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Abstract Femoroacetabular impingement (FAI) causes
abnormal contact at the anterosuperior aspect of the ace-
tabulum in activities requiring a large hip range of motion
(ROM). We addressed the following questions in this
study: (1) Does FAI affect the motions of the hip and pelvis
during a maximal depth squat? (2) Does FAI decrease
maximal normalized squat depth? We measured the effect
of cam FAI on the 3-D motion of the hip and pelvis during
a maximal depth squat as compared with a healthy control
group. Fifteen participants diagnosed with cam FAI and 11
matched control participants performed unloaded squats
while 3-D motion analysis was collected. Patients with FAI
had no differences in hip motion during squatting but had
decreased sagittal pelvic range of motion compared to the
control group (14.7 £ 8.4° versus 24.2 £+ 6.8°, respec-
tively). The FAI group also could not squat as low as the
control group (41.5 + 12.5% versus 32.3 + 6.8% of leg
length, respectively), indicating the maximal depth squat
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may be useful as a diagnostic exercise. Limited sagittal
pelvic ROM in FAI patients may contribute to their
decreased squatting depth, and could represent a factor
amongst others in the pathomechanics of FAI

Level of Evidence: Level III, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Femoroacetabular impingement (FAI) is an increasingly
recognized cause of hip pain in young, active adults [1, 40]
and is believed to be a cause of hip osteoarthritis (OA) [10,
12, 21, 25, 38, 39]. In fact, in a study by Tanzer and
Noiseux [38], all 125 hips with idiopathic OA had a pistol-
grip deformity, which is indicative of cam FAI. There are
two types of FAI both of which are defined by an anatomic
abnormality of the acetabulum and/or the proximal femur
that causes abnormal contact at the hip, primarily at the
anterosuperior acetabular rim. Pincer impingement is
related to overcoverage of the acetabulum, such as with
acetabular retroversion and coxa profunda [18]. Cam
impingement is caused by increased bone volume at the
femoral head-neck junction, most commonly in the anter-
osuperior region [2, 14, 22, 26]. Increased bone volume at
the femoral head-neck junction causes impingement
between the acetabulum and the proximal femur. Activities
requiring large hip flexion cause the anterosuperior femoral
head to roll into the acetabulum, but in patients with cam
FAI the bulge on the femoral head-neck junction is also
forcefully rolled into the peripheral acetabulum [10]. This
causes shear forces which can produce an “outside-in”
abrasion of the acetabular cartilage combined with a
potential tearing of the articular cartilage from the
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acetabular labrum in the anterosuperior rim of the acetab-
ulum [10]. This damage occurs at the limits of hip range of
motion (ROM) during assisted flexion, internal rotation,
and adduction [15, 24]. Many common daily activities,
such as prolonged sitting, squatting, stair climbing, and
athletic activities requiring a large ROM, produce hip pain
in people with FAI [4, 10, 21, 24, 40]. This pain is thought
to occur after the onset of cartilage damage caused by
“outside-in” damage of the acetabular labral-chondral
junction [2].

Cam impingement is most common in relatively young
athletes [10, 11, 14, 28] who perform activities requiring
extreme ROM of the hip that exacerbate the condition. The
maximal depth squat is a controlled movement requiring a
large ROM of the hip and pelvis, approaching the maximal
hip ROM in people with FAI [9, 13, 20, 32, 34, 37, 41, 42].
Furthermore, squatting closely reproduces the movements
required for sitting in a low chair which has been reported
to cause hip pain in patients with FAI [21]. This makes it
likely that the FAI condition will affect maximal depth
squats. Being a demanding movement, maximal depth
squatting acts as an appropriate test for lower limb func-
tionality, which could be useful for diagnosis [9, 13].
Finally, although deep squatting is not itself a common
daily activity, it is a component of frequent activities, such
as tying shoes, getting in and out of cars, and getting on and
off toilet seats all of which are relevant for the affected
population.

This study addressed the following questions: (1) Does
FAI affect the 3-D motion of the hip and pelvis during a
maximal depth squat? (2) Does FAI decrease maximal
normalized squat depth?

