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e’ arthroplasty
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: Impingement is a major source of dislocation and aseptic loosening in total hip arthroplasty (THA).

. We compared impingement free range of motion (ROM) using a novel computer navigated femur

. first approach to conventional THA. In addition, impingement between genders was also explored.

. Inaretrospective analysis of 121 THA patients, subject-specific post-operative ROM was simulated
using post-operative 3D-CT data, and compared with the benchmark ROM, essential for activities
of daily living. Three parameters were defined to express both implant-to-implant (ITl) and bone-to-
bone (BTB) impingement - coverage percentage, third angle, and impingement severity. Although
coverage percentage was similar between the navigated and conventional group for both ITI (p =0.69)
and BTB (p =0.82) impingement, third angle was significantly reduced in the navigation group for
both ITI (p =0.02) and BTB (p = 0.05) impingement. Impingement severity for both ITI (p =0.01) and
BTB (p =0.05) was significantly decreased in the navigation group compared to the conventional.
Impingement severity in men was considerably higher compared to women for both ITI (p =0.002)
and BTB (p =0.02). Navigation guided femur first THA is able to improve alignment of ROM axis, and

. consequently, to reduce impingement in THA. Men seem to be more prone to impingement than

© women.

. Total hip arthroplasty (THA) is considered as one of the most effective techniques to restore lost manoeu-
© vrability to patients suffering from osteoarthritis (OA), acute trauma and rheumatoid arthritis (RA)"% One
. of the key intraoperative challenges while performing THA is to find an optimised compromise amongst hip
. biomechanics, tribology, and post-surgery functionality. Orientation of the prosthetic components is one
: of the critical factors during THA in order to achieve stable joint and ideal range of motion (ROM) so that
the patient could accomplish their activities of daily living (ADLs). Component mal-positioning and soft tis-
sue imbalance would lead to two of the most significant reasons for revision surgery - (a) aseptic loosening,
. and (b) dislocation®®. It was found that 90% of dislocations had evidence of impingement’. Impingement can
: be caused due to—(a) component-to-component contact (prosthetic impingement), (b) component-to-bone
* contact (bone-to-prosthesis impingement, or (c) bone-to-bone contact (bony impingement)®. Impingement in
THA results greater component wear, limited range of movement (ROM) with reduced hip functionalities, and
increased pain®®. Additional movement beyond the impingement point leads to subluxation of the femoral head
: until the joint dislocates®* 1. Thus, improved range of motion to impingement would directly improve resistance
. to dislocation and wear!!.
: Two new developments for THA could potentially combat and address these complications. Firstly, an inno-
© vative computer-assisted THA operation, which implemented the concept of ‘femur first'/ ‘combined anteversion’
: was introduced to overcome the limitations of the traditional THA> '2. This approach combined several aspects
in performing a functional optimisation of the cup position, and extensively addressed ROM while maintaining
. cup alignment and containment parameters as detailed by Renkawitz, et al.®. Secondly, a comprehensive ROM
: benchmark of hip joint for the ADLs was established by Turley, et al.'®. This ROM benchmark is a powerful tool
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Figure 1. Optimized cup position as calculated by an intraoperative impingement detection algorithm using
imageless navigation.

to graphically represent the loss of mobility, and therefore, could be used in measuring the effectiveness of THA
operation by comparing the post-operative simulated ROM with the required benchmark ROM.
Therefore, two research objectives were addressed in the current study.

o To assess whether a computer navigated femur first approach is more effective with regard to providing an
impingement free range of motion in comparison to conventional THA as measured by ROM size, ROM
alignment and impingement severity of THA patients in a virtual range of motion simulation using post-op-
erative CT scan data

o To assess whether there are sex specific differences in ROM as measured by ROM size, ROM alignment and
impingement severity

Materials and Methods

Brief Overview of Surgical Procedures. In this study, the effectiveness of newly introduced navigated
minimally invasive THA surgical procedure was investigated compared to the conventional minimally invasive
THA. The retrospective (secondary) analysis, detailed in this paper, expanded the previous published results!'?
and now focused on a detailed impingement investigation using a different methodology. Instead of measuring
single directional movements (for example only flexion or only rotation), the current analysis combined all the
directional movements to provide a detailed 3D range of motion (ROM) analysis. As a result, several parameters
such as ROM area, ROM alignment and severity of impingement, which are related to measure the effectiveness
of the surgical outcome, were explored in this study. A brief description of the navigated and conventional surgi-
cal produce is presented below.

