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Abstract

Background The Warwick consensus defined femoroacetabular impingement syndrome
(FAIS) as a motion-related clinical disorder of the hip with a triad of symptoms, clinical signs
and imaging findings, representing symptomatic premature contact between the proximal
femur and the acetabulum. Several factors appear to affect the labral and cartilage damage
caused, including joint shape and orientation, and patient activities. There is a lack of tools to
predict impingement patterns in an individual patient across activities. Current computational
modelling tools either measure pure range of motion of the joint or include complexity which

reduces reliability and increases time to achieve a solution.

Questions/purposes The purpose of this study was to examine the efficacy of a low
computational cost approach to combining cam-type hip shape and multiple hip motions for
impingement prediction. Specifically, we sought to determine 1) the potential to distinguish
impingement from individual hip shapes by analyzing the difference between a cam lesion
located at the anterior and one located at the superior of the femoral neck; 2) the sensitivity to
three aspects of hip alignment, namely femoral neck-shaft angle, femoral version angle and
pelvic tilt; and 3) the difference in impingement measures between the individual activities in

our hip motion dataset.

Methods A model of the shape and alignment of a cam-type impinging hip was created and
used to describe two locations of a cam lesion on the femoral head-neck junction (superior
and anterior) based on joint shape information available in prior studies. Sensitivity to hip
alignment was assessed by varying three aspects from a baseline (a typical alignment
described in prior studies), namely femoral neck-shaft angle, femoral version, and pelvic tilt.
Hip joint movements were selected from an existing database of 18 volunteers performing 13
activities (10 males, 8 females, age 44 + 19 years). A subset was selected, aiming to

maximise variation in the range of joint angles and maintain a consistent number of people



performing each activity, which resulted in nine people per activity, including at least three of
each sex. Activities included a pivot during walking, a squat and a golf swing. All selected
hip joint motion cases were applied to each hip shape model. For the first part of the study,
the number of motion cases where impingement was predicted (impingement rate) was
recorded. Quantitative analysis of the depth of penetration of the cam lesion into the
acetabular socket and qualitative observations of impingement location were made for each
lesion location (anterior and superior). In the second part, which aimed to test the sensitivity
of the findings to hip joint orientation, the full analysis of both cam lesion locations was
repeated for three modified joint orientations. Finally, the results from the first part of the
analysis were divided by activity, in order to understand how the composition of the activity

dataset affected the results.

Results The two locations of cam lesion generated different rates of impingement (anterior
cam - 56% of motion cases, superior cam - 13% of motion cases), and different areas of
impingement within the acetabular, but similar penetration depths (anterior cam 6.8° + 5.4°,
superior cam 7.9° + 5.8°). The most substantial effects of changing the joint orientation
were: lowering the femoral version angle for the anterior cam, which increased the
impingement rate to 67%; and lowering the neck-shaft angle for the superior cam, which
increasing the impingement rate to 36%. Flexion-dominated activities only generated
impingement with the anterior cam (for example, the squat). The superior cam generated
impingement during activities with high internal-external rotation of the joint (for example,

the golf swing).

Conclusion This work has demonstrated the capability of a simple, rapid computational tool
for assessing impingement of a specific cam-type hip shape. It is the first to do so over a
large set of motion cases, representing a range of activities affecting the hip joint, and has

potential for use in planning of surgical bone removal.



Clinical Relevance The results of this study imply that FAIS patients with cam lesions on
the superior femoral head-neck junction may impinge during motions which are not strongly

represented by current physical diagnostic tests.



Introduction

The Warwick consensus defined femoroacetabular impingement syndrome (FAIS) as a
motion-related clinical disorder of the hip with a triad of symptoms, clinical signs and
imaging findings, representing symptomatic premature contact between the proximal femur
and the acetabulum [14]. Cam-type FAIS is characterized by an out-of-round femoral head
shape [12, 25] and the presence of a lesion on the femoral side has been correlated with
damage to the acetabular cartilage [2, 4]. The mechanism of impingement has been described
as the movement of the cam lesion into the acetabular socket [4, 38]. Sporting activities
which include extremes of hip joint motion, particularly in flexion and internal-external
rotation, are associated with increased occurrence of FAIS [1, 41, 39], and clinical diagnostic
tests replicate large flexion angles or modified internal-external rotation [7]. The surgical
intervention which includes the removal of those out-of-round parts of the femoral head-neck
junction [5, 6] has shown good results in reducing hip pain, with some benefit over

conservative treatment [15, 31].

