Computers in Biology and Medicine 169 (2024) 107799

Contents lists available at ScienceDirect o
Computers in Biology
and Medicine

Computers in Biology and Medicine

B4

journal homepage: www.elsevier.com/locate/compbiomed

ELSEVIER

Check for
updates

Evaluating computed bony range of motion (BROM) by registering in-vitro
cadaver-based functional range of motion (FROM) to a hip
motion simulation

Arnab Palit™", Mark A. Williams ?, Ercihan Kiraci®, Vineet Seemala®, Vatsal Gupta‘,
Jim Pierrepont ”, Christopher Plaskos ¢, Richard King

& WMG, The University of Warwick, Coventry, UK

b Corin Ltd, Corinium Centre, Cirencester, Gloucestershire, GL7 1YJ, UK

¢ Corin Ltd., Raynham, MA, USA

4 Department of Trauma & Orthopaedics, University Hospitals Coventry and Warwickshire NHS Trust, Coventry, UK

ARTICLE INFO ABSTRACT

Keywords:

Hip range of motion

Bony impingement

Motion measurement
Functional range of motion
Activities of daily living (ADLSs)
Soft tissue

Ligaments

Background: While modern hip replacement planning relies on hip motion simulation (HMS), it lacks the capa-
bility to include soft-tissues and ligaments restraints on computed bony range of motion (BROM), often leading to
an overestimation of the in-vivo functional range of motion (FROM). Furthermore, there is a lack of literature on
BROM assessment in relation to FROM. Therefore, the study aimed to assess computed BROM using in-vitro
cadaver-derived FROM measurements, registered to a CT-based in-house HMS, and to further investigate the
effect of functional and anatomical hip joint centres (FHJC and AHJC) on BROM.

Method: Seven limiting and three non-limiting circumducted passive FROM of four cadaver hips were measured
using optical coordinate measuring machine with reference spheres (RSs) affixed to the pelvis and the femur,
following CT-scan of the specimen. The RSs’ centres were used to register the measured FROM in HMS, enabling
its virtual recreation to compute corresponding BROM by detecting nearest bony impingement. FHJC, estimated
from non-limiting FROM, was compared with AHJC to examine their positional differences and effect on BROM.
Results: Differences in BROM and FROM were minimal in deep flexion (3.0° + 4.1°) and maximum internal
rotation (IR) at deep flexion (3.0° + 2.9°), but substantially greater in extension (53.2° + 9.5°). Bony
impingement was observed during flexion, and IR at deep flexion for two hips. The average positional difference
between FHJC and AHJC was 3.1 + 1.2 mm, resulting in BROM differences of 1°~13° across four motions.
Conclusions: The study provided greater insight into the applicability and reliability of computed BROM in pre-
surgical planning.

1. Introduction implant position, type of surgical approach, bony structures around the

hip and other patient related characteristics such as gender, age, and

Total Hip Arthroplasty (THA) is one of the most commonly per-
formed procedures in orthopaedic surgery [1]. It aims to restore func-
tion and mobility of the hip joint which has been affected by
osteoarthritis (OA), rheumatoid arthritis (RA), and acute trauma [2,3].
Impingement following THA is associated with inadequate range of
motion (ROM), greater risk of dislocation, component wear and various
other complications that ultimately lead to patient dissatisfaction [4,5]
and the need for revision surgery. There are many factors that influence
the risks of impingement and dislocation, including implant design,
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history of previous hip surgery [6-10]. Various mitigation strategies are
therefore employed to reduce post-THA complications, such as careful
pre-operative planning, thorough intra-operative assessments, and
meticulous post-operative care [11]. In terms of pre-operative THA
planning, hip motion simulation (HMS) is now being used to assess ROM
and predict post-THA implant-to-implant impingement (ITI) [12-17]
and bony impingement (BI) [18-20] to identify best possible implant
positions.

HMS generally uses CT images (or MRI images) to construct the
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geometry of the pelvis and femur, and thereafter simulate hip ROM to
estimate implant and bony impingement [12-16,18,19,21]. However,
one of the major limitations of pre-planning simulation is that it cannot
incorporate the effects of the soft tissues and ligaments on simulated
bony range of motion (BROM). Therefore, the BROM values reported
through the simulation tends to overestimate the actual in-vivo func-
tional range of motion (FROM) [21,22] of a hip that is further con-
strained by soft tissues and ligaments. Although CT-based HMS is a
cost-effective and time-efficient method to be used in conjunction with
the clinical settings, the validity of the calculated limiting BROM is not
well described in the literature, specifically in the context of comparing
it with measured FROM. Consequently, this hinders the ability to
identify BROMs which are close representation of actual FROM and
could be used as subject-specific target values for surgical pre-planning.
Therefore, development of a method to evaluate computed BROM of a
healthy and normal hip anatomy in relation to its actual FROM is a
crucial step in achieving the broader goal of uncovering the relationship
between BROMs and FROMs.

Previous works validated the hip ROM simulation using secondary
clinical case studies with controlled patient groups [19,20] or synthetic
models [23-25] which did not depict the actual FROM measurement.
Few studies measured the effect of soft-tissue impingement
intra-operatively during posterior approach THA [26], and anterolateral
approach THA [27] using CT-based or imageless navigation system
respectively. However, these were post-surgery measurement, and it did
not directly compare the FROM with the simulated BROM of healthy and
normal hip anatomy. A few studies measured selected manoeuvres in
cadavers and combined them with simulated BROM [22,24,28] for
validation. However, anatomical landmarks that were used for regis-
tration in these studies were identified either by dissecting the soft tissue
[24] or inserting Kirchner-wires with electromagnetic tracking system
(EMTS) [28]. As these landmarks were individual points, any error in
detecting these points (during measurement or from CT-scan) would
introduce substantial errors in the registration process. This would ul-
timately lead to greater error in the comparison results between FROM
and simulated hip BROM. Additionally, none of these studies investi-
gated the sensitivity of the comparative results due to the variation in
the registration process. On the other hand, hip joint centre (HJC) is an
important landmark to simulate and estimate limiting BROM. It repre-
sents the centre of rotation around which hip motion occurs. In general,
anatomical hip joint centre (AHJC) is used in HMS [21]. AHJC is a centre
of a best fit sphere on CT derived femoral head geometry. However,
actual hip motion occurs with respect to the functional hip joint centre
(FHJC) which is generally determined through mathematical algorithms
that consider the dynamic motions of two adjacent segments (in this
case, pelvis and femur). Therefore, use of FHJC in simulation requires
actual hip motion measurement, and subsequent estimation of FHJC.
This is not possible during pre-planning stage and in pre-operative
clinical environment. AHJC is used, therefore, in HMS, even though
AHJC and FHJC may not always be located exactly at the same position.
As a result, the estimated limiting BROM would be different, depending
on whether AHJC or FHJC was used in the simulation. To the best of the
authors’ knowledge, this effect of using AHJC instead of FHJC in
simulation and hip ROM calculation has never been investigated in the
literature.