« Conventional minimally invasive THA (CTHA)
In conventional minimally invasive THA, acetabular components were placed in a ‘safe zone” without
using any alignment guides. The ‘safe zone’ was defined by Lewinnek, et al.'* (inclination =40° 4 10°, and
anteversion = 15° 4 10°), and this hypothetical ‘safe zone’ was estimated visually by the surgeon during
operation. The femoral cementless components were implanted in a best fitting position according to the
three dimensional (3D) geometry following the natural bow of the femoral canal.

» Navigated minimally invasive ‘femur first THA (NTHA)

An imageless navigation system (Hip 6.0 prototype, Brainlab, Feldkirchen, Germany) along with a ‘femur
first’ prototype software were used to perform navigated minimally invasive femur first THA. The registration
process for navigated THA in a lateral decubitus position and the measurement of stem anteversion were carried
out by following the procedure described in Sendtner, et al.'®, Renkawitz, et al.®, Turley, et al.® and Renkawitz,
et al.'>. Anterior pelvic plane was defined by left anterior superior iliac spines, right anterior superior iliac spines,
left pubic tubercles and right pubic tubercles. These four locations were registered using a reference pointer which
was located on the surface of the skin. The medial and lateral epicondyles and ankle points were also registered
for femur!®. Thereafter, the anatomy of acetabular was registered and reamed. Based on the information collected
during the preparation of the femur and acetabulum, the navigation system calculated the optimised position
of acetabular component for impingement free manoeuvre of hip joint. This information was presented to the
surgeon on a screen (Fig. 1). Guided by the three-dimensional (3D) projections on the navigation screen, the
acetabular component was inserted, followed by insertion of the uncemented femoral component. A detailed
description of the navigated THA was presented in Renkawitz, et al.® and Renkawitz, et al.!?.

Design of the Study. The current study is a secondary outcome analysis of data obtained in a patient
as well as an observer-blinded randomized controlled trial (RCT) approved by the local medical ethics com-
mittee (10-121-0263). CT scan of pelvic and femur, required to assess post-operative condition after six week
(approximately), was approved by German Federal Office for Radiation Protection. RCT was registered at the
German Clinical Trials Register with a Main ID DRKS00000739. Design of the study including sample size,
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Conventional Navigated
Characteristic (n=65) (n=56)
Sex (female/male) 32/33 32/24
Age (years) 62.6+7.9 62.8+7.4
BMI (kg/m?) 272443 27.0£4.0
Treatment Side (left/right) | 27/38 29/27
ASA1 16 8
ASATI 30 33
ASATII 19 15
Kellgren Score 9 (5-10) 8(6-10)
%frr;zt);th of skin incision 103412 105412
Operating time (minutes) | 64.4414.0 71.3+12.3
Cup size 54 (48-60) 54 (50-62)
Stem size 12 (9-15) 12 (10-16)
Cup inclination (°) 423+64 42.5+52
Cup anteversion (°) 17.54+9.0 18.3+6.9
Stem anteversion (°) 7.0+8.8 9.1+10.4
Cup coverage (%) 87.7+9.6 87.4+9.0

Table 1. Patient characteristics and intraoperative data in this study.

randomisation, and recruitment of patients, exclusion, and inclusion criteria are detailed in Renkawitz, ef al.”> and
Renkawitz, et al.'%.

In brief, a series of 783 patients, who were admitted for primary uncemented THA due to primary or second-
ary osteoarthritis at our institution in between December 2011 to March 2013, was screened. According to the
protocol of the main study'” ', eligible participants were mainly selected based on two conditions: (a) the age of
the patients should be in between 50 to 75 years, and (b) the American Society of Anesthesiologists (ASA) score
should be 3 or below for the patients who were admitted for primary cementless unilateral THA attributable to
primary or secondary osteoarthritis. In addition to these conditions, the patients were not selected if they had
arthritis due to hip dysplasia, post-traumatic hip deformities, and/or a previous hip surgery.