The diagnosis and treatment of cam-type FAIS are complex because the radiographic features
used to indicate the presence of a cam-type femur are also present in the asymptomatic
population [13, 26] and the patient-specific impingement mechanism is not easy to discern.
Although particular movements are linked to hip impingement, we currently lack the ability
to assess the mechanism and severity of impingement over a range of different activities for
the hip joint shape of an individual. Computational modelling method exist which can be
used to predict pressures at the cartilage labral junction with cam-type hip shapes [28],
however these models are challenging and time consuming to conduct in a patient-specific
manner. Even where the shape modelling is partially automated [9], achieving a reliable

solution can be challenging and computationally intensive, with solution time of 1-3 hours for



90° flexion and 35° internal rotation for one hip shape [8]. These challenges limit the number

of joint motion cases that can be performed.

The purpose of this study was to examine the efficacy of a low computational cost approach
to combining cam-type hip shape and multiple hip motions for impingement prediction.
Specifically, we sought to determine 1) the potential to distinguish impingement in individual
hip shapes by analyzing the difference between a cam lesion located at the anterior and one
located at the superior of the femoral neck; 2) the sensitivity to three aspects of hip
alignment, namely femoral neck-shaft angle, femoral version angle and pelvic tilt; and 3) the
difference in impingement measures between the individual activities in our hip motion

dataset.

Materials and Methods
Overview of Study Design

To address our study aims, we created a computational model of interarticular impingement
in cam-type hip joints where individual features of bony shape and joint alignment could be
independently adjusted. A range of possible hip motions were selected from an existing
database. Each hip shape was combined with each hip motion and the presence or absence of
impingement was recorded, along with the maximum depth of penetration of the cam lesion
past the acetabular rim. These measures were then summarized over the motion cases
performed to provide measures of the potential for impingement for one hip shape case

(Fig. 1). To assess the potential to distinguish impingement from individual hip shapes, we
compared the measures of impingement between a cam lesion located at the anterior and one
located at the superior of the femoral neck. Hip motion data from nine volunteers performing

13 activities were applied to each hip shape and measures of impingement severity were



recorded. To assess the sensitivity to femoral neck-shaft angle, femoral version angle and
pelvic tilt, those three joint orientation angles were adjusted from a typical baseline value by
the same amount each. The full analysis over both hip shape cases and all motion cases
(combinations of volunteers and activities) was repeated for each adjusted joint alignment,
and the same set of impingement measures were recorded. To investigate the difference in
impingement severity between the individual activities in our hip motion dataset, the

measures recorded in the first part of the study were broken down by activity.
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Fig. 1 A flow diagram illustrating: the shape model and the shape cases generated for the study; the
hip motion database and subset selected; the raw measures taken for each combination of hip shape
and motion; and the summary measures taken over the relevant motion cases for each hip shape.



Motion Data and Volunteers

Relative hip angles in three planes were calculated as part of a previous project [21, 22]. A
13-camera Qualysis Oqus 3D motion capture system (QualisysTM Medical AB) was used to
collect skin marker motion data for 18 people (10 males, 8 females, age 44 + 19 years) and 13
activities, and processed to generate hip joint angles. Volunteers were recruited from the
general population and were free from any conditions affecting their mobility [22]. Five
trials were collected for each subject performing each activity. Hip angles were calculated in
Visual3D software (C-Motion Inc), and some trials were unsuccessful due to lack of marker
visibility. In the current study, the complete set of data was analysed to find hip motion cases
with the highest and lowest hip rotation angles in each plane. A smaller dataset was then
selected with the aims of including the same number of volunteers for each activity, including
one trial per person, and representing the highest and lowest hip rotations from the wider
dataset. This resulted in data from nine people for each activity, where the specific people
selected for each activity were slightly different. The activities were: (1) level walking; (2) a
step onto the right leg and pivot to the left; (3) walking on an inclined surface; (4) walking in
a declined surface; (5) stand to sit; (6) sit to stand; (7) crossing right ankle over the left leg
while seated; (8) squat; (9) standing forward bend, reaching towards the ground; (10)
reaching forward in a kneeling position; (11) a lunge with the right leg forwards; (12) a golf
swing; and (13) cycling. Data were analysed for one hip in twelve of the activities. The step-
pivot, seated leg cross and lunge activities were performed on the right side and therefore the
right hip was used. For the golf swing, both the leading and trailing hips were analysed
separately, resulted in a total of 14 hip activity-based hip movements. The hip angles from
this envelope of 14 activity-based movements from nine different people were used for the

