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Abstract In total hip arthroplasty, determining the

impingement free range of motion requirement is a complex

task. This is because in the native hip, motion is restricted

by both impingement as well as soft tissue restraint. The

aim of this study is to determine a range of motion bench-

mark which can identify motions which are at risk from

impingement and those which are constrained due to soft

tissue. Two experimental methodologies were used to

determine motions which were limited by impingement and

those motions which were limited by both impingement and

soft tissue restraint. By comparing these two experimental

results, motions which were limited by impingement were

able to be separated from those motions which were limited

by soft tissue restraint. The results show motions in exten-

sion as well as flexion combined with adduction are limited

by soft tissue restraint. Motions in flexion, flexion combined

with abduction and adduction are at risk from osseous

impingement. Consequently, these motions represent where

the maximum likely damage will occur in femoroacetabular

impingement or at most risk of prosthetic impingement in

total hip arthroplasty.

Keywords Total hip arthroplasty (THA) � Biomechanics �
Femoroacetabular impingement � Range of motion

1 Introduction

Total hip arthroplasty (THA) is one of the most frequently

performed reconstructive operations with excellent inter-

mediate to long-term results [17]. However, there are still

complications which require the initial procedure to be

revised, most commonly due to aseptic loosening and

dislocation [45]. Both aseptic loosening and dislocation are

associated with not being able to achieve the correct

prosthetic component orientation [37]. An overly contained

cup may lead to impingement between the neck of the

femoral component and the rim of the acetabular cup

during terminal motion of the hip. Such contact can create

wear particles potentially leading to implant loosening [22,

41, 54]. Further motion beyond the impingement point

causes subluxation of the femoral head until the joint dis-

locates [21, 27, 31]. In contrast, orientating the prosthetic

components to maximise range of motion to prevent

impingement would mean only partial containment of the

hip joint which risks aseptic loosening and joint dislocation

whereby the femoral head ‘slips out’ of the acetabular cup

[21, 52].

Yoshimine and Ginbayashi [57] specified five factors

that determine the range of motion which a THA can

achieve, four of these are associated with prosthetic com-

ponent orientation: (1) acetabular cup anteversion, (2)

acetabular cup inclination, (3) femoral stem version and (4)

femoral component neck axis away from the transverse

plane which is dependent upon femoral stem varus–valgus

within the femoral canal and femoral component neck-

shaft angle [22, 53, 56]. A further orientation parameter has
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been defined by Renkawitz et al. [36] which is significant in

femoral components with a non-axis symmetric neck. It has

been defined as ‘femoral tilt’ where the orientation of the

femoral neck in the sagittal plane is controlled by where the

femoral stem follows the natural anterior bow of the proximal

femur [36]. All of these factors interact to affect the position

of the hip primary arc of movement, as illustrated in Fig. 1

[52]. The final factor termed the oscillation angle (h), deter-

mines the size of the hip primary arc of movement and is a

function of the opening angle of the acetabular liner and the

femoral head–neck ratio. Hence, a prosthesis with a large

oscillation angle to maximise range of motion and is orien-

tated with good femoral head coverage to achieve a stable

joint represents the best balance of these factors [52]. How-

ever, increasing the femoral head diameter to maximise the

oscillation angle has been shown to increase the risk of

femoral neck fracture in hip resurfacing and has been asso-

ciated with failures in metal-on-metal implants [32, 45].

Therefore, achieving the correct prosthetic component ori-

entation to achieve both ideal range of motion and secure

containment within the constrained prosthetic impingement

limits is vital to operative success.

Determining the boundary within which an impinge-

ment free range of motion is required would not only allow

surgeons to determine the optimal prosthetic component

orientation in THA but also determine the required bone

resection to relieve impingement in a native hip with

femoroacetabular impingement (FAI) [1, 49]. At present,

specifications for an impingement free range motion out-

come have been based on limits of pure joint motion of

healthy individuals in the coronal, sagittal and transverse

planes [11, 42, 54, 56], or from measuring joint rotations

for specific activities of daily living [16, 19, 22, 31]. Other

studies have used computer tomography (CT) scans of

healthy bony anatomy to determine patient range of motion

requirement [23, 46–49]. These studies have acknowledged

that range of motion in the native hip is restricted by

osseous impingement, soft tissue impingement as well soft

tissue restraint. However, these studies have not been able

to determine the restriction in range of motion due to soft

tissue restraint. Consequently, the aim of this study is to

address this gap in knowledge by determining a range of

motion benchmark which can identify motions that are at

risk from impingement as well as motions which are lim-

ited by soft tissue restraint.

