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Background: The labrum is likely to influence impingement, which may also depend on acetabular coverage. Simulating
impingement using 3-dimensional (3D) computed tomography (CT) is a potential solution to evaluating range of motion (ROM);
however, it is based on bony structures rather than on soft tissue.

Purpose: To examine ROM when the labrum is considered in a 3D dynamic simulation. A particular focus was evaluation
of maximum flexion and internal rotation angles before occurrence of impingement, comparing them in cases of cam-type
femoroacetabular impingement (FAI) and borderline developmental dysplasia of the hip (BDDH).

Study Design: Descriptive laboratory study.

Methods: Magnetic resonance imaging (MRI) and CT scans of 40 hips (20 with cam-type FAIl and 20 with BDDH) were reviewed
retrospectively. The thickness and width of the labrum were measured on MRI scans. A virtual labrum was reconstructed based on
patient-specific sizes measured on MRI scans. The impingement point was identified using 3D dynamic simulation and was
compared with the internal rotation angle before and after labral reconstruction.

Results: The thickness and width of the labrum were significantly larger in BDDH than in FAI (P < .001). In FAI, the maximum
internal rotation angles without the labrum were 30.3° at 90° of flexion and 56.9° at 45° of flexion, with these values decreasing to
18.7° and 41.4°, respectively, after labral reconstruction (P < .001). In BDDH, the maximum internal rotation angles were 48.0° at
90° of flexion and 76.7° at 45° of flexion without the labrum, decreasing to 31.1° and 55.3°, respectively, after labral reconstruction
(P < .001). The differences in the angles before and after labral reconstruction were larger in BDDH than in FAI (90° of flexion, P =
.03; 45° of flexion, P = .01).

Conclusion: As the labrum was significantly more hypertrophic in BDDH than in FAI, the virtual labral model revealed that the
labrum'’s interference with the maximum internal rotation angle was also significantly larger in BDDH.

Clinical Relevance: The labrum has a significant effect on impingement; this is more significant for BDDH than for FAI.

Keywords: acetabular labrum; femoroacetabular impingement; borderline developmental dysplasia of the hip; computer
simulation

Hip arthroscopic surgery and related diagnostic techniques
for femoroacetabular impingement (FAI) and borderline
developmental dysplasia of the hip (BDDH) with labral tear
have progressed over the past decade. FAI is a fundamental
pathophysiology caused by impingement between the acetab-
ulum and the bony prominence of the femoral head-neck junc-
tion, that is, cam morphology.? This kind of impingement is
often accompanied by labral tear.? Pierannunzii?? reported
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that cam-type FAI is based on shear stress and that pincer-
type FAI determines contact stress between the acetabulum
and the femoral neck, thereby squeezing the labrum. By con-
trast, the main pathological condition in developmental dys-
plasia of the hip (DDH) is hip joint instability due to a shallow
and dysplastic bony acetabular roof.”® Dysplasia increases
the load on the hip by 2.8 to 4.0 times'?; therefore, the load
stress might be the main cause of labral damage in cases of
dysplasia. In addition, the coexistence of DDH and cam defor-
mity has been recognized,* and such overlapping pathology
must be noted. Both load stress on the hip and dynamic stress
due to cam deformity may coexist in BDDH cases. Thus, in
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BDDH, several factors (eg, joint instability, labral tear, and
impingement) caused by cam deformity may interact.

Previous studies have used 3-dimensional (3D) dynamic
simulations based on preoperative computed tomography
(CT) images to evaluate the impingement point before sur-
gery.1>16 While such 3D dynamic simulations have impor-
tant clinical implications with respect to identifying the bony
impingement point, they do not take into account the effect
of soft tissue, including the labrum. Although magnetic res-
onance imaging (MRI) is one of the most reliable modalities
for evaluating soft tissue around the hip joint,>** only a few
studies have reported the use of MRI for dynamic analysis,
and these were related to the shoulder joint.!?! Although
the mechanical forces in FAI and BDDH are quite different,
the labrum is damaged in both of these conditions. Thus, the
clinical question is to what extent the acetabular labrum
interferes with movement of the hip joint before it becomes
impinged between the acetabular rim and femoral neck. Pre-
vious studies using computer simulation analysis were
unable to consider the effect of the labrum.

