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Abstract

Aim Determine correlations of 3DCT cam-type femoroacetabular impingement (FAI) measurements with surgical findings of

labral tear and cartilage loss.

Methods Digital search of symptomatic cam-type FAI from July 2013 to August 2016 yielded 43 patients. Two readers calcu-

lated volumes of femoral head, bump, and alpha angles on 3DCT images. Correlations between CT and surgical findings, inter-,

and intra-reader reliabilities were assessed using Spearman rank correlation and intraclass correlation coefficients (ICC).

Results Thirteen men and 14 women aged 37 + 10 (mean = SD) years were included. Most common clinical finding was positive

flexion—adduction—internal rotation (70.4%). Twenty-seven labral tears and 20 cartilage defects were surgically detected.

Significant correlations existed between femoral bump, head volumes, and extent of the labral tear (p =0.008 and 0.003). No

significant correlations were found between the alpha angles at 12 to 3 o’clock and the extent of labral tear (p = 0.2, 0.8, 0.9, and

0.09) or any measurement with the cartilage loss (p values for alpha 12 to 3, bump, and head volumes =0.7, 0.3, 0.9, 0.9, 0.07,

and 0.2). Inter- and intra-reader reliabilities were excellent to moderate for femoral head and bump volumes (ICC = 0.85, 0.52,

and 0.8, 0.5) and moderate to poor for alpha angles (ICC =0.48, 0.40, 0.05, 0.25 and 0.3, 0.24, 0.29, 0.49).

Conclusion Three dimensional volumetric measurements of cam-type FAI significantly correlate with the extent of intraoperative

labral tears. Superior inter- and intra-reader reliability to that of alpha angles renders it a more clinically relevant measurement for

quantifying cam morphology.

Key Points

» The 3DCT bump volume and femoral head volume showed significant correlations with the extent of labral tear (p values =
0.008 and 0.003).

* No significant correlations were seen between alpha angles and the extent of labral tear (p values > 0.05).

* Inter- and intra-reader reliability was excellent to moderate (ICC= 0.85 and 0.52, 0.8, and 0.5) for femoral head and bump
volumes while inter- and intra-reader reliability was fair to poor (ICC= 0.48, 0.40, 0.05, 0.25 and 0.3, 0.24, 0.29, 0.49) for
alpha angles.
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Abbreviations

3DCT  Three-dimensional computed tomography
FABER Flexion-abduction-external rotation
FADIR  Flexion-adduction-internal rotation

FAI Femoroacetabular impingement

Introduction

Femoroacetabular impingement (FAI) is a common cause
of hip pain and a predisposing factor for early
osteoarthrosis. It can be a result of acetabular overcoverage
or malrotation [1, 2], lack of femoral head—neck offset [3,
4], and/or both. In cam-type FAI, there is a lack of normal
offset at the femoral head—neck junction, which is usually
located on its anterosuperior and anterolateral surfaces.
Repeated contact of the femoral head—neck junction with
the acetabulum results in labral shearing and delamination
of cartilage from the subchondral bone [5, 6]. The most
common location of soft tissue damage is observed along
the anterosuperior rim of the acetabulum where the cam
bump impacts. Clinically, the patients usually experience
groin pain, limited internal rotation, and have a positive
anterior impingement test [7, 8].

3D computed tomography (3DCT) has been used as
an accurate tool to assess femoral head—neck junction
bone anatomy and can be easily post-processed using a
commercially available software to generate volume-
rendered and radial images for the angular measure-
ments. Alpha angle measurements on radial 3DCT imag-
ing are also sensitive in quantifying the femoral head-
neck offset and capture the deformity better than the
routinely used radiographs with moderate inter-reader re-
liability [9]. Furthermore, 3DCT measurements aid in
preoperative planning and correlate with intraoperative
findings [10]. Segmentation and volumetric measure-
ments can also be obtained using the same 3DCT data
due to the differences in the density of the developmental
bump (cam lesion) and the native femoral head [11, 12].
To date, there is insufficient data regarding correlations
of the extent of labral or cartilage damage with the de-
gree of alpha angles and femoral head volume and/or
bump volume.

