
Original Article
From the
Utah, U.S.A

The autho
funding: D.C
LLC. S.K.A.
LLC, and S
available for

The data
Summit Eme

Received F
Address co

paedic Surg
UT 84108. E

� 2021 T
Arthroscopy
the CC BY-N

2666-061X
https://doi
Three-Dimensional Magnetic Resonance
Arthrography of Post-Arthroscopy Hip Instability
Demonstrates Increased Effective Intracapsular
Volume and Anterosuperior Capsular Changes
Joseph Featherall, M.D., Dillon C. O’Neill, M.D., Alexander J. Mortensen, M.D.,
Kelly M. Tomasevich, B.A., Allan K. Metz, B.S., and Stephen K. Aoki, M.D.
Purpose: To quantify the magnetic resonance arthrography (MRA) capsular morphologic findings associated with
postarthroscopy hip instability. Methods: Among patients with clinically significant iatrogenic hip instability at a single
center, patients with preindex and postindex surgery MRAs were identified. These MRAs were compared regarding
effective intracapsular volume calculated by semi-automated 3-dimensional pixel intensity region segmentation, 2-
dimensional anterior proximal intracapsular area in the femoral neck axial plane reconstruction, maximal anterior
fluid pocket depth, capsule retraction distance, and capsular instability grade. Morphological measurements were con-
ducted using Horos image processing software. Paired t-test, paired Wilcoxon signed rank test, and the McNemar test were
used for identifying statistical significance. Results: In 42 patients, mean effective intracapsular volume was significantly
greater in the postindex surgery MRAs (19.44 cm3 vs 17.26 cm3; P ¼ .006). Proximal anterosuperior (12-3 o’clock)
intracapsular area was also significantly greater after index surgery (2.84 cm2 vs 1.43 cm2; P < .001. Proximal ante-
roinferior (3-6 o’clock) intracapsular area (1.34 cm2 vs 0.97 cm2; P ¼ .002), capsule deficiency grade (P < .001), anterior
capsule retraction distance (4.83 mm vs 0.34 mm; P < .001), and maximum anterior fluid depth (8.33 mm vs 4.90 mm; P
<.001) were also significantly increased after index surgery. Conclusion: In comparison to the preoperative state, iat-
rogenic hip instability is associated with MRA findings that include increases in total effective intracapsular volume,
proximal anterosuperior and anteroinferior intracapsular cross-sectional area, maximum proximal anterosuperior fluid
depth, and capsule retraction distance. Level of Evidence: Level IV, diagnostic case series.
ith increasing prevalence of hip arthroscopy in
Wthe United States and globally, there is increasing
recognition of the complications of these procedures
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and the need for revision surgery in some cases.1 In-
dications for secondary surgeries are well known,
including end-stage arthritis, under-resection of cam
deformities, failure of labral repair/healing, and hip
dislocation.2e5 Although previous studies have shown
high rates of capsular healing with and without
capsular repair, it has also been shown that a certain
portion of patients will have capsular deficiencies after
arthroscopy.6e9 Hip instability, because of inadequate
capsular closure/healing or reinjury, is an increasingly
prevalent indication for revision hip arthroscopy,
although it is currently less understood than other
revision indications.10e13

As the recognition of hip instability increases, there is
a growing appreciation for its treatment options, which
include simple capsular repair, capsular plication, or
capsular reconstruction.14,15 There is limited under-
standing of the ideal methods for diagnosis of post-
arthroscopy hip instability.12,16,17 Furthermore, the
mechanisms of pain generation and the effects on
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Fig 1. Left hip effective intra-
capsular volume renderings from
a single patient viewing medial-
to-lateral. (A) Preindex surgery
volume demonstrates no contrast
in the region of a native iliofe-
moral ligament. (B) Postindex
surgery volume rendering dem-
onstrates increased patulousness/
contrast volume in the iliofemoral
ligament region.
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biomechanics in the long-term health of the hip joint
are also not fully understood.
Magnetic resonance imaging (MRI), including mag-

netic resonance arthrography (MRA), is a key imaging
modality for diagnosing and assessing nonarthritic hip
pathology.9,12 There have been a number of studies that
have used MRI to identify and characterize capsular
healing after hip arthroscopy for femoroacetabular
impingement.8,9 These studies offer key insights into
the natural history of capsular healing; however, the
pathologic or unstable hip capsular morphology has not
yet been closely studied with MRA. Thus far, only small
case series and qualitative discussions of magnetic
resonance assessments of unstable capsules have been
described.7,12,18

