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Abstract

Background Many two-dimensional (2-D) radiographic
views are used to help diagnose cam femoroacetabular
impingement (FAI), but there is little consensus as to which
view or combination of views is most effective at visual-
izing the magnitude and extent of the cam lesion (ie, se-
verity). Previous studies have used a single image from a
sequence of CT or MR images to serve as a reference
standard with which to evaluate the ability of 2-D radio-
graphic views and associated measurements to describe the

severity of the cam lesion. However, single images from
CT or MRI data may fail to capture the apex of the cam
lesion. Thus, it may be more appropriate to use measure-
ments of three-dimensional (3-D) surface reconstructions
from CT or MRI data to serve as an anatomic reference
standard when evaluating radiographic views and associ-
ated measurements used in the diagnosis of cam FAIL

Questions/purposes The purpose of this study was to use
digitally reconstructed radiographs and 3-D statistical
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shape modeling to (1) determine the correlation between 2-
D radiographic measurements of cam FAI and 3-D metrics
of proximal femoral shape; and 2) identify the combination
of radiographic measurements from plain film projections
that were most effective at predicting the 3-D shape of the
proximal femur.

Methods This study leveraged previously acquired CT
images of the femur from a convenience sample of 37
patients (34 males; mean age, 27 years, range, 16-47 years;
mean body mass index [BMI], 24.6 kg/m? range,
19.0-30.2 kg/m?) diagnosed with cam FAI imaged between
February 2005 and January 2016. Patients were diagnosed
with cam FAI based on a culmination of clinical exami-
nations, history of hip pain, and imaging findings. The
control group consisted of 59 morphologically normal
control participants (36 males; mean age, 29 years, range,
15-55 years; mean BMI, 244 kg/m’, range,
16.3-38.6 kg/m?) imaged between April 2008 and Sep-
tember 2014. Of these controls, 30 were cadaveric femurs
and 29 were living participants. All controls were screened
for evidence of femoral deformities using radiographs. In
addition, living control participants had no history of hip
pain or previous surgery to the hip or lower limbs. CT
images were acquired for each participant and the surface
of the proximal femur was segmented and reconstructed.
Surfaces were input to our statistical shape modeling
pipeline, which objectively calculated 3-D shape scores
that described the overall shape of the entire proximal fe-
mur and of the region of the femur where the cam lesion is
typically located. Digital reconstructions for eight plain
film views (AP, Meyer lateral, 45° Dunn, modified 45°
Dunn, frog-leg lateral, Espié frog-leg, 90° Dunn, and cross-
table lateral) were generated from CT data. For each view,
measurements of the a angle and head-neck offset were
obtained by two researchers (intraobserver correlation
coefficients of 0.80-0.94 for the o angle and 0.42-0.80 for
the head-neck offset measurements). The relationships
between radiographic measurements from each view and
the 3-D shape scores (for the entire proximal femur and for
the region specific to the cam lesion) were assessed with
linear correlation. Additionally, partial least squares re-
gression was used to determine which combination of
views and measurements was the most effective at pre-
dicting 3-D shape scores.

Results Three-dimensional shape scores were most
strongly correlated with « angle on the cross-table view
when considering the entire proximal femur (r=-0.568; p <
0.001) and on the Meyer lateral view when considering the
region of the cam lesion (r=-0.669; p <0.001). Partial least
squares regression demonstrated that measurements from
the Meyer lateral and 90° Dunn radiographs produced the
optimized regression model for predicting shape scores for
the proximal femur (R* = 0.405, root mean squared error of
prediction [RMSEP] = 1.549) and the region of the cam

lesion (R = 0.525, RMSEP = 1.150). Interestingly, views
with larger differences in the o angle and head-neck offset
between control and cam FAI groups did not have the
strongest correlations with 3-D shape.

Conclusions Considered together, radiographic measure-
ments from the Meyer lateral and 90° Dunn views provided
the most effective predictions of 3-D shape of the proximal
femur and the region of the cam lesion as determined using
shape modeling metrics.

Clinical Relevance Our results suggest that clinicians
should consider using the Meyer lateral and 90° Dunn
views to evaluate patients in whom cam FAI is suspected.
However, the « angle and head-neck offset measurements
from these and other plain film views could describe no
more than half of the overall variation in the shape of the
proximal femur and cam lesion. Thus, caution should be
exercised when evaluating femoral head anatomy using the
a angle and head-neck offset measurements from plain film
radiographs. Given these findings, we believe there is merit
in pursuing research that aims to develop the framework
necessary to integrate statistical shape modeling into clin-
ical evaluation, because this could aid in the diagnosis of
cam FAL

Introduction

It has been credibly argued that most cases of adult idio-
pathic primary osteoarthritis (OA) are in fact secondary to
longstanding hip pathoanatomy, including acetabular
dysplasia and femoroacetabular impingement (FAI) [20].
By some estimates, 80% of patients with end-stage hip OA
have evidence of cam-type FAI [5, 20]. Morphologically,
cam FAI presents as femoral head asphericity with reduced
head-neck offset. The region of asphericity is often referred
to as the cam lesion and is generally located in the ante-
rosuperior and anterolateral regions of the proximal femur.
Surgical treatment of cam FAI aims to resect the lesion to
alleviate pain and improve function. As such, an accurate
assessment of the magnitude and location of the cam lesion
(ie, severity) is important for preoperative planning [21,
37, 38].