2 Methods

To identify motions that were at risk from impingement as

well as those motions which were limited by soft tissue

restraint, data were obtained from literature for 15 activi-

ties of daily living of healthy male subjects. These motions

were used as the basis to construct a healthy range of

motion benchmark which considered range of motion

restriction due to both impingement and soft tissue

restraint. Range of motion simulation using three-dimen-

sional models constructed from patient CT scans was then

used to identify motion restriction due to osseous

impingement. Comparing the two motion boundaries we

were able to identify those motions at risk of impingement

and those which were limited by soft tissue restraint. The

15 activities were—sitting on the floor cross-legged,

kneeling with ankles dorsi-flexed and ankles plantar-flexed,

level-walking, standing while turning the upper body away,

lying supine and rolling over, squatting both with feet flat

and on flexed toes, stand-sit-stand from both a normal and a

low seat, ascending and descending stairs, standing then

bending to retrieve an object from floor, swinging ones leg

back and forth, sitting on a normal seat and bending to tie

shoe laces, sitting on a normal seat while crossing legs [16,

19, 20, 22, 31]. Using the joint coordinate system devel-

oped by Grood and Suntay [14] and adapted for the hip by

Wu et al. [55], an anatomical reference frame was con-

structed with the following axis definitions:

• x axis—anterior/posterior axis: abduction/adduction (a)

• y axis—superior/inferior axis: internal/external rotation

(r)

• z axis—medial/lateral axis: flexion/extension (f)

The change in joint angles over the movement cycle has

led some researchers to divide a manoeuvre into distinct

stages, for example with stand–sit–stand from a normal

chair—upright, natural, and leaning forward. For each of

the 15 activities, key points were selected by identifying

the motions of maximum flexion/extension (f), abduction/

adduction (a) and internal/external rotation (r) and then

recording the corresponding joint angles at each maximum

point in the other two anatomical planes. This produced

approximately 50 motion data points for analysis. For each

data point, the three-dimensional knee centre positions

were calculated using Eq. (1), where the initial knee centre

position was defined as position vector P ¼ ð0;�1; 0Þ. This

position vector accounts for when a person stands in the

anatomical neutral posture where they are upright and erect

on both legs so that the knee centre position lies directly

below the hip centre [26, 39]. This means that the proximal

pelvic body segment and the distal femoral body segment

are initially aligned so their orientation matrix is a 3 9 3

identity matrix, I [5]. Consequently, the orientation matrix

R ¼ f½ðRfIÞRa�Rrgcan be simplified to define the position

of the knee centre using Eq. (1). These knee centre posi-

tions were then used to calculate individual axes of rotation

for each of the data points by solving Eq. (2), where R

defines the orientation matrix R ¼ f½ðRfIÞRa�Rrg and V

defines the fixed axis of rotation [6, 15, 24]. It was found
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that 70 % of these manoeuvres occurred about a rotation

axis within 15� of the transverse plane indicating the

dominant motions for the hip joint were flexion/extension

and abduction/adduction coupled with smaller amounts of

internal/external rotation [50]. Consequently, rotation

axes in the transverse plane were able to be used to

simulate range of motion using the CT scans of ten

patients for comparison against a healthy range of motion

benchmark.

P ¼ ð½sinf � cosa�x; ½� cosf � cosa�y; ½� sina�zÞ ð1Þ

QV ¼ ½R� RT�V ¼
0 �qz qy
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2.1 Healthy range of motion benchmark

To construct a healthy range of motion benchmark,

experimental data with regard to pure joint motion of

flexion/extension, abduction/adduction and internal/exter-

nal rotation were used (Table 1) [50]. These pure joint

Fig. 1 Effect of oscillation

angle and component

orientation on range of motion

in the sagittal plane. a Poorly

orientated acetabular cup—

required amount of flexion

cannot be attained within

oscillation angle impingement

limits. b Correctly orientated

acetabular cup—required

amount of flexion can be

attained within oscillation angle

impingement limits
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motions have been found to provide a good functional

outcome for the patient. Therefore, they correlate posi-

tively with being able to perform activities of daily living

[10, 19]. Starting again with an initial knee centre position

vector P ¼ ð0;�1; 0Þ, this vector was rotated about axes in

the transverse plane ðTÞ defined in Eq. (3) to simulate daily

activities. The angle a was rotated about the transverse

plane in 10� increments, producing 36 separate rotation

axes within this plane. The point at which impingement

occurred for each of the transverse plane rotation axes was

plotted on both a two-dimensional and three-dimensional

plot, which permitted range of motion to be represented

graphically as a continuum (Figs. 2, 3). Therefore, the

constructed benchmark represented the required range of

motion to be achieved to perform daily activities without

risk of impingement. Visualisation of how this benchmark

was constructed is provided in Additional File 1.

