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The range of motion of normal hips and hips with femoro-
acetabular impingement relative to some specific anatomic
reference landmarks is unknown. We therefore described:
(1) the range of motion pattern relative to landmarks; (2) the
location of the impingement zones in normal and impinging
hips; and (3) the influence of surgical débridement on the
range of motion. We used a previously developed and vali-
dated noninvasive 3-D CT-based method for kinematic hip
analysis to compare the range of motion pattern, the location
of impingement, and the effect of virtual surgical reconstruc-
tion in 28 hips with anterior femoroacetabular impingement
and a control group of 33 normal hips. Hips with femoro-
acetabular impingement had decreased flexion, internal ro-
tation, and abduction. Internal rotation decreased with in-
creasing flexion and adduction. The calculated impingement
zones were localized in the anterosuperior quadrant of the
acetabulum and were similar in the two groups and in im-
pingement subgroups. The average improvement of internal
rotation was 5.4° for pincer hips, 8.5° for cam hips, and 15.7°
for mixed impingement. This method helps the surgeon

quantify the severity of impingement and choose the appro-
priate treatment option; it provides a basis for future image-
guided surgical reconstruction in femoroacetabular impinge-
ment with less invasive techniques.

The human hip is a ball and socket type of joint with three
degrees of freedom. Any loss of clearance between the
femoral neck and acetabular rim compromises hip excur-
sion. As a clinically concomitant of this concept, femoro-
acetabular impingement occurs when bony prominences of
the femoral head–neck junction (cam impingement) and/or
the acetabular rim (pincer impingement) lead to early con-
tact, causing substantial labral and prearthrotic chondral
damage, particularly in young and active adults.5,6,9,16,19,20

Based on routine clinical examinations, several previ-
ous studies report patients with femoroacetabular impinge-
ment typically have restricted flexion, internal rotation,
and abduction.9,13,19 However, substantial errors in clini-
cal measurements can occur if the examiner fails to rec-
ognize individual tilt or pelvic rotation. Tilt and rotation
are difficult to know or control during an examination and
can vary considerably when the patient is in the supine
position.7,22 A better preoperative assessment of impinge-
ment-free motion and identification of impingement loca-
tion may help the surgeon’s decision-making process for
ascertaining appropriate operative treatment. A complete
surgical dislocation to observe the pathomechanism12 is
unnecessary if the impingement source can be detected
accurately preoperatively. In addition, if the exact amount
of bone to be resected is known preoperatively, less inva-
sive approaches (eg, arthroscopy) can be performed with
higher precision for surgical treatment of femoroacetabu-
lar impingement.

We used previously developed and validated software
for kinematic hip simulation to quantify surgically simu-
lated femoroacetabular osteoplasty to address three ques-
tions: (1) What is the range of motion pattern for assessing
femoroacetabular impingement in impinging hips com-
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pared with normal hips; (2) where is the impingement zone
in hips with anterior femoroacetabular impingement in
comparison to normal hips; and (3) does the range of
motion pattern change after virtual quantified surgical
treatment for femoroacetabular impingement? We hypoth-
esized: (1) hips with anterior femoroacetabular impinge-
ment would have decreased internal rotation for all pos-
sible combinations of flexion and abduction/adduction; (2)
the impingement zones would be localized in the antero-
superior part of the acetabulum; and (3) internal rotation
would increase after virtual surgical débridement for
femoroacetabular impingement.

MATERIALS AND METHODS

We created a virtual 3-D model of the hip using CT scans ac-
quired with a standard helical scanner. We then analyzed indi-
vidual hip motion patterns to simulate quantifiable surgical treat-
ment for femoroacetabular impingement abnormalities. The CT
scan has to cover the pelvis and the proximal and distal parts of
the femur, including the epicondylar area (Fig 1). We used this
volumetric data and a semiautomated intensity thresholding
technique to create a virtual 3-D model of the patient’s hip.

We used two anatomic coordinate systems (one for the pelvis
and one for the femur) to define neutral hip orientation (Fig 1).
The anterior pelvic plane representing the pelvic coordinate sys-
tem was constructed by both anterior superior iliac spines and

the two pubic tubercles.4,22 The femoral coordinate system by
Murphy et al used the posterior aspects of the two femoral con-
dyles, the knee center, and the center of the femoral head.15 The
virtual 3-D model of the patient’s hip and the three 2-D cross-
sectional views were used to locate these anatomic landmarks.
To facilitate accurate position of the rotation center, a virtual
circle was fitted to the contour of the femoral head in the three
2-D cross-sectional views by translating the center of the circle
or by changing its radius. The concavity of the anterior femoral
head–neck junction was quantified by the alpha angle formed
between the axis of the femoral neck and the line connecting the
center of the femoral head with the point of beginning aspheric-
ity according to the measurements of Nötzli et al.17