The utility of radial sequence 3-T 3D multiple echo
recombined gradient echo (MERGE) MRI for evaluating the
labrum before arthroscopic surgery has previously been
confirmed, with good definition of the labral shape being
demonstrated.’> 3D MERGE MRI can be used not only to
diagnose a labral tear, but also to clearly define the size of
the labrum. In this study, we hypothesized that a virtual
labrum could be reconstructed in a bone model specific to
each patient, using one’s specific labral size identified on
3D MERGE MRI scans. Thus, a virtual labral model was
reconstructed using patient-specific data combined with a
CT bone model created using Zed Hip software (LEXI Co
Ltd).

The purpose of this study was to examine the range of
motion (ROM) in 3D dynamic simulations that take the
labrum into consideration. In particular, we evaluated the
maximum flexion and internal rotation angles at which
impingement occurred, making comparisons between FAI
and BDDH. The hypothesis of this study was that the ace-
tabular labrum influences the impingement condition
before bony impingement occurs.

METHODS

This study was approved by the institutional review board
of Yokohama City University. We retrospectively reviewed
3D MERGE MRI scans and CT images acquired for preop-
erative evaluation before hip arthroscopic surgery; the
images were acquired between April 2014 and September
2018. Of 91 consecutive hips, 42 were excluded because of
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the following: 7 did not have available MERGE MRI or CT
data, 10 had a history of surgery on the same joint (total hip
arthroplasty, osteotomy, or primary arthroscopic surgery),
and 25 did not match any of the diagnostic criteria for FAI
or BDDH on radiographs (ie, synovial osteochondromato-
sis, labral tear after trauma, osteonecrosis, or osteoarthri-
tis). The remaining 49 hips included 26 with cam-type FAI,
3 with combined-type FAI, and 20 with BDDH (10 BDDH
with cam-type FAI and 10 BDDH without cam-type FAI).
To allow evaluation of the same number of hips for each
disease, the most recent 20 consecutive joints with cam-
type FAI were included in the study. Thus, a total of 40
joints (20 with cam-type FAI and 20 with BDDH) were
analyzed. The patients and their characteristics were
assessed by a single responsible surgeon (N.K.). The mean
ages at the time of surgery were 37 years (range, 14-58
years) in the cam-type FAI group and 42 years (range, 15-
63 years) in the BDDH group. The cam-type FAI cases
included 12 male and 5 female patients, and the BDDH
cases included 4 male and 14 female patients. In all cases,
3D MERGE MRI and CT analyses were performed within
the 4 months before surgery.

Radiographic Evaluation

The following radiographic definitions of FAI and BDDH
were used: cam-type FAI was defined as an alpha angle
>55° on the cross-table lateral view or 45° on the flexion
Dunn view®27; pincer-type FAI was defined as a center-
edge (CE) angle >40° on the anteroposterior view of the
pelvis.'® Combined-type FAI was defined as the presence
of both cam and pincer deformities. BDDH was defined as a
CE angle between 20° and 25° on the anteroposterior view
of the pelvis.? Yamasaki et al?’ reported that a CE angle
>25° should be excluded from the FAI criteria, even if there
were findings consistent with FAI. Therefore, patients with
a CE angle of 20° to 25° were classified as having BDDH
with cam deformity (alpha angle >55°).

MERGE MRI Findings

All MRI evaluations were performed using 3D MERGE
MRI acquired on a 3-T Discovery MR750w scanner (GE
Healthcare Co Ltd). Axial sequences were obtained with a
repetition time of 30 milliseconds, an average echo time of
10.9 milliseconds, a field of view of 300 x 300 mm, a matrix
of 300 x 300, a bandwidth of 50 kHz, a slice thickness of 1
mm, a section gap of 0 mm, and an acquisition time of 5
minutes. The average duration between MRI and surgery
was 58 days (range, 5-102 days).
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Figure 1. Labral thickness and width on multiple echo recom-
bined gradient echo magnetic resonance imaging scan of a
left-side hip joint. We measured the thickness of the acetab-
ular labrum at the rim and the width to the apex of the ace-
tabular labrum in the anterior region (2-3 o’clock),
anterolateral region (1-2 o’clock), and lateral region (12-1
o’clock).