Numerous two-dimensional (2-D) plain film views have
been described for this purpose, but there is no consensus
as to which views are best for evaluating the cam lesion [9,
11, 25, 31]. Previous research has attempted to identify
which plain film views best describe the three-dimensional
(3-D) anatomy of hips with and without cam FAI. Spe-
cifically, 2-D plain film o angle measurements have been
compared with those from a reference standard of either CT
or MRI[6, 11, 12,25, 28, 32, 37]. In these studies, the plain
film views for which o angle measurements were most
strongly correlated with o angles obtained directly on the
CT or MR images were considered to be the best for
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capturing the morphology of cam FAIL. However, a possible
limitation of these prior studies is that CT or MRI meas-
urements that served as the reference standard were
obtained from a single planar image based on either stan-
dard format (axial, coronal, or sagittal) or radially refor-
matted planes [6, 11, 12, 25, 28, 32, 37]. Single CT or MR
images may not be aligned such that they visualize the apex
of the lesion, which suggests that they may not serve as a
good reference standard in which to evaluate plain film
views and associated measurements used in the diagnosis
of cam FAIL

Volumetric CT and MRI data can be reconstructed into
3-D surface models of the hip with subvoxel reconstruction
errors [40], but in practice, it is difficult to extract quanti-
tative measurements that can be interpreted in a statistically
and clinically meaningful fashion and thus most recon-
structions are only qualitatively analyzed in a clinical set-
ting. Statistical shape modeling (SSM) is a technique that
provides methods to objectively quantify 3-D anatomic
shape using reconstructions from CT or MR images. SSM
allows for the generation of shapes representing the mean
shape for individual groups, which can be aligned to
quantify the location and magnitude of tissue deformity, as
we have done when applying SSM to study cam FAI [2, 3].
The SSM pipeline also incorporates statistical testing to
determine whether there are significant differences in shape
between groups [2, 3].

As part of a recent SSM study investigating the variation
in cortical bone thickness among hips with cam FAI, we
developed a technique to objectively quantify and visualize
the shape of each participant’s femur by calculating a
“shape score” based on a linear discriminant analysis [3].
This shape score represents each shape by a single number,
making comparisons across participants and groups in-
tuitive (see, for example, Figure 3 in Atkins et al. [3]).
Regressions between measurements of the o angle and
head-neck offset from plain film views and shape scores
calculated by SSM would provide the means to identify
which radiographic views and associated measurements
best describe the 3-D shape of the femur.

The purpose of this study was to use digitally recon-
structed radiographs and SSM to (1) determine the corre-
lation between 2-D radiographic measurements of cam FAI
and 3-D metrics of proximal femoral shape; and (2) identify
the combination of radiographic measurements from plain
film projections that were most effective at predicting the 3-
D shape of the proximal femur.

Patients and Methods

We leveraged previously imaged participants for the cur-
rent study. The control group was composed of images
obtained from 29 study volunteer participants and 30
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cadaveric femur specimens (36 males; mean age, 29 years,
range, 15-55 years; mean body mass index [BMI],
24.4 kg/m?, range, 16.3-38.6 kg/m?). Study participants
had been imaged as part of previous unrelated studies with
institutional review board (IRB) approval (University of
Utah IRB numbers 11755 and 56086; Intermountain
Healthcare IRB number 1024270) [2, 3, 17, 27]. Fourteen
of 43 participants and 29 of 59 cadaveric femora were
excluded for having anatomy of FAI or acetabular dys-
plasia as evaluated using an AP radiograph for the partic-
ipants or a reconstructed radiograph in the frog-leg position
for cadaveric specimens, leaving a total of 59 participants
in the control group. The 30 cadaveric specimens included
here were imaged for basic science research between May
and June 2008 and 15 of the remaining 29 living control
participants had been recruited from April 2008 to July
2010. Combined, these 45 femurs have represented the
control population in our previous SSM studies of the fe-
mur [2, 3, 24]. An additional 14 living control volunteers
were recruited from March 2013 to September 2014 as part
of unrelated studies for which CT scans were acquired as
part of a dual fluoroscopy protocol to measure in vivo hip
motion during clinical examinations and weightbearing
activities [17, 27].