To allow gait analysis, as intended for the primary outcome, only those patients were included who had no
significant disease of the contralateral hip. Due to these strict inclusion criteria, out of 783 screened patients, 597
did not meet the inclusion criteria. Twenty-seven (27) patients declined to participate and 19 patients had to be
excluded for other reasons (e.g. cancellation of the operation due to elevated inflammatory markers). The first
five navigated cases were regarded as learning curve. Finally, 135 patients were randomised to either navigated
or conventional THA after informed consent had been obtained. A detailed description of the randomisation
algorithm was included in'2.

THA was performed with all patients in the lateral decubitus position using a minimally invasive
single-incision anterolateral approach by four experienced orthopaedic surgeons (JG, ES, MW, TR). Each surgeon
had experience with more than 200 conventional and navigation-controlled THAs. Press-fit acetabular compo-
nents and cement-free hydroxyapatite-coated stems (Pinnacle®cup, Corail®stem; DePuy, Warsaw, IN, USA) with
metal heads of 32 mm were used. Cup diameter was chosen according to the natural geometric configuration of
the acetabulum. No cups below size 48 were used to enable combination with 32 mm heads. Out of the initially
135 randomized patients, five (3.7%, four in the navigated and one in the control group) did not receive the allo-
cated intervention. Of these five one case with shut down of the navigation system was included in analysis per
intention to treat (ITT). Another eight patients (5.9%, six in the navigated and two in the control group) had to
be excluded from analysis due to missed or incorrect CT (four patients) or withdrawn informed consent (four
patients). In contrast to the primary study analysis, two additional CT data sets (one in the navigated and one in
the control group each) were not compatible with the novel three dimensional impingement analysis. Altogether
121 data sets were included for final analysis. Anthropometric characteristics of the navigation and control group
as well as intraoperative data were comparable (Table 1). All the methods were carried out in accordance with the
relevant guidelines and regulations.

Modelling Benchmark ROM. A ROM benchmark, developed by Turley, et al.'*, Turley!’, was used in order
to evaluate the post-operative hip joint motion, and consequently, the effectiveness of surgical operation. The
data used to construct this ROM benchmark boundary was based on the mean reference values for (a) pure joint
motion, and (b) fifteen activities of daily living (ADLs) motion, collected through systematic literature review"’.
The ROM benchmark boundary was characterised by two attributes- (a) its area and shape which is spherical in
nature (Fig. 2a and b) its position relative to the anatomical coordinate system (Fig. 2b). The position is defined
using a directional axis (Fig. 2b). Detailed description of the methodology to calculate ROM area and directional
axis was included in Turley, et al.’>.

Modelling Subject-Specific Post-Operative ROM. Post-operative pelvic and femoral CT scans
were performed after five to seven weeks of surgery (Somatom Sensation 16; Siemens, Erlangen, Germany).
Segmentation and construction of the subject-specific pelvic bone, femur, and prosthetic components (the metal
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Figure 2. Representation of the ROM benchmark area and corresponding directional axis of ROM area. (a)
Coronal view, (b) Sagittal view.

acetabular and femoral components) were carried out by an independent external institute (MeVis Medical
Solutions, Bremen, Germany), blinded to individual patient data and the type of surgical approaches. To align the
prosthetic components with the bones, the reference measurements captured by the navigational system during
the surgical procedure were utilised. Similar post-operative measurements were also taken from the group, which
received non-navigated procedure during the controlled trial. The reference measurement points were imported
into Rhino (Robert McNeel & Associates, US) along with the bone and implant geometries. These imported
points were used to define pelvic and femoral coordinate frames, which were then utilised to align the implants
accordingly. Thereafter, a rhino script was developed which simulated the femoral movement until a collision
occurred between the components or bones following the rotation through the medial-lateral axis. With the
femur returned to the centre position again, it was rotated until collision occurred, and the procedure contin-
ued through an increment of 15° in the transverse plane. When collision occurred, the position of knee centre
point was recorded. Therefore, a set of collision points were collected through 360° rotation of femur around
medial-lateral axis (Fig. 3a). The ROM boundary was then established by interpolating a line through the simu-
lated points (Fig. 3a). This methodology was developed by Turley'”. A sphere was then constructed whose centre
was the centre of rotation and the radius was the distance from the centre of rotation to knee centre (Fig. 3b).
Thereafter, the sphere was cut using ROM boundary to define ROM surface area as shown in Fig. 3c and d.