Radially reconstructed images were obtained using a
multiplanar reconstruction procedure that reconstructed
the axial images into the radial plane. The radial plane was
obtained with a field of view of 150 x 150 mm and a slice
thickness of 2 mm. Images were reconstructed every 5°
around the center of the femoral neck axis defined on the
axial and sagittal planes. Radial images were evaluated
according to a clockface description, with 0° (3 o’clock) being
anterior and 90° (12 o’clock) being lateral. On 3D MERGE
MRI, the labrum was evaluated using radial imaging in the
anterior region (2-3 o’clock), anterolateral region (1-2
o’clock), and lateral region (12-1 o’clock). Specifically, the
thickness of the labrum at the acetabular rim and the width
to the apex of the labrum were measured in each region
(Figure 1).

The average thickness and width were calculated in each
case. All MRI measurements were evaluated by an ortho-
paedic surgeon (S.H.) and a medical research student (K.S.)
who were blinded to all other information. Intraobserver
and interobserver reliability were calculated for all mea-
surements of labral size.

CT Imaging Conditions

The average duration between CT and surgery was 64 days
(range, 12-118 days). Each patient underwent CT examina-
tion of the pelvis and both femurs in the supine position.
The CT images were acquired on a Sensation 16 (Siemens
AGQG) using a tube voltage of 140 kV, current of 300 mA, and
slice thickness of 1.5 mm.

3D Dynamic Simulation

A virtual acetabular labral model was reconstructed using
Zed Hip software, based on the specific size of each individ-
ual labrum on 3D MERGE MRI scans. 3D bone models of
the pelvis and both femurs were reconstructed using Zed
Hip applied to the CT data. In this study, the functional
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pelvic plane in the supine position was used as the baseline
for the pelvic plane. For the femoral plane reference, refer-
ence points around the femoral head on the axial and sag-
ittal planes were used to define the femoral head center.
Points on the medial/lateral epicondyles and posterior con-
dyles, knee center, greater trochanter tip, and lesser tro-
chanter were also identified.

Next, Zed Hip was used to reconstruct a virtual labral
model based on the data measured on each horizontal slice
of 3D MERGE MRI scans. Specifically, the labrum was con-
sidered to be represented as a triangle (with the average
thickness of the labrum forming the base and the distance
to the apex forming the height) on each horizontal slice
(Figure 2).

The impingement point was identified using a 3D
dynamic simulation created using Zed Hip. The impinge-
ment points on the femoral head-neck junction at 45° and
90° of flexion at the maximum internal rotation angle of the
hip joint were evaluated. Bony impingement referred to
contact between the acetabular rim and the femoral head-
neck junction (Figure 3).

In the impingement simulation, the labral interference
was defined as that between the virtual labrum and the
femoral head-neck junction (Figure 4).

The maximum internal rotation angles before and after
labral reconstruction were compared for each disorder. If
the impingement point appeared at <45° or <90° of flexion,
the patient was excluded.

Statistical Analysis

Statistical analyses were performed using R version 3.0.2
software (R Foundation for Statistical Computing). A
P value <.05 was deemed significant. Differences in the
measured size of the labrum among the 3 regions (ante-
rior, anterolateral, and lateral) on 3D MERGE MRI scans
were analyzed using 1-way analysis of variance, and dif-
ferences between FAI and BDDH were evaluated using a ¢
test. Differences between the maximum internal rotation
angle before and after labral reconstruction were evalu-
ated using the Wilcoxon signed rank test. The difference in
angle between FAI and BDDH was evaluated using the
Mann-Whitney U test. The 3D MERGE MRI findings were
evaluated independently by 2 observers (S.H., K.S.), and
the interobserver error was calculated by comparing the
first and second evaluations made by a single observer.
Intraclass correlation coefficients (ICCs) with 95% CIs
were calculated for the interobserver and intraobserver
agreement (moderate agreement, 0.5-0.75; good agree-
ment, 0.75-0.9; excellent agreement, >0.9).17

RESULTS

Table 1 shows the results for the thickness of the labrum at
the acetabular rim and the width to the apex of the labrum
in each region, as measured on 3D MERGE MRI scans. The
average thicknesses of the labrum at the acetabular rim
were 4.54 mm in FAI and 5.97 mm in BDDH, with the
labrum being significantly thicker in BDDH (P < .001). The
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Figure 2. Reconstruction of the virtual acetabular labrum using Zed Hip (LEXI Co Ltd). Reconstruction of the acetabular labrum was
based on its size measured on magnetic resonance imaging scans. The labral size was reflected in the Zed Hip reconstruction in
each case. Specifically, the labrum was considered to be represented as a triangle on each horizontal slice, with the average
thickness of the labrum forming the base and the distance to the apex forming the height (arrow in panels A and B, right-side hip
joint). In this manner, the virtual labrum was added onto each slice using Zed Hip (arrow in panels C and D, right-side hip joint).