Thirty-seven nonconsecutive patients with cam FAI (34
males; mean age, 27 years, range, 16-47 years; mean BMI,
24.6 kg/m?, range, 19.0-30.2 kg/m?) were recruited for
convenience based on radiographic findings of cam FAI
(ie, a angle measurements from AP and frog-leg lateral
plain films), presence of pain, and positive clinical
examinations, as assessed by one of two orthopaedic sur-
geons (CLP, SKA), each with more than 10 years of ex-
perience treating FAIL Twenty-seven of these patients were
recruited from February 2005 to January 2009 (n = 14) and
January 2011 to January 2012 (n = 13) and had been in-
cluded in previous SSM studies of cam FAI [2, 3, 24]. The
remaining 10 patients were recruited between February
2013 and January 2016 as part of an unrelated and ongoing
study for which CT scans were acquired as part of a dual
fluoroscopy protocol to measure in vivo hip motion during
clinical examinations and weightbearing activities [27].
As a result of the nature of these ongoing and previous
studies, which often included nonclinical motion capture
imaging, the recruitment of patients represents a conve-
nience sample from thousands of patients seen during this
time period.

Using a previously described protocol [26], we acquired
CT images of the proximal femur of all volunteer partic-
ipants or patients with a SOMATOM Definitionl 128 CT
scanner (Siemens AG, Munich, Germany; 29 control par-
ticipants, 24 patients with cam FAI) or LightSpeed1 VCT1
scanner (GE Healthcare, Chicago, IL, USA; 13 patients
with cam FAI). Study volunteers were imaged supine using
hare traction with toe tips taped or in a frog-leg position.
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Fig. 1 Flowchart shows the methodological pipeline that included SSM and analysis of radiographic measurements used to
diagnose cam FAI. Both cam FAIl and control group participants were considered. For each individual analyzed, CT images were
segmented to isolate the proximal femur. Reconstructed surfaces were input to SSM. Digitally reconstructed radiographs were then
generated to represent eight plain film views commonly obtained in patients with suspected cam FAI. The reconstructed radio-
graphs were generated by projecting the CT image stack, including only the pixel intensities within the proximal femur, at fixed
rotation angles (Table 1). Alpha angle and head-neck offset measurements were obtained on each digitally reconstructed radio-
graph. Partial least squares regression was performed between the radiographic measurements and shape score to determine
which radiographic view(s) and associated « angle and head-neck offset measurements best described the 3-D shape score

calculated by SSM. DRR = digitally reconstructed radiograph.

Cadaveric femurs had been dissected of soft tissue and
imaged in an anatomic orientation with a HiSpeedl CTi
Single Slice Helical CT scanner (GE Healthcare). Images
were acquired at 100 to 120 kVp, 512 x 512 acquisition
matrix, 0.625- to 1.0-mm slice thickness, 0.9 to 1.0 pitch,
and 100 to 200 mAs with variable fields of view yielding
in-plane resolutions of approximately 0.7 x 0.7 mm.

We generated 3-D reconstructions of the femur by
segmenting CT image data (Amira, Version 5.6; FEI,
Hillsboro, OR, USA) using our previously published pro-
tocol [26]. Of note, before segmentation, hip CT images
were resampled to three times the native slice thickness and
resolution, which reduced staircase artifact on the recon-
structed surfaces [23]. Femur surface reconstructions were
decimated and smoothed to remove segmentation artifacts.
It has been shown that this protocol produces 3-D surfaces
of bone with subvoxel (ie, submillimeter) reconstruction
errors [1]. Because cam lesions are larger than the size of a
single voxel [3, 24], we considered the application of CT to
define the anatomy of the femur appropriate for achieving
the objectives of our study.

Reconstructed radiographs were generated using a pre-
viously validated protocol [25] by projecting the CT image
data of the femur (Fig. 1) to create eight plain film views
described in other studies [9, 10, 13-15, 31, 39]. Specifically,
the views represented here were the AP [39], the Meyer
lateral, as proposed by Meyer et al. [31], the 45° Dunn [13],

the modified 45° Dunn [9], the frog-leg lateral [10], the
Espié frog-leg [15], the 90° Dunn [13], and the cross-table
lateral [14] (Fig. 2). Before application of a series of rotation
angles (Table 1) to generate consistent femur positioning for
each radiograph, femurs were aligned to remove errors as-
sociated with nonanatomic positioning during the imaging
protocol. Rotations were applied about the center of the
femoral head in the local coordinate system of the femur to
align best with clinical descriptions of the different posi-
tions. Although the use of reconstructed radiographs ignores
the interindividual variability in positioning that is inherent
to clinical imaging, it provides a method to eliminate these
differences and directly analyze the relationship between
anatomic shape features and radiographic measurements
[25]. From each radiographic view, measurements of o
angle and head-neck offset (Fig. 1) [14, 35] were obtained by
two orthopaedic researchers (PRA, YS) with experience
with medical imaging using a custom code written in Matlab
(Version 7.10; Natick, MA, USA) [25]. Researchers were
blinded as to whether the images were from the control
group or the FAI group.