The position of the prosthetic ROM surface with respect to the anatomical coordinate system was defined using
a directional axis (Fig. 3e). In order to calculate this directional axis (Fig. 3e), moment of inertia technique'®
was used by constructing a best fit plane from ROM boundary points, as identified through simulation. A detailed
description of this method was explained in Turley'” and Turley, et al.’.

Measuring Impingement. The component collision was classified into two different groups,
Implant-To-Implant (ITT) contact and Bone-To-Bone (BTB) contact. During ITI contact, only the cup implants
and the femur implants were considered to simulate their interaction. This instance could be used to decide initial
cup and femoral positioning. For BTB, the simulation used all the relevant components including the bony struc-
tures, which were the pelvis, the pelvis implants, the femur, and the femur implants, to model their interaction
with each other. The latter case is fully representative of the patient’s full ROM. Therefore, the subject-specific
post-operative ROM (PO-ROM) area was calculated for both ITT and BTB cases - (a) PO-ROM for ITT, and (b)
PO-ROM for BTB. The coverage percentage was defined by the ratio of calculated PO-ROM area and benchmark
ROM (B-ROM) as defined by equation (1).

Post Operative ROM
x 100
Benchmark ROM 1)

When the coverage percentage is above 100%, the ROM area is large enough to cover the benchmark ROM
area. However, impingement can still be occurred in these cases if the area is poorly located. Thus, the orientation
and positioning of PO-ROM area was defined relative to the benchmark ROM by an angle, termed as ‘third angle’
(Fig. 3e). It was a three dimensional (3D) angle between the directional axis of the postoperative (PO-ROM) and
the directional axis of the benchmark ROM (B-ROM). The lower the 3D angle, the better is the match between
the PO-ROM axis and the B-ROM axis.

Coverage Percentage =
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Figure 3. Schematic representation of the modelling procedure to construct subject-specific post-operative
ROM area. (a) A set of collision points represents ROM boundary, (b) A sphere containing the ROM boundary.
Centre of the sphere is the centre of rotation of ROM simulation and radius is the distance between the centres
of rotation to the knee centre. (c¢) ROM area. (d) ROM area in another view. (e) Directional axis for prosthetic
ROM area.

Impingement severity was calculated by comparing the subject-specific post-operative ROM (PO-ROM) area
with the benchmark ROM (B-ROM) area (equation 2). The impingement would occur if the B-ROM area was
not covered by the PO-ROM area (Fig. 4a,b). Therefore, the impingement area (Fig. 3c,d) was defined by the
fraction of the B-ROM area which was not covered by the PO-ROM area. Therefore, impingement severity (IS)
was defined as follows

Impingement Area % 100

Impingement severity (IS) =
ping y (15) Benchamrk ROM Area (2)

Impingement severity is calculated for both ITI and BTB impingements. The severity increased with the
increase of IS values. When there was no impingement, IS = 0, and therefore, severity is minimum.

Statistical Analysis. Statistical analyses were performed using SPSS v22.0.0 (IBM, Armonk, New York).
Statistical significance was defined as a p-value < 0.05. The data between the two treatment groups (i.e. navigated
and conventional surgical procedures) were compared by the Mann-Whitney U test (for continuous variables).

Results

Analysing ROM area for ITI impingement, it was found that there is no significant difference (p =0.69) in cover-
age percentage between the navigated group with (M =179.9%, SD = 14.4%, Fig. 5a) and the conventional group
with (M =180.7%, SD = 14.5%, Fig. 5a). However, PO-ROM axis for ITI impingement as measured by third
angle was significantly closer (p =0.02) to the B-ROM axis in the navigated group (M =17.0°, SD =9.9°, Fig. 5b)
compared to the conventional group (M =20.1° SD =9.1°, Fig. 5b). In addition, impingement severity for ITI
impingement was significantly decreased (p=0.01) in the navigation group (M = 1.6%, SD = 3.4%) in compari-
son with the control group (M =2.6%, SD = 3.4%, Fig. 5¢).