In addition to defining the shape of the healthy range of

motion benchmark its position was also defined. To do

this, a technique known as moment of inertia analysis was

used, where its position was defined using a directional

axis (Fig. 3) [9, 13]. The directional axis represented the

normal vector to the best-fit plane constructed from points

taken at the edge of the range of motion benchmark. The

directional axis was determined by calculating the centre

Table 1 Reference pure joint motions of the hip [48]

Motion Angle

Flexion 120�
Extension 30�
Abduction 45�
Adduction 35�
Internal rotation 45�
External rotation 45�

Fig. 2 Two-dimensional

representation of the healthy

range of motion benchmark
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of mass of the range of motion benchmark, Eq. (4). The

distance of each of the boundary edge points away from

the calculated centre of mass was then determined to

produce a 3 9 n matrix, A. The dot product A � AT shown

in Eq. (5) was then solved by finding the eigenvector ðtÞ
which maximised the distance to the boundary edge

points. Both Figs. 2 and 3 represent range of motion

restriction in a healthy hip due to both impingement and

soft tissue restraint. The CT method was then used to

highlight the impingement risk within the range of motion

benchmark.

T ¼ ðsin a; 0; cos aÞ ð3Þ

ð�x; �y; �zÞ ¼
Pn

n¼1 ðxÞ;
Pn

n¼1 ðyÞ;
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n¼1 ðzÞ
� �

n
ð4Þ

If: ai ¼
X

xi � �x; bi ¼
X

yi � �y; ci ¼
X

zi � �z

Then : A � AT ¼

P
a2

i

P
aibi

P
aiciP

biai

P
b2

i

P
biciP

ciai

P
cibi

P
c2

i

2
4

3
5 ð5Þ

2.2 CT range of motion simulation

For the assessment of range of motion restriction in the hip

joint due to osseous impingement, ten CT scans were taken

of patients in the supine position. The CT scans used in this

study were available on the University Hospitals Coventry

and Warwickshire (UHCW) image library. All patients

were scanned for clear clinical reasons and informed con-

sent to use their images for teaching and research purposes

was obtained. The CT scans used in this study were fully

anonymised and performed in accordance with the insti-

tution’s ethical guidelines and with the Declaration of

Helsinki. The subjects were all male with a mean age of

65.2 years (49–81) and exhibited no evidence of osteoar-

thritis or abnormal morphology. The scans were acquired

on a General Electric LightSpeed CT scanner with a slice

thickness of 1.25 mm using a soft tissue algorithm,

encompassing the complete anatomy of the pelvis and

femur. The CT images in DICOM format were imported

into the ImageJ image-processing software (http://

rsbweb.nih.gov/ij/). The DICOM scan slices were con-

verted to binary images and a threshold was applied so that

only matter with the same density as bone remained. Each

slice was then manually cleaned, removing any non-bone

material and filling the gaps in the pelvic or femoral trace.

Each cleaned image stack was then imported into the

Simpleware ScanIP (Simpleware Ltd., Exeter, UK) soft-

ware package. A morphological smoothing filter set at one

pixel spacing was applied to smooth the inconsistencies

between slices and a 3D model mesh was then generated

for the pelvic and femoral masks. These three-dimensional

models were then imported into the Rhino 4.0 NURBS

Fig. 3 Three-dimensional

representation of the healthy

range of motion benchmark
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modelling package for use in the motion simulation

experiment.

Prior to the range of motion simulation both the pelvis

and femur had to be orientated correctly in three-dimen-

sional space. The pelvic coordinate frame was defined

using the landmarks of the Transverse Pelvic Plane (TPP)

[2]. The medial–lateral axis was defined as a line running

parallel to the two anterior superior iliac spines (ASIS)

running in the positive direction from left to right with the

origin at the hip joint centre. The hip joint centre was

defined as the centre of a best-fit sphere of the femoral

head. The transverse plane was defined as a plane con-

taining the two ASIS and the mid-point of the two posterior

superior iliac spines (PSIS). A line perpendicular to the

transverse plane with the origin at the hip joint centre

defined the superior-inferior direction. The anterior–pos-

terior axis was constructed orthogonal to the other two axes

[55].

The coordinate system of the femur was defined

according to the standard defined by Murphy et al. [30].