study (in total 126 motion cases). Motions from least three people of each sex were selected



for each activity-based movement and, of the overall 126 motion cases, 61 were from males

and 65 from females.

Complete hip motion and force data from the previous project are available in an open dataset

[37] and the subset is described in full in the open dataset associated with this study [17].

Hip Shape Model

A set of points was defined in 3D space to describe the location of the inner edge of the cam
morphology and the start of the femoral neck (Fig. 2A-B) and a second set of points was
defined to describe the acetabular bony rim. The modelling assumption was that if any of the
cam edge points passed over the acetabular rim during an activity, impingement had been

initiated.

A baseline set of points representing the shape of a normal femoral neck, in the absence of a
cam, were created based on data from Nakahara et al. [27]. Twenty-four points were evenly
distributed around the femoral neck and their positions defined by the line connecting the
point to the femoral head center and its angle with the femoral neck direction. Information on
the location and extent of cam morphologies was used to generate the cam shape cases (Fig.
2C-D). The location of the highest alpha angle is consistently reported to be between the
superior and the anterior of the femoral neck [11, 23]. The final set of “cam-neck” points for
each hip shape represented the edge of the cam lesion and, away from that lesion, they
represented the edge of the femoral neck. Cam shape cases included a superior location,
where the highest alpha angle was located at the 12:30 clock face position and an anterior
location (at 02:30). In both cases a large cam was replicated, with a maximum alpha angle of
80° [34, 40]. We used prior studies on the extent of cam morphologies around the sagittal

circumference of the head [26, 40] to scale the cam extent in line with the selected maximum
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alpha angle. Initially the cam-neck points were defined in a local coordinate system aligned

with the femoral neck.
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Fig. 2 (A) An illustration of one of the angles used to define a neck-cam edge point (red dot); the
angle between a line along the femoral neck and a line from the femoral head center to cam edge
(equivalent to a clinical alpha angle, red curve). A right proximal femur is depicted. (B) A clock face
representation of the 24 cam-neck edge points used in the shape model (points connected with a green
line). Where there is a cam lesion, the radial angle depicts an alpha angle (red dot = superior alpha
angle matching illustration A). Away from the cam lesion the radial angle represents the start of the
femoral neck. (C) The two cam location cases used in this study (orange line = superiorly located
cam, blue line = anteriorly located cam). (D) An illustration of the clockface notation used in the
plots, including anatomic orientation.

The set of points describing the location of the bony acetabular rim was defined in a local
coordinate system aligned with the acetabular rim plane outward facing normal vector (Fig.
3A). In this study, the acetabular points represented the location of a typical acetabular rim

shape from a control population (Fig. 3B), defined based on prior studies [18, 36].

For the definition of femoral and acetabular point sets, data was taken from studies with
measurements of greater than 40 patients (or bones) and the values extracted were verified

using at least one additional source.
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Fig. 3 (A) An illustration of one of the angles used to define an acetabular rim point (red dot); the
angle between the acetabular rim plane outward facing normal vector and a line connecting the
socket center to the relevant acetabular rim point (red curve). (B) A clock face representation of the
21 acetabular rim point angles used in the shape model (points connected with blue line, red dot =
superior point matching illustration A).

We defined the baseline hip alignment in a neutral standing position with a set of bony
alignment measures (Fig. 4). The acetabular inclination (50°, equivalent to a Centre Edge
angle of 40°), version (16°), and tilt (19°) defined within the pelvis, were taken close to the
mean of several anatomical studies [13, 16, 18, 24]. Each of the hip orientation angles for the
baseline case were approximations of the mean from both FAIS and control populations,
namely: a femoral neck-shaft angle of 125° [16, 27, 35], a femoral neck version of 15°

[13, 23, 27], and a pelvic tilt of -2° [33, 42]. These measures were combined to define the
orientation of the cam-neck points and the acetabular points within a shared coordinate

system.