ROM analysis for BTB impingement showed similar results to ITI values. Coverage percentage for BTB
impingement was not statistically significant (p = 0.82) between the navigated group with (M =151.0%,
SD =15.5%, Fig. 6a) and the conventional group with (M = 150.6%, SD = 20.3%, Fig. 6a). However, it was
observed that the PO-ROM alignment with respect to B-ROM directional axis for BTB impingement as meas-
ured by third angle was statistically improved (p = 0.05) in navigated group (M = 15.5°, SD=8.1°, Fig. 6b) in
comparison with the conventional group (M =18.3°, SD =7.7°, Fig. 6b)). Consequently, impingement severity
for BTB impingement was significantly reduced (p = 0.05) in the navigated group (M =3.7%, SD = 4.6%, Fig. 6¢)
compared to the conventional group with (M =5.0%, SD = 5.8%, Fig. 6¢).

In order to identify sex specific differences in the surgical outcome, ITI and BTB impingement severity, cov-
erage percentage and third angle were compared (Table 2). It was identified that the impingement severity in
men was significantly higher compared to the impingement severity in women for both ITI (p=0.002) and BTB
(p=0.02) impingement. Although ITI coverage percentage was similar between men and women (p = 0.87), the
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Figure 4. Schematic representation of PO-ROM area, B-ROM area, Impingement area, and 3D angle. (a) and
(b) B-ROM overlaid PO-ROM,; (c) and (d) Impingement area which is the part of BO-ROM area not covered by
PO-ROM area; (e) Difference between BO-ROM directional axis and PO-ROM directional axis in terms of 3D
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Figure 5. Box plot of (a) Coverage percentage, (b) third angle, (c) impingement severity for ITT impingement.
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Figure 6. Box plot of (a) Coverage percentage, (b) third angle, (c) impingement severity for BTB impingement.

BTB coverage percentage was significantly higher in women than in man (p=0.05). In contrast, PO-ROM align-
ment, as defined by third angle, was significantly lower in women than in men for ITI impingement (p =0.01),
whereas it was comparable between both sexes (p = 0.30) for BTB impingement.
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ITI Impingement BTB Impingement

Severity Coverage Percentage Third Angle Severity BTB Coverage Percentage Severity BTB
Women 1.5(3.0) 180.6 (15.5) 16.6 (8.5) 3.9(5.8) 153.3(19.7) 16.0 (7.4)
Men 2.9(3.7) 180.1 (13.1) 21.0(10.2) 5.0 (4.6) 148.0 (16.0) 18.1(8.5)
p-value 0.002 0.87 0.01 0.02 0.05 0.30

Table 2. Sex specific differences in ITT and BTB impingement.

Discussion

The aim of this study was to assess whether an intraoperative navigation guided femur first technique
improves the surgical outcome in minimally invasive THA compared to a conventionally implanted control
group. In addition, consistencies in surgical outcome due to the sex specific differences were also explored. In
order to describe the effectiveness of the surgical outcome, PO-ROM area was simulated using post-operative
CT scan and range of motion modelling, and compared with the B-ROM area, which is essential to perform
activities of daily living (ADLs)® '*. Three parameters were defined to express the effectiveness of the surgical
outcome for both ITT and BTB impingement - (a) coverage percentage, (b) third angle, and (c) impingement
severity.

It was identified that the impingement severity was significantly reduced for both ITT and BTB impingement
in the navigation guided group compared to the free hand control group. In literature, bony and/or prosthetic
impingement was identified as a major source of increased polyethylene wear and dislocation after THA® 20,
Consequently, it introduced a major impact on patient dissatisfaction and early revision surgery*'. Compliant
component position of cup and stem strongly affected impingement free ROM?2. However, previous studies
showed that the visual estimation of implant position harbored a high risk of misinterpretation. Furthermore,
even the knowledge of intraoperative stem version was not sufficient to realise a combined anteversion tech-
nique, and thus, to prevent impingement without the use of a cup alignment guide?*. Navigation was shown to
enable accurate intraoperative measurement of cup and stem position®. The previous ROM analysis of this study
group showed higher flexion and internal rotation for the navigation guided implanted group in relation to the
control group'2. A more detailed 3D measurements in this current secondary analysis provided a greater insight
for improved understanding of impingement. The potential reason for the reduced impingement severity in the
navigation group was the improved alignment of PO-ROM axis compared to the control group although the size
of ROM area was comparable. This indicated that the navigation adjusted cup position might provide a better
alignment of the PO-ROM axis in terms of ADLs.