We applied a previously developed collision detection algo-
rithm8 to the volumetric hip data to compute a comprehensive
range of motion (ROM) analysis with respect to the anatomic
coordinate systems. To exclude undesirable artifacts-related im-
pingement in the acetabular socket area affecting the simulation,
the 3-D contour of the acetabular rim was manually defined. In
addition to the recommended hip motions according to the
guidelines of the American Academy of Orthopaedic Surgeons7

(flexion/extension, abduction/adduction, internal/external rota-
tion, and internal/external rotation in 90° flexion), the software
allows motion patterns for any triaxial combination based on the
previously introduced anatomic coordination systems (Fig 2).
The ROM and location of impingement can be animated for any
pattern.

Two processing modes are possible to provide additional in-
formation about the extension of the individual femoral and ac-
etabular impingement zones. The first mode performs a pre-
defined combined flexion and internal rotation mimicking the
impingement pain test.6 The second requires the user to define
the maximum values for any simulated motion direction. The set

Fig 1. The definition of neutral orientation and visualization of
the reference coordinate systems for the pelvis and femur is
shown. The pelvic reference is the anterior pelvic plane de-
fined by both anterior superior iliac spines (ASIS) and the mid-
point of the pubic tubercles (T). The femoral axis runs through
the hip (H) and the knee center (K) with the intercondylar line
(C) lying parallel to the anterior pelvic plane. The CT scan has
to cover the pelvis and the proximal and distal parts of the
femur, including the epicondylar area (hatched area).

Fig 2. A screenshot of the developed software shows the 3-D
reconstruction of a patient’s hip and the impingement point
(green dot or white circle, respectively) in the current orienta-
tion of 70° flexion, 10° adduction, and 29° internal rotation.
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of resulting impingement zones can be displayed on the acetab-
ular rim and quantified according to a previously described
clockwise manner (Fig 3).19 Stepwise manual adjustments of the
joint motion with simulation of potential impingement zones are
also available.

Quantified surgical acetabular and femoral osteoplasties were
simulated according to current surgical practice.12 Based on the
extension of the acetabular impingement zone on the clock sys-
tem, the acetabular segment to be trimmed was quantified with
the maximum of resected rim depth in millimeters (Fig 3, dis-
tance x). Femoral offset creation was quantified with millimeter
stepwise removal of the nonspherical portion of the femoral
head–neck junction (distance y) with consecutive calculation of
the resulting alpha angle (Fig 3). Distances x and y were chosen
as parameters because they potentially can be used intraopera-
tively to transfer the preoperative computer plan to the operating
room. The angle alpha, in contrast, cannot be measured directly
intraoperatively.

Using the new volumetric data, automatic simulation of the
improved ROM of the reconstructed hip was repeated. The re-
sults were provided in written form to enable the surgeon to
judge whether correction on the acetabular side was adequate or
needed additional modification.

After local Institutional Review Board approval, we then in-
vestigated differences in the ROM patterns between a consecu-

tive series of hips with anterior femoroacetabular impingement
(study group) and a cohort of normal hips (control group). All
patients in the control group were recruited consecutively from
patients treated at an outpatient clinic by one of the authors
(SBM). A diagnosis of hip impingement was based on the cur-
rent recommendations of a positive correlation among symp-
toms, physical findings (particularly a positive impingement
test6), and suggestive 2-D radiographs. The normal group was
selected from the contralateral hips of 146 patients undergoing
CT-based, computer-assisted, image-guided THA. There were
33 normal hips and 28 hips with anterior femoroacetabular im-
pingement (10 with cam type impingement, eight with pincer
impingement, and 10 with mixed abnormalities). The mean pa-
tient age for the study group (35.4 ± 10.4 years; range, 19–49
years) was lower (p < 0.0001) in comparison to the control group
(53 ± 11.1 years; range, 25–74 years). There were more (p <
0.05) men in the femoroacetabular impingement group (24 men,
four women) than the control group (20 men, 13 women).

We distinguished three subgroups in the femoroacetabular
impingement group according to the cause of impingement: the
pincer, the cam, and the combined subgroup. The pincer sub-
group as the acetabular origin included hips with local or general
overcoverage. Local overcoverage was defined by acetabular
retroversion on conventional pelvic radiographs. General over-
coverage comprised hips with radiographic evidence of coxa
profunda or protrusio acetabuli. The cam subgroup included hips
with an aspheric part of the femoral head–neck junction either in
the lateral part of the femoral head (pistol grip deformity) or in
the anterosuperior part of the femoral head–neck junction.