Materials and Methods

We recruited 32 volunteers for this study: 16 diagnosed
with cam FAI and 16 control participants matched by age,
gender, and body mass index. We analyzed patients only
with cam FAI to prevent there being multiple independent
variables. The sample size was determined from a power
analysis using pilot data from the first 10 volunteers (five
FAI and five control participants) to determine the effect
size and with squat depth as the key dependent variable. A
total sample size of 22 was calculated using G¥POWER 3

[8] with an alpha value set at 0.05 and minimal power set at
80%. The calculated sample size was the minimum
required number of participants to achieve desired power
based on our pilot data of squat depth, but since we were
looking at other variables as well, a larger sample size was
chosen to maximize the power of the study. The cam
impingement participants were recruited after having a
positive impingement test and visible cam morphology on
anteroposterior and Dunn view radiographs [7, 21, 27, 35].
The alpha angle of Notzli et al. [30] was measured on each
hip, with a value greater than 50.5° diagnostic of cam-type
FAI Matched control participants were recruited from the
Ottawa region using online advertising and through inter-
action with various community groups. They had no
history of serious lower limb injury or surgery and had
spherical femoral heads, which were assessed by an AP
radiograph [27]. Participants from both groups were
excluded if hip osteoarthritis was visible on the radiographs
or if they had substantial hip joint space narrowing. All FAI
patients had only one symptomatic hip. We excluded five
of the 16 recruited control participants: three had at least
one aspherical femoral head based on an AP radiograph,
and the other two could not have the required screening
radiographs. One of the patients with FAI was excluded
due to the presence of hip osteoarthritis. This left 11 con-
trol participants and 15 FAI participants (Table 1). All
participants filled out a WOMAC [3] questionnaire. Before
participating in the study, which was approved by the
Ottawa Hospital Research Ethics Board and the University
of Ottawa Health Sciences and Science Research Eth-
ics Board, all participants signed an informed written
consent.

The 3-D motions involved with squatting were recorded
with seven Vicon® MX-13 cameras (Vicon, Los Angeles,
CA) at 200 Hz with retroreflective markers placed on
anatomic landmarks according to a modified Helen-Hayes
marker set [16] with additional greater trochanter, medial
knee, and medial ankle markers to enhance joint center
determination accuracy and upper body markers for dis-
play purposes only (Fig. 1). A height-adjustable bench was
used to control squat depth acting as a maximal depth
indicator.

For the squat, the participants stood with their feet
10 cm directly in front of the height-adjustable bench.
Bench height was lowered to 5 of the participant’s tibial

Table 1. Descriptive characteristics of femoroacetabular impingement and control participants

Condition Participants Age (years) Body mass index (kg/m?) WOMAC (%) Flexibility (cm)
Control 11 (6 men) 34.5 + 10.1 23 +£22 99.9 + 0.3 29.8 + 6.7
Cam FAI 15 (9 men) 353 +09.1 234 +£22 755 £ 15.7 219 + 64

Values are expressed as mean =+ standard deviation.
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Fig. 1 An instrumented participant performs a maximal depth squat
with feet positioned in front of the height-adjustable bench, which is
lowered to Y5 tibial height.

height, acting as both a maximal depth indicator and a
safety mechanism to prevent falling backwards (Fig. 1).
Participants were asked to stand with feet shoulder width
apart, parallel to each other, and facing anteriorly. Starting
from standing, participants were asked to extend both arms
anteriorly [13], squat down to a maximal depth, and return
to a standing position at a self-selected and controlled pace
[31], maintaining heel contact throughout the movement.
Extending both arms anteriorly prevented the temptation to
use them for support during the squat and helped with
balance during the maneuver. If participants could squat
down to the maximal depth, they were told to only touch
their buttocks to the bench without transferring any weight
and then to ascend back to a standing position. All par-
ticipants performed five squat trials, and the hip and pelvic
motions and peak squat depth were calculated for each
(Fig. 2).

Lower limb 3-D motions were calculated according to
the methods explained by Kadaba et al. [16, 17] and Davis
et al. [5] using Vicon™ Workstation processing software.
Hip joint angles were based on local Euler coordinate
systems as defined by the aforementioned studies, and
pelvic angles were measured relative to a global coordinate
system. Joint and segment angles were zeroed based on
each participant’s neutral position as determined by a
standing static trial where feet were parallel and facing
anteriorly approximately shoulder width apart.

- -FAl
— Control

25 Pelvic Incline  Pelvic Recline Pelvic Incline

20 | MAX Squat Depth

p=0.005

Angle (deg)

% Squat Cycle

Fig. 2 Mean pelvic pitch of the control group (solid line) and FAI
group (dotted line) was plotted during maximal depth squat with
vertical lines representing standard deviation. The control group had a
higher range of pelvic pitch (p = 0.005) than the FAI group.