The aim of this study was to obtain correlations of
radial 3DCT-generated alpha angles and segmented vol-
umes of the femoral head and bump with surgical find-
ings of the extent of labral tears and cartilage loss. We
hypothesised that 3DCT cam measurements can deter-
mine the extent of intra-articular soft tissue damage on
surgery. As a secondary aim, inter- and intra-reader reli-
abilities were assessed for both alpha angles and volu-
metric FAI measurements.
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Methods
Study population

This was a retrospective, cross-sectional evaluation performed
in compliance with the Institutional Review Board require-
ments, following the Health Insurance Portability and
Accountability Act. Chart reviews were performed for all clin-
ically symptomatic FAI patients referred from the Sports
Medicine Clinic for preoperative 3DCT planning and arthro-
scopic surgery from July 2013 to August 2016. Institutional
database search yielded a consecutive series of 43 patients.
Anteroposterior (A-P), Dunn view radiographs, and 3DCTs
were obtained in all patients as a part of standard care.
Inclusion criteria were: adult patients presenting with hip
and/or groin pain, clinical criteria of FAI, and radiological
findings of cam (aspherical femoral head with formation of a
bump at the head and neck junction, alpha angle > 55° on the
Dunn view) or mixed cam and pincer FAI (cam with acetab-
ular retroversion or overcoverage (as determined by lateral
centre edge angle >40°)) Exclusion criteria were: previous
history of surgery on the symptomatic side or isolated pincer
FAI (Fig. 1). Patients were operated on at our institute, and all
surgical findings were recorded.

Clinical findings

As a part of their clinical care, standard clinical examination
was performed by an experienced orthopaedic sports surgeon
for all patients. This included tests for range of motion (hip
flexion, internal and external rotation, straight leg raising test,
flexion-adduction-internal rotation (FADIR), and flexion-
abduction-external rotation (FABER), muscle strength, and
sensation. Clinical criteria for evaluation of cam FAI were:
limited passive hip flexion (<105), limited internal rotation
at 90° of hip flexion (< 15), and positive anterior impingement
test on FADIR [7]. Clinical findings were recorded for all
patients included in the study.

CT examination and analysis

Image acquisition 3DCT scans were uniformly acquired on
two multidetector CT scanners (Optima CT 600, GE
Healthcare and Aquilion 64, Canon Medical Systems) from
the upper border of L5 vertebra to the proximal femoral
metadiaphysis using the following parameters: beam collima-
tion (64 x 0.625 mm), tube voltage (120 kVp), and tube cur-
rent (140-280 mAs). Both soft tissue and bone reconstruction
kernels were sent to picture archiving and communication
system (PACS). The soft tissue kernel was imported into an
independent reconstruction software (Tera Recon, Intuition)
for further image processing.
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Fig. 1 Flow chart outlining the
patient selection

| Initial Search = 43 symptomatic FAI patients |

Image post processing and analysis Images were reviewed by
two independent readers (a second-year radiology resident
and a radiologist with 8 years of experience) following train-
ing on a separate set of 3DCT images prior to the blinded
review. Radial reconstructions of the femoral head and neck
were performed using the methods previously described by
Nepple et al and Arezoomand et al [13, 14]. Using a best-fit
circle to define the femoral head contour, alpha angles were
measured between the bisection of the femoral neck axis with

Not operated = 10

o ~.

| Previous operation =5 | | No previous operation = 28 |

Y/ N
Final sample = 27 |

Isolated pincer
type FAI=1

a line connecting the centre of the femoral head to the point of
beginning of asphericity, as described by Notzli et al [15, 16].
To standardise the measurements between both readers, alpha
angles were measured at four pre-defined clock positions (12,
1, 2, and 3 o’clocks) on the coronal images by rotating the
vertical cursor to each of the corresponding clock positions on
the axial clock face image. The 12 o’clock position was cra-
nial and 3 o’clock position was anterior for both hips (Figs. 2
and 3). Cam FAI was defined as alpha angles exceeding 55°.

