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Abstract

Objective Our objectives were to use 3D computed tomogra-
phy (CT) to define head—neck morphologic gender-specific
and normative parameters in asymptomatic individuals and
use the omega angle (€2°) to provide quantification data on
the location and radial extension of a cam deformity.
Methods We prospectively included 350 individuals and eval-
uated 188 asymptomatic hips that underwent semiautomated
CT analysis. Different thresholds of alpha angle («°) were con-
sidered in order to analyze cam morphology and determine €2°.
We calculated overall and gender-specific parameters for imag-
ing signs of cam morphology (£2° and circumferential oc°).
Results The 95 % reference interval limits were beyond ab-
normal thresholds found in the literature for cam morphology.
Specifically, «° at 3/1 o’clock were 46.9°/60.8° overall, 51.8°/
65.4° for men and 45.7°/55.3° for women. Cam prevalence,
magnitude, location, and epicenter were significantly gender
different. Increasing «° correlated with higher 2°, meaning
that higher angles correspond to larger cam deformities.
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Conclusion Hip morphometry measurements in this cohort of

asymptomatic individuals extended beyond current thresholds

used for the clinical diagnosis of cam deformity, and x° was

found to vary both by gender and measurement location.

These results suggest that «° measurement is insufficient for

the diagnosis of cam deformity. Enhanced morphometric eval-

uation, including 3D imaging and 2°, may enable a more

accurate diagnosis.

Key Points

* 95% reference interval limits of cam morphotype were
beyond currently defined thresholds.

* Current morphometric definitions _for cam-type morphotype
should be applied with care.

» Cam prevalence, magnitude, location, and epicenter are
significantly gender different.

» Cam and alpha angle thresholds should be defined accord-
ing to sex/location.

* Quantitative 3D morphometric assessment allows thorough
and reproducible FAI diagnosis and monitoring.

Keywords Hip - Femoroacetabular impingement -
Multidetector computed tomography - Reference value -
Variant

Abbreviations

FAI  Femoroacetabular impingement
FHN  Femoral head/neck

OA  Osteoarthritis

CT Computed tomography

MRI  Magnetic resonance imaging
CR  conventional X-ray
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Q° Omega angle
«° Alpha angle

Introduction

Femoroacetabular impingement (FAI) is a common cause of hip
pain and refers to the abnormal conflicting movement of the fem-
oral head—neck (FHN) junction against the acetabular rim [1],
eventually resulting in hip damage and osteoarthritis (OA)
[2-4]. The cam type generally involves an FHN deformity and
the pincer-type acetabular overcoverage [1]. There is a wide dis-
crepancy in reported prevalence rates between cam and pincer
FAI among asymptomatic and symptomatic and athletes [5, 6].

The diagnosis of FAI is made using a combination of clin-
ical and imaging findings [7]. Different radiographic views
using conventional X-rays (CR) have been tested for diagnos-
tic utility in FAI [7, 8]. However, the reliability of two-
dimensional (2D) measurements has been questioned [9],
since FHN morphology cannot be fully characterized using a
single CR [9, 10].

Magnetic resonance imaging (MRI) [11] and computed
tomography (CT) [12] allow reconstructions in multiple
planes, providing a better understanding of the magnitude of
the femoral morphology. However, CT/MRI standard tech-
niques for measuring cam-type FAI still provide only a 2D
characterization of FHN morphology, since measurements
are made on a limited series of slices [13—15].
Morphological studies have demonstrated that the femoral
head may be elliptical in shape with important interindividual
variability. This variability may further contribute to signifi-
cant variations in alpha angle (««°) measurements and to relat-
ed diagnostic limitations of oblique axial and multiple radial-
plane imaging protocols [15, 16].

The «°, the most frequently used parameter to grade cam
morphology and describe the FHN junction, has been sug-
gested as a predictor for the risk of anterior impingement
and extent of cartilage defects [17, 18]. However, an «° mea-
surement is performed in only one plane and so is highly
dependent on the position at which it is measured [19].
Several authors have questioned the diagnostic accuracy and
relevance of the «° [20, 21], as abnormally high «° values
have been reported in asymptomatic individuals [6] and amaz-
ingly normal threshold values to diagnose cam deformities
may range from 50° to 82° [17, 21-24]. Studies using these
reference intervals to identify cam deformities have demon-
strated a risk for false-positive results when applying these
thresholds [15, 25, 26].

