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Abstract
Introduction  Accurate implant positioning, tailored to the phenotype and unique biomechanics of each patient is the single 
most important objective in achieving stability in THA and maximise range of motion. The spine-pelvis-hip construct func-
tions as a single unit adapting to postural changes. It is widely accepted in the literature that no universaltarget exists and 
variations in spinopelvic mobility mandate adjustments to the surgical plan; thus bringing to the fore the concept of person-
alised, functional component positioning.
Methods  This manuscript aims to outline the challenges posed by spinopelvic imbalance and present a reproducible, step-
wise approach to achieve functional-component positioning. We also present the one-year functional outcomes and Patient 
Reported Outcome Measures of a prospective cohort operated with this technique.
Results and Conclusion  Robotic-arm assisted Total Hip Arthroplasty has facilitated enhanced planning based on the patient’s 
phenotype and evidence suggests it results in more reproducible and accurate implant positioning. Preservation of off-
set, avoiding leg-length discrepancy, accurate restoration of the centre of rotation and accomplishing the combinedversion 
target are very important parameters in Total Hip Arthroplasty that affect post-operative implant longevity, patient satisfac-
tion and clinical outcomes.

Keywords  Biomechanics · Total hip arthroplasty · Robotic-arm assistance · Spinopelvic mobility · Functional implant 
positioning · Impingement · Centre of rotation

Introduction

As the number of primary cases performed annually is steadily 
rising, 100,000 in the UK alone, total hip arthroplasty (THA) 
is the cornerstone surgical management for osteoarthritis. 
Having been widely employed by arthroplasty surgeons for 
over 60 years, novel developments are imperative to solve the 
challenges that have emerged over the decades. Prosthetic hip 

dislocation is a frequent complication after THA with a risk 
of instability of 0.17 to 1.74% within two years [1], result-
ing in the most common need for revision surgery, a poorer 
quality of life and higher medical costs [2–4]. Several opera-
tive factors contribute to hip stability, such as preservation 
of the dynamic and static hip stabilisers and restoration of 
joint biomechanics; however, the pivotal contribution to hip 
stability is accurate acetabular cup positioning. Consensus of 
the recent literature shows that there is no common optimal 
cup position for all patients due to variations in spinopelvic 
anatomy. Advances in surgical technology have permitted the 
assessment of these variations and have facilitated the provi-
sion of a surgical plan to achieve optimal implant positioning 
through the use of robotic arm assistance [5].

Spinopelvic motion

Spinopelvic motion is a complex chain of movements 
between the spine, pelvis and hips which accommodates for 
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postural change [6]. As we transition from a standing to sit-
ting position, the sacrum moves posteriorly and there is loss 
of lumbar lordosis which increases acetabular anteversion 
[7]. A combination of movements helps achieve this and 
the reported values of normal spinopelvic movement when 
sitting are as follows; 55–70° of hip flexion, 20° of posterior 
pelvic tilt and 20° loss of lumbar lordosis [8]. A stiff lumbar 
spine impacts this kinematic chain and range of movement 
of the pelvis and as a result reduces the posterior tilt and 
functional anteversion of the acetabulum [9]. Hence, patients 
compensate with hyperflexion of the hip which increases the 
risk of impingement [8].

Spinopelvic parameters

Anterior pelvic plane (APP) is defined as the plane between 
the pubic symphysis and the anterior superior iliac spines 
(ASIS). The anterior pelvic plane tilt (APPt) is the angle 
between a vertical coronal plane and the APP [10].

Pelvic incidence (PI) is an anatomical parameter of a con-
stant value unique to each individual and is independent of 
the position of the pelvis. It is defined as the angle between 
the perpendicular line to the S1 end plate at its midpoint and 
the line connecting this point to the centre of the femoral 
head [11]. The pelvic incidence is an algebraic sum of the 
sacral slope and pelvic tilt [12].

Sacral slope (SS) is defined as the angle between the tangen-
tial line at the upper end of the S1 end plate and the horizontal 
line [13]. It is a dynamic parameter which allows us to quantify 
and assess spinopelvic movement through postural changes. An 
accurate measurement of spinopelvic mobility is the difference 
in sacral slope angle between sitting and standing (ΔSS) (Fig. 1).

Lumbar lordotic angle is the angle subtended by the two 
lines drawn from the superior endplate of L1 and S1. When 
PI minus LL is > 10°, this is known as a flatback spinal 
deformity [14].

Classification

An accurate method of assessing dynamic changes in spin-
opelvic mobility is the change in sacral slope (ΔSS). Stefl et al. 
have established that the normal range of (ΔSS) is between 
10 and 29° throughout the motion of sitting and standing and 
described five patterns of spinopelvic mobility: normal, hyper-
mobile, ‘stuck standing’, ‘stuck sitting’ and kyphotic [15]. A 
ΔSS of greater than 30° has been classified as hypermobility 
but can be a normal variant for certain patient groups, namely, 
women and younger patients. It has been linked with a pro-
tective advantage against the risk of impingement as there is 
less range of movement required at the hip whilst sitting [16]. 
However, when there is excessive spinopelvic movement due 
to lumbar kyphosis whilst in the sitting position, this is consid-
ered unbalanced hypermobility. This is commonly associated 
with stiff hip flexion, ≤ 50° of flexion and patients with a BMI 
in excess of 40 resulting in a posterior pelvic tilt when sitting 
due to their large body habitus [16].