Therefore, the purpose of this study was to develop an accurate and
precise method to measure FROM using cadaver specimen, and subse-
quently register the measured FROM to a CT-based in-house HMS to
validate the estimated BROM of a normal and healthy hip anatomy.
Specific objectives associated with this work were as follows: (a)
Development of the experimental procedure to measure FROM using
cadaver specimen with capability to accurately and precisely register the
measured FROM to a CT-based in-house HMS tool; (b) Validation of the
simulation method by comparing the measured FROMs and corre-
sponding computed BROMs; (c) Assessment of its sensitivity in relation
to variations in the registration process; and finally, (d) Identification of
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the positional difference between FHJC and AHJC, and their impact on
the computed BROM values in HMS. The following section outlines the
materials and methods employed in this study, including the specimen
preparation, experimental setup, FROM measurement procedure, the
development of in-house HMS, the method to register FROM into HMS
along with factors influencing the registration process, the computation
of corresponding BROM to the measured FROM, and the methodology
for examining the impact on computed BROM due to the use of FHJC
and AHJC. Subsequently, the results section discusses the measured
FROM values, compares them with the calculated BROM, underscores
the sensitivity arising from registration errors, and ultimately presents
the influence of FHJC and AHJC on the computed BROM. This is fol-
lowed by the discussion and conclusion section.

2. Material and methods

This study involved experimental measurement of four cadaveric
hips, followed by registering the measured hip movement to a HMS,
generated from post-experiment CT scans.

2.1. Specimens preparation and experimental set-up

Two cadaveric specimens, transected from the L5 vertebra to the
feet, consisting of four cadaveric hips, were obtained from two donors.
X-rays was performed to screen for any evidence of arthritis and other
pathologic conditions such that the measurements were performed only
on normal/healthy hips. Both the cadavers were male, with ages 71 and
78 years. The study was approved by Research and Development, Uni-
versity Hospitals Coventry and Warwickshire (UHCW) NHS Trust (Ref:
GF0503), and Biomedical & Scientific Research Ethics Committee
(BSREC) at University of Warwick (ref: BSREC 66,/22-23). The experi-
mental set-up is shown in Fig. 1.

To facilitate the placement of the cadaver specimen, a specially
designed fixation plate (Fig. 1a and b) was manufactured at the WMG
workshop, University of Warwick. The plate was designed with pro-
visions for attaching two C-clamps, which were used to secure the
cadaver specimen in place. The dimensions of the plate were carefully
designed to ensure that it did not restrict the extension movement of the
hip. Furthermore, the fixation plate was affixed to a surgical table that
offered adjustable height settings. The feet of the specimen were posi-
tioned on separate tables either during the resting position or when
performing measurements on the contralateral side.

In this study, AICON Movelnspect XR8 (AICON, Hexagon, UK), a
camera-based portable coordinate measuring machine (CMM) with a
capability of ‘Dynamic Referencing’, was used to measure FROM
(Fig. 1d). The CMM consists of a camera beam and two 8 megapixels
calibrated XR cameras. The equipment also included an optically
tracked handheld probing device, while the Movelnspect software
determined the 3D coordinates of object points or the six degrees of
freedom (6 DoF) data of solid bodies at an acquisition frequency of 5 Hz.
The specified measurement range of 1-3 m (6.7 m>) was used during the
experiment. The accuracy and the precision of the measurement system
were 20 pm + 30 pm/m and 5 pm + 20 pm/m, respectively. Since the
system only detects 2D markers, a specially designed 3D printed dome-
shaped ‘Femoral Adaptor’ (similar to a truncated icosahedron shape)
was manufactured at the WMG workshop, University of Warwick
(Fig. 1c). The flat surface areas of the ‘Femoral Adaptor’ were covered
with 2D markers. A coordinate system associated with the ‘Femoral
Adaptor’ was determined by measuring the positions of all the 2D
markers on it using AICON DPA (Digital Photogrammetry) series cam-
era. The ‘Femoral Adaptor’ covered with markers was then rigidly
affixed to the distal shaft of the femur using two 4 mm threaded surgical
pins, external fixation clamps (Hoffman 3, Stryker®), and plastic glue.
Similarly, the ‘Pelvis Adaptor’ was made of a plastic plate and covered
with 2D markers. It was attached to the pelvis rigidly at the iliac crests
using six 4 mm or 5 mm surgical pins, external fixation clamps and bars
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Fig. 1. Experimental set-up for the cadaver experiment. (a) A specially designed fixation plate is used to position the cadaver specimen. (b) The cadaver specimen is
secured to the fixation plate using a C-clamp, and the fixation plate is clamped onto a height-adjustable table. (c) ‘Pelvis Adaptor’ and pelvis reference spheres (PRSs)
are attached to the pelvis. They serve to establish the pelvis adaptor coordinate system (PACS) and pelvis reference sphere coordinate system (PRSCS), respectively.
Similarly, ‘Femur Adaptor’ and femur reference spheres (FRSs) are affixed to the femur, providing the femur adaptor coordinate system (FACS) and femur reference
sphere coordinate system (FRSCS), respectively. Surgical clamps, pins, and plastic glue are employed to secure these attachments to the pelvis and femur. (d) The
final experiment setup is depicted, along with the positioning of the AICON Movelnspect XR8 during the experiment.