Accurately understanding the 3D spatial characteristics of
cam deformities is of paramount importance not only for di-
agnosis but also for optimal treatment planning. Current 2D
imaging protocols for FAI do not permit complete consider-
ation of these features. The radial extension of cam deformity
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has been described using MRI to compare bone resection
using different surgical techniques [27], but 3D imaging might
provide more accurate estimates. However, the optimal meth-
od for using 3D CT in this setting has not been well defined. In
addition, we lack normative data with regard to 3D morphol-
ogy of the FHN in asymptomatic individuals. A predictable
and accurate method for evaluating femoral morphology is
needed to optimize surgical results and minimize complica-
tions [28].

To our knowledge, no previous study has evaluated 3D
radial circumference of the FHN in a cohort of young, asymp-
tomatic patients. The purpose of this study in a cohort of
asymptomatic individuals was to:(a) characterize FHN mor-
phology using angular measurements taken from 3D CT im-
ages; (b) estimate overall and gender-specific normative
ranges for 3D angular measurements of the FHN junction;
and (c) use 3D angular measurements, namely, the omega
angle (€2°), to quantify the location and extent of cam lesions.

Methods
Study population

Institutional ethics committee approval was obtained prior to
beginning this study, and all participants provided written in-
formed consent. We prospectively recruited consecutive adult
patients undergoing pelvic CT at our institution for thoracic,
abdominal, or urogenital indications from August to
December 2015. All eligible participants completed a question-
naire regarding their clinical history, including current or past
hip/groin pain, medical or surgical hip-joint conditions, history
of childhood hip pathology, and/or hip trauma. Patients who
gave a positive answer to one or more of these questions were
excluded. Additionally, all patients completed the nonarthritic
hip score (NAHS) questionnaire [29]. Any patient with less than
the maximum possible score was also excluded.

In all, 350 hips were potentially eligible for analysis. We
then excluded all patients with CT signs of OA, defined as the
presence of at least one of the following findings [30]: joint-

Table 1  Characteristics of included and excluded individuals
Number®  Age=+ SD (years—old)®  Range
Total included patients 94 34.8+7.2 18-44
Male 49 35.0+8.2 18-44
Female 45 344452 23-44
Total excluded patients 256 40.0+£4.2 18-46

# Absolute count
® Mean =+ standard deviation (SD)
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Fig. 1 Reformatted 3D
computed tomography (CT)
images and corresponding 3D hip
model in a 36-year-old man.
Oblique axial (a, b), short-axis
image at femoral head/neck
junction (¢, d), and oblique
coronal (e, f) imaging used to
determine 12-o’clock position
according to the protocol
proposed by Philippon et al [33]
(g). Red line represents central
neck axis

space narrowing, osteophytes, or subchondral bone changes,
including sclerosis or cysts. Finally, we excluded hips with
any other diagnosed abnormalities on CT: fracture, posttrau-
matic deformity, Perthes disease, osteonecrosis, slipped capi-
tal femoral epiphysis, dysplasia (lateral center-edge angle
<20°), or bone lesions (Table 1). In total, 188 hips in 94 pa-
tients met criteria for inclusion in the final analysis.

Posterior

10:00h

11:00h

Superior
12:00h

2:00h

Anterior
3:00h

Fig. 2 Alpha-angle (x°) measurements made at different points around
the femoral head/neck junction in steps of 1° starting at 9 o’clock
(posterior); 10, 11, and 12 o’clock (superior); and 1, 2, and 3 o’clock
(anterior) (a).Femoral short-axis computed tomography (CT) reformat
derived from Fig. 1 shows bone contour abnormality from 12- to 3-
o’clock [omega angle (2°) of 91°]. The Q° is formed by two lines
intersecting the center of the femoral neck at the level of the head/neck
junction. The most proximal line intersects peripherally the point at which
the o® begins to be abnormal beyond a best-fitting circle and the distal
line at the point where the «° returns to normal (b). Polar plot (2D) of the
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CT imaging