On the contrary, a ΔSS of less than 10° signifies a stiff spin-
opelvic unit and is predominantly due to degenerative disease 
of the lower spine or spinal fusion. As a result, there is less 
pelvic extension and subsequently less acetabular anteversion 
when transitioning into a sitting position. It is stated that for 
each degree loss of pelvic extension, there is a loss of 0.8° of 
acetabular anteversion [17]. Stiffness in the spinopelvic unit 
can be further delineated by the position of the pelvis. A ‘stuck 

Fig. 1   Lateral pelvis plain 
radiographs demonstrating  
sacral slope measurements in 
standing (left) and sitting (right) 
positions
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standing’ pelvis is whereby the absolute sacral slope value 
is > 30° whilst sitting and the pelvis maintains an anterior tilt 
[15]. Therefore, patients compensate by increasing flexion at 
the hip joint which increases the risk of anterior impingement 
and posterior dislocation when seated [17]. The other pattern 
of stiffness is termed ‘stuck sitting’ whereby the pelvis is fixed 
in a posteriorly tilted position and does not tilt anteriorly whilst 
standing and maintains an absolute sacral tilt value < 30° [15, 
16]. As a result, there is an increased risk of posterior impinge-
ment in hip extension when standing [17].

Vigdorchik et al. have proposed a hip-spine classification 
based on spinal deformity and stiffness. The alignment of the 
spine is determined by the pelvic incidence minus lumbar 
lordotic angle, and patients are divided into normal align-
ment (PI-LL < 10) or flatback deformity (PI-LL > 10). Patients 
are then further subdivided with regards to the mobility of 
their spine; patients with a ΔSS > 10 are considered normal, 
whereas those with a ΔSS < 10 are considered stiff. Thus, Vig-
dorchik has proposed four categories of patients: 1A, normal 
spinal alignment and mobility; 1B, normal spinal alignment 
but stiff spine; 2A, flatback deformity with normal mobility; 
2B, flatback deformity with stiffness [18].

Functional cup positioning

Functional cup position is a term which has recently gained 
popularity with the notion that previously described safe zones 
by Lewinnek and Callanan does not necessarily ensure that 
patients will not dislocate following their total hip arthroplas-
ties. Evidence has emerged that despite optimal cup positions 
within the aforementioned safe zones, dislocations continue 
to occur. Abdel et al. performed a retrospective cohort study 
which found that 58% of the dislocating hips had the acetab-
ular cup within Lewinnek’s safe zone [19]. Furthermore, a 
systematic review by Seagrave et al. found that seven of the 
11 studies which compared dislocation rates with combined 
anteversion, and inclination revealed a greater proportion of 
dislocations occurred within Lewinnek safe zone [20].

The effects of spinal stiffness on the outcomes of THA and 
dislocation rates have been demonstrated in several studies. A 
large retrospective study by Buckland et al. has reported a sta-
tistically significant higher rate of dislocation of 2.96 and 4.12% 
for those who underwent a THA with one to two level fusions 
and three to seven level fusions, respectively, in comparison to 
1.55% in those who have not undergone any previous spinal 
fusions [21]. Similar findings have been echoed by a large ret-
rospective study which concluded that those who undergo THA 
having previously undergone lumbosacral fusions (LSF) have 
a 46, 60 and 106% greater risk of dislocating in comparison 
to those who undergo LSF one year, two years and five years 
post-THA, respectively [22]. In addition, a recent systematic 
review and meta-analysis which assessed six studies investigat-
ing a total of 1,456,898 THA patients found that there was a 

higher rate of dislocation and revisions in patients with previous 
lumbar fusions than those without [23].

Thus, the concept of a patient-specific cup implant 
position is gaining traction, which considers spinopelvic 
alignment and mobility of their spine to help dictate the 
individual’s safe zone. Acetabular component position rec-
ommendations have been developed by Luthringer et al. 
and Vigdorchik et al. based on the Hip Spine Classifica-
tion [14, 24]. Patients with normal alignment and stiff spine 
(1B) should have the acetabular component placed at 30° of 
anteversion on a standing AP pelvis view in order to prevent 
anterior impingement and posterior dislocations. In patients 
with a flatback spinal deformity but normal mobility (2A), 
the target anteversion should be 25–30° to the functional 
pelvic plane of the body rather than the APP. The spinal 
deformity causes this subset of patients to stand with a 
posterior pelvic tilt and hence there is increased functional 
acetabular anteversion when standing. There is a risk of 
anterior dislocation if the version of the cup is measured 
against the APP which will be posteriorly tilted in these 
patients rather than the functional pelvic plane. The patients 
with the highest risk of dislocations are those with a stiff 
flatback deformed spine (2B) and it has been recommended 
to target 30° of anteversion to the functional pelvic plane on 
the standing AP pelvis to prevent posterior dislocations [14].

There is yet to be compelling evidence to link restora-
tion of femoral offset with improved stability for THA; 
however, theoretically, it should facilitate greater range 
of movement before impingement. A large retrospective 
analysis by Vigdorchik et al. demonstrated that from their 
cohort of 12,365 patients, there were a total of 51 disloca-
tions, of which 96% had a standard-offset implant [25]. 
Furthermore, the authors utilised a novel programme to 
model range of movement between standard and high off-
set stems and found each 1 mm of offset increased flexion 
by 5° and 4° of extension before impingement [25].

Fig. 2   AP pelvis radiograph showing previous right THA, the 
arthritic changes in the left hip and spinal fusion metalwork
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The role of robotic‑armassisted surgery

Once optimal acetabular cup positioning has been deter-
mined pre-operatively based on patient-specific anatomy 
and spinopelvic stiffness, implantation must be executed 
with great precision; otherwise, the planning would be ren-
dered futile. To fulfil this need, advances in surgical tech-
nology have led to the assistance of robotic devices in the 
operating theatre to achieve enhanced surgical planning 
and attain precision in bony cuts and prostheses implanta-
tion. The first robots in THA were fully active, where the 
robot would independently perform the cuts and implant the 

components based on the pre-operative plan and the surgeon 
would monitor, assist and intervene if needed. Less than 
satisfactory outcomes emerged, revealing an unexpectedly 
higher dislocation rate compared to manual THA as well as 
a higher rate of revision surgery, more frequent soft-tissue 
complications and an 18% conversion to manual THA [26, 
27]. This sparked the advent of the second generation of 
semi-active robots, where the surgeon performs the opera-
tion with the assistance of a robotic arm providing a haptic 
feedback and restriction within a pre-programmed spatial 
window when making the bone cuts. The industry offers a 
range of semi-active systems with the MAKO Robotic arm 

Fig. 3   Sacral slope (SS) 
measurement: A standing and B 
sitting positions

Fig. 4   Preo-perative planning 
with anticipated changes to cup 
inclination and version in both 
sitting and standing positions
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Interactive Orthopaedic (RIO) system (Stryker, USA) being 
the most commonly used [28]. The latest software version 
(MAKO 4.0) has introduced ‘virtual range of motion’, a 
tool that offers real-time feedback, allowing the surgeon to 
visualise the effect of altering implant position as well as 
being able to visualise impingement. Studies assessing the 
outcomes of semi-active robots have shown positive results, 
such as better-positioned acetabular cups, improved func-
tional outcomes, reduced post-operative pain and a short 
learning curve [29–31].