Complete details and algorithms for the hip shape model are provided in an open dataset [17].



12

Acetabular Femoral neck Pelvic tilt Relative abduction
inclination and shaft angles

Acetabular Femoral neck Pelvic tilt Relative version
version version

Acetabular Pelvic tilt Standing

tilt acetabular tilt

Fig. 4 The relative orientation of the acetabular and the femoral sides. (A) The combination of
acetabular inclination, femoral neck angle, and pelvic tilt defines the relative abduction of the joint.
(B) The combination of acetabular version, femoral neck version, and pelvic tilt defines the relative
version of the joint. (C) Acetabular tilt (within the pelvis) and pelvic tilt combine to generate the

effective acetabular tilt in a standing position. Blue lines provide an indication of the reference lines
used to take angular measurements (red curves).
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Contact Algorithm and Metrics

We developed algorithms in Matlab (R2020a The Mathworks Inc) to define the sets of cam-
neck and acetabular points, align the hip in a neutral standing position, and apply the joint
angle data from the 126 motion cases through each point in the activity cycles. Motion cases
in which the cam-neck points had moved past the acetabular rim were identified. The
impingement rate was defined as the number of motion cases in which impingement was
predicted and gave an indication of the likelihood of impingement for that hip shape. During
motion cases where impingement occurred, the greatest angular overlap between the cam
lesion and the acetabular rim was recorded at each point around the acetabular. This data was
plotted to show the angular depth of impingement into the acetabulum at each position
around the rim. (The lines on these plots can be thought of as tide marks, showing the extent
of penetration of the cam into the acetabular over the whole motion.) Plots of acetabular
penetration depth were overlaid for all motion cases and used to qualitatively establish the
dominant location of impingement for each hip shape. The maximum acetabular
penetration depth from anywhere around the rim was recorded for each motion case. The
acetabular penetration depth data are given as angles, independent of hip joint size. For
context, they are also given in millimeters, based on the assumption of an acetabular socket

radius of 25 mm.

Ethical Approval

Ethical approval was not sought for the present study.
Statistical Analyses

We used the large superior and large anterior cam shape cases in combination with all 126
motion cases to observe differences in impingement rate, acetabular impingement location,

and penetration depth between the two cam locations. The impingement rate was therefore a
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number out of 126. The mean and standard deviation of the maximum acetabular penetration
depth were taken over all the motion cases in which impingement was predicted for each hip

shape.

The initial analysis was then repeated for three adjustments to the hip orientation representing
a change of 10° in each of the femoral neck shaft angle, femoral version angle, and pelvic tilt.
The adjusted hip orientation values represented: a coxa vara hip with a neck-shaft angle of
115° [23, 30], a low femoral version angle of 5° [23], and an anterior pelvic tilt of 8°, within
normal range [33, 42]. Each of these orientation changes make a difference to the overall
clearance in the joint in each plane. Angles indicating those changes are given in Table 1.
Observations were made about the relative effect of these changes in joint orientation on the

impingement rate and penetration depth measures.

Finally, we analysed the impingement rate and acetabular penetration depth for each of the 14
hip activities separately. In this case the impingement rate for each combination of hip shape
and activity was reported out of the nine people performing that activity. The mean and
standard deviation of the maximum acetabular penetration depth were calculated over the
subset of those nine cases where impingement occurred. Where the number of people

predicted to impinge was less than three, the penetration depth data was not included.

Table 1. Description of the four hip orientation cases in terms of the relative joint orientation in each
plane. Values given in bold indicate deviations from the baseline case, where the change in angle
given in the case description has generated a change in relative angle in one or more plane.