CT imaging was performed using a Somatom Sensation 64-
slice CT scanner (Siemens, Erlangen, Germany). Patients
were positioned in a standard supine position with legs paral-
lel in neutral rotation and patellae pointing directly upward.
The pelvis was reconstructed from the anterior superior iliac

Tntervals for 457 760° 6 1240° 6530° | Intervals Tor 50° 910

Y
Q)
C
Alpha angles

12:00h Q

360° «°, representing the Q2° angle (red symbol) for different o®
thresholds [45° (upper left), 50° (upper right), 55° (lower left), 60°
(lower right)]. Red lines represent increased «°s for a given threshold
(c). Hip model (3D) showing extension and location of a cam lesion
represented on the corresponding 3D model (red arrow). The Q°
measures the amount of linear radial extension of a cam deformity
corresponding to the angular measurement of the red arrow. Red and
orange lines correspond to abnormal «°s; blue line represent normal
«°s for a given « threshold
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Table 2 Mean alpha angles (x°),

standard deviation (SD), and Plane orientation All alpha angles® SD Upper limit of 95 % CI*
upper limit of 95 % of confidence by clock face
interval (CI) at each clock-face
position (all participants) Posterosuperior 9 44.9 43 45.8
9:30 45.6 3.5 46.3
10 452 3.7 46.0
10:30 43.8 3.7 44.6
11 42.6 34 433
11:30 434 34 441
Anterosuperior 0 47.8 6.7 49.2
0:30 54.1 9.2 56.0
1 58.9 8.8 60.8
1:30 58.9 6.8 60.3
2 54.9 5.5 56.1
2:30 50.8 49 51.2
Anteroinferior 3 45.8 49 46.9
3:30 42.7 4.4 43.6
4 41.7 3.6 42.4
4:30 42.8 3.5 435
5 452 3.6 46.0
5:30 48.2 3.5 48.9
Posteroinferior 6 49.3 33 50.0
6:30 48.1 3.5 48.9
7 46.0 3.7 46.8
7:30 442 3.9 45.0
8 438 42 447
8:30 445 42 454
*Mean

spines to the lesser trochanters, with 1- mm thickness. Patients
received no additional radiation during imaging beyond that
required for the CT studies ordered to evaluate their specific
medical conditions.

Three-dimensional model

Digital Imaging and Communications in Medicine (DICOM)
images were uploaded for analysis using Articulis
(ArticulisTM; Clinical Graphics, Delft, The Netherlands) and
semiautomatically segmented using this software, which had
been previously validated for reliability and accuracy [31]. For
each hip, nonradiodense structures were digitally subtracted,
rendering a 3D image of a hemipelvis containing the
left or right hip. Two experienced radiologists (VVM and
AGQG) checked whether each segmentation contained all osse-
ous contours of the CT scan.

Omega angle

To determine the €2° (Figs. 1 and 2), we calculated the clock-
wise 360°, «° by using a regression sphere fit of the FHN
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junction [32]. The «° was calculated according to method 1
described by Notzli et al. [17]. The first angle was obtained
using a measurement plane defined by the femoral neck axis
and a vector perpendicular to this axis pointing upward to
define a superior 12 o’clock position [33] (Fig. 1). For subse-
quent measurement planes, this vector was rotated around the
femoral neck in steps of 1°, leading to measurement of the
360° «°. An automated algorithm based on radial sequences
was then used to determine the maximum «° and its location
(Fig. 2a). Two radiologists (VVM and AG) reviewed the im-
ages to confirm plausibility of computer-determined measure-
ments. Next, projecting the 360 x° in a polar plot (Fig. 2¢), we
found the 2° by measuring the angle corresponding to the
three points formed by the center of the femoral head, the
point where the «°® exceeds a determined threshold value
and the last one where the «° returns to a normal value
(Figs. 2b and c). We used 45, 50, 55, and 60° as «° thresholds
for measuring different 2° values (Fig. 2¢). This automated
analysis yielded measurements of cam magnitude (determined
by the 360° «° and €2°) and cam location (mapped on the
previously defined clock face system, both in 2D maps and 3D
models) (Fig. 2¢c and d).
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Fig. 3 Evaluation of femoral
head/neck (FHN) morphology.
Three-dimensional model in four
projections: top row (left to right),
anterior and anterosuperior views;
bottom row (left to right), superior
and posterior views.
Corresponding 2D map of mean
circumferential alpha angles («°)
at every degree for all
participants: 0 12-0’clock
position; 89° 3-o’clock position