The segmented femur surfaces were input to open-
source SSM (ShapeWorks, University of Utah, Salt Lake
City, UT, USA) following previously published methods
[2, 3, 24]. Briefly, this involved a computational optimi-
zation to place correspondence particles in the same rela-
tive anatomic position over each of the surfaces. This
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45° Dunn (Neutral)

Espié Frog-leg

Modified 45° Dunn Frog-leg Lateral

90° Dunn (Neutral) Cross-table

Fig. 2 Digitally reconstructed radiographs show the eight
views analyzed in this study. The radiographs shown are from
a representative patient with cam FAI (26-year-old man). Alpha
angle and head-neck offset measurements were obtained
from each of the eight views for each femur.

optimization produces a dense correspondence model,
which serves as the mathematical foundation for SSM. This
dense correspondence model ensured accurate re-
construction of surfaces that represented group statistics
[3]. Thus, the chosen shape modeling pipeline was deemed
appropriate for providing a reference standard in which to
measure the 3-D shape of the femur as reconstructed from
CT images [2, 3, 24].

We used the mean control and mean cam FAI femur
correspondence particle locations to define the spectrum of

(=) Wolters Kluwer

=

Meyer Lateral

Espié Frog-leg

Modified 45° Dunn Frog-leg Lateral

90° Dunn (Neutral) Cross-table

Fig. 3 The mean cam femur from SSM was aligned to the
orientation of the eight digitally reconstructed radiographs to
visualize the location and magnitude of the cam lesion relative
to the imaging plane. The color map represents the spatial
distance between the mean cam and mean control surface
reconstructions.

shape variability for the femur (referred to here as “femur”)
[3]. Correspondence particle locations for each femur were
then mapped onto this spectrum to determine the individual
shape scores [3]. We repeated the assignment of shape
scores for the subset of correspondence particles that rep-
resented the region of the cam lesion, which was defined
by a difference in mean shapes of the cam and control
groups > 1 mm to provide a more direct measure of cam
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Table 1. Femur positioning for the digitally reconstructed radiographs representing eight plain film views

Radiographic view Flexion Abduction External rotation Reference

AP 0° 0° -15° Troelson et al. [39]
Meyer lateral 25° 20° 0° Meyer et al. [31]
45° Dunn (neutral) 45° 20° 0° Dunn [13]

Espié frog-leg 45° 45° 30° Espie et al. [15]
Modified 45° Dunn 45° 20° 40° Clohisy et al. [9]
Frog-leg lateral 45° 0° 60°% Clohisy et al. [10]
90° Dunn 90° 20° 0° Dunn [13]
Cross-table 0° 0° -15°7 Eijer et al. [14]

*External rotation angle was applied about the inferior superior axis of the body, not the femur;

tinferomedial projection used for this view.

morphology (referred to here as “lesion”) [3]. Shape scores
for the two groups were normalized such that the mean
score of each group would be +1 and -1 for the control and
cam femurs, respectively. The mean of each group is
therefore inherently different. However, it is important to
note that use of radiographs to screen participants does not
guarantee that their shape score resides within the group in
which they were designated because the shape score con-
siders the entire 3-D anatomy of the proximal femur,
whereas radiographic screening only considers a 2-D pro-
jection of the anatomy of the femoral head-neck junction.
In other words, some of the control participants could
have a shape score that was closer to the cam group (-1)
than the mean of their group (+1). It is also important to
recognize that the shape score is not a direct measure of
cam morphology, but rather an objective assessment of the
overall 3-D shape. From the shape model, computer-
generated femur surfaces were reconstructed for the mean
patient from the cam FAI group, the mean shape from the
control group, and to represent integer shape scores of the
population between -4 and +4. We mapped the shape dis-
tance between the mean shapes onto the mean cam FAI
femur to provide visualization of shape variation relative to
the anatomy. The rotations used for the digitally recon-
structed radiograph projections were applied to this map-
ped surface to visualize how cam FAI anatomy was
captured on each radiographic view.

The assumption that data were normally distributed was
tested using the Shapiro-Wilk test. Those data that were
normally distributed were represented as mean = SD,
whereas nonnormally distributed data were represented as
median (interquartile range). We determined the re-
peatability of « angle and head-neck offset measurements
using a two-way consistency calculation of intraclass cor-
relation coefficient (ICC) [8, 19]. Excellent interrater re-
liability was observed on all a angle measurements (ICC
range, 0.80-0.94) and three head-neck offset measure-
ments (AP, Espié frog-leg, and modified 45° Dunn; ICC
range, 0.78-0.80), good agreement on four head-neck

offset measurements (Meyer lateral, frog-leg lateral, 90°
Dunn, cross-table; ICC range, 0.64-0.72), and fair agree-
ment on one head-neck offset measurement (45° Dunn;
ICC, 0.42). Measurements were averaged between the two
observers (PRA, YS) for all other statistical analyses. We
used an unpaired Student’s t-test to compare measurements
between groups, and we used the Spearman’s rank-order
correlation coefficient to evaluate the relationship between
each individual radiographic measurement and the shape
score. The Holm-Bonferroni adjustment method corrected
for multiple comparisons. Corrected p values < 0.05 were
used to identify significance. All statistical analyses were
completed in R (Version 3.4.1; R Core Team, Vienna,
Austria) [36].

