the modified Harris hip score from 29 to 86 (P < .001), an improvement in
the hip ROM (flexion improvement from 66� to 91�, P < .0001), and a correction of leg length discrepancy
(17.1 vs 4 mm, P < .0002). There were no complications during the short-term interim follow-up (mean:
3.1 years).
Conclusions: Robot-assisted THA can be a useful method to ensure adequate component positioning and
excellent outcomes in patients with hip dysplasia.
Level of Evidence: Level III, Retrospective
© 2020 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

Total hip arthroplasty (THA) is considered one of the most suc-
cessful surgeries with regard to postoperative patient satisfaction
and function. The outcome after THA depends greatly on the accu-
racy of component positioning, particularly on the placement of the
acetabular cup. Failure to achieve appropriate cup inclination,
anteversion, and restoration of the hip center can lead to early and
late complications after THA including dislocation, impingement,
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reduced postoperative range of motion (ROM), and increased edge
loading leading to accelerated wear [1-6]. Dysplasia of the hip is
recognized as the cause for joint degeneration and is thus often
eventually considered an indication for THA. However, THA in this
patient population has been associated with a higher risk of com-
plications including cup malposition, hip instability, wound issues,
and infection because of increased surgical time, leg length
inequality, and nerve palsies [7-13].

THA in patients with dysplasia can be technically demanding
because of various anatomical variations of the acetabulum and the
femur. In patients with dysplasia, the acetabula are hypoplastic and
deficient in various planes and dimensions, thus increasing the
difficulty of placing the acetabular cup [14]. In addition, patients
with dysplasia often have narrow femoral canals and increased
sociation of Hip and Knee Surgeons. This is an open access article under the CC BY-
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anteversion in addition to bone stock deficiency [13,15,16]. These
and other anatomical aberrations make the surgery more chal-
lenging and increase the risk of complications [17-19]. In addition
to anatomical difficulties, surgeons also must consider that this
patient population may present at an early age and thus may
eventually require revision surgery [17-19]. Therefore, component
selection and placement become paramount in the primary pro-
cedure to ensure implant survival for as long as possible.

Studies have shown that THA is a very effective operation even
in patients with varying levels of dysplasia of the hip [20-22].
Preoperative digital planning via computed tomography (CT) scans
and additional computer software has shown to lead to satisfactory
Figure 1. Three-dimensional (3D) templating of (a) patient-specific anatomical models usi
model is used to template patient-specific plans for (b, c, and d) the cup position, stem po
results of prosthesis positioning [21,23,24]. Nonetheless, human
error is still a major variable in acetabular cup positioning, and to
ensure accurate execution of the preoperative surgical plan in the
setting of anatomic distortion, many surgeons have begun to use
robot-assisted techniques during THA with good to excellent re-
sults [25,26].

The rise of robot-assisted technology in THA is due in large part
to the accuracy of implant placement as demonstrated in studies by
Nodzo et al. [27] and Domb et al. [28]. Nodzo et al. [27] validated the
use of robot-assisted THA in achieving accurate component posi-
tioning when assessed using CT-based three-dimensional (3D)
modeling, and Domb et al. [28] reported on the improvement in
ng robot-assisted navigation software derived from preoperative CT scanning. The 3D
sition and anteversion, head diameter, head length and liner type, and leg length.
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cup placement using a robotic navigation relative to manual tech-
niques. Precision in achieving the preoperative plan is especially
important in patients with developmental dysplasia of the hip
(DDH) with challenging anatomy, as they may eventually require
revision surgery. Determining and achieving appropriate acetab-
ular cup position has implications on hip biomechanics, leg length,
implant longevity and wear, component stability, and gait [16].

Therefore, given the promising results of robotics in primary
THAs, we sought to determine whether similarly positive outcomes
would be observed in patients with DDH undergoing THA. No study
to our knowledge has evaluated the use of haptically guided robot-
assisted THA in patients with hip dysplasia. We sought to deter-
mine whether the use of MAKOplasty (Stryker Corp, Mako Surgical
Corp, Fort Lauderdale, FL) during THA in patients with DDH affects
postoperative radiographic parameters, complications, need for
revision surgery, and functional outcomes.
Figure 1. (co
Material and methods

Using institutional electronic medical records, we retrospec-
tively reviewed all patients with DDH undergoing primary THA
using MAKOplasty at 2 institutions from January 2010 to January
2015. Institutional review board approval was obtained at each
institution before the initiation of the study. Patients undergoing
revision arthroplasty were excluded.