Regarding sex specific variations in ROM, it was found that the males were more prone to impingement than
females. This was valid for both ITT and BTB impingement. Whereas the higher impingement severity for ITI
impingement in men seemed to be related to a worse ROM axis alignment, the higher impingement severity for
BTB impingement was associated with a higher ROM area size. These differences might be due to the functional
differences like pelvic position as well as geometric differences of pelvic anatomy.

There are several limitation of this study. First, the current analysis focused on simulated PO-ROM analysis,
and therefore, did not account for patient related functional outcome or implant longevity. Future analysis and
long term follow up results of the study group should be carried out to prove the clinical relevance. Second,
3D-CT study allowed analysing ITI and BTB impingement without considering soft tissue restrictions, which
could limit the ROM, especially in the obese patients. Third, functional parameters, such as pelvic tilt, were not
included in the measurement of the current study. However, the issue of pelvic tilt is still an open question as pel-
vic tilt differs during gait cycle?, from preoperatively to postoperatively?, and from sitting to standing®. The use
of navigation has four general limitations. Firstly, pelvic landmarks can become obscured by overlying soft-tissue
(especially in the obese patients), which can make direct referencing for computer-assisted surgery difficult’>%.
Secondly, computers are susceptible to electronic failure, which happened once during the study. Therefore, sur-
geons, who are using navigation, should always be aware of potential malfunctions in the system, and should be
able to continue operating without the assistance of a computer at any time. Thirdly, navigation systems and their
service are expensive. Finally, both the registration and intra-operative measurement process of navigated THA
significantly increase the operating time. In the study, this was increased by approximately ten minutes per opera-
tion. However, one of the strength in the study is the use of a single manufacturer’s THA design, which minimizes
confounding factors. Any difference with regard to impingement is due to the operative technique only, rather
than the prosthetic design of the components.

Conclusions

The study focuses on to explore the effectivenss of navigated femur first surgical technique compared to the con-
ventional technique. It was concluded from the study that the minimally invasive navigation guided femur first
THA provides the possibility to reduce both ITT and BTB impingement in THA due to its improved alignment of
post-operative-ROM axis with respect to the benchmark ROM axis. In addition, it was observed that men were
more prone to impingement, and therefore, orthopedic surgeons should especially be aware of impingement in
men while operating. Studies including long term results and functional aspects are required to prove the clinical
relvance of the current data.

SCIENTIFICREPORTS|7: 7238 | DOI:10.1038/541598-017-07644-4 7



www.nature.com/scientificreports/

References

1. Enocson, A. et al. Dislocation of total hip replacement in patients with fractures of the femoral neck. Acta Orthop 80, 184-189,
doi:10.3109/17453670902930024 (2009).

2. Soong, M., Rubash, H. E. & Macaulay, W. Dislocation after total hip arthroplasty. ] Am Acad Orthop Surg 12, 314-321 (2004).

3. Kluess, D., Martin, H., Mittelmeier, W., Schmitz, K. P. & Bader, R. Influence of femoral head size on impingement, dislocation and
stress distribution in total hip replacement. Medical engineering & physics 29, 465-471, doi:10.1016/j.medengphy.2006.07.001
(2007).

4. Nadzadi, M. E., Pedersen, D. R., Yack, H. J., Callaghan, J. J. & Brown, T. D. Kinematics, Kinetics, and finite element analysis of
commonplace maneuvers at risk for total hip dislocation. Journal of biomechanics 36, 577-591 (2003).

5. Renkawitz, T. et al. Minimally invasive computer-navigated total hip arthroplasty, following the concept of femur first and combined
anteversion: design of a blinded randomized controlled trial. BMC Musculoskelet Disord 12, 192, doi:10.1186/1471-2474-12-192
(2011).

6. Turley, G. A., Williams, M. A., Wellings, R. M. & Griffin, D. R. Evaluation of range of motion restriction within the hip joint. Medical
& biological engineering & computing 51, 467-477, doi:10.1007/s11517-012-1016-3 (2013).

7. Scifert, C. E et al. Experimental and computational simulation of total hip arthroplasty dislocation. The Orthopedic clinics of North
America 32, 553-567, vii (2001).

8. Shon, W. Y,, Baldini, T., Peterson, M. G., Wright, T. M. & Salvati, E. A. Impingement in Total Hip Arthroplasty: A Study of Retrieved
Acetabular Components. The Journal of arthroplasty 20, 427-435, doi:10.1016/j.arth.2004.09.058 (2005).