Fig. 2 29-year-old male hockey player with right hip pain. During
clinical examination, a full range of motion with negative FABER and
FADIR was observed. Radial 3DCT images (a, b, ¢, and d) show alpha
angle measurements of 67.5, 67.4, 71.3, and 75.5 at 12, 1, 2, and 3
o’clock positions. Volumetric measurements (e and f) show femoral

head and bump volumes of 51.3 and 4.35 cm’, respectively. Upon
surgery, the extent of the labral tear was from 12:30 to 2:30 o’clock
position (h). Acetabular cartilage (ACET) had partial-thickness cartilage
loss. Femoral head cartilage (FH) was intact (i)

@ Springer
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Fig. 3 42-year-old female non-athlete with hip and groin pain. During
clinical examination, she had mild restricted internal rotation with no pain
on FABER or FADIR. Radial 3DCT images (a to d) show alpha angle

This cutoff value was chosen to reduce overlap with variations
in alpha angles among the general population [16—-18], thus
reducing false positive findings of FAI. Lateral centre edge
angle (LCEA) was also measured [19], and patients with iso-
lated pincer FAI (LCEA >40° with normal alpha angle mea-
surements) were excluded from the final sample.

Using the same software, 3D volume-rendered images of the
pelvis were obtained. After semi-automated segmentation of
the femur using a free-hand ROI, a region-grow thresholding
colour tool was used to separately segment the femoral head
and respective cam lesion with automatic calculation of their

Fig. 4 3D volume-rendered im-
ages (a) showing use of region
growing tool (b) followed by
colour mask (c¢) to automatically
calculate femoral head and bump
volume
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measurements of 61.1, 68.1, 72.1, and 66.2 at 12, 1, 2, and 3 o’clock
positions, respectively. Volumetric measurements (e to h) show femoral
head (blue) and bump (red) volumes of 35.6 and 3.33 cm’, respectively

volumes (Fig. 4). Osteoarthritis grade was recorded for each hip
on AP pelvis radiographs by the surgeon as per Tonnis grading
system [20]. The Tonnis classification of osteoarthritis is graded
as 0 (no changes), 1 (widened sclerotic sourcil with minimal
osteophyte formation), 2 (moderate loss of joint space and cyst
formation), and 3 (< 1 mm of joint space, large cystic changes,
or no joint space). The alpha angles were obtained from the
Dunn views (corresponding to 1 and 2 o’clock position on
radial CTs) by the senior reader. Radial CT and volumetric
measurements were also repeated by the second reader,
6 months after the first read.

H
¥ Femoral head : 56.3 cm®
Bump : 3.29 cm?®
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Surgical findings

Twenty-seven hips in 27 patients were operated upon by
the same surgeon who performed the clinical evaluation.
All operative reports included labral, femoral, and acetab-
ular cartilage findings. To avoid bias in interpretation of
surgical findings, all labral cartilage findings and preop-
erative radiographs were re-evaluated by a second surgeon
specialised in sports surgery. To avoid variability in the
interpretation of labral tear locations in right versus left
hips, the labral tears were described using predetermined
clock positions as validated in the literature [21, 22].
Cartilage defects were described as partial-thickness car-
tilage loss (Outerbridge grades 1 to 3) or full-thickness
cartilage loss (grade 4).

Data collection and statistical analysis

Patient demographics and clinical data, alpha angle and volu-
metric femoral head and bump measurements on 3DCT,
Tonnis grades and alpha angles on x-rays, and extent of labral
tear and cartilage loss on surgery were recorded in a spread-
sheet (Excel 2010, Microsoft). Descriptive statistics were used
to summarise patient demographic and clinical findings, ra-
diographic Tonnis grades and alpha angles, 3DCT measures,
and surgical findings. Spearman rank correlations were used
to find associations between mean volumetric and alpha angle
measurements on 3DCT and the extent of labral tear and car-
tilage loss on surgery. Fisher’s z-transformation was used to
calculate 95% confidence intervals (CI). Intraclass correlation
coefficients (ICC) were used to assess inter- and intra-reader
agreements. Any p value <0.05 was considered statistically
significant.