MRA offers distinct advantages over MRI and other
imaging modalities for identifying hip capsular pathol-
ogy. Intra-articular contrast injection distends the
capsule allowing the radiologist or orthopaedic surgeon
to assess for patulous capsular morphology and overall
capsular volume. The intra-articular contrast also further
highlights gross extravasation, redundancy, and focal
Fig 2. Axial MRAs of superior
head neck junction of the left hip
of the same patient. (A) Preindex
surgery showing tensioned iliofe-
moral ligament with minimal
anterior volume. (B) Postindex
surgery MRA showing increased
anterosuperior segmentation
area.
rents within the capsule, and clearly defines overall
capsular morphology.18

The purpose of this study was to rigorously quantify
the MRA capsular morphologic findings associated with
post-arthroscopy hip instability. The authors hypothe-
sized that postarthroscopy hip instability would be
associated with a number of MRA findings, including
increased capsular volume, maximum anterior fluid
pocket depth, capsular retraction distance, proximal
intracapsular area in the femoral neck axial plane, and
capsular deficiency grade.

Methods

Patient Selection
All patients who underwent revision hip arthroscopy

for iatrogenic hip instability at a single institution by the
senior author (S.K.A.) between February 2011 and
December 2019 were identified and reviewed. Inclusion
criteria were revision hip arthroscopy with iatrogenic
instability as an indication and available before index
surgery MRA, and available after index surgery, before



Fig 3. Gunsight reconstructions
of right hip MRAs at the femoral
head-neck junction of the same
patient before and after index hip
arthroscopy surgery. Intra-
capsular area within the 12-3 and
3-6 o’clock regions are shown
outlined in red. (A) Preindex
surgery. (B) Postindex surgery.
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revision surgery MRA. Exclusion criteria were patients
undergoing revision hip arthroscopy for other indications
and patients without available MRA imaging. Indications
for surgery and clinical criteria for postarthroscopy hip
instability were as previously published.18 Institutional
review board approval was obtained for this study.

MRA Data Collection and Validation
Preindex and postindex arthroscopy MRAs were

compiled into a database. This database was then
accessed using Horos image processing software
(horosproject.org, Purview, Annapolis, MD). MRA
sequences used for evaluation included sagittal proton
density fat saturated and axial T1 fat-saturated
sequences. A growing region volume segmentation
algorithm was used to calculate effective intracapsular
volume in each of the hips (Fig 1 and Fig 2). This method
has been previously validated for 3-dimensional volume
calculation in multiple anatomic regions.19e21 Through
multiple iterations and consensus, the authors
developed the following algorithm for the volume
measurement: (1) cotyloid fossa volume and contrast
volume inferomedial to the transverse acetabular liga-
ment are excluded; (2) extravasation through a capsule
defect contained by fascia or pseudocapsule was
included; (3) infiltration into surrounding tissue without
capsular defect was not included in the volume; and (4)
extravasation into the psoas sheath was included only
when it communicated with a capsule defect clearly
identifiable on multiple MRA sequences and planes.
Three-dimensional multiplane reconstructions were
rendered from the sagittal MRA data to assess the
intracapsular area along the proximal femoral neck in
both the anterosuperior (12-3 o’clock) and the ante-
roinferior (3-6 o’clock) positions (Fig 3). Manual region
of interest identification was conducted for calculation of
these areas. Capsular insufficiency grading was assessed
by the reviewer as previously described.18 Capsule
retraction distance was calculated as the distance be-
tween the acetabular leaflet and the femoral leaflet
Fig 4. Axial oblique MRAs (axial
plane adjusted to be in plane with
femoral neck axis) of the right hip
of the same patient before and
after hip arthroscopy surgery. (A)
Preindex surgery with maximum
anterior fluid depth (black line)
measured in the anterosuperior
region of the femoral neck. Native
hip capsule is intact; therefore no
capsular retraction is present. (B)
Postindex surgery with increased
maximum anterior fluid depth
(black line) in the anterosuperior
region of the femoral neck.
Capsular retraction (red line) was
measured as the distance between
acetabular and femoral capsular
leaflets.