Based on a questionnaire and an anteroposterior pelvic radio-
graph, we formulated specific exclusion criteria for the control
group to exclude hips with morphologic deformities such as
dysplasia or femoroacetabular impingement, osteoarthritis, or
patients with hip pain (Table 1). Because there was no axial
radiograph for the uninvolved hip available, the anterior femoral
head–neck offset was measured on the 3-D reconstructed hip
according to Nötzli et al.17

A previous study showed a mean accuracy of −0.7° in angle
detection of the developed computer program when used on
sawbones.21 In cadaver measurements, the software overesti-
mates the real ROM by 5°.21 There was high intraobserver and

Fig 3. The acetabular segment to be trimmed (top) is quanti-
fied with an overlying clock system (A: beginning, B: end point)
and the maximum depth of the segment in millimeters (x),
which also can be reproduced intraoperatively. The femoral
offset creation (bottom) is quantified with millimeter stepwise
removal of the nonspherical portion of the femoral head-neck
junction (y) with consecutive calculation of the resulting alpha
angle.

TABLE 1. Exclusion Criteria for the Control Group

Category Specific Criteria

Medical history Total hip arthroplasty
Pain
Previous hip surgery

Conventional radiographic Grade 1 osteoarthritis or higher
criteria Lateral center edge (LCE) < 25°

Pistol grip deformity
Coxa profunda
120° < Neck shaft angle < 140°
Acetabular retroversion
Protrusio acetabuli

CT measurements � angle > 50°
Femoral retrotorsion
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interobserver reliability with a minimum intraclass correlation
coefficient of 0.88 for angle detection of the different motions.11

One observer (MKL) analyzed ROM for all patients in both
groups with the software. Internal rotation was studied in 5°
increments between 70° and 110° flexion and in 10° increments
between −20° to 20° adduction. These ranges corresponded to
the motion patterns evaluated in a conventional manual exami-
nation. For each of these patterns, the value of maximum im-
pingement-free motion was computed for both groups and the
three subgroups. We quantified the position of each impinge-
ment point of every possible combination of patterns detected on
the acetabular rim, resulting in approximately 2000 to 4000 im-
pingement points per patient. The distribution of the zones was
virtually documented using the clock system.

The effect of surgical treatment on internal rotation was simu-
lated for acetabular rim trimming and femoral offset creation
only and for a combined treatment. The depth value for acetab-
ular rim trimming was constant with a maximum resection depth
of 3 mm. The extension of the virtually resected acetabular seg-
ment was chosen individually according to the impingement
zone. After manual determination of the extension of the seg-
ment according to the clock system (Fig 3, points A and B), the
computer automatically calculates the resection depth, which can
be entered by the user. The radial cut is finally performed manu-
ally. In cam hips, the goal was to achieve a spherical head
contour with a maximum alpha angle of 50°. This is accom-
plished by manual reshaping of the femoral head–neck junction
with a virtual circle overlaying the patient’s femoral head. The
resulting ROM was compared between the study groups and
among the three impingement subgroups before and after treat-
ment.

We used the Kolmogorov-Smirnov test to determine normal
distributions and paired and unpaired t tests to analyze normally
distributed data. The Wilcoxon rank sum and Mann-Whitney U
tests were used to compare paired and unpaired data without
normal distribution. Fisher’s exact test was used to assess asso-
ciations between categorical variables. Differences among the
three impingement subgroups were analyzed with the Kruskal-
Wallis test. Significance was set at p < 0.05.

RESULTS

Hips with femoroacetabular impingement had decreased
flexion (p < 0.001), internal rotation in 90° flexion (p <

0.001), and abduction (p < 0.001) compared with the con-
trol group (Table 2). There were no differences in adduc-
tion (p � 0.927), external rotation (p � 0.194), or exten-
sion (0.751). The impingement-free combined ROM was
less (p < 0.001) for the femoroacetabular impingement
group compared with the control group for each calcu-
lated pair of motions (flexion, internal rotation, and
adduction/adduction) (Fig 4). Internal rotation decreased
(p < 0.001) for both groups with increased flexion (Fig 4).
Accordingly, increasing adduction to the flexed femur led
to decreased (p < 0.001) internal rotation in both groups
(Fig 4).