Results
Study population and clinical findings

Twenty-seven 3DCTs of the hips in 27 patients (13 males
and 14 females) constituted the final sample. Mean and
standard deviation (SD) of age was 37+ 10 years. All
patients had unilateral hip pain on presentation, of which
14 were right and 13 were left (1.08:1). Upon clinical

examination, 19 patients had positive anterior impinge-
ment on FADIR, 15 had limited flexion, and 8 had limited
internal rotation (Table 1).

Imaging findings

Alpha angles Alpha angles were recorded in 27 hips for 27
patients using radial 3DCT imaging at the 12, 1, 2, and 3 o’
clock positions. Mean and SD of alpha angles at 12, 1,2, and 3
o’clock were 54.1 £13.4, 59.3+13.8, 59+ 14.7, and 54.3 +
15.8°, respectively.

Volumetric measures Volumetric measures of femoral head
and bump were recorded in all 27 hips using volume-
rendered 3DCT images. It took approximately 20 min to
record both alpha angles and volumes. Volume measure-
ments alone took less than 5 min (3.9 + 1.7 min, mean =+
SD) (Fig. 5). Mean head volume was 49.7+11.5 cm® and
mean bump volume was 4.6+2.6 cm®.

Radiographic Tonnis grades and alpha angles A-P radio-
graphs and Dunn views were used for preoperative evaluation
of all symptomatic hips. Tonnis grades were used to exclude
osteoarthritic hips on A-P radiographs. Mean Tonnis grade
was 0.93+0.7 (Supplementary Table 1). Mean alpha angles
measured on Dunn views were 61 £5° (mean + SD).

Surgical findings

Labral findings All 27 patients had labral tears. To statistically
analyse the extent of the labral tear, the number of clock hours
was converted into a single number, i.e. labral tear extending
from 12 to 2 o’clock was recorded as 2 h and 12 to 2:30
o’clock labral tear was recorded as 2.5 h. Mean labral tear
extent was 1.5+ 0.99 h.

Cartilage findings Twenty cartilage defects were described
in 27 hips on surgery (16 on the acetabular, 1 on the
femoral, and 3 on both acetabular and femoral cartilages).
The ratio of acetabular and femoral cartilage loss was
approximately 5:1. Similar frequency of partial and full-
thickness cartilage defects were found on the acetabular
side (Table 2).

Table 1 Distribution of clinical
symptoms among patient

population (n=27)

Clinical criteria Frequency (n) Percentage of patients (%)
Limited passive hip flexion 15 15/27 (55.6)
Limited internal rotation 8 8/27 (29.6)
Positive anterior impingement test 19 19/27 (70.4)

@ Springer
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Fig. 5 46-year-old non-athletic male with left groin pain. During clinical
examination, he had limited internal rotation on the left side with positive
FABER and FADIR. Volumetric CT measurements (a and b) show fem-
oral head (blue) and bump (red) volumes of 70.6 and 8.68 cm?,

Correlations between imaging and surgical findings

On 3DCT, alpha angles at 12, 1, 2, and 3 o’clocks did not
correlate with the extent of labral tear on surgery. Spearman
correlations were — 0.3, 0.05, —0.02, and 0.36 with CI —0.63
to 0.13, —0.36 to 0.44, —0.42 to 0.39, and —0.07 to 0.67,
respectively. The p values were 0.2, 0.8, 0.9, and 0.09, respec-
tively. Femoral bump and head volumes significantly corre-
lated with the extent of labral tear on surgery. Spearman cor-
relations were 0.50 and 0.55 with CI 0.13-0.73 and 0.20-
0.76, respectively. The p values were 0.008 and 0.003, respec-
tively (Table 3, Fig. 6). There were no correlations between
alpha angles or volumes and articular cartilage damage. The
p values were 0.67, 0.29, 0.86, 0.87 and 0.07, 0.12, 0.46,
respectively (Table 3). Upon comparing radiographic alpha
angle measurements, there were no significant correlations
with the extent of the labral tears (Spearman correlation =
0.28, p value=0.17) or cartilage damage (Spearman correla-
tion=0.21, p=0.11).