The current literature is suggesting that there is no uni-
versal fit that can be applied to all patients. Arthroplasty 
surgeons should be advancing towards a patient-specific 
approach to reduce dislocation rates by tailoring cup posi-
tioning according to patient anatomy, which is enabled by 
developments in surgical technology. This study aims to 
delineate the challenges posed by spinopelvic imbalance 

and present a pragmatic and reproducible workflow utilising 
robotic arm assistance to achieve functional cup positioning. 
Furthermore, we present the one year results of a prospec-
tive patient cohort undergoing RO THA with this technique.

Case presentation

This case presentation demonstrates the preo-perative plan-
ning and intra-operative decision-making to achieve func-
tional component positioning. The presented case concerns a 
76-year-old female with left hip advanced osteoarthritis and 
a previous history of multiple spinal surgeries and single-
level spinal fusion (Fig. 2).

Pre-operative radiographs showed that her sitting and 
standing SS were − 11 and 20°, respectively (Fig. 3). The 
ΔSS was 31° indicating a hypermobile spinopelvic unit 

Fig. 5   Pre-operative planning 
demonstrating combined ver-
sion and expected difference in 
hip length and offset compared 
to the opposite hip and pre-
operative hip
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according to the Stefl classification [15] with a normal spi-
nal alignment and mobility according to the international hip 
spine classification [18]. These measures were entered on 
the robotic software to aid into the 3D planning of the case.

The pre-operative 3D planning is demonstrated in Fig. 4. The 
starting point for our cup inclination and version in the supine 
position were 40 and 20°, respectively; however, owing to the 
individual anatomy, spinopelvic motion and virtual ROM per-
formed, this was changed to 24° of anteversion to achieve optimal 
stability. The software shows the changes to the cup inclination 
and version in both sitting and standing position (Fig. 4). The 
native stem version was 13°, and the planned stem version was 
15°. This allowed a planned combined version of 39° (Fig. 5).

The next step was to check the virtual range of movement 
(VROM). The robotic software allows to examine the planned 
hip replacement through maximum range of flexion and exten-
sion to identify any potential impingement at the bone-on-
bone, bone-on-implant or implant-on-implant interfaces. This 
feature enables to virtually identify dynamic impingement and 
acquire instant feedback of adjusting or changing component 
positioning.

In this case, the VROM showed no impingement in stand-
ing position with the hip at 15° of extension, 15° of external 
rotation and 15° of abduction (Fig. 6).

However, bone-on-bone impingement was noted at 120° 
of hip flexion, 40° of internal rotation and 10° of adduction 

Fig. 6   Virtual Range of Motion 
(VROM) in hip extension with 
no impingement

Fig. 7   VROM in deep hip 
flexion and internal rotation 
demonstrating bone-on-bone 
impingement (red mark)
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(Fig. 7). Using the robotic software, the combined offset was 
then increased using a + 5-mm femoral head.

The VROM was rechecked again to confirm impingement 
was eliminated following the offset increase (Fig. 8).

Materials and methods

Functional, radiological and patient‑reported 
outcome measures utilising functional component 
positioning in THA

Study design and participants

This prospective cohort study included patients under-
going primary robotic arm–assisted THA for sympto-
matic hip osteoarthritis. All operations were performed 
in a single unit and ethical approval was obtained from 
the institutional review board (Reference No: CIV-
LU-21–09-037787). Written consent was obtained from 
all research participants.

All procedures were performed using the posterior 
approach by a senior consultant surgeon with extensive 
experience in robotic arm–assisted THA.

Radiological parameters pertaining to the orientation 
of the implanted cup, stem version and combined antever-
sion were recorded. The Oxford Hip Score (OHS), Hip 
Disability and Osteoarthritis Outcome Score (HOOS) and 
Forgotten Joint Score (FJS) were collected pre-operatively 
and at two years.

Pre‑operative functional planning

Three-dimensional reconstructions were used based on CT 
pelvis scans to create a functional, patient-tailored plan 

using the MAKO total hip system (Stryker Corp, Mako 
Surgical Corp, Ft. Lauderdale, FL). The following work-
flow was utilised to formulate a patient specific plan: First, 
the spinopelvic measurements obtained from sitting and 
standing lumbar spine lateral radiographs were imported 
into the robotic software. The starting point for acetabular 
cup orientation was 40° inclination and 20° anteversion. 

Fig. 8   VROM checked 
after increasing the offset 
with + 5 mm femoral head 
that resulted in elimination of 
impingement in deep flexion

Table 1   Baseline patient-reported outcome measures and range of 
motion amongst patients undergoing robotic arm–assisted THA with 
functional cup positioning

Data presented as mean ± standard deviation or median (quartile 1, 
quartile 3) based on the normality assessment for continuous vari-
ables
HOOS Hip Disability and Osteoarthritis Outcome Score

Variables Robotic arm–
assisted THA 
(N = 30)

HOOS (%)
  HOOS pain (%)
  HOOS symptoms (%)
  HOOS activity of daily living (%)
  HOOS sport and recreation function (%)
  HOOS hip-related quality of life (%)

39 ± 16.35
43.12 ± 19.8
41.25 ± 15.48
42.15 ± 17.72
26.58 ± 23.1
25.28 ± 16.21

Range of motion
  Flexion 90 (85, 100)
  Extension 0 (0, 0)
  Abduction 30 (20, 30)
  Adduction 20 (10, 20)
  Internal rotation 10 (7.5, 20)
  External rotation 0 (0, 12.5)

VAS at rest 3 (2, 4)
VAS in motion 6 (5, 7)
Oxford Hip Score (OHS) 20.3 ± 7.1
Forgotten Joint Score 14.6 (8.3, 27.3)
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The cup position was subsequently evaluated in the coro-
nal, sagittal and transverse plane to ensure sufficient bony 
coverage, restoration of the centre of rotation and to ascer-
tain the posterior wall.