Preoperatively, all patients underwent a CT scan so that 3D
templating couldbe performed. Surgeons thenused the 3Dmodel to
preoperatively template patient-specific plans for cup position,
stemposition and anteversion, head diameter, head length and liner
type, and leg length (Fig. 1a-d). The goal acetabular inclination was
between40� and45�, and the goal anteversionwas between20� and
25�. In general, the hip center was attempted to be restored to the
native hip center, allowing up to 1 centimeter of hip center elevation
ntinued).
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in themost complexcases asmeasured on the CT templating. In only
one of the cases, a femoral head allograft was required, specifically
for acetabular deficiency and in a patient aged 23 years. All implants
used on the femoral side were the S-ROM (DePuy Synthes, Warsaw,
IN), which accommodates for torsional abnormalities of the femur
and small diameter canal sizes down to 6 millimeters.

All patients received spinal or general anesthesia and were
operated on in the lateral decubitus position using a standard lateral
positioner, level bed, and posterior approach. Three fellowship-
trained hip arthroplasty surgeons performed all robot-assisted
procedures. Preoperative assessment of the hips was performed
using chart review of electronic medical records, radiographs, and
CTscans. Patient ROMand clinical leg length discrepancy (LLD)were
recorded preoperatively. LLD was calculated using measurements
from the anterior superior iliac spine to the medial malleolus with
the patient lying supine and using the Coleman block testing. Two
independent observers calculated Crowe and Hartofilakidis grades
for each operative hip. Patients with Crowe types III and IV present
unique issues, often exhibiting more severe subluxation in the hips
and hypoplastic acetabula. In this study, therewere 10 patients with
Crowe type III and 6 with Crowe type IV, and a minority of the total
patients was analyzed, and given that they both exhibited severe
dysplasia andwere surgicallymanaged in the sameway, a subgroup
analysis was not performed.

All radiographs assessed were taken at initial postoperative
follow-up office visits between one and 3months after surgery by 2
separate reviewers (Figs. 2a, b, 3a and b). All measurements were
made using the postoperative AP pelvis radiographs using our in-
stitution’s picture archiving and communication system software.
Cup anteversion and inclination was measured using previously
established techniques [1,29]. To assess the effect of intraoperative
robot-assisted surgery on component positioning, postoperative
acetabular cup inclination angle, anteversion, hip center elevation,
and LLD were compared with planned values. Preoperative and
postoperative LLD was measured on standing radiographs using
established methods using the teardrop and lesser trochanters and
compared with CT measurements from the robotic system. At the
final follow-up, the hip ROM, postoperative complications, and
modified Harris Hip Scores (HHSs) were obtained.
Statistical analysis

Data were analyzed using quantitative statistical parameters.
The student t-test was used for between-group comparisons of
Figure 2. Preoperative (a) anteroposterior pelvis and (b) Lowens
parametric continuous variables. Categorical variables were
analyzed using chi-squared tests or Fisher’s exact test. Statistical
significance was set at 0.05. Descriptive statistical results will be
presented as means with the standard deviation.
Results

Overall, there were 79 patients from 2 institutions who under-
went primary THA for dysplasia using MAKOplasty robot-assisted
navigation that were included in our study. The mean age of
these patients was 45 years (range: 26-64 years), and there were 56
(71%) female patients and 23 male patients. Twenty-three patients
had Crowe grade I, 40 patients had Crowe grade II, 10 patients had
Crowe grade III, and 6 patients had Crowe grade IV dysplasia
determined by radiographs. This corresponded to 23 patients with
Hartofilakidis class A, 50 patients with class B, and 6 patients with
class C dysplasia on the CT scan. One patient did not have sufficient
imaging to determine the preoperative Crowe or Hartofilakidis
grade. All 79 patients underwent THA because of degenerative joint
disease in the setting of DDH.

The modified HHSs showed a significant improvement in pa-
tient function/satisfaction from a mean of 29 preoperatively to a
mean of 86 postoperatively (P < .001). When comparing patients’
preoperative and postoperative ROM in chart reviews of electronic
medical records, there was a clear increase in the mean degree of
hip flexion (66� to 91�, P < .0001) and hip extension (5� to 0�, P ¼
.0065), which were both statistically significant. In addition, there
was a significant correction of LLD after robot-assisted surgery from
a mean of 17.1 mm preoperatively to 4 mm postoperatively (P ¼
.0002).