Statistical analysis

For all morphometric parameters, mean values, standard
deviations (SD), and double-sided 95 % reference inter-
vals were calculated. Quantitative parameters are de-
scribed by their average and SD. Qualitative parameters
are described in numbers and percentage. For the average
comparison, Student’s ¢ test was implemented to compare
quantitative variables. If test conditions were not met, a
nonparametric test was used. To evaluate correlation be-
tween two quantitative parameters, Pearson or Spearman
coefficients were computed. A p value of 0,05 was con-
sidered statistically significant for all analyses. Statistical
analyses were performed using dedicated software
(MedCalc Software version 11.6; Belgium).

Results

Images were obtained for 188 hips from 94 patients (age range
18-44; 49 men and 45 women) (Table 1). Measured «° ranged
from 45° to 75°, with an overall mean maximal «° of 59.5° at
1:14 o’clock. Of the 188 hips, 182 demonstrated at least one
elevated «° value at any single clock-face segment when
using an «° threshold of 50°. The mean elevated x° measure-
ment was 60.5° (range 50.1-80.3°) (Table 2 and Fig. 3).

The presence of a cam deformity was defined as an in-
creased «° for at least three consecutive points of measure-
ment. Applying o° thresholds of 50°, 55°, and 60°, cam de-
formity was identified in 182, 148, and 90 hips, respectively,
out of 188 (Fig. 4).

The clock-face position at which «° was most frequently
elevated was 1 and 1:30 o’clock (respectively: frequency of
raised «° = 82 and 87; frequency of location of largest oc® = 32
vs 35). The involved clock-face segments ranged between 0
and 6; mean of the «° measurements at each clock-face

position was greatest at the 1:30 position (58.9° + 6.8; range
46.4-76.4°) and at 1 o’clock (58.9°+8.8; range 41.6-80.3°)
(Table 3).

Sex differences were observed by the presence, magnitude,
and location of cam deformities. Overall cam prevalence was
higher in men for any threshold of x° (p <0,01), as was max-
imal mean x° (63.63° vs 55.74°; p <0,001). Sex-different x°
measurements were notably significant at 1:30 (men vs
women 61.79° vs 55.73°, p < 0.001), at 1:00 (men vs women
63.5° vs 53.3°, p<0.001), and at 10-10:30 o’clock
(p=0.042) (Table 4 and Fig. 5)

Mean cam magnitude, defined by the radial extension of
the deformity, was significantly greater in men (from 0-2 h
32 min vs 0 h 36 min—2 h 28 min; p = 0.01). Mean epicenter of
the cam deformity was located significantly more superiorly
in the anterosuperior quadrant for men compared with women
(1 h 04 min vs 1 h 32 min; p <0.001) (Table 5 and Fig. 6).

Mean angular range of radial extension of involved seg-
ments was translated by a mean €2°. The 2° for a 50° and 55°,
«° threshold was, respectively, 65°+25 (men vs women 71°
vs 57°, p=0.02) and 35°£24 (men vs women 43° vs 25°,
p=0,03) (Table 5). Significant positive correlations were seen

CAM deformity prevalence
9.8 100

87.7 o2
90 .
78.7
80
69 69
70
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47.9

50
40
30 24
20
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OVERALL MALE FEMALE
B ALPHA ANGLE 50° ® ALPHA ANGLE 55° ALPHA ANGLE 60°

Fig. 4 Cam deformity prevalence: overall participants and gender-specific
breakdown by different alpha angle (x°) thresholds (50, 55, and 60°)
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Table 3  Frequency and mean increased alpha angles (c°) at each clock-face position in 188 hips. Location of largest alpha angles recorded at each
position, mean range of deformity (radial extension), and mean epicenter (point of highest «°) also shown