In relation to stem positioning, the two-dimensional pre-
dicted post-operative appearance that is available with the 

robotic software was evaluated to ensure the appropriate 
stem size, offset and correct any varus or valgus malalign-
ment. Following this, the desired stem anteversion was cho-
sen based on the transverse and sagittal views, taking into 
account the native version and combined anteversion.

The latest robotic software has introduced an innovative 
feature, the virtual Range of Motion (vROM) tool, allowing 
real-time assessment of impingement and ROM. Our testing 
position in flexion was 110° flexion and 40° internal rotation, 
whereas in extension the hip was tested at 10° extension and 
15° external rotation. On the basis of the site and type of 
impingement, a functional plan was established adjusting the 
medio-lateral position of the cup, changing the orientation, 
offset or size.

Surgical technique and implants

The enhanced workflow was used in all cases providing 
intra-operative feedback regarding broach and stem ver-
sion, combined anteversion and guiding neck resection. 
Robotic arm assistance was used to perform reaming in 
the desired plane with the utilisation of stereotactic bound-
aries. The acetabular cup was also positioned with the 
assistance of the robotic arm and the haptic tunnel that 
maintains the planned orientation during implantation. 
In this prospective cohort study, all patients received a 
cementless femoral stem (Accolade II; Stryker, Mahwah, 
NJ, USA) and a peripheral self-locking porous acetabular 
shell (Trident PSL shell; Stryker).

Statistical analysis

Descriptive statistics are presented for all qualitative 
data. Skewness, kurtosis and boxplots as well as sta-
tistical tests including the Shapiro–Wilk and Kolmog-
orov–Smirnov tests employed to assess whether the 

Table 2   Patient-reported outcome measures and range of motion 
amongst patients undergoing robotic arm–assisted THA with func-
tional cup positioning at 1 year post-operatively

Data presented as mean ± standard deviation or median (quartile 1, 
quartile 3) based on the normality assessment for continuous vari-
ables
HOOS Hip Disability and Osteoarthritis Outcome Score
* Related samples Wilcoxon signed-rank test

Variables Robotic arm–assisted 
THA (N = 30)

P-value*

HOOS (%)
  HOOS pain (%)
  HOOS symptoms (%)
  HOOS activity of daily living 

(%)
  HOOS sport and recreation 

function (%)
  HOOS hip-related quality of 

life (%)

97.5 (79.4, 100)
97.5 (81.25, 100)
95 (80, 100)
98.5 (86, 100)
93.8 (56.3, 100)
93.8 (71.9, 100)

0.001
0.001
 < 0.001
0.001
0.001
 < 0.001

Range of motion
  Flexion 100 (95, 100) 0.019
  Extension 0 (0, 0) 0.317
  Abduction 35 (30, 40)  < 0.001
  Adduction 30 (20, 30)  < 0.001
  Internal rotation 30 (20, 30)  < 0.001
  External rotation 20 (15, 20)  < 0.001
  VAS at rest 0 (0, 0)  < 0.001
  VAS in motion 0 (0, 1.5)  < 0.001
  Oxford Hip Score (OHS) 47 (38.5, 48)  < 0.001
  Forgotten Joint Score 93.8 (53.4, 100)  < 0.001

Fig. 9   Graph representing 
PROM scores at baseline and 
1 year post-operatively
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normality assumptions were violated. All analyses were 
performed using the IBM SPSS statistics 162 software 
for Mac, version 28 (IBM Corp. Released 2021. Armonk, 
NY: IBM Corp.).

Results

Our prospective cohort study included 30 participants under-
going robotic arm–assisted THA with functional cup posi-
tioning. The mean age of the patients was 69.5 years (SD 
9.5) with an equal number of males and females. At base-
line, the mean change in sacral slope (ΔSS) between sitting 
and standing for the entire cohort was 23.4 ± 12.8, while the 
mean pelvic incidence was 55 ± 13.

Baseline PROMs and ROM are presented in Table  1; 
mean HOOS score was 39 ± 16.35, mean OHS 20.3 ± 7.1 and 
median FJS 14.6 (IQR 8.3 to 27.3). Table 2 and Fig. 9 illustrate 
PROM scores and functional outcomes at 1 year’s follow-up. 
All PROMs improved significantly from baseline and patients 
experienced a significant improvement in ROM (Table 2).

Radiological outcomes are presented in Table 3 and 
Fig. 10. Mean inclination was 41.3 ± 2.7, mean anteversion 
21.1 ± 1.8 and mean combined version 38.5 ± 10.8. Further 

interrogation of our cohort revealed that three patients had 
ΔSS < 10°, hence signifying spinopelvic imbalance (Study 
ID 17, 21, 22). In these patients, the respective functional 
cup inclination and anteversion were 46 and 20°, 47 and 25°, 
and 43 and 24°.

There were no dislocations at one year of follow-up. One 
patient experienced quadriceps weakness post-operatively 
and had a slow recovery, while another patient sustained a 
peri-prosthetic fracture at six months post-operatively fol-
lowing a fall, which was treated with open reduction and 
internal fixation.

Discussion

The single most important surgical objective in THA is 
accurate implant positioning to maximise range of motion 
and avoid impingement. The spine-pelvis-hip construct 
should be regarded as a single unit that adapts during pos-
tural changes. The movements of the individual components 
of this construct are interwoven. For example, in patients 
with a stiff spinopelvic construct, loss of the posterior roll-
back mandates additional hip flexion in sitting position and 
more extension in standing, which conceptually increases 
the risk of impingement.