The superior–inferior axis was defined as running in the

positive direction from the knee centre to the hip joint

centre. The knee centre was defined by the mid-point of the

two femoral epicondyles. The coronal plane was defined as

a plane containing the hip joint centre and a line parallel to

the posterior aspect of the femoral condyles located at the

knee centre. The anteroposterior axis was constructed

perpendicular to the coronal plane located at the hip joint

centre, and the medial–lateral axis was constructed

orthogonal to the other two axes. The femoral 3D model

was then aligned so that its axes were coincident with the

coordinate frame of the pelvis. The constructed coordinate

frame has previously been found to define the neutral

rotation of the femur and when aligned with the pelvic

coordinate frame forms an orthogonal joint coordinate

frame [51]. Consequently, the subsequent range of motion

simulation could be directly compared against the healthy

range of motion benchmark.

With the pelvis and femur aligned, the Rhino VBScript

language was then used to rotate the femur about axes in

the transverse plane defined in Eq. (3) and was constrained

to 3 DOF with no joint translation [2]. Impingement was

deemed to have occurred when the femoral triangle mesh

intersected with the rim of the pelvic acetabulum. Once

impingement had occurred, no further motion was con-

sidered possible. The impingement angle for each rotation

axis was plotted on both two-dimensional and three-

dimensional plots for analysis, in addition to the CT

directional axis. The average range of motion for the ten

simulations were plotted and compared with the healthy

range of motion benchmark. To define the type of motion

restriction—at any point where there was impinged motion

of less than 5� between healthy range of motion benchmark

and the CT benchmark, then this was defined as osseous

impingement, in accordance with the findings by Tannast

et al. [48]. A difference between the healthy and the CT

benchmarks of less than 10� was defined as soft tissue

impingement and any difference greater than 10� was

defined as soft tissue restraint.

3 Results

A two-dimensional plot of the CT range of motion (purple)

compared to the healthy range of motion benchmark (gold)

is shown in Fig. 4. This plot shows that there is osseous

impingement present for the motions of adduction,

abduction combined with flexion and pure flexion. Impin-

ged motion has been shown in red where the CT range of

motion does not encompass the healthy range of motion

benchmark. There is a significantly larger CT range of

motion when compared with the healthy benchmark with

regard to motion in pure extension and adduction combined

with flexion, which represented motion limitation due to

soft tissue restraint. In all other areas, the CT range of

motion is slightly greater than the healthy range of motion

benchmark (5�–10�) representing soft tissue impingement.

Figure 5 details the three-dimensional comparison of the

two experimental results which is also presented in Addi-

tional File 1. The directional axis of the CT range of

motion (purple) is less elevated than the healthy range of

motion benchmark axis (red) and differs by a three-

dimensional angle of 15.4�. The two-dimensional angle

between these axes in the transverse plane is 3.1�, which

disregards the elevation difference between these two axes

due to motion in extension. The mean and the standard

deviation for the pure joint motions of the 10 CT scans

were flexion 120� (r = 10.2�), extension 77� (r = 20.1�),

abduction 55� (r = 9.9�) and adduction 33� (r = 8.8�).

4 Discussion

Impingement free range of motion requirement of the hip

joint is not well understood. Studies have attempted to

quantify range of motion requirement of the native hip

through clinical measurements, gait analysis and CT

dynamic simulation. These studies have acknowledged that

range of motion in the constrained hip is restricted by

osseous impingement, soft tissue impingement of the lab-

rum and capsule as well soft tissue restraint [23, 25, 47–

49]. No study has yet attempted to fully quantify which

motions are associated with these separate causes of

motion restriction. This study has provided a comparison of

two different methods of analysing range of motion—

measurement from previous studies which measured the
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activities and pure joint motion of healthy individuals

which includes all modes of restriction within a person’s

motion, and secondly CT dynamic simulation which can

identify range of motion restriction due to osseous

impingement. Consequently, providing a comparison of the

results we were able to distinguish which mode of

restriction was limiting range of motion for a given

manoeuvre. This was combined with the knowledge that in

CT simulations, range of motion restriction slightly over

estimates the required range of motion due to the absence

of soft tissue by 5� [48].

There are a number of study limitations which should be

noted. Firstly, it has been regarded that measurements of

healthy individuals between the ages 20–70 provide the

most stable and realistic sample from which to base a range

of motion benchmark [18, 38]. The CT analysis of hip joint

range of motion used patients above this 70 year old

threshold. However, this reduction in range of motion is

associated with neuro-muscular function rather than mor-

phological changes within the joint and does not affect the

result of the CT range of motion experiment [28, 33]. A

second limitation was that the two experimental method-

ologies used data acquired from different subjects. A

cadaver study simulating the range motions presented in

combination with CT measurement would make the study

findings more objective with regard to the effect that soft

tissue restraint has upon range of motion [40, 44].