(Hoffman 3, Stryker®), and plastic glue, as shown in Fig. lc. During
femoral movement, the AICON Movelnspect XR8 system tracked the
markers on the ‘Femoral Adaptor’ to accurately capture the position and
orientation of the coordinate system linked to the ‘Femoral Adaptor’ in
relation to the coordinate system associated with the ‘Pelvis Adaptor’.
Therefore, the system actually measured the relative position of the
femur with respect to the pelvis.

Although CT scanning of the femoral adaptor and plastic plates was
possible, they lacked distinguishable features that could be easily
segmented for the purpose of registering the measured manoeuvre to the
HMS. Therefore, a solution was implemented by rigidly attaching three
metrological graded Alufix ‘reference balls’ (Alufix, reference ball id
28403-1, 18 mm diameter, Aluminium) to the femoral bone (distal part
of the femur) using surgical pins, clamps, and screws, as depicted in
Fig. lc. Similarly, three Alufix ‘reference balls’ were also affixed to
pelvis by attaching them on a connecting rod that was fixed to the
clamps, affixed rigidly to the iliac crest area of the pelvis as illustrated in
Fig. 1c. These spherical ‘reference balls’ served as reliable points of
reference, as their centres could be accurately and precisely measured by
both the AICON System and post-experiment CT scans. This ensured the
availability of consistent and accurate data to register the measured
FROM into HMS. The spherical ‘Reference balls’ that were rigidly
attached to the femur and pelvis are referred to as the ‘femur reference
spheres’ (FRSs) and the ‘pelvis reference spheres’ (PRSs), respectively in
this paper.

2.2. Experimental procedure to measure FROM

Prior to commencing the measurements, calibration of the AICON
Movelnspect XR8 and the probing device were performed using a

reference rod and probe tip reference sphere, respectively. Subse-
quently, the surface points of FRS were measured using the touch probe
device to accurately determine the centres of the FRS. This was achieved
by fitting a sphere to the measured surface points of the FRS through a
best-fit method in SpatialAnalyzer software (SA, 2019.09.10 Version).
The centre points of the femur reference spheres (FRSs) were subse-
quently utilised to establish the femur reference sphere coordinate sys-
tem (FRSCS). Thereafter, the position and orientation of the femoral
adaptor coordinate system (FACS) in relation to the femur reference
sphere coordinate system (FRSCS) in the resting position was measured
using the AICON camera for a duration of 5s. This provided the trans-
formation matrix FACSTFRSCS to define the relation between these two
coordinate systems. Similarly, pelvis reference sphere coordinate system
(PRSCS) was defined by using the centre points of pelvis reference
spheres (PRSs). Subsequently, the relation between pelvis reference
sphere coordinate system (PRSCS) and pelvis adaptor coordinate system
(PACS), which was associated with the pelvis adaptor, was established
through PACST,pscs. Thereafter, the position and orientation of the
femoral adaptor coordinate system (FACS) were recorded relative to the
pelvis adaptor coordinate system (PACS) during the passive movement
of the femur. By utilising the relationship between pelvis adaptor and
pelvis reference sphere coordinate system, (PACS and PRSCS i.e.,
PACSTppscs), the position and orientation of femoral adaptor coordinate
system (FACS) were expressed in relation to pelvis reference sphere
coordinate system (PRSCS) (P RSCSTFACS () for the measurement dura-
tion t.

Initially, a non-limiting circumducted motion (or conical motion) of
the femur was executed. The term ‘non-limiting’ was used to highlight
that there was no chance of impingement during these mid-range cir-
cumducted motions. This motion was performed freehand three times.
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The collected data from these measurements were used to calculate the
FHJC. The reliability of estimating the FHIC was assessed based on the
three sets of measurement runs. Thereafter, the hip joint was moved
passively to the end of its range as assessed by an experienced ortho-
paedic surgeon (RK) to define the ‘limiting’ passive FROM. In the
experiment, seven limiting passive FROM were performed which were
clinically relevant as follows: (1) maximum flexion (flex), (2) maximum
extension (extn), (3) maximum abduction (abd), (4) maximum internal
rotation (IR) in deep flexion with minimal abduction/adduction (abd/
add), (5) maximum IR in deep flexion in maximal abduction, (6)
maximum IR at deep flexion in maximal adduction, (7) maximum
external rotation (ER) in full extension with various positions of
abduction/adduction. In the case of deep flexion, the flexion range was
in between 70° and 100°. On the other hand, minimal abduction/
adduction represented a range of 0-15°, while maximal abduction/
adduction corresponded to more than 15°. Each manoeuvre was held for
5 s in the limiting position, during which measurements were taken. All
these limiting manoeuvres were repeated three times by an experienced
orthopaedic surgeon (RK) to ensure consistency.

2.3. Hip ROM simulation

3D geometries of pelvis and femur were created from post-
experiment CT images along with the identification of bony landmarks
using Simpleware™ ScanIP software (Version 2022, Synopsys, Inc.,
Mountain View, USA). The workflow involved importing DICOM CT
images into ScanlIP, followed by cubic/isotropic resampling and defining
the region of interest. The pelvis and femur were then semi-
automatically segmented by applying lower and upper grayscale
threshold values, after which a morphological closing operation was
applied to close any holes and remove any islands within the segmented
masks. Finally, a 3D geometry was constructed from the mask and
subsequently exported as STL files for use in the simulation [21]. During
the construction of the STL files, the maximum edge length of the surface
triangles was kept below 1.5 mm to ensure consistent quality among the
generated geometries utilised in bony impingement detection. Four
landmarks were identified for pelvis as follows (Fig. 2a): (a) right
anterior superior iliac spines (ASISgignt), (b) left anterior superior iliac
spines (ASISiefy), (c) right pubic tubercles (PTUBRjghy), (d) left pubic

(@) Pelvis coordinate system (PCS)

(c) Initial position and orientation of
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tubercles (PTUBLes) [21,29]. In terms of femur geometry, three land-
marks were identified: (Fig. 2b), (a) femoral head centre, (b) lateral
epicondyle. (EPIatera)), (c) medial epicondyle. (EPIpedia) [21]. The
femoral head centre was determined as the centre of the best fit sphere
on the femoral head [21]. In the simulation, the femoral head centre was
considered as anatomical hip joint centre (AHJC) [21]. The Pelvic Co-
ordinate System (PCS) and Femoral Coordinate System (FCS) were
constructed using the four pelvic and three femoral landmarks respec-
tively (Fig. 2¢) according to the ISB recommendation [30] as described
below.