Gaining an in-depth understanding of the necessary 
parameters to evaluate spinopelvic mobility and recognis-
ing the individual patterns of imbalance and ramifications 
is vital for the arthroplasty surgeon. Robotic arm–assisted 
THA offers a pragmatic and reproducible way to achieve 
the desired implant orientation, in addition to offset and leg 
length [32]—all very important surgical targets especially in 
the subset of patients with spinopelvic imbalance. Further-
more, the introduction of the latest software allowing vir-
tual ROM is a valuable tool in the surgical armamentarium, 

Table 3   Radiological parameters in patients undergoing robotic arm–
assisted THA with functional cup positioning

Data presented as mean ± standard deviation

Variables Robotic 
arm–assisted 
THA

Inclination 41.3 ± 2.7
Anteversion 21.1 ± 1.8
Combined version 38.5 ± 10.8

Fig. 10   Scatter plot demon-
strating the orientation of the 
acetabular cup in our cohort, 
employing a functional plan
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providing real-time pre-operative and intra-operative feed-
back regarding ROM and the presence of impingement.

Utilisation of dual mobility cups could also represent a 
practical solution in patients with a stiff spine and a bail-
out option in cases where persistent impingement is evident 
[33, 34]. It has been shown that they can minimise disloca-
tions after primary THA [35] and a recent study from the 
Australian Orthopaedic Association National Joint Replace-
ment Registry (AOANJRR) has reported 99.1% survival at 
14 months [36]. While dual mobility articulations could 
help mitigate the dislocation risk, one should consider that 
a real benefit regarding ROM is seen with the larger acetabu-
lar cups. Furthermore, the long-term survivorship of this 
construct in younger patients with spinopelvic imbalance 
needs to be substantiated whereas another consideration is 
the potential for fretting and corrosion between the titanium 
shell and cobalt-chromium liner [33, 37].

There is mounting evidence to debunk the perception 
that impingement and dislocations are rare if the acetabu-
lar cup is positioned within the historical safe zones [19]. 
Hence, it is imperative to acknowledge that no universal 
target can be applied to all patients and functional zones 
and targets should be considered individually.

Previous studies have reported clinical outcomes fol-
lowing individualised cup positioning. Vigdorchik et al., in 
their paper validating the international Hip-Spine Classifi-
cation [18], reported 99.2% dislocation-free survivorship 
at five years’ follow-up with a dislocation rate of 0.8%.

Sharma et  al. also conducted a prospective study on 
1500 patients comparing the Lewinnek safe zone with novel 
dynamic acetabular cup planning [38]. Authors reported a very 
low dislocation rate 0.4% and noted that only 56% of dynami-
cally planned cups were within the Lewinnek zone [38].

Our study is the first one to report PROMs with functional 
cup positioning. We noted excellent outcomes at one year 
across all measured scores and significant improvement 
compared to baseline. Furthermore, we found that patient-
specific component positioning was significantly affected by 
the individual spinopelvic motion.

The strengths of our study include the prospective capture 
of data, standardisation of implants and surgical technique to 
avoid introducing confounders, and use of FJS that has been 
shown to have a higher ceiling effect [39] and suggested it could 
overcome some of the weaknesses of traditional PROMs. Limi-
tations of our study are primarily owing to its small sample 
size, increasing the chance of type I error. Furthermore, we did 
not employ a comparator group and report short-term results.

Validating these signals in a larger population and inves-
tigating longer-term clinical data and dislocation rate will be 
a key part of substantiating the potential benefits of robotic 
arm assistance and functional cup positioning.

Acknowledgements  This work was supported and made possible by 
the Freemasons’ Royal Arch Fellowship with support from the Arthritis 
Research Trust.

Author contribution  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by AF, FG, PP and AG. Data curation, project adminis-
tration and validation were performed by BK, CF and FG. PP and 
FSH contributed to the conceptualisation, investigation, methodology, 
resources, supervision and validation. The first draft of the manuscript 
was written by AF, RA, WJK and AG, and all authors commented on 
previous versions of the manuscript. All authors read and approved 
the final manuscript.

Declarations 

Ethics approval  This study was performed in line with the principles of 
the Declaration of Helsinki. Approval was granted by the Ethics Com-
mittee of the Health Ministry, Government of Luxembourg, Reference 
No: CIV-LU-21–09-037787.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent to publication  No individual person’s data are included in 
any form.

Conflict of interest  FSH reports board membership of the Bone & 
Joint Journal and consultancy, payment for lectures including ser-
vice on speakers’ bureaus, royalties and institutional support paid by 
Stryker, all outside the submitted work.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Fleischman AN, Tarabichi M, Magner Z et al (2019) Mechanical 
complications following total hip arthroplasty based on surgical 
approach: a large, single-institution cohort study. J Arthroplasty 
34:1255–1260. https://​doi.​org/​10.​1016/j.​arth.​2019.​02.​029

	 2.	 Fontalis A, Berry DJ, Shimmin A et al (2021) Prevention of 
early complications following total hip replacement. SICOT J 
7:61. https://​doi.​org/​10.​1051/​sicotj/​20210​60

	 3.	 Horberg JV, Coobs BR, Jiwanlal AK et al (2021) Dislocation 
rates following total hip arthroplasty via the direct anterior 
approach in a consecutive, non-selective cohort. Bone Joint J 
103-B:38–45. https://​doi.​org/​10.​1302/​0301-​620X.​103B7.​BJJ-​
2020-​2297.​R1

	 4.	 Galvain T, Mantel J, Kakade O, Board TN (2022) Treatment 
patterns and clinical and economic burden of hip dislocation 

582 International Orthopaedics (2023) 47:573–584

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.arth.2019.02.029
https://doi.org/10.1051/sicotj/2021060
https://doi.org/10.1302/0301-620X.103B7.BJJ-2020-2297.R1
https://doi.org/10.1302/0301-620X.103B7.BJJ-2020-2297.R1