We used partial least squares (PLS) regression to de-
termine the combination of radiographic views and asso-
ciated measurements that best represented the shape scores
of the proximal femur and the shape scores of the region of
the cam lesion [30]. PLS regression was performed with the
inherent unscaled inputs (ie, @ angles and head-neck offset
measurements) and with scaled inputs, where the sample
SD of each measurement served as the scaling factor used
to normalize the variability of the data. Although the
unscaled model is more relevant clinically, the use of
scaled data is more common for PLS regression. Leave-
one-out crossvalidation was used to calculate the predictive
power of the model. Using the leave-one-out cross-
validation method, the model is rerun several times such
that each sample serves as the test data point for the re-
gression model. The use of leave-one-out crossvalidation is
the preferred method for regression models with smaller
sample sizes such as the sample size used here, because
model predictability is quantified considering each sample
as the test data set, resulting in consistent measures of
predictability, which are not dependent on the choice of the
test and training data set [29]. The number of model
components was determined based on minimized root
mean squared error of prediction (RMSEP) such that the
smallest number of components was chosen that did not
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differ from the global minimum RMSEP value. R* was
used as a measure of the predictability of the model given
the data it was trained on, whereas RMSEP and Q* were
used to measure the predictability of the model given the
test data set evaluated using crossvalidation. The variable
influence on projection was used to evaluate the relevance
of each measurement in the explanation of the shape scores.

Results

Measurements of the digitally reconstructed radiographs of
the patients with cam FAI were larger for all eight o angle
measurements with a large effect (effect size, d > 1.4, p <
0.001) and smaller for seven of the head-neck offset
measurements with a medium to large effect (d <-0.6, p <
0.015); the standard frog-leg lateral view head-neck offset
measurement was not different between groups (Table 2).
We observed that with respect to the control group, o angle
measurements of the patient group were largest for the
Meyer lateral, which positioned the femur in 25° flexion
and 20° abduction (difference of medians, 29.9°; p <0.001)
and head-neck offset measurements were smallest for the
modified 45° Dunn (difference of means, -1.8 mm; p =
0.001) (Table 2).

The mapping of the surface distance between the mean
cam FAI and the mean control femurs from SSM provided
clear visualization of the average location and magnitude of
the cam lesion (Fig. 3, with dark regions indicating the
location of largest deviation). For many of the views,
the projection of the femur did not allow visualization of
the maximum deviation of the cam lesion (Fig. 3). Spe-
cifically, some radiographic projections such as the AP or

cross-table views appeared more likely to position the cam
lesion out of plane with the plain film projection.
Compared with the control group, the shape scores were
smaller with a larger spread of data for the patients (cam:
-1.0 = 1.8 versus control: 1.0 = 1.7; difference of means, 2.0;
95% confidence interval [CI], 1.3-2.7; p < 0.001). Similarly,
the shape scores for the region of the cam lesion (Fig. 4) were
smaller for the patients than for the control group with a larger
spread of data (cam: -1.0 = 1.4 versus control: 1.0 * 1.2;
difference of means, 2.0; 95% CI, 1.4-2.6; p < 0.001).
Computer-generated femur reconstructions for the integer
shape scores showed variability in both the femoral head-neck
junction and the posterosuperior greater trochanter (Fig. 5).
All correlations between shape scores and 2-D radio-
graphic measurements were either weak or moderate
(Table 3). Specifically, the strongest correlations with proxi-
mal femur shape were found with the cross-table o angle
measurement (r = -0.568, p < 0.001) and the modified 45°
Dunn head-neck offset measurement (r = 0.476, p < 0.001),
whereas the strongest correlations for the shape of the isolated
cam lesion were found with the Meyer lateral o angle mea-
surement (r = -0.669, p < 0.001) and the neutral 45° Dunn
head-neck offset measurement (r = 0.486, p <0.001) (Table 3).
Results from PLS regression indicated that combined
radiographic measurements from the Meyer lateral and 90°
Dunn radiographs most effectively described femur shape,
including both the shape of the overall proximal femur
(Table 4) and of the isolated cam lesion (Table 5) when
measurements were scaled. However, when measurement
values were not scaled, the optimized model also included
the frog-leg lateral view; this model improved the overall
predictability of the model for the region of the cam lesion
(difference in R* = 0.011; Table 5), but diminished the

Table 2. Radiographic measurements of control subjects and patients with cam FAI from DRRs

Radiographic Alpha angle ()