Firstly, Anterior Pelvic Plane (APP) was defined using three land-
mark points — ASISgight, ASISLefr, and PTUByj;¢ which is the midpoint of
PTUBRjgh: and PTUBLes (Fig. 2a). The medial-lateral x-axis (Xp) was
determined by a line connecting ASISic and the ASISgign where the
positive direction followed ASISgjgp; to ASISief. The y-axis (Yp), repre-
senting the anterior-posterior direction, was orthogonal to the APP, with
its positive direction indicating posterior to anterior. Finally, the z-axis
(Zp) denoted the superior-inferior direction and was orthogonal to both
Xp and Yp axes. The positive z-axis denoted inferior to superior direction
to complete the definition of PCS.

The FCS was defined as follows (Fig. 2b). Knee centre (KC) was
determined by the mid-point of EPIj4era) and EPIyjagial. The superior-
inferior z-axis (Zr) was a line running in the positive direction from
the KC to the HJC. The anterior-posterior y-axis (Yr), with its positive
direction indicating posterior to anterior, was defined by a normal to a
plane that was defined by three points — HJC, EPIj atera; and EPIyagial. The
medial-lateral x-axis (Xp) was orthogonal to the other two axes.

The rotation matrix of PCS and FCS with respect to the world coor-
dinate system (WCS) is therefore represented by the rotation matrix RY
and RY respectively in Eq. (1) where the superscript represent i, j, and k
component of each unit vector X, Y, and Zr. The origin of both PCS and
FCS was defined by the AHJC at the neutral position.

X, Y, Z, X Y. Z.
RV =1\X, Y, Z|;R =|X. Y, Z (€))
xkovk Zb xtovk zk

The PCS and FCS were not necessarily aligned together when they
were constructed using the input landmarks (Fig. 2¢) that was identified

(d) Neutral position

PCS and FCS with respect to world

ASISRI&,IH
~
PTUBgigny, PTUBy;y PTUB,
(b) Femur coordinate system (FCS) >
Xe 0 AHIC
hY YF
_
EPILalcral EPIMcdial

KC

coordinate system (WCS)

Fig. 2. Determination of Pelvic Coordinate System (PCS) and Femur Coordinate System (FCS) from the landmarks and alignment of PCS and FCS to the World
Coordinate System (WCS); (a) schematic representation of four pelvic landmarks (ASISgight, ASISieft, PTUBRight, PTUBLf), definition of APP and PCS (Xp, Yp, Zp) with
origin at AHJC; (b) schematic representation of two femoral landmarks (EPI}ateral, and EPIyqia1), Knee Centre, and the definition of FCS (Xg, Yg, Zg) with origin at
AHJC; (c) schematic representation of the PCS and FCS to show that these coordinate systems might not be aligned with each other and with WCS (Xw, Yw, Zw)
initially; (d) alignment of PCS and FCS to WCS to define the neutral position of pelvis and femur.
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from the CT-scan images of hip in supine position. To address this, the
pelvis and femur geometries were initially translated, ensuring that the
Anatomical Hip Joint Centre (AHJC) coincided with the origin of the
World Coordinate System (WCS). Subsequently, the pelvis geometry was

rotated using the transpose of the rotation matrix R} i.e., (RﬁV)T to align
PCS with WCS. These adjustments ensured that Xp and Yp coincided with
Xw and Yy respectively (Fig. 2d). Similarly, FCS and WCS were aligned
by rotating the femur geometry using transpose of the rotation matrix
RY i.e., (RY)" so that Xp and Y coincided with Xy and Yy respectively
(Fig. 2d). This position was termed as neutral position where PCS, FCS
and WCS were coincident (Fig. 2d).

To determine the limiting BROM, the study employed the method
developed by Palit, King [20]. The radius of the best fit sphere, which
was created to determine AHJC, was incrementally enlarged with very
small step size (0.1 mm) until it encompassed the entire femoral head.
This expansion allowed the sphere to intersect the femur precisely into
two regions: (a) the femoral head and (b) the remaining geometry of the
femur. By employing this condition and using such a small step size (0.1
mm), the variations in the dimensions of the expanded sphere were
negligible. Subsequently, two distinct geometries were then used for the
identification of bony impingement: the entire pelvis and the femur with
the resected head. As the spherical articular surface of the femoral head
does not impinge with the acetabulum during the motion of a healthy
hip, this region was excluded from the analysis. The pure joint motion of
the femur (with resected head) was then defined as follows: (a) R,
represented the rotation with respect to global x-axis (Xw) to generate
flexion-extension movement of angle a, (b) Ry depicted the rotation
around global y-axis (Yy) to generate abduction-adduction of angle f,
and (c) R, created the rotation around global z-axis (Zy) to generate
internal-external rotation of angle y.

1 0 0
R, =10 cosa —sinal;
0 sina cosa a
cosp 0 sinp
R, = 0 1 0 |;
—sinfp 0 cosp

cosy —siny 0
R,=|siny cosy O
0 0 1

Any combined hip joint motion of femur was represented as a
multiplication of these matrices in a given sequence. In this study, the
following intrinsic rotation sequence was used to represent the com-
bined hip motion: R.omp = Rx*Ry*Rz. To calculate the limiting BROM, a
collision check function was used in Matlab using the MEX API interface.
This function was developed by leveraging the ‘collision detection’ al-
gorithm provided by the Proximity Query Package (PQP) library [44].
To verify its accuracy, the output of this function, which consisted of
intersection points, was compared to the intersection points computed
by Mimics 3-matic software when the same STL geometries were utilised
[20]. The comparison revealed a high degree of similarity between the
output points, thus affirming the reliability of the function.