http://horosproject.org


Table 1. Demographics and Treatment Characteristics

Variable n ¼ 42

Age at revision surgery, mean (SD) 30.5 (11.7)
BMI at revision surgery, mean (SD) 25.0 (4.2)
Sex
Female 37 (88.1%)
Male 5 (11.9%)

Beighton score, mean (SD) 1.8 (2.9)
< 4 21 (72.4%)
� 4 8 (27.6%)

Primary surgery capsulotomy
T-type 2 (4.9%)
Interportal 39 (95.1%)

Primary surgery capsular repair
None 6 (14.6%)
Repair 33 (80.5%)
Plication 2 (4.9%)

Primary surgery number of sutures used, mean (SD) 3.2 (1.9)
Primary surgery capsular repair technique
Simple interrupted 25 (73.5%)
Figure-of-eight 6 (17.6%)
Other 3 (8.8%)

Revision surgical treatment
Capsule repair 33 (78.6%)
Capsule reconstruction 9 (21.4%)
Femoral osteochondroplasty 10 (23.8%)
Acetabuloplasty 1 (2.4%)
Labral repair 2 (4.8%)
Labral reconstruction 1 (2.4%)
Lysis of adhesions 24 (57.15)
Loose body removal 2 (4.85)
Psoas release 1 (2.4%)

BMI, body mass index
All variables reported as mean (SD) unless otherwise specified.
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when a gross capsular defect was identified in either the
axial or oblique axial views (axial plane adjusted to be in
plane with femoral neck axis) (Fig 4). Maximum ante-
rior fluid depth was calculated as the maximal fluid
pocket depth in the anterosuperior region of the neck on
the axial or oblique axial MRAs (Fig 4).
Image analysis methods were designed and revised in

an iterative consensus process among all authors. All
measurements were conducted by the authors D.C.O.,
A.J.M., and J.F., who were trained in standardization of
the image measurements. Ten cases (20 MRAs) were
randomly selected and measured by all 3 reviewers for
assessment of inter-rater reliability.

Statistical Analysis
All statistical analyses were conducted in R statistical

software (R Foundation for Statistical Computing,
Vienna, Austria). For continuous variables, the paired t-
test was used for comparison of preindex surgery and
postindex surgery capsular measurements. For cate-
gorical variables, the paired-sample Wilcoxon test was
used. For binary variables, the McNemar test was used.
Alpha level of 0.05 was used to determine statistical
significance. Intraclass correlation coefficient (ICC) was
calculated to assess reliability across the 3 reviewers. An
ICC value greater than 0.75 was considered excellent,
0.60-0.74 was considered good, 0.40-0.59 was consid-
ered fair, and less than 0.40 was considered poor.22

Results

Demographics and Treatment Characteristics
Two hundred ninety-three patients underwent revi-

sion hip arthroscopy between March 2011 and
December 2019. Forty-two patients were identified to
meet inclusion criteria, for a total of 84 MRAs included
for analysis. Patient demographics and surgical charac-
teristics are presented in Table 1. Mean age at revision
surgery was 30.5 years, and 88.1% of the cohort was
female. Mean BMI was 25.0. Mean Beighton score was
1.8, with 72.4% of patients having a Beighton score of
<4. The vast majority of patients underwent interportal
capsulotomy (n ¼ 39, 95.1%), and underwent capsular
closure at index procedure (n ¼ 36, 85.4%). All patients
underwent either capsular repair (n ¼ 33, 78.6%) or
capsular reconstruction (n ¼ 9, 21.4%) at the time of
revision surgery. Frequent, concomitantly performed
procedures included lysis of adhesions (n ¼ 24, 57.1%)
femoral osteochondroplasty (n¼ 10, 23.8%), loose body
removal (n ¼ 2, 4.8%), and labral repair (n ¼ 2, 4.8%).