Squat motion variables consisted of the peak hip angle
in each plane at maximal squat depth, the peak 3-D pelvic
angles during descent, ascent, and at peak depth, the total
pelvic ROM in each plane, and the maximal attained squat
depth. The 3-D hip angles were only assessed at maximal
squat depth because they tended to only have one peak,
which occurred at peak squat depth. The 3-D pelvic
angular displacements, however, tended to have a peak
during descent, peak squat depth, and again during ascent.
Peak squat depth was defined as the lowest point the hip
joint centers reached during the squat divided by the par-
ticipant’s total leg height, which was the averaged linear
distance from the left and right medial malleoli to their
respective anterior superior iliac spine. All five individual
squat trials were averaged, and ensemble averaged for each
group.

All dependent variables were tested for normality and
had skewness and kurtosis values ranging between —1.5
and +1.5, indicating normally distributed data. Differences
in maximal hip angular displacement in each plane at peak
squat depth and in peak pelvic angles during descent,
ascent, and peak squat depth, as well as at total pelvic
ROM in each plane between the control and cam FAI
groups, were determined using one-way between-subjects
analysis of variances (o = 0.05). When we identified sig-
nificant differences (p < 0.05) in the aforementioned
dependent variables between the two groups we also per-
formed an analysis of covariance run with squat depth
included as a covariate. This was to ensure the differences
in joint motions resulted from the presence or absence of
cam FALI, rather than from discrepancies in squat depth. All
calculations were processed using SPSS 15.0 software
(SPSS Inc, Chicago, IL).
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Results

The FAI group had a decreased (p = 0.005) sagittal pelvic
ROM of 14.7 £ 8.4° (mean =+ standard deviation) com-
pared to 24.2 4+ 6.8° in the control group (Fig. 2). When
squat depth was included as a covariate, mean sagittal
pelvic ROM remained reduced (p < 0.01) in the FAI group
compared to the control group. However, there were no
differences in any of the 3-D hip angles at maximal squat
depth.

The control group also squatted to a lower (p = 0.037)
mean maximal squat depth of 32.3 £ 6.8% of leg length,
compared to the 41.5 £ 12.5% attained by the FAI group.
Only five participants from the FAI group (33%) reached
the lowest attainable squat depth compared to 10 controls
(91%), as indicated by buttocks contact with the height-
adjustable bench.

Discussion

This study evaluated squat motion since it is an important
component of daily activities and a valuable indicator of
lower limb mobility [9, 13]. As mentioned previously, the
maximal depth squat is a relatively demanding activity
that requires a high level of hip mobility [9, 13], and our
results suggest it also requires a large sagittal ROM of the
pelvis.

There are some limitations inherent to joint kinematic
studies resulting from generic calculations, marker mis-
placements [6], joint center determination, and skin or
clothing artefacts [23, 33]. However, precautions were used
to minimize the potential errors caused by these limita-
tions. All marker placements were performed by the same
investigator (MK), which decreased interparticipant vari-
ability [6]. According to Della Croce et al. [6] the intra-
observer 3-D variability in the placement of anterior
superior iliac spine markers—which were the primary
reference markers for hip joint center calculations—was up
to two centimeters. This would inevitably affect the
determination of hip joint center location and thus the
calculated hip angles. Although, since the same variability
of marker positions was common to both groups the sys-
tematic error was minimized. Furthermore, the primary
effect of misplaced markers is an incorrect joint offset,
which was corrected by zeroing all joint angles based on a
neutral static trial. Finally, participants wore skin-tight
clothing to minimize trunk and pelvic clothing artifacts,
and the slow controlled nature of the squatting movement
minimized skin artifacts [23]. A further limitation was
posed by only analyzing the squat maneuver. This may
reduce the extent to which our results may be generalized.
However, this activity was chosen because we believe it
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is an important component of various common daily
activities, and because of its potential in helping to
diagnose FAI. Squatting requires a large sagittal hip and
pelvic ROM that most control participants, but few FAI
patients can fully achieve making it a useful diagnostic
exercise. Finally, any limitations in hip or pelvic mobil-
ity that prevent the accomplishment of maximal squat
depth could be indicative of a general restriction in joint
mobility.