Hip joint orientation case Relative Relative Acetabular
abduction version tilt

Baseline 91° 33° 21°

Low femoral neck-shaft angle (115°) | 81° 33° 21°

Low femoral neck version (5°) 91° 23° 21°

Anterior pelvic tilt (8°) 90° 25 11°
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Results
Distinguishing Impingement between Anterior and Superior Cam Lesions

The two locations of cam lesion generated different rates of impingement, and different areas
of impingement within the acetabular, but similar penetration depths into the acetabular.
Qualitatively, the predicted impingement was focused in the superior-posterior acetabulum
for the superior cam hip and superior-anterior for the anterior case (Fig. 5, Baseline). A high
impingement rate was predicted for the anterior cam (56% [71 of 126] of motion cases)
compared with the superior cam (13% [17 of 126]). The mean + SD of penetration depth over

the motion cases were similar in the superior cam (7.9° £ 5.8°) and anterior cam (6.8° + 5.4°)

cases.
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Fig. 5 Maps of impingement location and penetration depth experienced on the acetabular rim for
(A) the baseline hip joint orientation, (B) a low neck-shaft angle, (C) a low femoral version angle, (D)
an anterior pelvic tilt. Each coloured line represents the extent of impingement through a single
motion case (orange lines = superior cam cases, blue line = anterior cam cases). (E) Schematics
providing the anatomical orientation of the clockface plots and angular scale (e.g. the number of
degrees by which the cam overlapped with the acetabular at that position).
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Assessing the Sensitivity to Hip Orientation

Varying the joint orientation generated different effects for the anterior versus the superior
cam lesion (Fig. 5, Table 2). For the anterior cam, all orientation changes increased the mean
penetration depth and increased the number of motion cases where impingement was
predicted. The effect was most pronounced when lowering the femoral version angle, which
generated impingement in an additional 13 motion cases (increasing the impingement rate to
67%) and increasing the mean penetration depth by 5° (or 2 mm). For the superior cam hip,
lowering the neck-shaft angle had the most pronounced detrimental effect, more than
doubling the impingement rate (from 17 to 46, increasing the impingement rate to 36%), but

with very little effect on the mean penetration depth (a change of 2° or less than 1 mm).

Table 2. Rate of impingement and acetabular penetration depth for all cam location and joint
orientation cases. Impingement rate is the number of motion cases where impingement was predicted,
out of 126 motion cases (14 hip movements, nine subjects). Acetabular penetration depth is given as
the mean + SD over all motion cases where impingement was predicted. The measure in degrees is
independent of joint size and the equivalent in millimeters is calculated by assuming an acetabular
socket radius of 25 mm.

Cam location case Superior Anterior
Impingement Rate Depthin | Depthin | Rate | Depth in ° | Depth in
measurement ° mm mm
Joint Baseline 17 8+6 3+3 71 75 3+2
orientation | -10° neck | 46 6+8 3+3 79 8+6 3+3
cases shaft angle
-10 26 6+£6 2+2 84 12+7 53
femoral
version
+10° 21 6+5 2+2 77 9+6 4+3
pelvic tilt
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Establishing the Difference in Impingement Between Activities

Analysing the results at an individual activity level showed that the activities which generated
impingement for the anterior cam were somewhat distinct from those which generated
impingement for the superior cam (Table 3). Flexion-dominated activities such as sit to stand,
squat and reaching forward in a kneeling position, only generated impingement with the
anterior cam. Impingement was predicted for all nine people performing these activities in
combination with an anterior cam and that impingement was located in the superior-anterior
section of the acetabular rim (Fig. 6). The superior cam generated impingement during the
walking pivot, leg cross while seated, the golf swing (both leading and trialing hips) and
during cycling. Those activities are typically characterized by higher internal-external
rotation of the joint. Impingement was typically in the superior or superior-posterior areas of
the acetabular. Activities that caused impingement with the superior cam also caused some
impingement for the anterior cam. No impingement was seen for either cam location for the

walk or decline walk activities.

The activity with the highest mean penetration depth was for the golf swing leading hip (13°
or 6 mm) and the lowest was for cycling (2° or 1 mm), both in combination with a superior
cam. The mean penetration depth was more consistent across activities for the anterior cam,

ranging between 3° and 9° (or 1-4 mm).