1 3

following primary total hip arthroplasty in England. Bone Joint 
J 104-B:811–819. https://​doi.​org/​10.​1302/​0301-​620X.​104B7.​
BJJ-​2021-​1732.​R1

	 5.	 Emara AK, Zhou G, Klika AK et al (2021) Is there increased 
value in robotic arm-assisted total hip arthroplasty? Bone Joint 
J 103-B:1488–1496. https://​doi.​org/​10.​1302/​0301-​620X.​103B9.​
BJJ-​2020-​2411.​R1

	 6.	 Haffer H, Adl Amini D, Perka C, Pumberger M (2020) The 
impact of spinopelvic mobility on arthroplasty: implications 
for hip and spine surgeons. J Clin Med 9:2569. https://​doi.​org/​
10.​3390/​jcm90​82569

	 7.	 Homma Y, Ishii S, Yanagisawa N et al (2020) Pelvic mobility 
before and after total hip arthroplasty. Int Orthop. https://​doi.​
org/​10.​1007/​s00264-​020-​04688-6

	 8.	 Haffer H, Amini DA, Perka C, Pumberger M (2020) The impact of 
spinopelvic mobility on arthroplasty: implications for hip and spine 
surgeons. J Clin Med 9:1–15. https://​doi.​org/​10.​3390/​JCM90​82569

	 9.	 Esposito CI, Carroll KM, Sculco PK et al (2018) Total hip 
arthroplasty patients with fixed spinopelvic alignment are at 
higher risk of hip dislocation. J Arthroplasty 33:1449–1454. 
https://​doi.​org/​10.​1016/J.​ARTH.​2017.​12.​005

	10.	 Ueno T, Kabata T, Kajino Y et al (2021) Anterior pelvic plane 
tilt poorly estimates the sagittal body alignment due to internal 
rotation of innominate bone. J Orthop Res. https://​doi.​org/​10.​
1002/​jor.​24760

	11.	 Saltychev M, Pernaa K, Seppänen M et al (2018) Pelvic inci-
dence and hip disorders. Acta Orthop 89:66–70. https://​doi.​org/​
10.​1080/​17453​674.​2017.​13770​17

	12.	 Legaye J, Duval-Beaupère G, Marty C (1998) Pelvic incidence: 
a fundamental pelvic parameter for three-dimensional regulation 
of spinal sagittal curves. Eur Spine J 7:99–103. https://​doi.​org/​
10.​1007/​S0058​60050​038

	13.	 le Huec JC, Thompson W, Mohsinaly Y et al (2019) Sagittal 
balance of the spine. Eur Spine J 28:1889–1905. https://​doi.​org/​
10.​1007/​S00586-​019-​06083-1/​FIGUR​ES/​22

	14.	 Luthringer TA, Vigdorchik JM (2019) A preoperative workup 
of a “hip-spine” total hip arthroplasty patient: a simplified 
approach to a complex problem. J Arthroplasty 34:S57–S70. 
https://​doi.​org/​10.​1016/J.​ARTH.​2019.​01.​012

	15.	 Stefl M, Lundergan W, Heckmann N et al (2017) Hip arthro-
plasty: avoiding and managing problems spinopelvic mobility 
and acetabular component position for total hip arthroplasty. 
Bone Joint J 99B:37–45. https://​doi.​org/​10.​1302/​0301-​620X.​
99B1.​BJJ-​2016-​0415.​R1/​ASSET/​IMAGES/​LARGE/​BJJ-​2016-​
0415.​R1-​GALLE​YFIG5B.​JPEG

	16.	 Ike H, Dorr LD, Trasolini N et  al (2018) Current concepts 
review spine-pelvis-hip relationship in the functioning of a 
total hip replacement. J Bone Joint Surg - Am 100:1606–1615. 
https://​doi.​org/​10.​2106/​JBJS.​17.​00403

	17.	 Phan D, Bederman SS, Schwarzkopf R (2015) The influence of 
sagittal spinal deformity on anteversion of the acetabular com-
ponent in total hip arthroplasty. Bone Joint J 97-B:1017–1023. 
https://​doi.​org/​10.​1302/​0301-​620X.​97B8.​35700

	18.	 Vigdorchik JM, Sharma AK, Buckland AJ et al (2021) 2021 Otto 
Aufranc Award: a simple hip-spine classification for total hip arthro-
plasty : validation and a large multicentre series. Bone Joint J 103-B:17–
24. https://​doi.​org/​10.​1302/​0301-​620X.​103B7.​BJJ-​2020-​2448.​R2

	19.	 Abdel MP, von Roth P, Jennings MT et al (2016) What safe zone? 
The vast majority of dislocated THAs are within the Lewinnek 
safe zone for acetabular component position. Clin Orthop Relat 
Res 474:386–391. https://​doi.​org/​10.​1007/​S11999-​015-​4432-5

	20.	 Seagrave KG, Troelsen A, Malchau H et al (2017) Acetabular cup 
position and risk of dislocation in primary total hip arthroplasty: 
a systematic review of the literature. Acta Orthop 88:10. https://​
doi.​org/​10.​1080/​17453​674.​2016.​12512​55

	21.	 Buckland AJ, Puvanesarajah V, Vigdorchik J et al (2017) Disloca-
tion of a primary total hip arthroplasty is more common in patients 
with a lumbar spinal fusion. Bone Joint J 99B:585–591. https://​
doi.​org/​10.​1302/​0301-​620X.​99B5.​BJJ-​2016-​0657.​R1/​ASSET/​
IMAGES/​LARGE/​BJJ-​2016-​0657.​R1-​GALLE​YFIG3.​JPEG

	22.	 Malkani AL, Himschoot KJ, Ong KL et al (2019) Does timing of 
primary total hip arthroplasty prior to or after lumbar spine fusion 
have an effect on dislocation and revision rates? J Arthroplasty 
34:907–911. https://​doi.​org/​10.​1016/J.​ARTH.​2019.​01.​009