Plane orientation by Increased alpha Range * Frequency of Location of Range of deformity Epicenter of
clock-face position  angle® (for 50° raised alpha largest alpha ? (radial extension) deformity®
threshold) angle® angle®
Posterosuperior 9 51 50.3-53.9 10 0 0:10°-2:30° 1:14+6
9:30 514 50.1-52.2 10 0
10 51.5 50.2-55.3 12 0
10:30 513 50.2-52.5 12 0
11 51 51-51 2 0
11:30 52 50.4-52 10 0
Anterosuperior 0 56.4 50.1-77 40 2
0:30 58.2 50.2-81.9 122 8
1 60.5 50.1-80.3 164 35
1:30 58.9 46.4-76.4 174 36
2 55 39.3-71 154 11
2:30 539 50.1-65.3 92 1
3 53.8 50.2-59.1 30 1

Mean
® Absolute count
¢ Mean =+ standard deviation

between 2° and «° for all thresholds of 2° and locations of &°
measurements (increasing values of «° significantly
corresponded to higher values of €2°) (Table 6).

Discussion

There is a need for improved techniques and criteria to iden-
tify and treat FAI [34]. Considering the strong association
between cam FAI and OA [2], the ongoing debate in the

literature on criteria for an imaging diagnosis of FAI is of
paramount importance. Prior studies have used different cutoff
values for morphometric parameters of cam FAI [7, 17, 21,
23-25, 30, 3544, ] (Table 7). Accordingly, recent studies
have pointed out the high prevalence of radiographic findings
suggestive of FAI in asymptomatic populations [6] when
applying currently used diagnostic thresholds, emphasizing
the need for re-evaluation of these cutoffs [36, 45—47].

In our asymptomatic cohort, we found that the measured cam
morphometry values extended beyond commonly used

Table 4 Mean of all alpha angles

(«°), range, and standard Plane orientation Al alpha Range * Male®  Female® P value
deviation (SD) at each clock-face by clock face angles®+ SD (t test)
position in 188 hips. Mean
male/female «° and Posterosuperior 9 449+43 23.2—53.9 44.6 45.1 NS
corresponding statistical 9:30 45.6+3.5 36.5-52.2 45.2 46 NS
difference recorded at each 10 452437 355555 444 4611 0.043
position also shown
10:30 43.8+3.7 35.7-52.5 427 45.1 0.042
11 42.6+34 34.7-51 42.1 43.1 NS
11:30 43.4+34 35.4-52 44 42.7 NS
Anterosuperior 0 47.8+6.7 37.1-77 50.4 44.8 <0.001
0:30 54.1+£9.2 36.9-81.9 58.6 49.1 <0.001
1 58.9+8.8 41.6-80.3 63.5 533 <0.001
1:30 58.9+6.8 46.4-76.4 61.8 55.7 <0.001
2 549+55 39.3-71 56.2 53.6 0.032
2:30 50.8+4.9 38.2-65.3 50.4 49.9 NS
3 45.8+49 35-59.1 459 45.8 NS

NS not significant
* Mean
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Fig. 5 Alpha angle («°)

measurement comparison by
gender at each clock-face 90
position. Statistically significant

differences are marked by the 8
corresponding p value 70
p=0,043
60 |
50

40

30

20

10

0
%h

thresholds for the diagnosis of cam deformity. For example,
upper limits of reference intervals calculated for o° at 3/1:30
were 46.8°/60.3°. Previously, Sutter et al. [21] found the highest
«° measurements at the anterosuperior quadrant to be
55.0°+8.8, and x® >55° in 38-62 % of asymptomatic volun-
teers. Our study found the highest «° measurements to be
58.9°+ 6.8, and almost 78 % were found to have an «° >55°.

Also, we found normative data similar to the 50° thresholds
previously proposed at 3 o’clock by Nétzli et al. [17] and at
1:30 by Lepage-Saucier et al. [30], but our measurements
were globally higher at the anterosuperior quadrant compared
with most other studies [21, 35]. In a recent review, cam-type
morphology was found in 22.4+6.2 % of all asymptomatic
individuals [6]. In contrast, in this study, we found a higher
prevalence of cam morphology, reaching 78.7 %/48.9 % for
55°/60° «° thresholds, respectively. Similarly to findings in
our study, however, in a study using radial MRI, Reichenbach
et al. [45] found that 73.3 % of asymptomatic cases showed
some evidence of a cam-type deformity.