Surprisingly, we observed no differences in any of the
hip motion variables between the impingement group and
the control group. However, we observed more than one
squat strategy in both groups. The majority of both groups
used one modality, but five impingement participants and
two control participants used different techniques. The
main differences occurred in the frontal plane. The domi-
nant strategy consisted of hip abduction throughout the
squat maneuver, whereas the less dominant strategy con-
sisted primarily of hip adduction throughout the maximal
depth squat. Grouping these varying squat strategies
increased variability and may explain the lack of differ-
ences between the two groups.

Perhaps the most important finding was the difference in
the total sagittal pelvic ROM during the maximal depth
squat between the control and FAI groups. Not only was
the pelvic ROM lower in the FAI group, it was also
independent of squat depth. As previously mentioned, all
motion data were zeroed based on a standing trial, so the
values are relative and give no insight on neutral pelvic
orientation. The control group had much more sagittal
pelvic ROM than the FAI group, with an increased incline
during descent and ascent and increased recline at peak
squat depth. The largest difference occurred in recline at
peak depth (Fig. 2). The more the pelvis is reclined, the
less acetabular retroversion occurs, which is associated
with anterior FAI [29, 34-36]. In fact, it has been suggested
pelvic retroversion may be caused by pelvic incline [34].
This indicates pelvic recline orients the acetabulum in such
a way as to minimize contact between the acetabular rim
and the anterosuperior femoral head-neck junction by
decreasing anterior femoral head coverage [19]. Sagittal
pelvic mobility is integral in flexing the torso to maintain
balance and in allowing the large hip flexion angles
essential for deep squats. Since the FAI group had
decreased pelvic pitch in a maximal capacity maneuver
requiring high levels of sagittal pelvic ROM, it is reason-
able to assume cam FAI causes a general decrease in
sagittal pelvic ROM. Reduced sagittal pitch may predis-
pose the hip to premature contact between the proximal
femur and the acetabular rim, especially in movements
requiring high levels of hip flexion.

There was also a difference in maximal squat depth,
with the control group squatting deeper than the FAI group.
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However, as mentioned previously, there were no differ-
ences in hip motion between the two groups. Since pelvic
orientation does not directly contribute to squat depth, it
was not responsible for the discrepancy in squat depth. The
decreased squat depth in the impingement group was likely
attained with a small combined contribution of the hip,
knee, and ankle. Explaining the exact mechanism for the
discrepancy in squat depth is outside the scope of this
study, but decreased maximal squat depth in the cam FAI
population could make maximal squat depth a useful
exercise for diagnosing hip impingement.

The observation of reduced sagittal pelvic ROM in
patients diagnosed with cam FAI provides new insight
regarding the multifactorial nature of FAI It is well-doc-
umented that cam FAI is a result of decreased concavity of
the femoral head-neck junction [2, 14, 22, 26], which
causes jamming of the proximal femur into the acetabulum
[15, 24]. There is further evidence that cam impingement is
caused by decreased femoral anteversion [15], which
reduces femoral neck clearance from the acetabular rim
during hip flexion and internal rotation [15, 24]. However,
the idea that pelvic mobility may also be partially
responsible for the abnormal contact between the antero-
superior acetabulum and the proximal femur is novel.
Decreased sagittal pelvic mobility is an important mani-
festation of cam FAI, which highlights the multifactorial
nature of this condition. Furthermore, it may represent a
key feature in the pathomechanics of FAI and is an area of
ongoing research.

One unresolved issue in FAI is the explanation of
what causes the anatomic abnormality of cam FAI to be
symptomatic in some but asymptomatic in others with
the same hip morphology. Approximately 8% to 12% of
hips with the anatomic variation indicative of cam FAI
are asymptomatic [11, 28, 41]. The prevalence of
asymptomatic FAI is further supported by the fact that
three of our healthy controls were excluded due to the
presence of aspherical femoral heads consistent with
cam-type impingement but had no hip pain or physical
limitations. Since decreased pelvic mobility may be a
contributing factor of symptomatic cam FAI but is not
assessed in current diagnosis, it could provide pathologic
insight into the cause of symptomatic cam FAI. However,
since this study provides no insight on the sagittal pelvic
ROM of asymptomatic patients with decreased femoral
head-neck concavity, no conclusions can be made. Future
research should compare the pelvic mobility of symp-
tomatic and asymptomatic patients with FAI anatomic
variations.
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