The impingement zones were localized in the anterosu-
perior quadrant of the acetabulum for the control and the
impingement groups and did not differ when comparing
the control with the femoroacetabular impingement group
(p � 0.366) (Fig 5A). The average of the impingement
locations was at 1.8 o’clock (standard deviation ± 1.8
hours) for the control group and at 1.9 o’clock (standard
deviation ± 2.1 hours) in the femoroacetabular impinge-
ment group. Among the three impingement subgroups, the
average of the impingement zone was similar in the three
groups: at 1.7 o’clock (standard deviation ± 2.4 hours) in
the cam, at 2.4 o’clock (standard deviation ± 2.4 hours) in
the pincer, and at 1.7 o’clock (standard deviation ± 1.5
hours) in the combined subgroup (Fig 5B).

The virtual surgical resection of the impinging osseous
prominences led to an increase of flexion (p < 0.001),
internal rotation in 90° flexion (p � 0.01), and abduction
(p � 0.02) (Table 2) and for all possible pairs of combi-
nations with the various degrees of adduction for the study
group (p < 0.001). In contrast, extension (p � 0.051),
adduction (p � 0.262), and external rotation in 90° flexion
(p � 0.327) were not affected by reshaping the joint
(Table 2). As a result of virtual surgical reconstruction,
internal rotation approached the reference curve of the
normal group for the various degrees of flexion for all
three subgroups (Fig 6). The average improvement of in-
ternal rotation for pincer hips after rim trimming was 5.4°.
For cam hips, internal rotation increased by 8.5° after vir-

TABLE 2. Ranges of Motion of the Control (n = 33) and Study Groups (n = 28)

Parameter Normal Hips

Femoroacetabular
Impingement
(preoperative)

p
Value*

Femoroacetabular
Impingement

(after reshaping)
p

Value†

Flexion 122° ± 16.3° (103°–145°) 105.2° ± 12.2° (69°–142°) < 0.001 125.4° ± 9.7° (104°–143°) < 0.001
Extension 56.5° ± 20.1° (12°–101°) 61.1° ± 31.8° (15°–129°) 0.751 71.1° ± 26.4° (16°–125°) 0.051
Abduction 63.3° ± 10.9° (40°–85°) 51.7° ± 12.2° (13°–71°) < 0.001 63.6° ± 7.5° (50°–76°) 0.001
Adduction 32.7° ± 12.3° (4°–52°) 34.6° ± 12.3° (17°–64°) 0.927 35.8° ± 15.3° (17°–63°) 0.262
Internal rotation in 90° flexion 35.2° ± 6.9° (11°–61°) 11.1° ± 6.9° (0°–29°) < 0.001 35.8° ± 15.3° (17°–63°) 0.002
External rotation in 90° flexion 102.5° ± 14.2° (75°–131°) 83° ± 33.7° (1°–126°) 0.194 93.9° ± 32.7° (27°–13°) 0.327

*Difference between normal hips and preoperative femoroacetabular impingement hips; †difference between preoperative value and after virtual reshaping
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tual femoral head reshaping. In the femoroacetabular im-
pingement joints with combined impingement, this value
reached 15.7° (10.6° of improvement after acetabular rim
trimming and 5.5° after femoral head reshaping).

DISCUSSION

The 10-year THA failure rates in patients younger than 50
years are substantially higher than in elderly patients.1

Joint-preserving surgery with the aim of avoiding or de-
laying additional degeneration is an attractive alternative.
To date, in addition to classic osteotomies for acetabular
dysplasia, surgical reconstruction of the hip for femoro-
acetabular impingement has been described and evalu-
ated.12,16 The underlying structural abnormalities in femo-
roacetabular impingement can be identified on conven-
tional plain radiographs or 2-D MRI with intraarticular
gadolinium contrast agent (arthro-MRIs).6,9,12,14 How-

ever, although standard static 3-D rendering methods
based on CT scans have been reported,2 there is no inter-
active tool for dynamic investigation and 3-D visualization
of anatomically based determination of the hip ROM and
surgical planning for femoroacetabular impingement.
Clinical measurement of hip ROM is subject to substantial
error as a result of individual pelvic tilt and rotation.

In our computerized simulation, we did not include soft
tissue tension as a limiting factor. Because the computer-
generated analysis is limited to bone–bone impingement,
the analyzed movements can exceed the real values be-
cause structures such as cartilage and labrum were not
simulated. However, in the case of anterior femoroace-
tabular impingement with the relevant motions internal
rotation and flexion, motion is restricted intraoperatively
by bony contact.6 The software can only provide calcula-
tions for concentric hips. If there is advanced osteoarthri-

Fig 4A–B. (A) A graph shows the ROM pattern of the normal
group. (B) The ranges were lower in the impingement group.