A comparison was made between the cup position as deter-
mined by the intraoperative MAKOplasty navigation and the posi-
tion measured via postoperative radiographs. The hip center on the
postoperative radiograph was found to be in the templated location
in all 79 hips. There was no difference between robotic templated
acetabular inclination and the postoperative radiograph, 42� vs 40�

(P¼ .1809). Therewas, however, a difference in the radiographically
calculated anteversion from the robotic plan, 28� vs 19�. Because
the radiographically calculated anteversion was taken on a cross-
table lateral radiograph, this difference is explained by a differ-
ence in pelvic tilt or in Murray’s definition of anteversion. The ro-
botic system used CT scans for preoperative planning, and its
software performed acetabular cup measurements based on the
patient’s coronal plane, as Murray initially used to define the
tein view radiographs showing chronic dysplastic changes.



Figure 3. Postoperative (a) anteroposterior pelvis and (b) cross-table lateral radiographs showing component positioning after robot-assisted total hip arthroplasty.
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acetabular inclination and anteversion [29]. For postoperative
radiographic measurements of cup orientation, cross-table lateral
views of the pelvis were used, with measurements made using
previously established techniques [28,30,31]. When cup inclination
and version was measured on AP pelvis views using the coronal
plane of the pelvis, there was no difference observed between the
radiographic and robotic calculations [31].

There were no complications or revisions in any of the 79 pa-
tients included in the study during the short-term interim follow-
up (mean: 3.1 years, range: 2-4.6 years).

Discussion

The importance of the acetabular cup position during THA is
especially important in patients with dysplasia of the hip. The
normal anatomic landmarks and relationships in the hip are often
altered, making freehand placement of the cup quite difficult and
somewhat unreliable. The ability to preoperatively plan based on
patient-specific anatomy allows the surgeon to accurately place the
cup in an optimal position where there is the most bone coverage.
In addition, the ability to preoperatively plan using theMAKOplasty
software allows the surgeon to adjust the femur to the correct
overall leg length. The use of robot-assisted placement of the cup
with MAKOplasty can assist with high-accuracy prosthesis place-
ment, which our study shows can ultimately optimize patient
outcomes after THA. In our study, all 79 cases resulted in accurate
placement of the acetabular component, consistent with the pre-
operative plan for hip center, inclination and anteversion, and
achievement of the most acetabular coverage based on 3D CT
templating (Fig. 1a-d). The postoperative hip ROM, leg length in-
equalities, and patient-reported functional outcomes were all
significantly improved from preoperative values with robot-
assisted THA in a cohort of patients with DDH.

It is unclear whether THA by itself can lead to improvements in
the patient hip ROM postoperatively. This is particularly true for
patients with DDH, as there is still no consensus on the overall
effects of THA on the hip ROM in this patient population. In a cohort
of 52 hips with DDH compared with 73 healthy hips, Nakahara et al.
[32] found that while the ROM was either better or similar in pa-
tients with DDH, the rates of impingement were significantly
higher. Other studies however show higher grades of dysplasia do
in fact cause limitations in the ROM at the hip joint [20]. Our study
did show a significant improvement in both flexion and extension
in patients with DDH undergoing robot-assisted THA using
MAKOplasty. Flexion particularly improved from a mean of 65.9� to
90.8� after THA (P < .0001). Our results are similar to findings in the
literature that report successful improvements in the hip center of
rotation and the overall ROM after THA [20,26,33].