How much the healthy range of motion benchmark can

be generalised needs to be considered. This is because the

range of motion benchmark has used data from male sub-

jects in its construction. Considering ethnicity, although

there may be a greater demand from asian and middle

eastern cultures to perform high excursion manoeuvres

such as kneeling and squatting [16, 29]. These manoeuvres

Fig. 4 Two-dimensional

representation of CT range of

motion comparison with the

clinical range of motion

benchmark
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have been incorporated within the range of motion

benchmark and do not exceed the pure joint motion values

derived from measurements of mainly European or

American subjects. The need for having an alternative

range of motion benchmark based on gender is unclear.

Data from level-walking studies show that females have in

the region of 4�–5� greater motion [3, 4] and similar results

were found in a limited number of studies measuring

higher demand sporting activities [12, 35]. It is unknown

whether this difference transfers across all activities to

indicate whether females have greater joint mobility or

whether, similar to age, joint excursion is dependent upon

other factors such as neurological and muscle interactions.

Therefore, it is difficult to assess whether a separate range

of motion benchmark is required for a female population.

Analysis of the results with regard to pure flexion, pure

adduction and flexion combined with adduction shows

that there was impinged motion in these areas (Fig. 4).

Impingement in pure adduction was due to collision

between the lesser trochanter of the femur with the pelvis.

In contrast, impingement in pure flexion and flexion

combined with adduction was due to collision between the

femoral neck and the acetabular rim in the anterosuperior

zone. This is recognised as being the zone in which hip

damage occurs, leading to the onset of osteoarthritis [8,

47]. Consequently, motion in this area should be maxi-

mised in THA beyond the impingement point to ensure that

the femoral neck does not contact with the rim of the

acetabular cup. The impinged motion of 90� flexion com-

bined with adduction was also coupled with internal rota-

tion of 33� which the range of motion comparison does not

visualise. It is regarded that hip pain due to impingement

can be replicated by internally rotating the femur at 90� of

flexion [7, 34]. If motion in this position is pain free with

30� of internal rotation then this represents an acceptable

range of motion for the hip joint [43]. Consequently, the

healthy range of motion benchmark incorporates this

amount of normal internal rotation in motions with 90� of

flexion. However, knowledge from these previous studies

shows that any coupled motion above 90� flexion is a risk

area with regard to osseous impingement and should be

acknowledged as such [7, 34].

There were a number of motions where the CT range of

motion fell within the 5�–10� soft tissue impingement zone

defined in Sect. 2.2. Figure 4 shows that abduction is a risk

area for soft tissue impingement and is congruent with the

findings of Kubiak-Langer et al. [23] and Tannast et al.

[47] Therefore, in THA it should be ensured that compo-

nent positioning ensures that the healthy range of motion

benchmark is attained, which for pure adduction is 45�, as

this signifies the contact point for soft tissue impingement.

There were two areas where the CT patient range of

motion was significantly larger than the healthy range of

motion benchmark. These were in the areas of extension,

and adduction combined with flexion. It has been found

that motion in extension is not limited by osseous

impingement; rather it is limited by soft tissue contracture

or limitation in secondary joint motion. Consequently, the

patient range of motion in this area can be regarded as

clinically non-relevant [25]. Analysing Fig. 5, the healthy

range of motion directional axis is more elevated than the

CT directional axis. If motion in extension is discounted by

Fig. 5 Three-dimensional

representation of CT range of

motion comparison with the

clinical range of motion

benchmark
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measuring the two-dimensional angle between these axes

in the transverse plane, then the two directional axes align

well with only a difference of 3.1�. This demonstrates a

close correlation between healthy and CT range of motion,

discounting the clinically non-relevant motion in extension

and validates the constructed healthy range of motion

benchmark.

The extra range of motion found in the area of adduction

combined with flexion, when comparing the CT range of

motion with the healthy benchmark is a new finding. It is

hypothesised two reasons could cause this extreme devia-

tion between the CT range of motion and the healthy

benchmark. Firstly, it is not possible to measure true geo-

metrical adduction as a medial rotation in the coronal

plane. The opposite leg obstructs the motion. Therefore,

measurement of hip joint adduction follows a diagonal

motion as the adducted leg is moved in front of the sta-

tionary leg. Therefore, the construction of the healthy range

of motion benchmark should have considered the pure joint

motion adduction benchmark value of 35� in this diagonal

plane rather than the coronal plane. Secondly, the extra

motion in adduction combined with flexion as exhibited by

the CT range of motion may not be limited by osseous

impingement. This is because in the CT method, the

motion of adduction combined with flexion took the femur

into the acetabular notch, permitting extra motion. It is

more likely that motion is limited in this area by tension in

the adductor muscles. These two hypotheses are a source

for further investigation.