	23.	 An VVG, Phan K, Sivakumar BS et al (2018) Prior lumbar 
spinal fusion is associated with an increased risk of disloca-
tion and revision in total hip arthroplasty: a meta-analysis. 
J Arthroplasty 33:297–300. https://​doi.​org/​10.​1016/J.​ARTH.​
2017.​08.​040

	24.	 Vigdorchik J, Jerabek SA, Mayman DJ et al (2019) Evaluation of 
the spine is critical in the workup of recurrent instability after total 
hip arthroplasty. Bone Joint J 101 B:817–823. https://​doi.​org/​10.​
1302/​0301-​620X.​101B7.​BJJ-​2018-​1502.​R1

	25.	 Vigdorchik JM, Sharma AK, Elbuluk AM et al (2021) High offset 
stems are protective of dislocation in high-risk total hip arthro-
plasty. J Arthroplasty 36:210–216. https://​doi.​org/​10.​1016/J.​
ARTH.​2020.​07.​016

	26.	 Honl M, Dierk O, Gauck C et al (2003) Comparison of robotic-
assisted and manual implantation of a primary total hip replace-
ment. J Bone Joint Surg-Am 85:1470–1478. https://​doi.​org/​10.​
2106/​00004​623-​20030​8000-​00007

	27.	 St Mart J-P, Goh EL, Shah Z (2020) Robotics in total hip arthro-
plasty: a review of the evolution, application and evidence base. 
EFORT Open Rev 5:866–873. https://​doi.​org/​10.​1302/​2058-​
5241.5.​200037

	28.	 Zhang J, Ng N, Scott CEH et al (2022) Robotic arm-assisted 
versus manual unicompartmental knee arthroplasty. Bone Joint J 
104-B:541–548. https://​doi.​org/​10.​1302/​0301-​620X.​104B5.​BJJ-​
2021-​1506.​R1

	29.	 Kayani B, Konan S, Pietrzak JRT et al (2018) The learning curve 
associated with robotic-arm assisted unicompartmental knee 
arthroplasty. Bone Joint J 100-B:1033–1042. https://​doi.​org/​10.​
1302/​0301-​620X.​100B8.​BJJ-​2018-​0040.​R1

	30.	 Ng N, Gaston P, Simpson PM et al (2021) Robotic arm-assisted ver-
sus manual total hip arthroplasty. Bone Joint J 103-B:1009–1020. 
https://​doi.​org/​10.​1302/​0301-​620X.​103B6.​BJJ-​2020-​1856.​R1

	31.	 Kayani B, Konan S, Tahmassebi J et al (2019) An assessment 
of early functional rehabilitation and hospital discharge in con-
ventional versus robotic-arm assisted unicompartmental knee 
arthroplasty. Bone Joint J 101-B:24–33. https://​doi.​org/​10.​1302/​
0301-​620X.​101B1.​BJJ-​2018-​0564.​R2

	32.	 Fontalis A, Kayani B, Thompson JW et al (2022) Robotic total 
hip arthroplasty: past, present and future. Orthop Trauma 36:6–13. 
https://​doi.​org/​10.​1016/J.​MPORTH.​2021.​11.​002

	33.	 Zagra L, Benazzo F, Dallari D et al (2022) Current concepts 
in hip–spine relationships: making them practical for total hip 
arthroplasty. EFORT Open Rev 7:59–69. https://​doi.​org/​10.​1530/​
EOR-​21-​0082

	34.	 Chalmers BP, Syku M, Sculco TP et al (2020) Dual-mobility con-
structs in primary total hip arthroplasty in high-risk patients with 
spinal fusions: our institutional experience. Arthroplast Today 
6:749. https://​doi.​org/​10.​1016/J.​ARTD.​2020.​07.​024

	35.	 Reina N, Pareek A, Krych AJ et al (2019) Dual-mobility con-
structs in primary and revision total hip arthroplasty: a systematic 
review of comparative studies. J Arthroplasty 34:594–603. https://​
doi.​org/​10.​1016/J.​ARTH.​2018.​11.​020

	36.	 Dhawan R, Baré JV, Shimmin A (2022) Modular dual-mobility 
articulations in patients with adverse spinopelvic mobility. Bone 
Joint J 104-B:820–825. https://​doi.​org/​10.​1302/​0301-​620X.​
104B7.​BJJ-​2021-​1628.​R1