Head-neck offset (mm)

view

Control Cam FAI Difference Control Cam FAI Difference

group group (range) p value group group (range) p value
AP 42.7 (8.4) 61.3(32.2) 18.6 (58.6) < 0.001 7316 59*+16 14 (7.4) 0.001
Meyer lateral 56.3 (14.2) 86.2 (16.0) 29.9 (69.4) < 0.001 48 14 3514 1.3(6.2) < 0.001
45° Dunn (neutral) 57.7 (12.5) 82.5(23.0) 24.8 (63.9) < 0.001 51*+12 37*14 1.4 (6.8) < 0.001
Espié Frog-leg 49.0(10.2) 75.3(25.7) 26.3 (68.8) < 0.001 7116 56 £22 1.5 (8.2) 0.003
Modified 45° Dunn 45.1(11.5) 67.4(22.2) 22.3 (64.5) < 0.001 85*16 6.7 +22 1.8 (8.4) 0.001
Frog-leg lateral 42.2 (9.8) 60.5 (22.9) 18.3 (55.7) < 0.001 85*+18 78 20 0.7 (10.5) 0.131
90° Dunn 44.6 (9.7) 63.7 (21.9) 19.1 (61.0) < 0.001 93+ 17 80=*25 1.3(11.8) 0.015
Cross-table 42.6 (8.1) 62.4(19.9) 19.8 (59.8) < 0.001 98+ 13 84 *+20 1.4 (7.9) 0.002

Data presented as mean =+ SD for normally distributed data or median (interquartile range) for nonnormally distributed data; the
difference represents the difference in mean or median values between groups and the range represents the overall range of
measurements including all subjects; the p value shown has been corrected for multiple comparisons and represents the
significance level when making statistical comparisons between cam FAl and control groups; FAl = femoroacetabular impingement;

DRR = digitally reconstructed radiograph.
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Fig. 4 The region of the cam lesion (dark gray) is identified by
overall differences in mean shapes of the cam FAIl and control
femurs > 1 mm.

predictability of the model of the proximal femur (differ-
ence in R? =-0.011; Table 4). Radiographic measurements
were better at predicting the shape of the isolated cam le-
sion (unscaled model, R? = 0.536, Q* = 0.510) than the
overall shape of the proximal femur (scaled model, R =
0.405, Q* = 0.373). For the scaled model, inclusion of a
third radiograph, the cross-table, led to slight improve-
ments to the goodness of fit of the regression model for the
femur (R? = 0.425, increase of 0.020). Interestingly, the
inclusion of the AP radiograph led to the largest decreases
in goodness of fit for the femur (R2 = (0.357, decrease of
0.048). This pattern was also true for the region of the cam
lesion where the inclusion of the cross-table radiograph led
to increased goodness of fit (R* = 0.527, increase of 0.002)
and the AP radiograph led to the largest decrease (R* =
0.471, decrease of 0.054).

Discussion

Morphologic measurements from many radiographic
views have been suggested to help diagnose cam FAI;

wwwcm

4

however, there is little consensus as to which views provide
the best visualization of femoral pathomorphology as
evaluated in 3-D. Here, we quantified the ability of various
radiographic projections and associated 2-D measurements
of femoral head asphericity to describe the 3-D shape score
of the proximal femur, as determined from SSM. The best
predictive model included the o angle and head-neck offset
measurements from the Meyer lateral and 90° Dunn
radiographs. The predictability of the model was improved
with the addition of the cross-table view; however, to
minimize the number of radiographs and avoid concerns of
poor image quality as a result of projection angle, the cross-
table view was not included in the final regression model.

This study has several limitations. First, we used ra-
diographic measurements of o angle and head-neck offset
from frog-leg lateral reconstructed radiographs or AP plain
films to screen control group participants, yet morphologic
features found in symptomatic patients with cam FAI are
prevalent among asymptomatic individuals [18]. Thus, our
results should be interpreted with caution, because shape
score values would change if asymptomatic control group
participants with FAI morphology were included. We
included a control group without cam morphology to
evaluate regressions over a wide range of morphologies
and radiographic measurements. Most of our recruited
patients with cam FAI were males, which may affect the
distribution of shape scores. However, cam FAI occurs
more frequently in males, and therefore our results repre-
sent the population of interest [22]. Also of note, our
control group consisted of 30 dissected cadaveric femurs
and 29 asymptomatic volunteers. The specific medical
history of the cadaveric specimens was not known such that
it isunknown whether the hip may have been symptomatic.
However, each cadaveric specimen was evaluated for cam

oD, . 0D

g @9 09
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Qo Qs Vg, Y, W,

Fig. 5 Computer-generated femur surface reconstructions representing the spectrum of
variability in proximal femoral anatomy as calculated from SSM. The correspondence par-
ticles of each femur were mapped onto the spectrum of shape variation to generate a femur-
specific shape score. Horizontal lines identify the SD of shape scores for the femur shapes of
the patients with cam FAI (magenta) and control group participants (green). Negative shape
scores indicate shapes that resemble cam femurs, whereas positive shape scores indicate
shapes that resemble control femurs. Along the spectrum, shape variation in the head-neck
junction can be seen in both the superior view (top) and the anterior view (bottom), whereas
variation of the greater trochanter is best seen in the superior view.
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Table 3. Spearman correlation coefficients between radiographic measurements and shape scores from statistical shape modeling

