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Decreasing pelvic incidence is
associated with greater risk of
cam morphology

W. Z. Morris, Objectives

C. A. Fowers, The spinopelvic relationship (including pelvic incidence) has been shown to influence pelvic
R.T. Yuh, orientation, but its potential association with femoroacetabular impingement has not been
J. ). Gebhart, thoroughly explored. The purpose of this study was to prove the hypothesis that decreasing
M. J. Salata, pelvic incidence is associated with increased risk of cam morphology.

R. W. Liu Methods

Two matching cohorts were created from a collection of cadaveric specimens with known
Case Western Reserve  pelvic incidences: 50 subjects with the highest pelvic incidence (all subjects > 60°) and 50
University, Cleveland,  subjects with the lowest pelvic incidence (all subjects < 35°). Femoral version, acetabular
Ohio, United States version, and alpha angles were directly measured from each specimen bilaterally. Cam mor-
phology was defined as alpha angle > 55°. Differences between the two cohorts were anal-
ysed with a Student’s t-test and the difference in incidence of cam morphology was assessed
using a chi-squared test. The significance level for all tests was set at p < 0.05.

Results

Cam morphology was identified in 47/100 (47%) femurs in the cohort with pelvic incidence
< 35°andin only 25/100 (25%) femurs in the cohort with pelvic incidence > 60° (p = 0.002).
The mean alpha angle was also greater in the cohort with pelvic incidence < 35° (mean
53.7°,sD 10.7° versus mean 49.7°, sp 10.6°; p = 0.008).

Conclusions

Decreased pelvic incidence is associated with development of cam morphology. We propose
a novel theory wherein subjects with decreased pelvic incidence compensate during gait
(to maintain optimal sagittal balance) through anterior pelvic tilt, creating artificial anterior
acetabular overcoverage and recurrent impingement that increases risk for cam morphology.
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overcoverage and an increased risk of
impingement.

Strengths and limitations

This large cadaveric study permits
unique evaluation of the anatomic con-
tribution of pelvic incidence on cam
morphology.

Cadaveric studies do not provide clinical
or kinematic data.

VOL. 5, NO. 9, SEPTEMBER 2016

387



388 W. Z. MORRIS, C. A. FOWERS, R. T. YUH, J. J. GEBHART, M. J. SALATA, R. W. LIU

Introduction
Investigation of risk factors that predispose patients to
femoroacetabular impingement (FAI) have focused on
morphological parameters about the hip including rela-
tive femoral or acetabular retroversion2 and slipped
capital femoral epiphysis (SCFE).3# However, little atten-
tion has been paid to the influence of sagittal balance of
the spine and the spinopelvic relationship on the devel-
opment of FAL

The spinopelvic relationship is determined by both
morphologic and functional parameters which combine
to influence the kinematics of the hip. The goal of this
relationship is highlighted by Lazennec, Brusson and
Rousseau® who illustrated that the spinopelvic relation-
ship uses a postural strategy in order to maintain sagittal
balance by positioning the centre of gravity of the trunk
such that it is supported by the femoral heads relative to
the pelvic base. This strategy allows for the most eco-
nomical standing posture® and relies on interplay
between lumbar lordosis (LL) and pelvic incidence.

Pelvic incidence (PI), a static, position-independent sac-
ropelvic parameter introduced by Legaye et al,” is defined
as the angle formed between the line perpendicular to the
sacral plate at its midpoint and the line connecting this
point to the axis of the femoral heads (Fig. 1). Legaye et al”
introduced this concept and also demonstrated its close
association with lumbar lordosis. Boulay et al® further
examined the relationship between Pl and LL and found a
direct association wherein subjects with lower Pl had a
lower LL in the upright position. While Pl is a static, posi-
tion-independent sacropelvic parameter, it is composed of
two positional parameters, pelvic tilt and sacral slope (Fig.
1), which may change dynamically in response to postural
changes to maintain sagittal balance. Pelvic tilt is defined
as the angle between the vertical line and the line connect-
ing the midpoint of the sacral plate and the femoral axis.”
Previous work has demonstrated that pelvic tilt may act as
a compensatory mechanism in the PI-LL relationship.
Furthermore, in patients with increased Pl (and conse-
quently increased LL), posterior pelvic tilt occurs in order
to maintain sagittal alignment.®