Capsule Morphology Before and After Index Surgery
Several capsular morphological changes were identi-

fied between the preindex and postindex surgery co-
horts (Table 2). Effective intracapsular volume was
significantly greater in the postindex surgery group
(19.54 � 5.51 vs 17.26 � 5.23 cm3; P ¼ .006). Proximal
anterosuperior intracapsular area (12-3 o’clock area)
was significantly greater at the postindex surgery time
point (2.84 � 0.82 vs 1.43 � 0.75 cm2; P < .001), as was
the proximal anteroinferior intracapsular area (3-6
o’clock area) (1.34 � 0.59 vs 0.97 � 0.49; P ¼.002).
Capsule insufficiency grade was significantly greater at
the post index surgery time point, as was capsule
retraction distance (4.71 � 6.53 vs 0.34 � 2.18 mm; P <
.001), and maximum anterior fluid depth (8.33 � 4.44
vs 4.90 � 2.67 mm; P < .001).

Agreement
Intraclass correlation coefficients were graded as

excellent for effective intracapsular volume (0.84; 95%
confidence interval [CI] 0.60 to 0.94), proximal ante-
rosuperior intracapsular area (0.86; 95% CI 0.64 to
0.95), capsule grade (0.86; 95% CI 0.73 to 0.94), and
maximum anterior fluid depth (0.79; 95% CI 0.61 to
0.90) as shown in Table 3. Capsule retraction distance
was determined to be fair reliability (0.40; 95% CI 0.13
to 0.66). Proximal anteroinferior intracapsular area
reliability was rated as poor (0.23; 95% CI -0.01 to
0.52).



Table 2. Hip Capsule MRA Morphological Characteristics

Before Index Surgery After Index Surgery P value

n 42 42
Effective intracapsular volume (cm3) 17.26 (5.23) 19.54 (5.51) .006
Proximal 12-3 o’clock capsular area (cm2) 1.43 (0.75) 2.84 (0.82) <.001
Proximal 3-6 o’clock capsular area (cm2) 0.97 (0.49) 1.34 (0.59) .002
Capsule grade, n (%) <.001

0 33 (78.6%) 3 (7.1%)
1 8 (19.0%) 22 (52.4%)
2 1 (2.4%) 6 (14.3%)
3 0 (0.0%) 11 (26.2%)

Capsule retraction distance (mm) 0.34 (2.18) 4.71 (6.53) <.001
Maximum anterior fluid depth (mm) 4.90 (2.67) 8.33 (4.44) <.001

SD, standard deviation.
All variables reported as mean (SD) unless otherwise specified. Student’s paired t test used for continuous variable comparisons. Wilcoxon

signed rank test used for ordinal variable comparisons.

MRA OF POST-ARTHROSCOPY HIP INSTABILITY e2003
Clinical Examination Findings
Prerevision and postrevision clinical examination

findings and comparisons are presented in Table 4.
Several clinical examination findings associated with
instability improved after revision surgery with capsular
reconstruction or repair. Visual analog scale (VAS) pain
at rest decreased from 4.69 � 2.62 to 2.91 � 2.67
(P ¼ .004). Regarding pain with axial distraction, 26
patients (70.3%) demonstrated pain before revision
surgery whereas only 3 (11.1%) demonstrated axial
distraction pain after revision (P < .001). For axial
distraction apprehension testing, 13 of 42 patients
(36.1%) had apprehension before revision surgery
whereas 4 of 42 (14.8%) had apprehension after revi-
sion surgery. However, this difference did not reach
statistical significance (P ¼ .228). Palpable toggling of
the hip joint with axial distraction on examination was
seen in 25 patients (62.5%) before revision surgery and
was only detectable in 3 patients (10.7%) after revision
surgery (P ¼ .002).