2.4. Registration of FROM to hip ROM simulation

The centre points of femur reference spheres (FRS) and pelvis
reference spheres (PRS) were identified from the post-CT segmentation,
following best-fit sphere method using Simpleware™ ScanIP software
(Synopsys, Inc., Mountain View, USA). These centre points were used to
define femur reference sphere coordinate system (FRSCS) and pelvis
reference sphere coordinate system (PRSCS) in CT world coordinate
(CTW) which were referred as “™Trrscs and ™V Tprscs respectively.
Furthermore, the relation between pelvis reference sphere coordinate
system (PRSCS) and pelvis coordinate system (PCS) was defined by
PRSCST . Similarly, FRSCS g represented the relation between femur
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reference sphere coordinate system (FRSCS) and femur coordinate sys-
tem (FCS). Since the measured passive FROM of the femur with respect
to pelvis reference sphere coordinate system (PRSCS) for tth time was
represented by the rotation matrix P RSCSTFACS (t) (Section 2.2), the
measurement data was registered to CTW coordinate system as follows
(Eq. (2))

TWracs () = T Topscs * "5 STracs () (2

Using the relation between FACS and FRSCS, the position of the FRS
at tth time was calculated as (Eq (3))

IWirses () = TV Tracs @) * A STrpscs 3

Finally, the position of the femur with respect to pelvis in CTW coor-
dinate system was calculated as

TWpes () = ™ Trrses (0 * STy @

The rotational part of the transformation matrix CTWTpcs () was then
decomposed into x-y-z Euler angles where first Euler angle represented
hip flexion/extension, second Euler angle represented hip abduction/
adduction, and third Euler angle referred to internal or external rotation.
This provided the limiting passive FROM. This allowed the virtual rec-
reation of femur position at measured limiting FROM manoeuvres in hip
motion simulation as shown in Fig. 3a and b.

However, the accuracy of the registration of the FROM to hip
simulation relied on the estimation of the centre point positions of pelvis
and femur reference spheres (i.e., PRSs and FRSs) obtained from both
the CT scans and Movelnspect measurements. This was investigated by
comparing (a) the diameter of the PRSs and FRSs and (b) the distances
between the ith sphere centre to jth sphere centre as follows: dij for
pelvis and Ldij or Rdij for left and right femur respectively. In addition,
the impact of registration errors on the calculation of decomposed
FROM values was investigated by randomly varying each component of
the centres (i, j and k) of PRSs and FRSs within the ranges of [—0.5, 0.5]
mm, [—1, 1] mm, and [—2, 2], and recalculate the decomposed FROM
values.

2.5. Determination of corresponding BROM

After registering the measured limiting passive FROM (Fig. 3a) in the
CT-based hip joint simulation (as explained in Section 2.4), the three-
dimensional (3D) position and orientation of the femur relative to the
pelvis were recreated computationally for each FROM position (Fig. 3b).
This registration process helped to assess the accuracy of BROM in
representing the actual limiting FROM. The detection of bony
impingement was carried out at the specific position corresponding to
the passive limiting FROM of the femur. Each limiting FROM was
decomposed into three angular motions as described in Section 2.4.
Among these, one motion component acted as the variable or leading
component. For instance, in the case of maximum flexion FROM, flexion
served as the leading motion component, while some abduction/
adduction and internal/external rotation were associated with the
flexion movement, as the motion was performed manually prior to the
registration. If a bony impingement was detected at the limiting FROM
position, it was concluded that restriction was resulted from bony
impingement. Alternatively, in cases where no impingement was
observed, the variable/leading motion component was systematically
augmented by 0.5° increments while keeping the other two decomposed
angular motions unchanged. This process continued until bony
impingement was detected (Fig. 3c). Once impingement occurred, the
limiting ROM was defined as corresponding BROM, and the disparity
between the limiting FROM and BROM indicated the degree of restric-
tion imposed by the soft tissues and ligaments (Fig. 3c).
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(¢) Corresponding BROM (where bony impingement
is detected) using hip motion simulation

Femur at Femur at limiting flexion Femur at corresponding limiting Bony impingement
neutral position FROM position flexion BROM position area
Fig. 3. Representation of the measurement, registration, and simulation workflow of the study. (a) A representative limiting FROM measurement position - limiting

flexion, (b) Registration of the experimentally measured limiting FROM position (limiting flexion) in CT-based in-house hip motion simulation (HMS) to reconstruct
the position of the femur virtually with respect to pelvis, (¢) Calculation of corresponding limiting BROM position of femur (limiting flexion BROM) by identifying the

bony impingement using in-house hip motion simulation (HMS).
2.6. Estimation of FHIC and its effect on ROM computation

Initial non-limiting circumducted motion (or conical motion) of the
femur (Section 2.2) was used to determine the FHJC. First, the circum-
ducted FROM was registered in CT-based hip motion simulation (Section
2.4) and the centre of rotation (CoR) of the conical motion was calcu-
lated using centre transformation technique (CTT) [31-33] which is
highly regarded for its reliability and ease of application in orthopaedic
navigation systems, particularly when compared to alternative ap-
proaches [32,34]. One of the key advantages of CTT is its ability to
directly utilise rotational-translational data obtained from a coordinate
system defined by markers attached to the femur and pelvis segments in
an orthopaedic application [34]. The estimated FHJC was then
compared with AHJC to compute their positional difference. In addition,
the effect on computed BROM due to the shift in the centre of rotation
from the AHJC to FHJC was investigated for four hip motions as follows:
(a) maximum flexion, (b) maximum abduction, (¢) maximum internal
rotation (IR) at 90° flexion (Flex) with neutral abduction/adduction, (d)
maximum external rotation (ER) at 20° extension (Extn) with neutral
abduction/adduction.

3. Results
3.1. Measured passive FROM and corresponding BROM

Table 1 presents a comparison of limiting FROM and corresponding
BROM values in this study with those found in the literature. It is
important to note that the literature values were obtained from the
studies that exclusively focused on either FROM measurements only or
BROM simulation alone. Consequently, the novelty of the current study
was its detailed exploration of evaluating BROM by comparing it with
measured FROM (last column of Table 1), which had not been exten-
sively examined in the existing literature. In Table 1, columns 2 and 4
display the mean and standard deviation of the measured FROM and the
corresponding computed BROM for the four hips. The last column pro-
vides the mean and standard deviation of the differences between these
values. Additionally, a comparison between the measured FROM and
literature values is presented in columns 2 and 3 of Table 1. Similarly,
the comparison between BROM values and literature is shown in col-
umns 4 and 5.