Given the evidence that the body posturally compen-
sates to maintain appropriate LL, we hypothesised that
patients with lower Pl (and consequently lower LL) would
compensate to maintain sagittal balance by increasing
anterior pelvic tilt (and consequently increasing LL),
causing relative anterior acetabular overcoverage of the
hip. Anterior pelvic tilt has previously been shown to
cause this overcoverage and decrease the hip range of
motion prior to impingement.'® Although the aetiology
of cam remains unclear, a theoretical model recently
revealed that recurrent mechanical impingement could
lead to growth plate alterations and development of
cam.'" Growth plate alterations have subsequently been
identified prior to cam development in adolescents.!2-14
Relative anterior acetabular overcoverage (as a

Fig. 1
Illustration of a lateral view of the pelvis and lumbar spine demonstrating the
non-positional sacropelvic parameter, pelvic incidence (PI), and its positional
components, sacral slope (SS) and pelvic tilt (PT). Pl is defined as the angle
formed between the line perpendicular to the sacral plate at its midpoint and
the line connecting this point to the axis of the femoral heads. PT is defined
as the angle between the vertical and the line connecting the midpoint of
the sacral plate and the femoral axis. SS is defined as the angle between the
superior plate of ST and a horizontal line.

consequence of low pelvic incidence) would similarly
increase the risk for repetitive mechanical impingement,
and could subsequently lead to cam formation through
this mechanism. A preliminary study supported this the-
ory as it demonstrated that patients with bilateral cam
morphology had lower PI than matched controls.’s
However, this study was limited by a small sample size
(20 specimens with bilateral cam morphology) and did
not examine the potential association of femoral version
in cam morphology. The purpose of our study was to fur-
ther validate the relationship between low Pl and the inci-
dence of cam morphology and to propose a novel theory
of a kinematic mechanism through which femoroacetabu-
lar impingement may occur in patients with low PI.

Materials and Methods

For our investigation, we used cadaveric pelvises and
femurs from the Hamann-Todd Osteological Collection.
The collection is comprised of approximately 3000 well-
preserved, disarticulated skeletons obtained between
1912 and 1938 from the unclaimed dead of Cleveland-
area morgues. We identified two cohorts from a pool of
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598 randomly selected skeletons for whom Pl was previ-
ously measured (see below). All specimens were in good
condition and any specimens with evidence of deformity
or fracture were excluded from this study. The two cohorts
consisted of: 50 pelvises with the lowest measured PI of
the sample population (all specimens with Pl < 35°) and
50 pelvises with the highest measured Pl of the sample
population (all specimens with Pl > 60°) within the group.

Acetabular version and Pl were previously measured in
the nearly 600 specimens in a standardised fashion after
reassembling the pelvises in a method previously
described in other osteological studies.?>-18 The two hemi-
pelvises were re-attached to the sacrum with rubber
bands with a 12 mm piece of foam used to represent the
cartilage of the pubic symphysis (Fig. 2). The sacroiliac
joints were visually inspected to confirm congruous
reconstruction. Reassembled specimens were all placed
with the anterior superior iliac spines and pubic crest rest-
ing on the laboratory table in order to establish the ana-
tomic frontal plane of the pelvis.’¢19 The central acetabular
version was measured for each of the 200 hips (100 hips
per cohort) as the complement to the angle formed
between the laboratory table (representing the horizontal
plane) and a line connecting the anterior and posterior
ridges of the acetabulum using a goniometer (Prestige
Medical, Northridge, California) (Fig. 2). The measured
acetabular version (AV) was therefore referenced from the
perpendicular to the anatomic frontal plane of the pelvis.
Attention was then moved to determination of pelvic inci-
dence. After reassembly, pelvises were repositioned to
rest on the sacrum and ischial tuberosities. A quilter’s
ruler (Dritz, Spartanburg, South Carolina) was then used
to mark both the centre and the slope of the ST endplate.
Standardised direct lateral photographs were obtained of
the pelvis with the ruler in place. All images were pro-
cessed and angles measured using Image | software
(National Institutes of Health, Bethesda, Maryland). A
best-fit ellipse was drawn to fit the acetabular rim. Pelvic
incidence was then measured based on the technique by
Legaye et al” as the angle formed between a line perpen-
dicular to the midpoint of the sacral endplate and a line
connecting the centre of the sacral endplate and the cen-
tre of the best-fit ellipse of the acetabular rim (Fig. 3). It is
important to note that the relationship between the sacral
endplate and the acetabulum is static and will not change
regardless of the position of the pelvis in space. Therefore,
pelvic incidence is a static measurement that is independ-
ent of the position of the pelvis.