Table 3. The rate of impingement and acetabular penetration depth for each individual activity.
Impingement rate is the number of subjects for whom impingement was predicted, out of the nine
subjects performing each activity. Acetabular penetration depth is given as the mean + SD over all
subjects where impingement was predicted. The measure in degrees is independent of joint size and
the equivalent in millimeters is calculated by assuming an acetabular socket radius of 25 mm. The
depth measure is only provided where the three or more subjects were predicted to impinge.

Cam location Superior Anterior

case

Impingement Rate | Depth | Depth in | Rate Depth in | Depth in

measurement in ° mm ° mm
Activity | Walk pivot 1 1

Incline walk 0 1

Stand to sit 0 9 4+4 22

Sit to stand 0 9 7+£3 3+2

Cross leg 3 6+4 3+£2 9 8+7 3+3

Squat 0 9 8+5 4+£2

Forward bend 0 6 3+4 1+£2

Kneel reach 0 9 8+4 3+2

Lunge (leading) | O 3 8+4 4+2

Golf (leading) 6 13+£6 | 6+£3 5 9+7 4+3

Golf (trailing) 4 7+3 3+1 2

Cycle 3 2+3 1+1 8 6+6 3+2

Walk pivot

Cross leg

DOPE

Lunge (leading)

Incline walk

Sk R

Golf (leading)

PP
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06:00
(notch)
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Fig. 6 (A) Maps of impingement location and penetration depth experienced on the acetabular rim,

for each of the activities tested. Each coloured line represents the extent of impingement through a

single motion case (orange lines = superior cam cases, blue line = anterior cam cases). (B)

Schematics providing the anatomical orientation of the clockface plots and angular scale (e.g. the

number of degrees by which the cam overlapped with the acetabular at that position).
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Discussion

Cam-type and mixed-type FAIS have been associated with damage to the articular cartilage
as well as the labrum and this type of extensive damage is challenging to manage surgically.
The variation from patient to patient in three-dimensional shape of hip, and nature of
activities undertaken regularly, pose a challenge when assessing the severity of impingement.
Improvements in the clarity of this individual assessment would enhance both the selection of
candidates for surgery and the surgical bone resection plan. The ability to use computational
models for this purpose is limited by the requirement for an expert user to problem solve
unreliable solution processes, and the time taken to compute solutions. Using a typical finite
element model calculation of impingement in combination with the 126 cases in this study
would take over 5 days to complete. This work has demonstrated the potential of a shape-
motion model for the prediction of cam-type hip impingement over a range of activities, with
robust solution and a total solution time of less than 5 mins. Results demonstrating the
interaction between shape and orientation are aligned with current understanding and provide
some confidence in the model. The low penetration depth of the cam into the acetabulum has
implications for the mechanism of cartilage damage. The ability to identify specific activities
which generate high rates of impingement for different cam-lesion locations, has potential for
use in the clinical evaluation of patients with hip pain. To realise the benefit of this
computational tool in clinical practice, the next steps are to apply the shape model to
individual FAIS patients, to streamline the extraction of shape data from imaging, and to use
the model’s flexibility to understand the importance of individual features of their joint shape

to the impingement experienced.
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Limitations

This study has limitations. The shape model currently captures only the leading edge of the
cam lesion. The shape of the cam surface beyond the leading edge is likely to affect
impingement severity, with cam lesions protruding further outside the best fit sphere of the
femoral head having a greater potential for damage [10, 11]. This aspect is currently not
captured within the model and is an area for future development. In this study, only hip
motion was considered and not the joint contact forces. An activity with a large impingement
penetration depth may not cause tissue damage in the absence of a high joint contact force.

The ‘seated leg cross’ activity may well fall in that category.

The hip motion data used in this study were taken from volunteers from the general
population. This choice has the advantage of representing pain-free joint function, indicative
of early tissue damage conditions, rather than the more limited motion seen in those with
symptomatic FAIS [3, 20]. A disadvantage of this approach is that some individual motion
cases will be a poor match for the simulated hip anatomy, perhaps creating an unrealistic
level of impingement. Therefore, any analysis should consider the possibility of unrealistic
outliers in the results. The selection of activities does not account for different motion types
or the frequency of different activities, and some motion characteristics of the hip may not be
represented. Currently, the dataset includes a large proportion of flexion-dominated hip
motions (7 of 13) that were shown to generate impingement preferentially with anteriorly
located cams, over superiorly located cams. Hip motion is indeed flexion dominated and
therefore this does not seem unreasonable; however, these relative impingement rate values

should be interpreted with care.