Fig 5A–B. (A) A similar distribution of impingement zones be-
tween the normal and the impingement groups is shown. Both
were localized in the anterosuperior quadrant of the acetabu-
lum. (B) There were no differences among the three different
impingement groups.
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tis, the hip center moves and resulting motion consists not
only of a rotation, but also of an additional translation,
which cannot be simulated by our approach. Because ad-
vanced osteoarthritis with joint space narrowing is a rela-
tive contraindication for femoroacetabular impingement
surgery, this limitation does not jeopardize the approach.
Although a reproducibility and reliability study on calcu-
lating the ROM with our software has been published,21

we have not performed an additional intraobserver or in-
terobserver study on virtual reconstruction of the acetabu-
lum and/or the femoral head–neck junction.

We present the developed software as a useful instru-
ment for orthopaedic surgeons to noninvasively analyze
preoperative impingement disorders. Hips with femoro-
acetabular impingement had reduced internal rotation with
different degrees of abduction or adduction when referring
to anatomic-based coordinate systems. Internal rotation
decreased with increasing adduction in normal and im-
pinging hips. The computer-detected impingement loca-
tion on the acetabular rim in the femoroacetabular im-
pingement group had almost identical distribution as in the
control group. The only difference consisted of the earlier
contact in the impingement group. This distribution
matches the reported location of labral and chondral le-
sions in anterior femoroacetabular impingement, support-
ing the theory that joint damage in femoroacetabular im-
pingement occurs at the impingement site.3,19 As a general
rule for clinical routine use, our data suggest eliminating
the femoral source of impingement results in an improve-
ment of 8° internal rotation, and a 3-mm surgical trimming
of the acetabular rim increases the internal rotation by
approximately 5°.

Several authors report computer-based impingement
detection of the hip for similar indications.10,18 Richolt et
al described a method for impingement simulation in hips
with slipped capital femoral epiphyses.18 Kang et al de-
scribed a similar joint simulation for hips with femoroace-
tabular impingement based on MRI.10 In contrast to our
approach, which assumed a fixed rotation center, these
studies used a computer algorithm to increase the impinge-
ment-free motion by changing the rotation center.10,18 If
an unphysiologic impingement was detected, the virtual
model of the femur was translated until it no longer col-
lided with the pelvis assuring a more or less constant joint
space width. Although such an approach may be feasible
for obvious joint abnormalities (eg, slipped capital femoral
epiphysis), it potentially can result in errors of ROM cal-
culation in hips with slight deformities (eg, in a cam-type
joint abnormality) because the aspheric portion of the
femoral head could be underestimated. Unfortunately,
none of these authors reported validation studies. Our ap-
proach with a fixed rotational center (the femoral head

Fig 6A–C. (A) A graph shows the effect of rim trimming on the
resulting ROM in hips with pincer impingement. The depth of
the virtually resected acetabular segment was constant (3
mm). (B) A graph shows the effect of reconstructing a normal
femoral head–neck offset in hips with cam impingement. The
goal of the virtual reshaping was to create an alpha angle of
50°. (C) The effect of virtual reshaping in hips with combined
femoroacetabular impingement is shown.
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center) and tracked acetabular rim could be a fast and
accurate method.

Our computerized analysis matches well with previ-
ously reported clinical data on ROM of hip impinge-
ment,5,9,13,19,20,23 (Table 3) emphasizing the potential of
this noninvasive method for routine clinical use. However,
we have not confirmed any correlation between clinical
and anatomically based virtual measurement of hip ROM.

It would be desirable to use routinely performed arthro-
MRIs14 for 3-D simulation of impingement instead of the
CT used in this study. Additional radiation exposure and
costs for the patient could be reduced. In addition, impor-
tant soft tissue structures like labral and chondral lesions
could be correlated directly with the location of impinge-
ment. However, segmentation based on MRI is difficult
because it must be performed manually and is more time-
consuming than established semiautomatic segmentation
techniques based on CT. The restricted field of view is
also limited to the hip. Important anatomic landmarks
(particularly the distal femoral or the contralateral pelvic
reference points) cannot be digitized in the data volume.

This computer-assisted noninvasive method is a novel
approach to pathoanatomic mechanical hip problems. It
may help the surgeon quantify the severity of impingement
and provide guidance in choosing the appropriate treat-
ment option. Because femoroacetabular impingement is
not yet familiar to patients, and some may be unfamiliar
with their hip disorders, a more logical observation of the
pathomorphologic features will improve their understand-
ing. In addition, clinical validation of our method is nec-
essary to support its use. This approach is the basis for
future techniques in which navigated instruments will al-
low intraoperative execution of previously planned osteo-
plasties. This could be combined with less invasive tech-
niques such as hip arthroscopy23 or techniques using
smaller incisions without full surgical dislocation of the hip.
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