Each femur was then individually assessed by two
authors to determine femoral version and alpha angle.
Authors were blinded with regard to whether the femora
pertained to the “high” or “low” pelvic incidence groups.
Femoral anteversion was measured using the Kingsley-
Olmsted method.?%2" This method involves placement of
the femurs in a standardised position with the posterior
aspect of the greater trochanter and distal femoral condyles

Fig. 2
Measurement of acetabular version. The central acetabular version (AV) is
defined as the complement to the angle formed between the horizontal plane
(represented by the laboratory table) and a line connecting the anterior and
posterior ridges of the acetabulum.

Fig. 3

Measurement of pelvic incidence (PI), which was defined as the angle formed
between a line perpendicular to the midpoint of the sacral endplate and a
line connecting the centre of the sacral endplate and the centre of the best-fit
ellipse of the acetabular rim. The best fit ellipse of the acetabular rim serves as
a surrogate marker of the femoral head axis.

resting on wood blocks. A digital axial photograph is then
obtained from a craniocaudal view of the femur. The
angle of anteversion is defined as the intersection of the
plane of the full length of the femur (connecting the pos-
terior aspects of the condyles to the posterior aspect of the
greater trochanter) and the axis of the femoral neck. Alpha
angle was measured for each femur based on a modifica-
tion of the technique originally described by Notzli.??:23
Specimens were placed in the above-mentioned stand-
ardised position and photographs were taken in an angled
craniocaudal view perpendicular to the femoral neck.
Image | was then used to place a best-fit circle over the
femoral head and a line representing the centre of the
femoral neck axis. The alpha angle is defined as the angle
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Fig. 4

Measurement of alpha angle (a)), which is defined as the angle formed by the
line representing the femoral neck axis to the centre of the femoral head and a
line from the centre of the femoral head to the point where femoral head-neck
junction exits a best-fit circle around the femoral head.

formed by the line representing the femoral neck axis to
the centre of the femoral head and a line from the centre
of the femoral head to the femoral head-neck junction
(Fig. 4). Specimens were considered to have cam mor-
phology with an alpha angle > 55°.1215

Statistical analysis. All statistical analyses were performed
with SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for
Windows, Version 22.0. IBM, Armonk, New York). Pelvic
incidence, acetabular version, femoral version, and alpha
angle measurements among the specimens were charac-
terised with descriptive statistics. Additionally, differences
between the cohorts in acetabular version, femoral ver-
sion, and alpha angle were compared using Student’s
t-tests. The incidence of cam morphology between the
two groups was compared using a chi-squared test. The
significance level for all tests was set at p < 0.05.

Inter- and intra-observer agreement was determined
for each variable through measurement of 20 specimens
by the initial assessor and an additional assessor. The
intraclass correlation coefficient for inter- and intra-
observer reliability was then calculated. The values were
interpreted as follows: < 0.40 was considered poor, 0.40
to 0.59 was considered fair, 0.60 to 0.74 was considered
good, and > 0.74 was considered excellent.?425