LLD is known to be a significant source of patient litigation after
THA [34]. This discrepancy is exaggerated in patients with hip
dysplasia, as demonstrated by our study cohort whose mean pre-
operative LLD was 17.1 mm (range of 0-40 mm) [35]. Zhu et al. [20]
examined 27 patients with severe DDH (Crowe types 3 and 4)
undergoing freehand primary THA and found their postoperative
LLD (1.3 cm ± 0.3 cm) to be significantly improved compared with
their preoperative LLD (P < .001). The use of robot-assisted surgery
has previously been shown to be highly accurate in predicting
postoperative LLD, as reported by El Bitar et al. [25]. Although no
study has examined the leg length change in patients with DDH
with MAKOplasty, El Bitar et al. reported 100% of their 61-patient
cohort who underwent robot-assisted primary THA as having a
leg length change within 10 mm of their radiographic measure-
ments. In our study, most patients experienced an equalization of
their leg lengths with a mean postoperative LLD measuring just 4
mm radiographically, a statistically significant difference from
preoperativemeasurements (P¼ .0002). Fourmillimeter of LLDwas
deemed to be a safe, acceptable, and reproducible result as the
accuracy of leg length with the robotic system has been found to be
within 5 mm [36]. In addition, depending on the situation, the
surgeon may not have wanted to fully correct LLD because of too
much preoperative discrepancy or tight soft tissues.

Controversy still exists around the efficacy of robot-assisted
surgery in improving clinical outcomes. Honl et al. reported sta-
tistically better HHSs compared with controls; however, Bargar
et al. found no significant difference in the modified HHSs or 36-
Item Short Form Health Survey scores between the 2 groups
[37,38]. While Australian registry data have reported decreased
revision rates at 11-year follow-up with the use of robotic assis-
tance, Bach et al. did not find any difference in the functional
outcome in the robotic group [39,40]. In addition, the cost for CT
imaging is between $750 and $1000 per case and estimates for the
robot range from $850,000 to $1,300,000, with a $150,000 yearly
cost of maintenance. However, correct component positioning and
sizing is important for the success of THA, and when considering
that robot-assisted surgery has been associated with more accu-
rate component alignment and has improved reproducibility for
primary THA, this may lead to lower 90-day costs because of fewer
readmissions and economically beneficial discharge destinations
[28,41,42]. Domb et al. [28] reported results of using the MAKO-
plasty and found it was significantly more likely to obtain correct
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acetabular cup alignment (P ¼ .001), inclination (P ¼ .004), and
anteversion (P ¼ .002) compared with controls. This increased
accuracy and precision of component placement could be espe-
cially useful in challenging cases such as patients with dysplasia
where anatomy can be variable. Furthermore, robot-assisted sur-
gery has been shown to result in shorter postoperative lengths of
stay in the hospital, but long-term studies on prosthesis survival
are needed to confirm the cost-effectiveness [43].

Our study is among the first and largest to our knowledge to
characterize the use of MAKOplasty robot-assisted THA in the
specific challenging subset of patients with dysplasia of the hip.
Its strengths include the inclusion of several patient outcome
measures to gauge the success of robot-assisted THA. These
include clinical parameters of the ROM and LLD, the prosthetic
position determined from both radiographs and the robot itself,
as well as functional scores reported directly from the patients.
Historically, the literature has shown that THA in patients with
dysplasia has an increased risk of complications; however, in our
cohort of patients with DDH undergoing robot-assisted THA, we
did not have any complications, including postoperative nerve
palsies. Thus, the use of preoperative planning and robot-assisted
surgery is one of several factors, such as an appropriate surgical
indication, technique, and robust soft-tissue repair, that may
decrease the risk of complications in patients with dysplasia, who
are typically at a higher risk of postoperative complications.
Given that our study has relatively small numbers, further studies
would need to be performed to assess the complication rates of
robot-assisted surgery compared with standard THA in patients
with dysplasia.

The present study has several limitations. The small size of the
cohort makes it difficult to draw conclusions about potential con-
founding variables, as a multivariate analysis would be under-
powered. As far as not performing a subgroup analysis for patients
with Crowe type III or IV, Yoon et al. [44] report on the use of
cementless THA for patients with Crowe type III or IV and, similar to
this study, do not evaluate the outcomes of both cohorts based on
the Crowe classification, given that they both undergo the same
surgical intervention. In addition, we do not have a control group in
this study to draw direct specific conclusions on the success of
robotic vs freehand THA in patients with similar preoperative de-
mographics and degrees of hip dysplasia.
Conclusions

The current success of THA will continue to evolve with
technology-guided techniques for surgery being introduced.
Despite the effectiveness of traditional THA, in challenging patients
such as those with dysplasia, these novel techniques that include
MAKOplasty may play a significant role in optimizing patient out-
comes. Further randomized studies will be needed to determine
the overall role and cost-effectiveness of robot-assisted surgery in
THA for dysplasia.
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