Discussion
This study quantifies several key capsular changes

observable on MRA that are associated with clinically
symptomatic postarthroscopy hip instability, including
increases in effective intracapsular volume, proximal
12-3 o’clock capsular area, proximal 3-6 o’clock
capsular area, capsule retraction distance, and
Table 3. Hip Capsule Measurement Intraclass Correlation

Measurement Correlation Coefficient

Effective intracapsular volume 0.84
Proximal 12-3 o’clock capsular area 0.86
Proximal 3-6 o’clock capsular area 0.23
Capsule grade 0.86
Capsule retraction distance 0.40
Maximum anterior fluid depth 0.79

CI, confidence interval.
maximum anterior fluid depth. Hip capsular
morphology grading significantly differed between
preindex and postindex surgery capsular states.
Capsular redundancy, capsular rents, and gross
extracapsular extravasation were regular findings in
our postarthroscopy hip instability cohort. In addition,
postoperative increases in total effective intracapsular
volume, proximal anterosuperior intracapsular
cross sectional area, maximal anterior fluid pocket
depth, and capsular retraction distance were quantifi-
able MRA findings in this hip preservation patient
population.
Previous research has demonstrated that MRA is a

unique and powerful tool for the assessment of the hip
capsule.23,24 However, hip instability after a previous
hip arthroscopy can be difficult to diagnose in part
because there are numerous causes for post-hip
arthroscopy pain. Causes include labral/chondral pa-
thology, inadequate cam resection, femoral or acetab-
ular over-resection, intra-articular adhesions, soft tissue
irritation of the surrounding hip musculature and ten-
dons, and nerve pain in the general area.25,26 Currently
there is no consensus regarding the clinical definition of
postarthroscopy hip instability because the diagnosis is
currently emerging and the field is refining its under-
standing of this condition.18,27e29 Clinicians rely on the
patient history of subjective instability or pain with
hyperextension maneuvers, physical examination
95% CI Lower Bound 95% CI Upper Bound

0.60 0.94
0.64 0.95
-0.01 0.52
0.73 0.94
0.13 0.66
0.61 0.90



Table 4. Patient Clinical Examination Characteristics

Before Revision Surgery After Revision Surgery P value

n 42 42
Rest pain, VAS 0-10, mean (SD) 4.69 (2.62) 2.91 (2.67) .004
Axial distraction pain 26 (70.3%) 3 (11.1%) <.001
Axial distraction apprehension 13 (36.1%) 4 (14.8%) .228
Axial distraction toggle 25 (62.5%) 3 (10.7%) .002

VAS, visual analog scale; SD, standard deviation.
Student’s paired t test used for continuous variable comparisons. McNemar test used for binary variable comparisons.
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findings of pain, apprehension or palpable instability
with distraction or hyperextension of the hip joint, as
well as findings on MRA/MRI, diagnostic injection, and
direct visualization with arthroscopy.18 Because of this,
there is variability in the clinical indications for hip
instability surgery. Moreover, there is a small percent-
age of patients that undergo revision hip arthroscopy
for capsular instability who do not significantly
improve. Given the current diagnostic methods, it can
be quite difficult to identify these patients before revi-
sion surgery. We believe that standardized, quantitative
approaches applied to the problem of post-operative hip
instability may help increase the precision of indications
and, that the measurements proposed in this study may
provide a framework for future studies on the subject.

Individual Measurement Utility
The overall increase in effective intracapsular volume

observed in the study cohort is related to the increase in
volume in the anterosuperior proximal neck region
where the interportal capsulotomy is most commonly
created. The proximal anterosuperior hip capsular tis-
sue in this patient population tends to be thinned,
attenuated, or frankly absent. Although effective
intracapsular volume was found to be significantly
increased in the unstable postarthroscopy state, it is a
global measure of capsular volume and does not inde-
pendently measure the specific area of capsular defi-
ciency. Thus, this measurement does not only identify
iliofemoral ligament lesions but also may capture global
capsular laxity or redundancy and may be influenced
by cam resection volume. Key points in interpreting
this measurement are understanding it in the context of
thinned patulous capsular morphology, gross capsular
deficiency with surrounding muscle fascia acting to
contain the contrast, and iatrogenic communication
between the hip capsule and the psoas sheath, all of
which potentially contribute to instability. These MRA
findings all influence measured effective capsular vol-
ume and may affect hip stability to different degrees.
The capsular retraction distance was found to be