This study has used two methods for measuring range of

motion in the native hip to determine which factors restrict

motion. The results show that motion in pure flexion and

flexion combined with adduction are at risk of osseous

impingement. These motions represent where the maxi-

mum likely damage will occur in femoroacetabular

impingement or are at most risk of prosthetic impingement

post-THA. The study has also shown that motions in

extension and adduction combined with flexion are limited

by soft tissue restraint, while motions such as pure

abduction are a risk for soft tissue impingement. These

separate modalities have been highlighted in Fig. 6

and colour coded to highlight apparent risk—osseous

Fig. 6 Illustration of range of

motion benchmark with

impingement zones
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impingement (red), soft tissue impingement (orange) and

soft tissue restraint (green). Recognising where the

impingement risk is within a person’s range of motion will

provide further guidance with regard to where motion is

required to be maximised when performing THA or treat-

ing femoroacetabular impingement.

Acknowledgments The authors acknowledge the support of Uni-

versity Hospitals Coventry and Warwickshire NHS Trust, the Engi-

neering and Physical Sciences Research Council (EPSRC) and Nikon

Metrology.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Audenaert E, Vigneron L, Pattyn C (2011) A method for three-

dimensional evaluation and computer aided treatment of femo-

roacetabular impingement. Comput Aided Surg 16:143–148

2. Audenaert EA, Vigneron L, Van Hoof T, D’Herde K, van Maele

G, Oosterlinck D, Pattyn C (2011) In vitro validation and reli-

ability study of electromagnetic skin sensors for evaluation of end

range of motion positions of the hip. Med Eng Biol Comput

49:1405–1412

3. Benedetti MG, Berti L, Maselli S, Mariani G, Giannini S (2007)

How do the elderly negotiate a step? A biomechanical assess-

ment. Clin Biomech 22:567–573

4. Boyer KA, Beaupre GS, Andriacchi TP (2008) Gender differ-

ences exist in the hip joint moments of healthy older walkers.