Reader agreements

Inter-reader agreement was classified as excellent (> 0.80),
good (0.61-0.80), moderate (0.41-0.60), fair (0.20-0.40),
and poor (< 0.20) using 95% CI. Femoral volumetric measure-
ments showed excellent and moderate inter-reader agreements

respectively. Upon surgery (c), the extent of the labral tear was from
1:30 to 3:30 o’clock position (H). Acetabulum (ACET) had some carti-
lage wear. Femoral head cartilage (FH) was intact

(ICC =0.85 and 0.52) for the head and bump volumes, respec-
tively. Alpha angles at 12, 1, 2, and 3 o’clock showed moder-
ate and poor inter-reader agreements (ICC = 0.48, 0.40, 0.05,
and 0.25, respectively) (Table 4). Intra-reader agreement was
moderate to excellent for volumetric (ICC =0.46 and 0.80)
and fair to moderate for the alpha angle measurements
(ICC=0.24 to 0.49) (Table 5).

Discussion

Symptomatic FAI has an important association with prema-
ture osteoarthritis (OA) of the hip. From the surgical stand
point, a decision to preserve or replace the hip is based on a
combination of careful history taking, clinical examination,
and preoperative imaging. The aim of imaging is to recognise
the morphology of osseous abnormalities and characterise the
extent of chondrolabral damage as accurately as possible [23].
Recent literature has discussed cutoff values for alpha angle,
3DCT radial imaging to quantify cam lesions [11, 23, 24], and
MRI grading systems to evaluate the extent of labral and car-
tilage damage in FAI [25], but, to the best of our knowledge,
no study has correlated 3DCT measurements with the extent
of the surgical findings.

This study highlights an innovative new way of evalu-
ating cam volume measurement. We found that cam and

Table 2 Articular cartilage
findings after surgery

Cartilage findings (from a total of 27 Acetabular Femoral
patients)
Frequency Percentage Frequency Percentage
(n) (%) (m) (%)
Full-thickness cartilage defect 9 33 1 4
Partial-thickness cartilage defect 10 37 3 11
Total (n/%) 19 70 4 15
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Table 3 Correlations of 3D
volumetric and alpha angles Surgical findings  3DCT Spearman 95% confidence  p FDR adjusted p
measurements with surgical measurement correlation interval value  value
findings of labral tear and (Fisher’s z-
cartilage loss. Last column Transformation)
represents false discovery rate
(FDR), adjusted p values for Cartilage loss Alpha angle 12 0.11 -038 0.5 0.67 0.87
cartilage loss, and labral tear in o’clock
clock hours, respectively Alpha angle 1 -0.26 -0.63 0.23 0.29 0.67
o’clock
Alpha angle 2 0.04 -0.42 0.49 0.86 0.87
o’clock
Alpha angle 3 0.04 —-043 0.50 0.87 0.87
o’clock
Bump volume 0.35 —0.04 0.64 0.07 0.41
Femoral head 031 -0.09 0.61 0.12 0.41
volume
Head/bump ratio 0.15 -0.25 0.50 0.46 0.80
Labral tear/clock Alpha angle 12 -0.30 -0.6 0.13 0.16 0.22
hours o’clock
Alpha angle 1 0.05 -0.36 0.44 0.83 0.93
o’clock
Alpha angle 2 —0.02 -0.42 0.39 0.93 0.93
o’clock
Alpha angle 3 0.36 -0.07 0.67 0.09 0.16
o’clock
Bump volume 0.50 0.13 0.73 0.008*  0.03
Femoral head 0.55 0.20 0.76 0.003*  0.02
volume
Head/bump ratio 0.3 —-0.05 0.63 0.08 0.16
*Statistically significant correlations
0.6 Cartilage Labral tear
’ 0.0025
0.0076
o4 o.o719 0.0925 0.0845
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c
§e]
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Fig.6 Bar chart for Spearman correlations for various 3DCT measurements with surgical findings of labral tear and cartilage loss. Height of each column

represents correlation and numbers represent p values for each parameter as determined by Spearman’s correlation coefficient
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Table 4 Inter-reader agreement
for alpha angles and femoral head
and bump volumes