Figs. 4 and 5 illustrate the difference between the measured limiting
FROM and corresponding computed BROM for each hip case. Fig. 4al,
b1 and c1 show the measured limiting FROM and corresponding BROM
for maximum flexion, maximum extension, and maximum abduction
respectively. Each motion was performed for each hip case with three
repeated runs. Fig. 4a2, b2 and c2, therefore, explicitly depict the dif-
ference between BROM and FROM for each case, averaged over the
three repeated runs. The other two decomposed angular motions that
were associated with the leading motion (for example, abd/add and IR/
ER were two angular motions that were associated with leading motion
component maximum flexion) are detailed in Appendix A. It was
observed that the difference between functional and computed flexion
was below 12° for all cases (Fig. 4al and a2). The average difference in
flexion between FROM and BROM for all cases was 3.0° + 4.1°
(Table 1). The difference between FROM and BROM for extension was
more than 40° for all runs and cases (Fig. 4bl and b2), with a mean
difference and variation of 53.2° £ 9.5° (Table 1). The difference in
abduction was between 10° and 20° for all cases except case 3 where the
differences were less than 10° (Fig. 4c1 and c2). Including all the cases
and runs, the differences in abduction was observed to be 13.5° 4 4.6°
(Table 1).

The measured functional IR and the computed IR during deep
flexion, with varying levels of abduction and adduction, were consis-
tently below 10° (Fig. 5al to c2). Specifically, the average differences
and deviations for minimal abduction/adduction, maximal abduction,
and maximal adduction, when considering all runs and cases, were
found to be 3.0° + 2.9°, 5.7° + 3.6°, and 6.2° + 2.9° (Table 1),
respectively. Differences between the measured functional ER and the
computed ER during extension were always below 15° with average
differences 9.0° + 4.1° (Table 1 and Fig. 5d1 and d2).

It was observed that the FROM and BROM values are same for the
maximum flexion values in Case 3 (2 runs) and Case 4 (all 3 runs)
(Fig. 4a2), as well as the maximum IR at deep flexion for Case 3 (1 run)
and Case 4 (all 3 runs) (Fig. 5a2). It indicates that the bony impingement
may occur between the femur and pelvis during specific hip motions in
certain cases of healthy and normal hips.

3.2. Variation in reference spheres measurement and measured FROM

Fig. 6 illustrates the variation in diameter measurements of pelvis
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Table 1
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Compare limiting FROM and corresponding BROM values in this study with literature values.

Manoeuvres Name FROM this FROM Literature BROM this BROM Literature Difference between BROM and FROM (Novelty
study (°) ©) study (°) ©) in this study) (°)
1. Max Flexion 108.1 £ 5.1 110 + 15 [35] 111.1 +8.1 121 + 11.8 [24] 3.0+41
1121 +11.3 122 + 11 [38]
[36] 122.5 +11.1
103.6 + 9.0 [37] [39]
2. Max Extension 20.8 +11.9 16.5 + 6 [35] 74.1 + 20.2 58 + 20.4 [24] 53.2+9.5
19.7 £ 6.1 [22] 61 + 32 [38]
57.1 £19.9 [39]
3. Max Abduction 37.7 £3.9 38.7 + 8 [35] 51.2 + 6.7 63 + 11.1 [24] 13.5+ 4.6
39.3 £ 7.4 [36] 61 + 14 [38]
36.9 + 8.32 [37]
4. Max IR at deep flexion with minimal 13.5+ 5.4 28.2 + 11 [35] 16.5+ 7.7 35+ 12 [24] 3.0+ 29
abduction/adduction 24.3 +£9.1 [22] 36 + 16 [38]
18.6 + 9.4 [37] 43.1 +15.2 [39]
5. Max IR at deep flexion with maximal 21.9+ 3.6 - 27.7 £ 3.9 - 5.7+ 3.6
abduction
6. Max IR at deep flexion with maximal 119+ 3.1 - 18.1 +£5.2 - 6.2+29
adduction
7. Max ER at extension 31.7 +9.3 38.5 + 8.7 [40] 40.7 £ 9.4 41 + 22 [38] 9.0 +4.1

42.3 £15.1 [39]

Mean + standard deviation.

and femur reference spheres (PRSs and FRSs) obtained from post-
experiment CT scans and Movelnspect measurements. All the Alufix
‘reference balls’, representing PRSs and FRSs, have a nominal diameter
of 18 mm. Interestingly, the average diameter estimation from the CT
scans consistently exceeded that of the Movelnspect measurements. The
discrepancy between the calculated diameters of PRSs and FRSs, derived
from the CT scans and Movelnspect measurements, was found to be 0.5
+ 0.2 mm. However, the accuracy of the registration of the FROM to hip
simulation relied on the estimation of the centre point positions of PRSs
and FRSs obtained from both the CT scans and Movelnspect measure-
ments. Notably, the differences in lengths between the centres of PRSs
and FRSs were minimal, measuring only 0.1 + 0.1 mm. These differ-
ences were considerably lower compared to the disparities observed in
diameter calculations.

Following the registration process, the positional differences of the
PRS centres obtained from CT and Movelnspect-based calculations for 4
hip cases were as follows: (a) PRS1: 0.0 + 0.0 mm, (b) PRS2: 0.06 +
0.03 mm, (c) PRS3: 0.27 + 0.16 mm. Similarly, the difference for FRS
centres were: (a) FRS1: 0.0 & 0.0 mm, (b) FRS2: 0.18 £ 0.09 mm, (c)
FRS3: 0.31 £ 0.14 mm. On the other hand, the impact of registration
errors on the calculation of decomposed FROM values were found to be
on average 0.7°, 1.7°, and 4.4° due to the random change in position of
each component of the centres (i, j and k) of pelvis and femur reference
spheres (PRSs and FRSs) within the ranges of [-0.5, 0.5] mm, [-1, 1]
mm, and [—2, 2] mm respectively.

3.3. Comparison of FHJC and AHJC and their impact on computed
BROM

In Fig. 7a, the green femurs depict the positions of femur during non-
limiting passive circumducted motion recorded in a measurement run,
achieved after the registration of measurement data in CT-based HMS.
The tri-coloured frames represent the coordinate systems associated
with femoral adaptors, referred FACSs, which were measured using the
AICON Movelnspect XR8 system. The positions of the FHIC, as deter-
mined from ‘non-limiting’ passive circumducted motions and AHJC,
calculated based on the best fit sphere centre of the femoral head, is
represented in Fig. 7b. The distance between the FHJC and the AHJC for
the four cases is represented in Fig. 7c with an average distance of 3.1 +
1.2 mm calculated across these cases. In Case 1, the error between the
FHJC and AHJC was greater compared to the other three cases.