Radiographic view Alpha angle Head-neck offset
Femur Lesion Femur Lesion

r p value r p value r p value r p value
AP -0.358 0.001 -0.509 < 0.001 0.112 0.277 0.248 0.030
Meyer lateral -0.536 < 0.001 -0.669 < 0.001 0.399 < 0.001 0.482 < 0.001
45° Dunn (neutral) -0.484 < 0.001 -0.613 < 0.001 0419 < 0.001 0.486 < 0.001
Espié frog-leg -0.441 < 0.001 -0.548 < 0.001 0.403 < 0.001 0.419 < 0.001
Modified 45° Dunn -0.547 < 0.001 -0.620 < 0.001 0.476 < 0.001 0.481 < 0.001
Frog-leg lateral -0.554 < 0.001 -0.589 < 0.001 0.257 0.023 0.172 0.093
90° Dunn -0.538 < 0.001 -0.600 < 0.001 0.364 0.001 0.333 0.003
Cross-table -0.568 < 0.001 -0.630 < 0.001 0.455 < 0.001 0.413 < 0.001

morphology, which resulted in exclusion of approximately
half of the femurs. Importantly, the demographics of the
cadaveric specimens were not different than our living
participants. A potential second limitation was that we used
digitally reconstructed radiographs in lieu of standard plain
films; reconstructed radiographs do not visualize soft tissue
bulk surrounding the hip, making them appear different
than standard plain films. Nevertheless, reconstructed
radiographs have been shown to be a valid surrogate for
plain films [25]. The ICC values for the measurement of o
angle and head-neck offset on the digitally reconstructed
radiographs were as good or better than those previously
reported when measuring standard plain films, including
measurements from orthopaedic clinicians with extensive
imaging experience [7, 10, 33]. Furthermore, digitally
reconstructed radiographs can be constructed such that
they eliminate the errors caused by inconsistent placement
of patients in the clinical x-ray equipment. Nevertheless, in
the future, it may be useful to repeat our study using
measurements of plain film radiographs instead of digitally
reconstructed radiographs. This would help isolate the in-
fluence of patient positioning on the ability of 2-D meas-
urements to predict 3-D shape of the proximal femur.

Finally, it should be reiterated that this study utilized pre-
viously obtained imaging [2-4, 16, 17, 24, 25, 27] and
therefore does not represent a new cohort of participants.
This is relevant to future meta-analysts who should be wary
of including results multiple times.

To our knowledge, this is the first study to use re-
gression analysis to identify which radiographic views and
associated 2-D measurements provided the best predictors
of 3-D femur shape as quantified using SSM. A previous
study found moderate to weak correlations between 2-D
radiographic measurements of femoral shape from digitally
reconstructed radiographs and the first three principal
component loading values from SSM, which aligns with
the moderate correlations we found between radiographic
measurements and shape scores [25]. With respect to 3-D
evaluation of femoral shape, the Dunn radiographs and the
cross-table lateral views had been suggested to best capture
cam morphology [31]. However, the Meyer lateral radio-
graph (25° flexion, 20° abduction) was also found to be
valuable for imaging cam lesions because it was believed to
align the morphology with the imaging plane [31]. Al-
though the Meyer lateral radiograph has not been adopted
clinically as a result of similarities with the 45° Dunn

Table 4. PLS regression model coefficients and VIP values for predicting shape scores of the proximal femur from SSM

Radiographic

measurement PLS factor Coefficient Scale factor VIP pvalue Coefficient Scale factor VIP p value
Intercept 1.254 - - - 5.307 - - -

Alpha angle Meyer lateral -0.429 18.07 1.08 < 0.001 -0.034 1 1.60 < 0.001
Frog-leg lateral - - - - -0.025 1 121 < 0.001
90° Dunn -0.467 14.29 1.18 < 0.001 -0.029 1 138 < 0.001

Head-neck offset Meyer lateral 0.309 1.54 0.78 < 0.001 0.002 1 0.10 < 0.001
Frog-leg lateral - - - - 0.002 1 0.08 0.011
90° Dunn 0.354 2.11 090 < 0.001 0.003 1 0.15 < 0.001
Metrics R® = 0.405, Q* = 0.373 RMSEP = 1.549 R’ = 0394, Q° = 0.363 RMSEP = 1.562

PLS = partial least squares; VIP = variable influence on projection; RMSEP = root mean squared error of prediction.
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Table 5. PLS regression model coefficients and VIP values for predicting shape scores of the region of the femoral cam lesion from

SSM

Radiographic

measurement PLS factor Coefficient Scale factor VIP pvalue Coefficient Scale factor VIP p value
Intercept 1.518 - - - 5.153 - - -