Figure 3. Simulation of bony impingement between the acetabulum and the femoral head-neck junction. The impingement point,
identified using the Zed Hip (LEXI Co Ltd) 3-dimensional dynamic simulation, is shown by the arrow. The impingement points at (A)
90° (right-side hip joint) and (B) 45° (right-side hip joint) of flexion at the maximum internal rotation angle of the hip joint were

evaluated.

average widths to the apex were 7.05 mm in FAI and 10.50
mm in BDDH, with this width being significantly higher in
BDDH (P < .001).

The ICC for interobserver agreement for measurements
made on 3D MERGE MRI scans was excellent (k = 0.93), as
was the intraobserver agreement (x = 0.97). Figures 5 and
6 show the results for the maximum internal rotation angle

before and after labral reconstruction in the 3D dynamic
simulation using Zed Hip.

In FAI, the maximum flexion angle without the labrum
was 103.9°. The maximum internal rotation angles were
30.3° (90° of flexion) and 56.9° (45° of flexion) at each flex-
ion angle without the acetabular labrum. In BDDH, the
maximum flexion angle was 120.0°. The maximum
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Figure 4. Simulation of the labral interference between the virtual acetabular labrum and the femoral head-neck junction. The
virtual acetabular labrum on the acetabular rim is shown in red. The impingement point, identified using the 3-dimensional Zed Hip
(LEXI Co Ltd) dynamic simulation, is shown by the arrow. The impingement points at (A) 90° (right-side hip joint) and (B) 45° (right-
side hip joint) of flexion, with the maximum internal rotation angle, were evaluated.

TABLE 1
Average Thickness and Width of the Labrum in Each Region®
Anterior Anterolateral Lateral Total
Thickness® Width® Thickness Width Thickness Width Thickness Width
FAI 3.76 £ 0.84 6.97 +£2.07 5.00 £ 1.04 6.65 + 2.08 4.86 +1.44 7.53 £1.69 4.54+1.25 7.05 £ 1.96
BDDH 4.95 +1.47 11.12 £ 3.04 6.76 £ 1.70 9.93 £2.40 6.21 £1.67 1047 £ 2.11 597+1.76 10.50 £ 2.55
P value .003 <.001 <.001 <.001 .009 <.001 <.001 <.001

“Data are reported in millimeters as mean = SD. BDDH, borderline developmental dysplasia of the hip; FAI, femoroacetabular

impingement.
bThickness of the labrum at the acetabular rim.
‘Width to the apex of the labrum from the acetabular rim.

internal rotation angles were 48.0° (90° of flexion) and
76.7° (45° of flexion) at each flexion angle without the ace-
tabular labrum. After labral reconstruction, the maximum
flexion angle in the simulation reflecting the measured
size of the labrum on 3D MERGE MRI scans was 89.4°,
and the maximum internal rotation angles were 18.7° (90°
of flexion) and 41.4° (45° of flexion) in FAI. In BDDH, the
maximum flexion angle was 103.6° and the maximum
internal rotation angles were 31.1° (90° of flexion) and
55.3° (45° of flexion). In both diseases, there was a signif-
icant difference in the maximum flexion and internal
rotation angles before and after labral reconstruction
(P < .001).

The differences between the bony (without the acetabu-
lar labrum) impingement and the labral interference angle
with the maximum internal rotation angle at 90° of flexion
were 11.5° for FAI and 16.9° for BDDH (Figure 7).

The difference between the bony and labral interference
angle was significantly larger in BDDH than in FAI (P =.03).
Similarly, the difference between the bony and labral inter-
ference angle at the maximum internal rotation angle
of 45° of flexion was significantly larger in BDDH (21.4°)
than in FAI (15.5°; P = .01).