In regards to cam location and magnitude, our study con-
firms that in an asymptomatic cohort, the deformity was most

I MALE

Table5 Overall evaluation and by gender of magnitude and location of
cam deformities: mean omega angles for different alpha-angle thresholds
(range in brackets), mean range of deformity, and mean epicenter (peak

. FEMALE

Gender alpha angle Clock Face comparison

p= 0,000

p= 0 000 p= o,ooo p= 0,032

p= 0,000

II.'.° Sl 000089°,
10h

.--' asesadsod ...."ll.-u

00!
. o — seee ...'2.'."\'0 oon
| I | I I |
| ... |

1,5h 2h 2,5h 3h

--------- MEAN MALE ~ +<<++++ MEAN FEMALE
prominent in the anterosuperior FHN junction and extended
around a significant radial extent. The most common position
in which we found the largest o«° and a raised «° coincided
with 1 and 1:30 o’clock on the clock face. These results are
generally consistent with findings of other studies [11, 48],
although slightly superior to the anterosuperior quadrant 2
o’clock position defined by Khan et al. [49].

Including measurement of 2° to define cam radial location
and extension permits better characterization of cam deformi-
ty. In this study, greater oc® was found to correlate with increas-
ing €2°. We found a mean increase in «° measurements of
60.5° (50.1-80.3°) compared with 64.6° (50.8-86°) in a
symptomatic cohort using a similar methodology [49]. In that
study, the arc of cam deformity ranged between 60° and 90°
[49], but our study found lower magnitudes (mean §2° 65°), as
would be expected in an asymptomatic cohort. This is an arca
for further application of the £2° technique, enabling detailed
subgroup analysis.

Some variation between our results and previously reported
values might be explained by the heterogeneity of imaging
methods employed, different locations of «° measurements,

location of cam deformity). Significant gender differences are marked
with an asterisk (*)

Omega angle (50° Omega angle (55° Omega angle (60° Range of cam deformity£SD  Epicenter position (mean
alpha angle threshold)  alpha angle threshold)  alpha angle threshold)  (50° alpha angle threshold) alpha angle at epicenter)
Overall ~ 65° 35° 17° 0:10-2:30" +6 1:14
(0-179°) (0-89°) (0-84°) (59.5%)
Male 71° 43¢ 27° 0:00-2:327 £97#3# 1:04
(24-179°)* (0-89°)** (0-84)*#* (63.6°)****x
Female  57° 25° 5° 0:36°-2:28> £47 1:32°
(0-107°)* (0—66°)** (0—44)%#* (5570w w4

SD standard deviation
*p=0,02, ¥¥p=0.03, #kp = 0.04,%kp = 0.01, *¥k p <0.001
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Fig. 6 Femoral head/neck (FHN) morphology by gender. Three-
dimensional model in three projections: top row female model (left to
right), anterior, superior, and posterior views; bottom row male model

and—most importantly—nonstandardized definitions of what a
cam deformity is [23, 35, 50]. Although 3D imaging can iden-
tify larger «° than 2D imaging, these differences are mainly the
result of measurement location [19]. Furthermore, there is an
increased risk of residual impingement and vascular insult
resulting from surgical treatment based on inaccurate data re-
garding the extent of deformities [27, 28, 51].

Intervals for the «® were significantly different be-
tween genders, coherent with results reported by Hack
et al. [35] but divergent from other studies [25, 30]
(Table 7). Similarly, cam location varied significantly
according to sex, in agreement with Ito et al. [52] but
divergent from the study by Yanke et al. [53] (in symp-
tomatic individuals). We also found that mean magni-
tude, location, and the epicenter of cam morphology
were significantly gender different: in men, we specifi-
cally found larger cam radial extension, higher maximal
mean increased «° (63.63° vs 55.74°) and epicenter
superiorly located in the anterosuperior quadrant (1 vs
1:30 o’clock). Also, Yanke et al. [53] found that cam
magnitude was sex different, with deformities in men
being significantly larger. Interestingly, at the
posterosuperior quadrant (10/10:30 o’clock), we found
surprisingly higher «°s in women. To our knowledge,
this finding has not been described in the literature.