9. Brown, T. D. & Callaghan, J. ]. Impingement in Total Hip Replacement: Mechanisms and Consequences. Current orthopaedics 22,
376-391, doi:10.1016/j.cuor.2008.10.009 (2008).

10. Malik, A., Maheshwari, A. & Dorr, L. D. Impingement with total hip replacement. The Journal of bone and joint surgery. American
volume 89, doi:10.2106/jbjs.£.01313 (2007).

11. Nadzadi, M. E., Pedersen, D. R, Callaghan, J. ]. & Brown, T. D. Effects of acetabular component orientation on dislocation propensity
for small-head-size total hip arthroplasty. Clinical biomechanics (Bristol, Avon) 17, 32-40 (2002).

12. Renkawitz, T. et al. Impingement-free range of movement, acetabular component cover and early clinical results comparing ‘femur-
first’ navigation and ‘conventional’ minimally invasive total hip arthroplasty: a randomised controlled trial. The bone & joint journal
97-b, 890-898, doi:10.1302/0301-620x.97b7.34729 (2015).

13. Turley, G. A., Ahmed, S. M., Williams, M. A. & Griffin, D. R. Establishing a range of motion boundary for total hip arthroplasty.
Proceedings of the Institution of Mechanical Engineers. Part H, Journal of engineering in medicine 225, 769-782 (2011).

14. Lewinnek, G. E., Lewis, J. L., Tarr, R., Compere, C. L. & Zimmerman, J. R. Dislocations after total hip-replacement arthroplasties.
The Journal of bone and joint surgery. American volume 60 (1978).

15. Sendtner, E. et al. Accuracy of acetabular cup placement in computer-assisted, minimally-invasive THR in a lateral decubitus
position. Int Orthop 35, 809-815, doi:10.1007/s00264-010-1042-4 (2011).

16. Michel, M. C. & Witschger, P. MicroHip: a minimally invasive procedure for total hip replacement surgery using a modified Smith-
Peterson approach. Ortop Traumatol Rehabil 1 (2007).

17. Turley, G. A. Graphical representation of range of motion in the assessment of total hip arthroplasty: innovation report EngD thesis,
University of Warwick (2012).

18. Fernandez, O. Obtaining a best fitting plane through 3D georeferenced data. Journal of Structural Geology 27, 855-858, d0i:10.1016/j.
j5.2004.12.004 (2005).

19. Davis, J. Statistics and Data Analysis in Geology. 3rd edn, 334-338 (John Wiley & Sons Inc, 2002).

20. Weber, M. et al. Current standard rules of combined anteversion prevent prosthetic impingement but ignore osseous contact in total
hip arthroplasty. Int Orthop, doi:10.1007/s00264-016-3171-x (2016).

21. Jolles, B. M., Zangger, P. & Leyvraz, P. F. Factors presdisposing to dislocation after primary total hip prosthesis. The Journal of
arthroplasty 17, doi:10.1054/arth.2002.30286 (2002).

22. Widmer, K. H. & Zurfluh, B. Compliant positioning of total hip components for optimal range of motion. Journal of orthopaedic
research: official publication of the Orthopaedic Research Society 22, d0i:10.1016/j.orthres.2003.11.001 (2004).

23. Woerner, M. et al. Visual intraoperative estimation of cup and stem position is not reliable in minimally invasive hip arthroplasty.
Acta Orthopaedica 87, 225-230, doi:10.3109/17453674.2015.1137182 (2016).

24. Weber, M. et al. Even the Intraoperative Knowledge of Femoral Stem Anteversion Cannot Prevent Impingement in Total Hip
Arthroplasty. The Journal of arthroplasty 31, 2514-2519, doi:10.1016/j.arth.2016.04.024 (2016).

25. Dorr, L. D., Malik, A., Dastane, M. & Wan, Z. Combined anteversion technique for total hip arthroplasty. Clinical orthopaedics and
related research 1, d0i:0.1007/s11999-008-0598-4 (2009).

26. Weber, T. et al. Gait six month and one-year after computer assisted Femur First THR vs. conventional THR. Results of a patient-
and observer- blinded randomized controlled trial. Gait & posture 49, 418-425, d0i:10.1016/j.gaitpost.2016.06.035 (2016).