highly significant and is a useful measurement, partic-
ularly in the situation of a gross capsular rent. It is less
useful, however, in redundant hip capsules when the
healed tissue is continuous but thinned and elongated,
as capsular retraction and leaflet edges may be difficult
to discern or absent. Leaflet edges may be atrophied or
may demonstrate thin fibrous tissue (pseudocapsule)
that connects the two leaflets, confounding this mea-
surement and likely contributing to its limited reli-
ability. However, capsular retraction is a useful MRA
finding when clearly identifiable.
The maximal anterior fluid depth measurement is

sensitive to both capsular attenuation and gross
capsular extravasation as both tend to create a pocket
of fluid anterior to the femoral head-neck
junction. The major limitation to this measurement is
that it is 1-dimensional. The maximal anterior fluid
depth measurement does not assess the width of the
capsular defect in the axis parallel to the femoral neck.
Therefore it does not assess the overall size of the
deficiency or region of missing ligament; however, it
does provide a reliable estimation of anterosuperior
capsular integrity. Future studies in this area should
include correlation of hip/capsular biomechanics with
MRA capsule morphologic parameters, as well as MRA
correlation with hip functional outcomes.

Limitations
This study has several limitations. Regarding the

comparator cohort for the instability group, the pre-
operative state was used. Because of this it is difficult to
identify what proportion of the capsular changes can be
attributable to postoperative healing and what propor-
tion is true morphological change related to instability.
A superior comparator cohort would be a group of
patients without symptoms of instability after hip
arthroscopy. However, the invasive nature of MRA
limits the feasibility of such a study. In addition, pre-
vious MRI studies have demonstrated that the iliofe-
moral ligament is intact and slightly thickened
postoperatively.8,9 Such findings are grossly different
from those in our study, strengthening the argument
that the capsular deficiencies observed here may be
indicative of instability phenotype. In addition,
increased capsular laxity and increased volume on
arthrogram has been shown to be related to hip insta-
bility, but it has not previously been quantified. It
should be noted, however, that further biomechanical
and patient outcome data will be needed to better
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translate the findings in this manuscript to clinical de-
cision making.
In addition, there are differences amongst how the

hip capsule was initially managed at the index hip
arthroscopy procedure in each case, which are attrib-
utable to the evolving technique of the primary author
as well as some index surgeries being done outside of
the study medical center. Thus, it is impossible to assess
the durability of index repair techniques using this
study design. However, the technique used for the in-
dex repair is less relevant for the central question of the
present study, because all patients had clinical history
and physical examination findings consistent with iat-
rogenic hip instability.
Intracapsular volume measurements are not formally

defined in the literature. Most prior studies use saline
solution or similar fluid injection in cadavers to estimate
intracapsular volume.30e32 In the present study, non-
normal capsule geometry makes a definition of “intra-
capsular volume” even more difficult to define. How-
ever, with the defined measurement protocol described
herein, the authors achieved high reliability of the
measurement; however, it should be understood that
capsular volume is a measure influenced by multiple
factors and is likely less specific than, for example,
capsule leaflet retraction, which implies a profound
capsule structural defect. In addition, capsular volume
could be affected by the cam resection, as a larger
resection effectively increases capsular volume because
of subtraction of bone from the femoral head-neck
junction.
In addition, the MRA contrast volume injection was

not completely standardized. MRAs obtained at the
index arthroscopy at other institutions may have had
different contrast injection protocols, and the volume of
injectate used is somewhat user dependent. Despite
this, consistent increases of fluid volume in the ante-
rosuperior neck area and contrast extravasation and
capsular defects in this region correlate with the in-
crease in overall volume.
Conclusion
In comparison to the preoperative state, iatrogenic hip

instability is associated with MRA findings that include
increases in effective intracapsular volume, proximal
anterosuperior and anteroinferior intracapsular cross
sectional areas, maximum proximal anterosuperior
fluid depth, and capsule retraction distance.
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