583International Orthopaedics (2023) 47:573–584

https://doi.org/10.1302/0301-620X.104B7.BJJ-2021-1732.R1
https://doi.org/10.1302/0301-620X.104B7.BJJ-2021-1732.R1
https://doi.org/10.1302/0301-620X.103B9.BJJ-2020-2411.R1
https://doi.org/10.1302/0301-620X.103B9.BJJ-2020-2411.R1
https://doi.org/10.3390/jcm9082569
https://doi.org/10.3390/jcm9082569
https://doi.org/10.1007/s00264-020-04688-6
https://doi.org/10.1007/s00264-020-04688-6
https://doi.org/10.3390/JCM9082569
https://doi.org/10.1016/J.ARTH.2017.12.005
https://doi.org/10.1002/jor.24760
https://doi.org/10.1002/jor.24760
https://doi.org/10.1080/17453674.2017.1377017
https://doi.org/10.1080/17453674.2017.1377017
https://doi.org/10.1007/S005860050038
https://doi.org/10.1007/S005860050038
https://doi.org/10.1007/S00586-019-06083-1/FIGURES/22
https://doi.org/10.1007/S00586-019-06083-1/FIGURES/22
https://doi.org/10.1016/J.ARTH.2019.01.012
https://doi.org/10.1302/0301-620X.99B1.BJJ-2016-0415.R1/ASSET/IMAGES/LARGE/BJJ-2016-0415.R1-GALLEYFIG5B.JPEG
https://doi.org/10.1302/0301-620X.99B1.BJJ-2016-0415.R1/ASSET/IMAGES/LARGE/BJJ-2016-0415.R1-GALLEYFIG5B.JPEG
https://doi.org/10.1302/0301-620X.99B1.BJJ-2016-0415.R1/ASSET/IMAGES/LARGE/BJJ-2016-0415.R1-GALLEYFIG5B.JPEG
https://doi.org/10.2106/JBJS.17.00403
https://doi.org/10.1302/0301-620X.97B8.35700
https://doi.org/10.1302/0301-620X.103B7.BJJ-2020-2448.R2
https://doi.org/10.1007/S11999-015-4432-5
https://doi.org/10.1080/17453674.2016.1251255
https://doi.org/10.1080/17453674.2016.1251255
https://doi.org/10.1302/0301-620X.99B5.BJJ-2016-0657.R1/ASSET/IMAGES/LARGE/BJJ-2016-0657.R1-GALLEYFIG3.JPEG
https://doi.org/10.1302/0301-620X.99B5.BJJ-2016-0657.R1/ASSET/IMAGES/LARGE/BJJ-2016-0657.R1-GALLEYFIG3.JPEG
https://doi.org/10.1302/0301-620X.99B5.BJJ-2016-0657.R1/ASSET/IMAGES/LARGE/BJJ-2016-0657.R1-GALLEYFIG3.JPEG
https://doi.org/10.1016/J.ARTH.2019.01.009
https://doi.org/10.1016/J.ARTH.2017.08.040
https://doi.org/10.1016/J.ARTH.2017.08.040
https://doi.org/10.1302/0301-620X.101B7.BJJ-2018-1502.R1
https://doi.org/10.1302/0301-620X.101B7.BJJ-2018-1502.R1
https://doi.org/10.1016/J.ARTH.2020.07.016
https://doi.org/10.1016/J.ARTH.2020.07.016
https://doi.org/10.2106/00004623-200308000-00007
https://doi.org/10.2106/00004623-200308000-00007
https://doi.org/10.1302/2058-5241.5.200037
https://doi.org/10.1302/2058-5241.5.200037
https://doi.org/10.1302/0301-620X.104B5.BJJ-2021-1506.R1
https://doi.org/10.1302/0301-620X.104B5.BJJ-2021-1506.R1
https://doi.org/10.1302/0301-620X.100B8.BJJ-2018-0040.R1
https://doi.org/10.1302/0301-620X.100B8.BJJ-2018-0040.R1
https://doi.org/10.1302/0301-620X.103B6.BJJ-2020-1856.R1
https://doi.org/10.1302/0301-620X.101B1.BJJ-2018-0564.R2
https://doi.org/10.1302/0301-620X.101B1.BJJ-2018-0564.R2
https://doi.org/10.1016/J.MPORTH.2021.11.002
https://doi.org/10.1530/EOR-21-0082
https://doi.org/10.1530/EOR-21-0082
https://doi.org/10.1016/J.ARTD.2020.07.024
https://doi.org/10.1016/J.ARTH.2018.11.020
https://doi.org/10.1016/J.ARTH.2018.11.020
https://doi.org/10.1302/0301-620X.104B7.BJJ-2021-1628.R1
https://doi.org/10.1302/0301-620X.104B7.BJJ-2021-1628.R1


1 3

	37.	 D’Apolito R, Bandettini G, Jacquot FMP, Zagra L (2020) Modular 
dual-mobility cups using ceramic liners: an original solution for 
selected indications? Hip Int 30:59–65. https://​doi.​org/​10.​1177/​
11207​00020​964976/​ASSET/​IMAGES/​LARGE/​10.​1177_​11207​
00020​964976-​FIG2.​JPEG

	38.	 Sharma AK, Cizmic Z, Dennis DA et al (2021) Low dislocation 
rates with the use of patient specific “safe zones” in total hip 
arthroplasty. J Orthop 27:41–48. https://​doi.​org/​10.​1016/J.​JOR.​
2021.​08.​009

	39.	 Hamilton DF, Giesinger JM, MacDonald DJ et al (2016) Respon-
siveness and ceiling effects of the Forgotten Joint Score-12 fol-
lowing total hip arthroplasty. Bone Joint Res 5:87–91. https://​doi.​
org/​10.​1302/​2046-​3758.​53.​20004​80/​ASSET/​IMAGES/​LARGE/​
10.​1302_​2046-​3758.​53.​20004​80-​FIG2.​JPEG

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

584 International Orthopaedics (2023) 47:573–584

https://doi.org/10.1177/1120700020964976/ASSET/IMAGES/LARGE/10.1177_1120700020964976-FIG2.JPEG
https://doi.org/10.1177/1120700020964976/ASSET/IMAGES/LARGE/10.1177_1120700020964976-FIG2.JPEG
https://doi.org/10.1177/1120700020964976/ASSET/IMAGES/LARGE/10.1177_1120700020964976-FIG2.JPEG
https://doi.org/10.1016/J.JOR.2021.08.009
https://doi.org/10.1016/J.JOR.2021.08.009
https://doi.org/10.1302/2046-3758.53.2000480/ASSET/IMAGES/LARGE/10.1302_2046-3758.53.2000480-FIG2.JPEG
https://doi.org/10.1302/2046-3758.53.2000480/ASSET/IMAGES/LARGE/10.1302_2046-3758.53.2000480-FIG2.JPEG
https://doi.org/10.1302/2046-3758.53.2000480/ASSET/IMAGES/LARGE/10.1302_2046-3758.53.2000480-FIG2.JPEG

	Functional implant positioning in total hip arthroplasty and the role of robotic-arm assistance
	Abstract
	Introduction 
	Methods 
	Results and Conclusion 

	Introduction
	Spinopelvic motion
	Spinopelvic parameters
	Classification
	Functional cup positioning
	The role of robotic-armassisted surgery
	Case presentation

	Materials and methods
	Functional, radiological and patient-reported outcome measures utilising functional component positioning in THA
	Study design and participants
	Pre-operative functional planning
	Surgical technique and implants

	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