MALE vs FEMALE ALPHA ANGLE

(left to right), anterior, superior, and posterior views) and corresponding
2D map of mean circumferential alpha angles («°) at every degree (red
line men; blue line women; 0 12-0’clock position, 89° 3-0’clock position)

Importantly, the increased span of male compared with
female deformities increases the likelihood of false-
negative 2D evaluations in women [53]. We hypothesize
that pelvic morphology and other dynamic factors, such
as distinct sports activities, increased female flexibility,
pelvic rotation, or forward tilt from weaker core mus-
cles contribute to these overall differences [53-55].

Prevalence of cam morphology using current thresh-
olds and the width of reference intervals found in our
study suggest that the currently used criteria for cam-
type FAI need to be revisited. More specifically, our
results stress that the «® alone is not an appropriate
parameter to define cam lesions and that thresholds
should be redefined according to sex and cam location.
In recent CT-based studies, 3D bone reconstructions of
the proximal femur have been used to evaluate femoral
head sphericity using o® measurements [12, 34] and
model fitting [56, 57]. However, normative data is lack-
ing on 3D CT morphology of the femoral head in
asymptomatic individuals.

Therefore, we believe that our approach improves previ-
ously described hip-imaging methods for FAI by including
measures of both deformity magnitude and location [11, 14,
58]. The use of 3D CT to directly visualize and quantify 3D
morphology of the FHN junction permits detailed and

Table 6 Nonparametric bivariate correlation between different quantitative variables: alpha angle at different clock-face positions and omega angle
with different o° thresholds. Significant correlations are marked with an asterisk (*)

Spearman’s rho (significance) Alpha angle

at 0:00 o’clock

Omega angle (alpha angle threshold of 50°) 0.75%*
Omega angle (alpha angle threshold of 55°) 0.76%*
Omega angle (alpha angle threshold of 60°) 0.71%%*

Alpha angle Alpha angle Alpha angle

at 1:00 o’clock at 2:00 ‘clock at 3:00 o’clock
0.71% 0.76%* 0.60%**

0.807% 0.77%* 0.47%*

0.83%#: 0.66%* 0.28*

#p=0.007, **p < 0.001
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reproducible identification of cam lesions [19, 34, 43, 49,
59-61]. Clinical applications for the 3D imaging protocol re-
ported here include the following:

(a) Accurate spatial visualization of cam deformity and hip
morphology [62]

(b) Improved diagnosis and monitoring through the use of
quantitative 3D morphometric assessment incorporating
«° and 2° measurements [63]

(c) Creation of dynamic virtual simulations for preoperative
range of motion (ROM) simulation and identification of
impingement areas [64]

(d) Provides a tool for standardizing and reducing variability
in large-scale and clinical research [59].

This study has several limitations. First, our reference
values were derived from a limited sample of 188 hips.
Second, defining a normal sample population is an ambitious
objective. Third, selecting a protocol for this study may be
subject to several biases: Specifically, our participants were
not selected from healthy volunteers. In addition, we used
patient survey information to exclude hip pathology but did
not perform a clinical hip examination. However, we prospec-
tively included patients presenting for nonorthopedic pathol-
ogy and excluded all patients with any reported history of hip
pathology or symptoms. Additionally, we excluded any pa-
tients with signs of hip pathology on CT so that our cohort
comprised asymptomatic individuals only. Fourth, this study
did not include correlation of 3D «° measurements and tradi-
tional manual CT measurements; such comparison between
2D and 3D CT methods would be useful but was not an
objective of our study, and the software used for this analysis
had already been validated for this purpose.

To develop more generalizable reference intervals, larger in-
dividual cohort studies with more varied demographics are
needed. Further investigations are also needed to incorporate
3D measurements of the acetabulum for a complete picture of
hip biomechanics in cases of FAIL

Conclusion

Cam-type morphology is a 3D deformity. Single 2D measure-
ments of the «® should be viewed with caution, as they may
not provide a true estimate of the magnitude of the deformity.
The 2° obtained with 3D imaging contributes to a better un-
derstanding and characterization of the FHN junction by de-
fining the radial extension and location of cam morphology.
Reference intervals of hip morphometric measurements in
asymptomatic individuals were beyond commonly used
thresholds, suggesting the need for revisiting the current pa-
rameters used in the diagnosis of cam and FAI, specifically by
acknowledging that the «° alone is an insufficient measure by

which to appreciate cam-type morphotype and that its thresh-
olds depend on sex and measurement locations.
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