Results

Femurs from the cohort of 50 pelvises (100 hips) with the
lowest pelvic incidence (< 35°) demonstrated an
increased mean alpha angle (53.7; sb 10.7) compared
with the cohort of 50 pelvises with the highest pelvic inci-
dence (all specimens > 60°;, mean alpha angle 49.7;
sD 10.6; p = 0.008). We also examined conventionally
held pelvic parameters believed to be associated with
cam morphology: femoral and acetabular version. There
was no statistically significant difference between mean
femoral version of the cohort with lower pelvic incidence
(10.4°, sD 9.6°) compared with the cohort with higher

pelvic incidence (9.7°; sD 9.5°%; p = 0.631). There was a
trend towards relative acetabular retroversion in the
cohort with lower pelvic incidence (17.0°%; sD 6.2° versus
18.9°; sD 7.2°), but analysis revealed that this difference
fell just outside of significance (p = 0.05). Furthermore,
when the subjects were re-categorised to those with and
without cam morphology, there was no significant differ-
ence in acetabular version in those subjects with cam
morphology (n = 72; 18.4°; sD 6.9°) compared with
those without cam (n=128; 17.7°;, sD 6.7°; p = 0.443).
The data were separately analysed for the incidence of
cam morphology (defined as alpha > 55°). Interestingly,
although the mean difference in alpha angle between the
groups with low and high pelvic incidence was small
(53.7; sp 10.7 and 49.7; sp 10.6, respectively), analysis
revealed that there was a greater incidence of cam mor-
phology in the cohort with low pelvic incidence (47/100,
47%) compared with the cohort with high pelvic inci-
dence (25/100, 25%). This difference was found to be
significant using a chi-squared test (p = 0.002).
Inter- and intra-observer agreement. A total of 20 femurs,
acetabula, and pelvises were remeasured by two authors
(WZM, CAF). The intraclass correlation coefficient showed
excellent inter-observer agreement between the two
authors for alpha angle (0.81), pelvic incidence (0.91),
femoral version (0.98), and acetabular version (0.88)
measurements. The intraclass correlation coefficient also
demonstrated excellent intra-observer agreement for
alpha angle (0.94), pelvic incidence (0.95), femoral ver-
sion (0.95), and acetabular version (0.96).

Discussion
Femoroacetabular impingement is increasingly recog-
nised as a cause of hip pain in adolescents and young
adults. Studies of symptomatic individuals with femo-
roacetabular impingement syndrome have revealed that
relative femoral and acetabular retroversion are risk fac-
tors for symptomatic disease. While there has been exten-
sive investigation of these pelvic parameters, only a
preliminary study has investigated the potential role of
pelvic incidence and sagittal spinal balance as a risk factor
for development of cam morphology.'>

Using a separate, expanded cohort of specimens, our
current study confirmed the finding that decreased pelvic
incidence is associated with increased risk of cam mor-
phology. The mean alpha angle and the incidence of cam
morphology were both significantly increased in the
cohort with low pelvic incidence. In contrast to the pre-
liminary study which contained 20 specimens per cohort,
our follow-up expanded the cohorts to 100 hips per
group (a total of 200 hips) and also examined the most
commonly associated risk factors for FAl: femoral and ace-
tabular version. We further demonstrated that there was
no statistically significant difference between the cohorts’
mean femoral or acetabular version, though the cohort
with low pelvic incidence trended towards relative
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(d) M

Fig. 5

Proposed kinematic mechanism for pelvic incidence influencing hip impinge-
ment. Top row: Pelvic orientation and lumbar lordosis corresponding to
normal (a), low (b), and high (c) pelvic incidence. Bottom row: Proposed
compensatory pelvic tilt in order to maintain appropriate sagittal balance
and normalise lumbar lordosis. The pelvis with normal pelvic incidence (d) is
static. The pelvises with low (e) and high (f) pelvic incidence normalise their
lumbar lordosis through anterior and posterior pelvic tilt, respectively.

acetabular retroversion (consistent with the previous
study). Low pelvic incidence has previously been associ-
ated with acetabular retroversion.2¢6 However, when we
recategorised our subjects to those with or without cam
morphology, there was no difference in acetabular ver-
sion between the groups. We consequently believe that
the changes seen in incidence of cam are reflective of the
differences in pelvic incidence.