The model is representative of only the bony features of the joint, neglecting the soft tissues.
Therefore, the potential for soft tissue damage through restriction of the joint space during

impingement is considered, but predictions of the soft tissue deformation or pressure are not.
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Equally the stability (or instability) of the joint due to capsular and ligament tissues are not
considered. These simplifications eliminate the possibility of the solution process failing and
significantly reduce solution times. This approach has overlap with those used to measure
joint range of motion using CT-based solid modelling approaches for cam-type hips, where
potential targets for bone removal can be indicated [19]. The ability in this work to rapidly
apply a large envelope of activity-based motions and track impingement depth extends that

capability.

While the results presented here are logical and match previously reported correlations
between hip shape and damage types, this provides only a partial validation of the model at
the broad population level. Work remains to be done in validating the predictions against
labral and cartilage damage seen in individual patients, and in understanding the precision of

shape capture and motion dataset needed to achieve that individual prediction.

Discussion of Key Findings

Results presented here have demonstrated an ability to assess impingement location and
severity for combinations of cam lesion positions and hip joint orientations, across multiple
activities. Logical results in terms of the combination of joint angles and cam locations,
along with correspondence of findings with existing understanding, provide confidence in the
tool. The most common cam lesion location is in the anterior-superior area of the head-neck
junction [11, 34] and the anterior-superior area of the acetabulum is the most common
location for tissue damage [32]. The difference in impingement location for the anterior and
superior cam hips in this work show that the location of the greatest damage may be
predictable for an individual. Hip alignment has been shown to affect the impingement risk

[23], which is consistent with the effect on impingement rates being different for the anterior
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cam compared with the superior cam. With a baseline level of confidence in the tool, the aims

of application to individual patient data can be pursued.

None of the mean penetration depths recorded in this work would extend beyond the first
third of the acetabular cartilage (Table 2). That implies that a cam lesion would need to have
a maximum alpha angle of greater than 80° to directly restrict the joint space beyond the first
third of the lunate cartilage surface, in the activities tested. If the recorded penetration depths
were assumed to directly translate to the extent of cartilage damage, they would all fall within
the lowest cartilage damage extent category which is recorded in the UK Non-Arthroplasty
Hip Registry [29]. The recorded depths are under half of the mean cartilage damage depth
recorded for isolated cam lesions by Beck et al [4]. This finding strengthens the evidence
that cartilage damage occurring further into the joint is generated by a secondary damage
mechanism, such as the shearing of the cartilage away from the bone after initial damage to

the cartilage-labral junction [4].

This work has demonstrated that the number of activities where impingement occurs between
the cam and the acetabular rim is more limited for a lesion on the superior of the head-neck
junction versus one on the anterior (Table 3). This may have implications for the clinical
assessment of patients with a symptomatic hip and a superiorly located lesion. A
combination of clinical diagnostic tests have been recommended to improve the chance of
detecting an impinging hip [7], including a progression of flexion, adduction, and internal
rotation (FADIR), foot progression angle walking (FPAW) and maximal squat. The current
data implies that activities with a large amount of internal rotation of the hip (such as a golf
swing) are more likely to cause impingement for these patients than activities with high
flexion (such as a squat). Larger internal rotations in the absence of flexion may not be
captured in clinical assessment, with the potential to miss some impingement with superiorly

located lesions.
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Conclusion

This work has demonstrated the capability of a simple, rapid computational tool for opening
up our understanding of how the combination of multiple bony shape features and motions
during activities influence impingement in the hip joint. Insight into the likely depth of
penetration of a cam lesion into the acetabular under multiple activities contributes to our
scientific understanding of the mechanism of cartilage damage. The ability to establish
which activities are more relevant to impingement for different locations of cam lesion

provides insight which can be incorporated into the clinical evaluation of patients.

The more ambitious use of the tool for planning of surgical bone removal will require the
streamlining of patient-specific shape extraction from imaging, model sensitivity testing,
evaluation and possibly expansion of the hip activity database, as well as validation of the
impingement predictions at an individual patient level. These aspects will form the next stage

of this work.
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