27. Parratte, S., Pagnano, M. W,, Coleman-Wood, K., Kaufman, K. R. & Berry, D. J. The 2008 Frank Stinchfield award: variation in
postoperative pelvic tilt may confound the accuracy of hip navigation systems. Clin Orthop Relat Res 467, 43-49, doi:10.1007/
§11999-008-0521-z (2009).

28. Kanawade, V., Dorr, L. D. & Wan, Z. Predictability of Acetabular Component Angular Change with Postural Shift from
Standing to Sitting Position. The Journal of bone and joint surgery. American volume 96, 978-986, d0i:10.2106/jbjs.m.00765
(2014).

29. Renkawitz, T. et al. Development and evaluation of an image-free computer-assisted impingement detection technique for total hip
arthroplasty. Proc Inst Mech Eng H 226, 911-918, doi:10.1177/0954411912460815 (2012).

Author Contributions

A.P.and M.A.W. and M.W. wrote the paper. A.P. and G.A.T. carried out the simulation. A.P. and M.W. performed
statistical analysis. M.W. and T.R. designed the experimental procedure along with the surgical operation.
M.A.W,, TR. and M.W. provided the main concept. All authors reviewed the manuscript.

Additional Information

Competing Interests: T.R. has received research support by DePuy International, Otto Bock Foundation,
Deutsche Arthose Hilfe. TR’s research group “patientindividual joint replacement” was supported by the
German Ministry of Education and Research (BMBE, grant number 01EZ0915). All other authors declare no
competing financial interests.

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

SCIENTIFICREPORTS|7:7238 | DOI:10.1038/541598-017-07644-4 8


http://dx.doi.org/10.3109/17453670902930024
http://dx.doi.org/10.1016/j.medengphy.2006.07.001
http://dx.doi.org/10.1186/1471-2474-12-192
http://dx.doi.org/10.1007/s11517-012-1016-3
http://dx.doi.org/10.1016/j.arth.2004.09.058
http://dx.doi.org/10.1016/j.cuor.2008.10.009
http://dx.doi.org/10.2106/jbjs.f.01313
http://dx.doi.org/10.1302/0301-620x.97b7.34729
http://dx.doi.org/10.1007/s00264-010-1042-4
http://dx.doi.org/10.1016/j.jsg.2004.12.004
http://dx.doi.org/10.1016/j.jsg.2004.12.004
http://dx.doi.org/10.1007/s00264-016-3171-x
http://dx.doi.org/10.1054/arth.2002.30286
http://dx.doi.org/10.1016/j.orthres.2003.11.001
http://dx.doi.org/10.3109/17453674.2015.1137182
http://dx.doi.org/10.1016/j.arth.2016.04.024
http://dx.doi.org/10.1016/j.gaitpost.2016.06.035
http://dx.doi.org/10.1007/s11999-008-0521-z
http://dx.doi.org/10.1007/s11999-008-0521-z
http://dx.doi.org/10.2106/jbjs.m.00765
http://dx.doi.org/10.1177/0954411912460815

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 7238 | DOI:10.1038/541598-017-07644-4 9


http://creativecommons.org/licenses/by/4.0/

	Femur First navigation can reduce impingement severity compared to traditional free hand total hip arthroplasty

	Materials and Methods

	Brief Overview of Surgical Procedures. 
	Design of the Study. 
	Modelling Benchmark ROM. 
	Modelling Subject-Specific Post-Operative ROM. 
	Measuring Impingement. 
	Statistical Analysis. 

	Results

	Discussion

	Conclusions

	Figure 1 Optimized cup position as calculated by an intraoperative impingement detection algorithm using imageless navigation.
	Figure 2 Representation of the ROM benchmark area and corresponding directional axis of ROM area.
	Figure 3 Schematic representation of the modelling procedure to construct subject-specific post-operative ROM area.
	Figure 4 Schematic representation of PO-ROM area, B-ROM area, Impingement area, and 3D angle.
	Figure 5 Box plot of (a) Coverage percentage, (b) third angle, (c) impingement severity for ITI impingement.
	Figure 6 Box plot of (a) Coverage percentage, (b) third angle, (c) impingement severity for BTB impingement.
	Table 1 Patient characteristics and intraoperative data in this study.
	Table 2 Sex specific differences in ITI and BTB impingement.