DISCUSSION

The most important clinical implication of this study is that
the acetabular labrum has a significant effect on impinge-
ment in both FAI and BDDH. This effect is more significant
for BDDH than for FAI. Hence, ROM based on computer
simulation using a 3D bone model may be overestimated,
particularly in cases of BDDH. In other words, the labrum
interferes with the femoral head-neck junction before the
ROM estimated by the bony impingement simulation. This
has important clinical relevance when surgical treatment
based on impingement simulation is being considered.
The results presented herein show that the acetabular
labrum was significantly thicker and longer in cases of
BDDH than in cases of FAIL. This is compatible with a
report by Garabekyan et al,!° who showed that labral
values at all locations were longer in cases of DDH and
BDDH. The authors used MRI to measure the size of the
labrum, showing normal acetabular coverage, acetabular
overcoverage (>39°), BDDH (20°-24.9°), and DDH (<20°)
at 3 locations (lateral, anterior, and anteroinferior). The
results showed that the mean length of the labrum in DDH
was statistically similar to that in BDDH. Multivariate
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Figure 5. Difference in the maximum internal rotation angle at
90° of flexion in cases of bony impingement and labral inter-
ference. The maximum internal rotational angle was signifi-
cantly lower in cases of labral interference (*P < .001). Error
bars indicate SDs. BDDH, borderline developmental dyspla-
sia of the hip; FAI, femoroacetabular impingement.
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Figure 6. Differences in the maximum internal rotation angle
at 45° of flexion between cases of bony impingement and
cases of labral interference. The maximum internal rotational
angle was significantly lower in cases of labral interference
(*P < .001). Error bars indicate SDs. BDDH, borderline devel-
opmental dysplasia of the hip; FAI, femoroacetabular
impingement.

analyses confirmed that the lateral CE angle was the stron-
gest predictor of labral length, irrespective of measurement
location. Lewis and Sahrmann?® reported that the acetab-
ular labrum is an important intra-articular structure of the
hip joint, the labrum contributes the hip joint stability.
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Figure 7. Differences between bony impingement and labral
interference. The discrepancy (A angle) was significantly
larger in cases of borderline developmental dysplasia of the
hip (BDDH). Each box denotes the interquartile range. The line
in the box represents the median value, and the cross
denotes the average value. The error bar represents the max-
imum and minimum values. Dots represent outliers. FAI, fem-
oroacetabular impingement.

They also reported that a labrum with insufficient acetab-
ular coverage may become hypertrophic to make up for
undercoverage of bone. Thus, the size of the labrum, par-
ticularly the acetabular coverage, depends on the patient-
specific situation. Myers et al?® evaluated hip joint stability
in fresh-frozen cadavers, testing them at various flexion
angles in the intact state and then again after sectioning;
they later repaired the acetabular labrum and iliofemoral
ligament in a randomized order. They concluded that the
iliofemoral ligament had a significant role in limiting exter-
nal rotation and anterior translation of the femur, while the
labrum provided a secondary stabilizing role during these
motions. Furthermore, Ferguson et al® examined the seal-
ing function of the labrum using finite element analysis.
They reported that when a compressive load of 1200 N was
applied across the hip joint model, the labrum could trap a
layer of pressurized fluid between the femur and acetabu-
lum, thereby preventing contact between the articulating
surfaces. Thus, the size of the labrum is an important factor
when considering biomechanics and joint stability.

3D MERGE MRI is a noninvasive technique that does
not require arthrography; as such, it allows construction
of a wideband high-resolution image that is less affected
by artifacts. Desirable contrast and high signal intensity
can be obtained using multiple echoes. In addition, radial
sequence imaging can be used to visualize the entire cir-
cumference of the acetabular labrum. Radial reconstruc-
tion images are useful for diagnosis of labral tears®?;
indeed, the utility of radial sequence 3D MERGE MRI for
diagnosing labral tear has been reported.'® In the current
study, we demonstrated excellent intra- and interobserver
reproducibility of the measured labral size on radial image



The Orthopaedic Journal of Sports Medicine

MERGE MRI scans. Reliable measurement of the acetabu-
lar labrum makes it possible to obtain patient-specific data
in each case.