Alpha angle Meyer lateral -0.442 18.07 1.18 < 0.001 -0.035 1 1.71 < 0.001
Frog-leg lateral - - - - -0.023 1 112 < 0.001
90° Dunn -0.434 14.29 117 < 0.001 -0.027 1 133 < 0.001

Head-neck offset Meyer lateral 0310 1.54 083 < 0.001 0.002 1 0.10 < 0.001
Frog-leg lateral - - - - 0.001 1 0.05 NS
90° Dunn 0.273 2.11 0.73 < 0.001 0.002 1 0.12 < 0.001
Metrics R? = 0525, Q” = 0.498 RMSEP = 1.150 R? = 0.536, Q% = 0.510 RMSEP = 1.136

PLS = partial least squares; VIP = variable influence on projection; RMSEP = root mean squared error of prediction.

radiograph, our results support that this view, along with
the 90° Dunn view, may provide the best representation of
3-D femoral anatomy. Another recent study evaluated the
accuracy of clinical measurements obtained from CT-
based reconstructions of the femur relative to planar CT-
based measurements as the reference standard [34]. In this
previous study, the largest deviations were observed in
measurements of head-neck offset, which may support our
observation that head-neck offset measurements had larger
variability and less impact on predictions of 3-D shape
(Tables 4, 5).

Measurements from plain films and 2-D slices from
standard or radial reconstructions of CT or MRI have also
been evaluated in an attempt to identify the best plain film
views [6, 11, 12, 25, 28, 32, 37]. Previously, the sensitivity
and specificity of cam FAI diagnosis from the AP, 45°
Dunn, frog-leg lateral, and cross-table plain film views were
evaluated relative to measurements from radial CT images.
Three plain films, including the AP, 45° Dunn, and frog-leg
lateral, have been recommended to be used in clinical
decision-making [32]. However, none of the three views
were used to predict 3-D shape in our PLS regression model,
and the one view they excluded, the cross-table, slightly
improved predictability when added to our two-radiograph
model. These discrepancies may be the result of their use of
clinical imaging protocols, instead of digitally reconstructed
radiographs, or their use of 2-D measurements of radial
images as the reference standard in which to evaluate ana-
tomic shape instead of 3-D shape scores quantified with
SSM. Prior studies have used radial images as a reference
standard in which to evaluate the morphology of the cam
lesion, yet these measurements are still based on a single, 2-
D image, which likely does not capture the true 3-D shape of
the cam lesion. For example, 30° radial slices on a femoral
head with a radius of 20 mm would be separated by 10.5 mm
on the femoral surface, which could potentially miss a large
portion of the cam lesion. In a previous study that correlated
a angle measurements from plain films and radial CT

images to measurements of 3-D femoral head asphericity
(that is, deviation from a best-fit sphere), the modified 45°
Dunn and cross-table views were more strongly correlated to
3-D asphericity measurements than any of the radial
reconstructions [25]. Thus, in contrast to previous reports [6,
11, 12], radial imaging may not serve as a good reference
standard with which to evaluate proximal femur shape. In
contrast, the shape modeling approach described here
provides a means to quantify the shape of the femur in 3-D
using reconstructions from CT or MR image data.

Clinicians often obtain multiple hip radiographs to
evaluate hip pathologies, acetabular coverage, and degree
of degeneration. One of the most commonly used radio-
graphs is the AP radiograph. However, the inclusion of
measurements from this third view into our two-radiograph
regression model reduced the predictability of the model
more than the inclusion of any other view. As such, the use
of measurements from this and other views should focus on
the overall assessment of the hip and not on the assessment
of cam FAIL

Our study findings are important because they question
the assumption that radiographic projections that result in
higher o angle measurements and greater differences in
measurements between patients with cam FAI and control
participants are better projections for visualizing the cam
lesion. Specifically, as we showed, some of the radio-
graphic projections that best represented the 3-D shape
score had some of the smallest o angle or largest head-neck
offset measurements (for example, the 90° Dunn view).
Similarly, large differences in measurements were ob-
served between the cam and control groups on the Espié
frog-leg (45° flexion, 45° abduction, and 30° external ro-
tation) and modified 45° Dunn radiographs. However,
these views were not identified through PLS regression as
being predictive of 3-D shape scores of the proximal femur.

In conclusion, our results suggest that o angle and head-
neck offset measurements from the Meyer lateral and 90°
Dunn views provide the best prediction of the 3-D shape of
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the region where the cam lesion is typically located.
However, the a angle and head-neck offset measurements
from these and other plain film views could describe no
more than half of the overall variation in the shape of the
proximal femur and cam lesion. Additionally, we found
that those radiographic projections that result in greater
differences in a angle and head-neck offset measurements
between patients with cam FAI and control participants did
not necessarily provide better visualization of the cam le-
sion. Collectively, our results suggest caution should be
exercised when interpreting o angle and head-neck offset
measurements from plain film radiographs. Given these
results, we believe there is merit in pursuing research that
aims to develop the framework necessary to integrate SSM
with the clinic, because this could aid in the diagnosis of
cam FAL
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