J Biomech 41:3360–3365

5. Cappozzo A, Della Croce U, Leardini A, Chiari L (2005) Human

movement analysis using stereophotogrammetry - part 1: theo-

retical background. Gait Posture 21:186–196

6. Cheng PL, Nicol AC, Paul JP (2000) Determination of axial

rotation angles of limb segments: a new method. J Biomech

33:837–843

7. Clohisy JC, Knaus ER, Hunt DM, Lesher JM, Harris-Hayes M,

Prather H (2009) Clinical presentation of patients with symp-

tomatic anterior hip impingement. Clin Orthop Relat Res

467:638–644

8. Cobb J, Logishetty K, Davda K, Iranpour F (2010) Cams and

pincer impingement are distinct, not mixed: the acetabular

pathomorphology of femoroacetabular impingement. Clin Orthop

Relat Res 468:2143–2151

9. Davis J (2002) Statistics and Data Analysis in Geology, 3rd edn.

John Wiley & Sons Inc, New York, pp 334–338

10. Davis KE, Ritter MA, Berend ME, Meding JB (2007) The

importance of range of motion after total hip arthroplasty. Clin

Orthop Relat Res 465:180–184

11. D’Lima DD, Urquhart AG, Buehler KO, Walker RH, Colwell

CW (2000) The effect of the orientation of the acetabular and

femoral components on the range of motion of the hip at different

head-neck ratios. J Bone Joint Surg Am 82:315–321

12. Ferber R, McClay-Davis I, Williams DS (2003) Gender differ-

ences in lower extremity mechanics during running. Clin Bio-

mech 18:350–357

13. Fernández O (2005) Obtaining a best fitting plane through 3D

georeferenced data. J Struct Geol 27:855–858

14. Grood ES, Suntay WJ (1983) A joint coordinate system for the

clinical description of three-dimensional motions: application to

the knee. J Biomech Eng 105:136–144

15. Heading J (1958) Matrix Theory for Physicists. Longmans,

Green, London, pp 1–46

16. Hemmerich A, Brown H, Smith S, Marthandam SSK, Wyss UP

(2006) Hip, knee, and ankle kinematics of high range of motion

activities of daily living. J Orthop Res 24:770–781

17. Huo MH, Parvizi J, Bal BS, Mont MA (2008) What’s new in total

hip arthroplasty. J Bone Joint Surg Am 90:2043–2055

18. James B, Parker AW (1989) Active and passive mobility of lower

limb joints in elderly men and women. Am J Phys Med Rehab

68:162–167

19. Johnston RC, Smidt GL (1970) Hip motion measurements for

selected activities of daily living. Clin Orthop Relat Res

72:205–215

20. Kadaba MP, Ramakrishnan HK, Wootten ME (1990) Measure-

ment of lower extremity kinematics during level walking. J Ort-

hop Res 8:383–392

21. Kluess D, Martin H, Mittelmeier W, Schmitz KP, Bader R (2007)

Influence of femoral head size on impingement, dislocation and

stress distribution in total hip replacement. Med Eng Phys

29:465–471

22. Ko BH, Yoon YS (2008) Optimal orientation of implanted

components in total hip arthroplasty with polyethylene on metal

articulation. Clin Biomech 23:996–1003

23. Kubiak-Langer M, Tannast M, Murphy SB, Siebenrock KA,

Langlotz F (2007) Range of motion in anterior femoroacetabular

impingement. Clin Orthop Relat Res 458:117–124

24. Kuipers JB (1999) Quaternions and rotation sequences: a primer

with applications to orbits, aerospace, and virtual reality. 1st edn.

Princeton University Press, New Jersey, pp 45–75

25. Kurtz WB, Ecker TM, Reichmann WM, Murphy SB (2010)

Factors affecting bony impingement in hip arthroplasty.

J Arthroplasty 25:624–634

26. Luttgens K, Wells KF (1982) Kinesiology: scientific basis of

human movement, 7th edn. Brown & Benchmark, Dubuque,

pp 147–173

27. Malik A, Maheshwari A, Dorr LD (2007) Impingement with total

hip replacement. J Bone Joint Surg Am 89:1832–1842

28. Miki H, Yamanashi W, Nishii T, Sato Y, Yoshikawa H, Sugano

N (2007) Anatomic hip range of motion after implantation during

total hip arthroplasty as measured by a navigation system.

J Arthroplasty 22:946–952

29. Mulholland SJ, Wyss UP (2001) Activities of daily living in non-

western cultures: range of motion requirements for hip and knee

joint implants. Int J Rehabil Res 24:191–198

30. Murphy SB, Simon SR, Kijewski PK, Wilkinson RH, Griscom

NT (1987) Femoral anteversion. J Bone Joint Surg Am

69:1169–1176

31. Nadzadi ME, Pedersen DR, Yack HJ, Callaghan JJ, Brown TD

(2003) Kinematics, kinetics, and finite element analysis of com-

monplace maneuvers at risk for total hip dislocation. J Biomech

36:577–591

32. National Joint Registry for England & Wales (2012) 9th annual

report. http://www.njrcentre.org.uk/NjrCentre/Portals/0/Documents/

England/Reports/9th_annual_report/NJR%209th%20Annual%20

Report%202012.pdf Accessed 25 Oct 2012

33. Nonaka H, Mita K, Watakabe M, Akataki K, Suzuki N, Okuwa T,

Yabe K (2002) Age-related changes in the interactive mobility of

the hip and knee joints: a geometrical analysis. Gait Posture

15:236–243

34. Pfirrmann CWA, Mengiardi B, Dora C, Kalberer F, Zanetti M,

Hodler J (2006) Cam and pincer femoroacetabular impingement:

characteristic MR arthrographic findings in 50 patients. Radiol-

ogy 240:778–785

476 Med Biol Eng Comput (2013) 51:467–477

123

http://www.njrcentre.org.uk/NjrCentre/Portals/0/Documents/England/Reports/9th_annual_report/NJR%209th%20Annual%20Report%202012.pdf
http://www.njrcentre.org.uk/NjrCentre/Portals/0/Documents/England/Reports/9th_annual_report/NJR%209th%20Annual%20Report%202012.pdf
http://www.njrcentre.org.uk/NjrCentre/Portals/0/Documents/England/Reports/9th_annual_report/NJR%209th%20Annual%20Report%202012.pdf


35. Pollard CD, Davis IMC, Hamill J (2004) Influence of gender on

hip and knee mechanics during a randomly cued cutting

maneuver. Clin Biomech 19:1022–1031

36. Renkawitz T, Haimerl M, Dohmen L, Gneiting S, Lechler P,

Woerner M, Springorum HR, Weber M, Sussmann P, Sendtner E,

Grifka J (2012) The association between femoral tilt and

impingement-free range-of-motion in total hip arthroplasty. BMC

Musculoskel Dis 13:65

37. Renkawitz T, Haimerl M, Dohmen L, Gneiting S, Wegner M,

Ehret N, Buchele C, Schubert M, Lechler P, Woerner M,

Sendtner E, Schuster T, Ulm K, Springorum R, Grifka J (2011)