Fig. 8 illustrates the differences in BROM estimation due to the use
FHJC as centre of rotation in HMS instead of AHJC for the four cases. It

was observed that the differences were more pronounced in case 1
compared to the other cases. Furthermore, the impact on abduction was
minimal in comparison to the other three hip motions. In summary, the
differences, considering all four cases, were as follows: (a) Flexion: 7.7°
+ 5.6°, (b) abduction: 3.2° + 1.9°, (c) Max IR at 90° Flex: 6.1° + 2.9°,
and (d) 5.5° + 2.3°.

4. Discussion

This study aimed to evaluate a CT-based hip motion simulation
(HMS) for calculating BROM and assess its sensitivity to the choice of the
functional or anatomical hip joint centre (FHJC and AHJC) as the
rotation centre of hip motion. This evaluation was conducted by regis-
tering cadaver-based passive FROM measurement data into the HMS.
The novel aspects of the study were as follows. Firstly, a precise mea-
surement procedure was developed to capture cadaver-based passive
limiting and non-limiting FROM of hip with the capability to register the
measured data into a CT-based HMS. Secondly, the registration capa-
bility facilitates a direct comparison between the measured FROM and
the corresponding BROM, allowing for the assessment of its reliability. It
was observed that there were minimal differences between FROM and
BROM in maximum flexion (3.0° & 4.1°) and IR at deep flexion with any
amount of abduction or adduction (3.0° 4 2.9°, 5.7° & 3.6°, and 6.2° +
2.9° respectively). However, greater differences were found in extension
(53.2° £ 9.5°) indicating larger constraints imposed by soft-tissue and
ligaments. Moderately differences were found in abduction (13.5° +
4.6°), and ER during extension (9.0° £ 4.1). Thirdly, the study revealed
that bony impingement occurred in the hips of individuals with normal
and healthy anatomy during specific motions, such as flexion and deep
flexion internal rotation. Fourthly, the study included an analysis of the
registration process consistency to examine its impact on the calculated
BROM. Finally, the positional difference between FHJC and AHJC was
explored, with a measured disparity of 3.1 + 1.2 mm, and for the first
time, their impact on the calculated BROM for four manoeuvres was
examined and it was found to be in the range of 1°~13°. This finding
emphasised that AHJC can effectively serve as a reliable approximation
of FHJC. Each of these research findings are discussed in the subsequent
sections, aiming to underscore their theoretical and practical implica-
tions and to compare them with previous research findings along with
study limitation and future research scope.

It was found that the measured passive limiting FROM was compa-
rable with measurement values reported in the literature except max IR
values at deep flexion with neutral abduction/adduction (Table 1)
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Fig. 4. Comparison of passive limiting FROM and corresponding computed BROM. (al, b1, c1) depict both FROM and corresponding BROM for maximum flexion,
maximum extension, and maximum abduction respectively for each case/specimen, and each case includes three repeated runs. (a2, b2, c2) represent the average

difference between BROM and FROM for flexion, extension, and abduction respectively for each case/specimen.
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where relatively lower values were observed. This was due to experi- limiting IR values as evident from the work of Kubiak-Langer, Tannast
mental results from hip case 3 and 4 where additional amount of [41]. It was observed that the calculated BROM were consistent with the
(3°-10°) adduction (Figure A.2 in Appendix A) was involved while previous simulation studies of normal hips [21,24,25,38,39] (Table 1).
performing max IR manoeuvres at deep flexion with neutral abduction/ For instance, the simulated BROM values for flexion, extension, and

adduction. This additional amount of adduction may lead to reduction in abduction were found to be 111.1° & 8.1°, 74.1° £ 20.2°, and 51.2° +
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abduction/adduction.

6.7°, respectively. These values align closely with previously reported
findings of flexion (122.5° £+ 11.1°) [32,33], extension (58.0° + 20.4°)
[42] or (61.3° 4 32.0°) [38], and abduction (61.0° & 14.0°) [38,42].
However, one notable difference in this study was that the computed
BROM values for manoeuvres 1 to 7 (Table 1) were not purely isolated
joint motions (Section 2.5). Due to the objective of calculating the cor-
responding BROM to a limiting FROM, there were minor contributions
of other motions to the determination of the leading BROM values
(Section 2.5). For example, the flexion value was always associated with
some amount of abduction/adduction and IR/ER in this study (Appendix
A). This was primarily due to the manual execution of the FROM. On the
other hand, manual passive motion by experienced hip surgeons was
essential to realistically identify the limiting motion by adjusting the
applied manual forces. This was the advantages of using manual
execution instead of utilising a robot or a force-based limiting motion
detection system as the value of the limiting force was unknown. This
was in contrast to a simulation-only studies where pure flexion values
can be easily calculated by keeping abduction/adduction and IR/ER to
0°. As a result, the BROM values reported in the study (such as max
Flexion) (manoeuvres 1 to 7 in Table 1) were not exactly same to the
BROM values included in Table 1 from literature. However, the study’s
findings indicated consistency with previous research regarding the
FROM and BROM of normal hips, although some additional motion
components were observed due to the nature of the experimental setup
and the objective of the study. It is important to note that the literature
values were obtained from the studies that exclusively focused on either
FROM measurements only or BROM simulation alone. Consequently, the
novelty of the current study was its detailed examination in evaluating
BROM by comparing it with measured FROM (last column of Table 1),
which had not been extensively examined in the existing literature.
The observed differences between limiting FROM and the corre-
sponding BROM for the seven hip motions examined in this study align
with clinical observations (Table 1, Figs. 4 and 5). Specifically, the dif-
ferences in deep flexion and internal rotation during deep flexion across
various levels of abduction and adduction fell within the range of
0°-20°. This suggests that the impact of soft tissues and ligament con-
straints is relatively small in these cases. However, the differences

10

between the simulated and functional extension values ranged from
53.2° £+ 9.5°, indicating a considerable restriction caused by soft tissues,
ligaments, and fat. One important finding of the study was that the bony
impingement can occur between the femur and pelvis during some hip
motions of a healthy, normal hip. This was evident from the maximum
FROM flexion values of Case 3 (2 runs) and 4 (all runs) (Fig. 4a2) as well
as maximum IR at deep flexion for case 3 (1 run) and case 4 (all runs)
(Fig. 5a2). The obtained results were consistent with a previous study
[22]. Therefore, the Flexion Adduction Internal Rotation (FADIR)
diagnostic test, where hip is fully flexed or 90° flexion along with
adduction and IRs to assess the existence of Femoroacetabular
impingement (FAI) could lead to false positive diagnosis for some pa-
tients with normal hip anatomy.