We believe that the association between decreased
pelvic incidence and cam morphology is based on the
spinopelvic postural changes the body performs to main-
tain sagittal balance. Previous studies, primarily in the
spine literature, have demonstrated that the body effects
postural changes in order maintain the centre of gravity
of the trunk so that it is supported by the femoral heads
relative to the pelvic base.>27 Studies have also revealed a
direct relationship between pelvic incidence and lumbar
lordosis® and that the body posturally compensates for

higher lumbar lordosis with posterior pelvic tilt.°
Yoshimoto et al° illustrated radiographically that this pos-
terior pelvic tilt caused relative acetabular undercoverage
and an increased risk for hip osteoarthritis. We propose
that the converse is also true: in patients with decreased
pelvic incidence (and consequently decreased lumbar
lordosis), the body affects the same postural strategy to
optimise lumbar lordosis through anterior pelvic tilt.

As illustrated in Figure 5, we propose that compensa-
tory pelvic tilt may lead to relative acetabular over- or
undercoverage. In patients with elevated pelvic incidence,
there is increased lumbar lordosis and a postural strategy
to decrease lordosis through posterior pelvic tilt. This pos-
terior tilt causes relative acetabular undercoverage, similar
to a dysplastic hip, and has been associated with increased
risk of osteoarthritis.® Conversely, in patients with
decreased pelvic incidence, there is decreased lumbar lor-
dosis and a postural strategy to increase lordosis through
anterior pelvic tilt. Anterior pelvic tilt has been shown to
cause relative anterior acetabular overcoverage and
increase the risk of mechanical femoroacetabular impinge-
ment with hip flexion and internal rotation.'® A theoretical
model suggested that recurrent mechanical impingement
could lead to growth plate alterations and development of
cam," findings which have been reinforced by recent
studies demonstrating that adolescents develop concur-
rent growth plate changes and cam morphology.'#4
Although we have no kinematic data from our cadaveric
subjects, this hypothesis is consistent with the increased
incidence of cam morphology seen in the cohort with
decreased pelvic incidence.

There are two significant limitations to our study. The
first limitation is the use of disarticulated cadaveric speci-
mens without soft tissues or cartilage. This required us to
reassemble hemipelvises and sacra into a pelvic ring
using a standard piece of foam to represent the pubic
symphysis. This creates the potential for inaccuracies in
pelvic orientation and consequent errors in our measure-
ments. However, we methodically recreated the pelvic
ring in a standardised fashion using a previously pub-
lished technique’-17 to minimise the errors in reproduc-
tion of the ring. This resulted in acetabular version
measurements that fell within the range of population
norms of approximately 15° to 20°.282° The measure-
ment of pelvic incidence was also based on a direct lat-
eral photograph of the pelvic ring, mimicking the view of
a lateral radiograph. This required us to reference the
femoral head axis from the centre of a best-fit ellipse of
the acetabulum. Although there may be slight positional
differences between these anatomic landmarks, a large
cadaveric study using the Hamann Todd osteological col-
lection3® recently revealed that this measurement tech-
nique provided pelvicincidence measurements consistent
with the other published literature.3' Consequently, we
believe our technique provides a faithful recreation of the
pelvic ring. Furthermore, it is important to emphasise
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that pelvic incidence is a static pelvic parameter and does
not change depending on the orientation of the pelvis in
space. Therefore, a faithful reconstruction of the pelvis
provides accurate pelvic incidence measurement regard-
less of the manner in which the pelvis is oriented in space.
The second major limitation of the study is the absence of
clinical data from our subjects. We have no way of know-
ing whether any of these subjects had symptomatic FAI
during life or whether decreased pelvic incidence has any
association with increased symptomatic FAl. We are also
unable to obtain any functional radiographic data to
demonstrate this kinematic theory of compensatory rela-
tive anterior acetabular overcoverage.

In conclusion, our study further supports the associa-
tion between decreased pelvic incidence and increased
risk of cam morphology. We have proposed a novel kin-
ematic mechanism through which decreased pelvic inci-
dence (and consequent compensatory postural changes
for sagittal balance) may lead to anterior pelvic tilt, rela-
tive anterior acetabular overcoverage, and recurrent
mechanical impingement which increases the risk for
cam morphology. Identification of potentially modifiable
risk factors such as pelvic tilt may provide avenues for
conservative management of these risk factors through
treatments such as postural modifications with physical
therapy. Further studies are needed in a clinical setting to
investigate this association in patients with symptomatic
femoroacetabular impingement.
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