One of the strengths of our study is that the acetabular
labrum was reconstructed using the patient-specific size of
the labrum obtained from 3D MERGE MRI measurements.
In CT-based dynamic simulation analysis, it is technologi-
cally difficult to reflect the effect of soft tissue, such as
the labrum. Tannast et al?® used 3D software to identify
the impingement point in patients with FAI and compared
the simulations with intraoperatively defined locations of
the labrum and cartilage damage. They observed that
actual joint damage was found more commonly during sur-
gery than in the computer simulation of impingement.
They reported that the reliability and reproducibility of
cartilage grading, and of labrum lesions and their exten-
sion, were not investigated specifically because their com-
puter simulation did not consider soft tissue and because
the actual impingement point included the adjacent chon-
drolabral structures. In addition, they also mentioned that
motion proceeds to a small extent because of the deformable
properties of the cartilage and the labrum, leading to
greater damage to the involved structures. Charbonnier
et al? reported an interesting study investigating impinge-
ment on the basis of MRI findings. They evaluated the
motion of the hip joints of ballet dancers using an optical
tracking system (Vicon MX 13i, Oxford Metrics PLC); the
resulting computed motions were then applied to patient-
specific 3D hip joint models based on MRI findings. They
showed that the computed impingement zones were located
mainly in the superior or posterosuperior quadrant of the
acetabulum for almost all movements; these locations were
relevant with respect to the radiologically diagnosed dam-
aged zones in the labrum. In the current study, we mea-
sured the labral size on 3D MERGE MRI scans and then
incorporated the data into a CT-based model created using
Zed Hip. While the size of the labrum on MRI scans could be
reflected in the impingement simulation, it was impossible
to reflect biological characteristics, including the elasticity
of the labrum. Nevertheless, we evaluated 3D dynamic
simulations in FAI and BDDH cases using patient-
specific CT-based bone models reflecting the labral size
measured on 3D MERGE MRI scans.

In our dynamic simulation, the acetabular labrum clearly
affected the ROM at the hip joint. In BDDH cases in particu-
lar, the discrepancy between the bony impingement and lab-
ral interference was significant and large because of the
markedly hypertrophic labrum. In theory, because of the
shallow acetabular roof, the ROM up to the point of bony
impingement on dynamic simulation should be large enough
without considering the labrum. However, the actual ROM at
the maximum flexion—internal rotation position that will
cause pain in patients with hip dysplasia with labral tear is
commonly poor in the clinical setting.2® This discrepancy
could be due to several factors, one being the labral interfer-
ence. In fact, the dynamic impingement test is usually eval-
uated during arthroscopic surgery.® Dynamic impingement
is confirmed by visible labral interference on arthroscopy
before bony impingement occurs; thus, the real situation may
be similar to that observed in our computer simulation based
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on a reconstructed labral model. If the labral position can be
identified more accurately, we can predict the effect of
dynamic motion on the injured labrum. Although the clinical
significance is uncertain at this point in our study, this is an
initial trial to examine what happens to the labrum during
hip motion.

This study has several limitations. First, we measured the
size of the acetabular labrum using radial sequence MRI
with a clockface description; however, the virtual labrum
was reconstructed on horizontal CT images. Therefore, it is
impossible to achieve perfect concordance between each sec-
tion. As noted in this section, it is difficult to reflect biological
structure, such as the elasticity of the labrum, using Zed
Hip. In our computer analysis, labral interference was only
recognized as bone-to-bone impingement, whereas actual
labral interference should be considered as some kind of
flexible interference between bone and labrum. Another lim-
itation is evaluation bias because of the retrospective nature
of the study. Also, the number of hip joints included was
relatively small, although excellent interobserver and
intraobserver agreement were achieved. Finally, the study
had no negative control group, which is important with
respect to patient spectrum and selection bias.

CONCLUSION

As the labrum was significantly more hypertrophic in
BDDH than in FAI, the interference between the labrum
and bone at the maximum internal rotation angle was sig-
nificantly larger in BDDH than in FAI when evaluated
using the virtual labral model. The effect of the labrum
should be considered in computer simulation analysis, par-
ticularly in BDDH. Future computer simulation studies
should assess the clinical significance of labral interference
during hip motion in both FAI and BDDH.
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