Following the registration process, the measured FROM was
decomposed into three Euler’s angles to calculate the flex/extn, abd/add
and IR/ER associated with the FROM. Therefore, the accuracy of the
decomposed FROM values relied on the precision of the registration
process, which, in turn, depended on the segmentation and identifica-
tion of the centres of the PRSs and FRSs. It was observed that the change
in position of each component of the centres (i, j, and k) within the
specified ranges of [—0.5, 0.5] mm, [—1, 1] mm, and [—2, 2] mm, the
corresponding average changes in the decomposed FROM were 0.7°,
1.7°, and 4.4° respectively. This highlighted the accuracy and repeat-
ability of the developed registration process. A few previous studies
measured selected manoeuvres in cadavers and registered them in
simulation to calculate decomposed hip motions [21,23,25]. However,
none of these studies investigated the sensitivity of the results due to the
variation in the registration process. This is the first time the effect was
investigated.

The difference between FHJC and AHJC centre combining all cases
was found to be 3.1 £+ 1.2 mm where Case 1 showed the largest differ-
ence. The observed results on fFHJC were found to be in accordance
with a previous publication [34]. The difference in location of AHJC and
FHJC resulted in differences in limiting BROM estimation. It was
observed that the difference could be more than 10° in some hip motions
when FHJC is used as rotation centre in the simulation instead of AHJC.
Hence, it demonstrated that AHJC could serve as a valid approximation
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of FHJC. However, it is noteworthy that the difference between FHJC
and AHJC in this study was an order of magnitude lower compared to
other in-vivo studies where trackers were attached to the skin surface
(resulting in artifact errors ranging from 18 to 32 mm) [43]. Conse-
quently, a higher error in evaluating the FHJC can significantly affect
the determination of the limiting BROM when compared to the values
calculated using the AHJC.

The study had several limitations that need to be acknowledged.
Firstly, the passive FROM was manually performed, making it impos-
sible to precisely replicate each motion during different runs due to the
lack of an in-process monitoring system. Consequently, direct compar-
isons between motions were challenging as there were variations in the
degrees of other motions involved, even within different runs of the
same motion. However, it provided additional variations in nearby
limiting motions. Secondly, the identification of the limiting passive
FROM was based on the assessment of an experienced surgeon instead of
utilising a robot or a force-based impingement detection system. The
authors made this decision because the surgeon’s 25 years of experience
was considered more reliable in accurately identifying the limiting
motion compared to using a robot, where the value of the limiting force
was unknown. Additionally, using a robot could potentially lead to
overestimation of the limiting force, which might cause subluxation.
Finally, the study did not incorporate the translation of the femoral head
within the acetabulum during virtual hip motion in the simulation as
translation of HJC during FROM measurement was not captured.
Therefore, degree of hip motion restriction was determined by assuming
a constant femoral head centre in the collision detection process.
Nevertheless, it is expected that the research findings would remain
consistent. The methodology proposed in this study and its findings hold
significant potential for future research aimed at further exploring the
relationship between BROM and FROM through additional experiments
covering a wide range of hip motions, as well as gaining a greater un-
derstanding of soft tissue and ligament impingement and constraints
during hip motions. This would ultimately facilitate the identification of
FROMs that can be reliably predicted from computed BROMs through
CT-based HMS. As a result, these BROMs would serve as a close repre-
sentation of the actual FROMs, which are difficult to measure in clinical
setting for each patient. This approach would subsequently enhance
surgical planning due to the use of personalised BROMs data as target
values for hip replacement procedures. It would, therefore, eliminate the
dependence on population-based ‘normal’ target ROM values generally
used in state-of-the-art hip surgical pre-planning simulation. These
values can be inadequate for patients whose hip motion characteristics
never conformed to so-called ‘normal’ range.

Appendix A
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5. Conclusion

In this study, the assessment of CT-based BROM simulation was
performed by registering passive limiting FROM measurement data into
a CT-based hip simulation. The differences between calculated BROM
and measured FROM was minimal in maximum flexion (3.0° + 4.1°)
and maximum IR at deep flexion with varying level of abduction and
adduction (3.0° £ 2.9°, 5.7° + 3.6° and 6.2° + 2.9°), whereas higher
differences were observed in extension movement (53.2° 4 9.5°). It was
observed that the bony impingement can occur in healthy normal hips as
evident from the observed maximum flexion and maximum IR at deep
flexion movements for two cases. Furthermore, the study determined
that the average difference in location between the FHJC and AHJC was
3.1 £+ 1.2 mm. Consequently, this led to differences in the calculation of
the limiting BROM, ranging from 1° to 13°. Therefore, it was concluded
that the AHJC could serve as a valid approximation of FHJC. However,
artifact or error in the measurement process of the FHJC can result in
higher differences in the estimated BROM in comparison to those
calculated using AHJC. Therefore, all these findings from this study
contribute to a greater understanding of the applicability and reliability
of computed BROM as a valuable tool in clinical decision-making pro-
cesses, such as pre-operative planning of hip replacement surgery.
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Figs. A.1 and A.2 illustrate the difference between the measured limiting FROM and corresponding computed BROM. The plot that is shaded with a
grey background depict the disparity between the leading/variable motion component of FROM and BROM, while the other two plots in the same row
demonstrates the other two decomposed angular motions. The plot with grey background is actually included in the main manuscript (Figs. 3 and 4).
For example, a3, b3 and c3 plots show three decomposed angular motions that were associated with maximum abduction, namely neutral flex/extn,

maximum abduction (leading motion) and neutral IE/ER, respectively.
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