Minimally invasive computer-navigated total hip arthroplasty,

following the concept of femur first and combined anteversion:

design of a blinded randomized controlled trial. BMC Musculo-

skel Dis 12:192

38. Roach KE, Miles TP (1991) Normal hip and knee active range of

motion: the relationship to age. Phys Ther 71:656–665

39. Rowley DI, Dent JA (1997) The musculoskeletal system: core

topics in the new curriculum. Arnold, London, pp 197–233

40. Safran MR, Lopomo N, Zaffagnini Signorelli C, Vaughn ZD,

Lindsey DP, Gold G, Giordano G, Marcacci M (2012) In vitro

analysis of peri-articular soft tissues passive constraining effect

on hip kinematics and joint stability. Knee Surg Sports Traumatol

Arthrosc. doi:10.1007/s00167-012-2091-6

41. Sakai T, Sugano N, Nishii T, Haraguchi K, Ochi T, Ohzono K

(2000) Optimizing femoral anteversion and offset after total hip

arthroplasty, using a modular femoral neck system: an experi-

mental study. J Orthop Sci 5:489–494

42. Seki M, Yuasa N, Ohkuni K (1998) Analysis of optimal range of

socket orientations in total hip arthroplasty with use of computer-

aided design simulation. J Orthop Res 16:513–517

43. Siebenrock KA, Schoeniger R, Ganz R (2003) Anterior femoro–

acetabular impingement due to acetabular retroversion treatment

with periacetabular osteotomy. J Bone Joint Surg Am 85:278–286

44. Signorelli C, Lopomo N, Bonanzinga T, Muccioli GMM, Safran

MR, Marcacci M, Zaffagnini S. Relationship between femoro-

acetabular contact areas and hip position in the normal joint: an

in vitro evaluation. Knee Surg Sports Traumatol Arthrosc doi:

10.1007/s00167-012-2151-y

45. Smith AJ, Dieppe P, Vernon K, Porter M, Blom AW (2012)

Failure rates of stemmed metal-on-metal hip replacements:

analysis of data from the national joint registry of England and

wales. Lancet 379:1199–1204

46. Sun H, Inaoka H, Fukuoka Y, Masuda T, Ishida A, Morita S

(2007) Range of motion measurement of an artificial hip joint

using CT images. Med Biol Eng Comput 45:1229–1235

47. Tannast M, Goricki D, Beck M, Murphy SB, Siebenrock KA

(2008) Hip damage occurs at the zone of femoroacetabular

impingement. Clin Orthop Relat Res 466:273–280

48. Tannast M, Kubiak-Langer M, Langlotz F, Puls M, Murphy SB,

Siebenrock KA (2007) Noninvasive three-dimensional assess-

ment of femoroacetabular impingement. J Orthop Res 25:122–

131

49. Thornberry RL, Hogan AJ (2009) The combined use of simula-

tion and navigation to demonstrate hip kinematics. J Bone Joint

Surg Am 91(S1):144–152

50. Turley GA, Ahmed SMY, Williams MA, Griffin DR (2011)

Establishing a range of motion boundary for total hip arthro-

plasty. Proc Inst Mech Eng H 225:769–782

51. Turley GA, Ahmed SMY, Williams MA, Griffin DR (2012)

Validation of the femoral anteversion measurement method used

in imageless-navigation. Comput Aided Surg 17:187–197

52. Widmer KH (2007) Containment versus impingement: finding a

compromise for cup placement in total hip arthroplasty. Int Ort-

hop 31(S1):29–33

53. Widmer KH, Majewski M (2005) The impact of the CCD-angle

on range of motion and cup positioning in total hip arthroplasty.

Clin Biomech 20:723–728

54. Widmer KH, Zurfluh B (2004) Compliant positioning of total hip

components for optimal range of motion. J Orthop Res 22:815–

821

55. Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D,

Whittle M, D’Lima D, Cristofolini L, Witte H, Schmid O, Stokes

I (2002) ISB recommendation on definitions of joint coordinate

system of various joints for the reporting of human joint

motion—part I: ankle, hip, and spine. J Biomech 35:543–548

56. Yoshimine F (2005) The influence of the oscillation angle and the

neck anteversion of the prosthesis on the cup safe-zone that

fulfills the criteria for range of motion in total hip replacements.

The required oscillation angle for an acceptable cup safe-zone.

J Biomech 38:125–132

57. Yoshimine F, Ginbayashi K (2002) A mathematical formula to

calculate the theoretical range of motion for total hip replace-

ment. J Biomech 35:989–993

Med Biol Eng Comput (2013) 51:467–477 477

123

http://dx.doi.org/10.1007/s00167-012-2091-6
http://dx.doi.org/10.1007/s00167-012-2151-y

	Evaluation of range of motion restriction within the hip joint
	Abstract
	Introduction
	Methods
	Healthy range of motion benchmark
	CT range of motion simulation

	Results
	Discussion
	Acknowledgments
	References