3DCT measurement

Intraclass correlation 95% confidence interval (CI)

coefficient (ICC)
Alpha angle 12 o’clock 0.48 0.13 0.73
Alpha angle 1 o’clock 0.40 0.00 0.69
Alpha angle 2 o’clock 0.05 -0.36 0.44
Alpha angle 3 o’clock 0.25 0.15 0.57
Bump volume 0.52 0.15 0.76
Femoral head volume 0.85 0.69 0.93

femoral head segmentations are much faster and more
reliable when compared to the alpha angle measurements.
Furthermore, our data showed significant positive corre-
lations between femoral head and bump volumes and the
extent of labral tear. This agreed with a previous study
showing that labral tears occurs 3.6 times more often in
patients with a radiographically abnormal femoral head—
neck offset [26]. Alpha angles did not correlate with the
extent of labral tear. This agrees with previous studies
showing overlap in FAl-associated alpha angle measure-
ments among asymptomatic hips [16, 27, 28], variability
in alpha angles on MR imaging [28-30], and a recent
study by Smith et al showing significant variability in
alpha angle measurements on x-ray, CT, and MRI [31].
We also found moderate to poor inter-reader reliability for
alpha angle measurements. This was lower than the pre-
viously described findings by Beaulé et al [9].

Other important findings included predominance of
positive anterior impingement on FADIR in cam FAI pa-
tients (70.4%) and high percentage of patients (70%) with
acetabular cartilage loss on surgery. This is expected and
agrees with previous studies associating a positive anteri-
or impingement test [32] and cartilage wear with FAI
impingement [25, 33]. The 3D volume-rendered and seg-
mented reconstructions are now routine in our practice as
the referring expert surgeons require it for preoperative
planning. It provides them a sense of the extent of the
bump qualitatively, increases the confidence of

preoperative diagnosis, and better estimates the amount
of required femoroplasty. It remains to be seen if the rou-
tine use of such imaging would result in more adequate
bump resections and less recurrence of future symptoms
from residual FAIL

Despite the encouraging findings, this study had several
limitations. Retrospective analysis of a specific group of pa-
tients referred from sports medicine clinic and an even lower
number of patients undergoing surgery results in selection
bias. However, we made sure that the series of patients were
consecutive and that another surgeon evaluated the intraop-
erative photos, blinded to the 3DCT measurements.
Furthermore, clinical assessments were performed, but
could not be correlated to the surgical findings. This was
due to variable examination methods and findings. Finally,
we did not evaluate the effect of the acetabular anatomy on
labral and cartilage damage, nor did we evaluate the contra-
lateral normal hips. This was not possible due to previously
operated contralateral hips in some patients which could not
be compared to the asymptomatic, unoperated hips.

This study initially aimed to test a new, simplified,
quantitative 3DCT method for cam quantification that
could be applied in the rapid workflow of clinical prac-
tice and at the same time correlate well with surgical
findings. Future studies should be aimed at validating
3DCT volumetric measures in larger surgical cohorts to
confirm correlations and compare differences to the
asymptomatic hips and controls.

Table 5 Intra-reader agreement
for alpha angles and femoral head
and bump volumes

3DCT measurement

Intraclass correlation 95% confidence interval (CI)

coefficient (ICC)
Alpha angle 12 o’clock 0.3 - 0.1 0.61
Alpha angle 1 o’clock 0.24 —-0.15 0.57
Alpha angle 2 o’clock 0.29 -0.1 0.61
Alpha angle 3 o’clock 0.49 0.14 0.74
Bump volume 0.46 0.1 0.71
Volume of femoral head 0.8 0.62 091
Head/bump ratio 0.14 -0.24 0.49
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Conclusion

3D volumetric measurements of cam-type FAI significantly
correlate with the extent of intraoperative labral tear with su-
perior inter- and intra-reader reliability than the alpha angle,
rendering it a more clinically relevant method to quantify cam
morphology.
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