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Background: Previous biomechanical studies have identified capsular closure, labral repair or reconstruction, and osteochondro-
plasty as important surgical interventions to improve hip stability.

Purpose: To investigate the outcome metrics used to quantify hip stability and assess and measure the relative contributions of
the labrum, capsule, and bone to hip stability through a quantitative analysis.

Study Design: Systematic review and meta-analysis; Level of evidence, 4.

Methods: PubMed and Embase databases were searched using the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. Included studies evaluated cadaveric hip biomechanics related to capsular, labral, and bony
management during hip arthroscopy. Studies were assessed for distraction force and distance, fluid measures, and contact
forces used to quantify the suction seal. Exclusion criteria included open surgery, arthroplasty, reorientation osteotomy, or trau-
matic dislocation.

Results: A total of 33 biomechanical studies comprising 322 hips that evaluated 1 or more of the following were included: dis-
traction force or distance (24 studies), fluid measures (10 studies), and contact forces (6 studies). Compared with a capsulotomy
or capsulectomy, capsular repair or reconstruction demonstrated greater resistance to distraction (standardized mean difference
[SMD], 1.13; 95% CI, 0.46-1.80; P = .0009). Compared with a labral tear, a labral repair or reconstruction demonstrated less resis-
tance to distraction (SMD, 20.67; 95% CI, 21.25 to 20.09; P = .02). Compared with a labral debridement, repair or reconstruction
demonstrated greater resistance to distraction (SMD, 1.74; 95% CI, 1.23 to 2.26; P \ .00001). No quantitative analysis was fea-
sible from studies evaluating the effect of osseous resection due to the heterogeneity in methodology and outcome metrics
assessed.

Conclusion: Most biomechanical evidence supports capsulotomy repair or reconstruction to improve hip distractive stability at
the end of hip arthroscopic surgery. While the repair of a torn labrum does not improve distractive resistance, it is superior to
labral debridement in most biomechanical studies.
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Procedural volumes for hip arthroscopy continue to
increase globally as the field advances in both diagnostic
and therapeutic capacities.4,49 Despite recent interest in
the biomechanical consequences of soft tissue and bony
management in hip arthroscopy, it is unclear how certain
aspects of surgical correction of capsular, labral, and
bony pathology influence joint mechanics and stability.
The labrum, capsule, and bony congruity of the femoral
head and acetabulum are important contributors to hip
stability. Biomechanical evidence suggests that normal,
intact hip anatomy provides the greatest joint stability,

and the introduction of bony or soft tissue pathology
decreases stability.7,22,46,54 The presence of pathology, or
treatment thereof, can contribute to microinstability,
which is symptomatic excessive motion of the femoral
head within the acetabulum leading to altered joint load-
ing and concordant pain, dysfunction, and osteoarthri-
tis.31,40,48,52 This has led to an increased focus on refining
surgical techniques to restore normal joint anatomy and
enhance surgical outcomes. Many techniques for capsular
closure, labral preservation or restoration, and femoral
cam and acetabular rim resection have been supported
by biomechanical studies and are used in hip arthroscopy
procedures based on patient indications.10,21,44,47

Multiple biomechanical outcome metrics have been
used to quantify hip stability in the setting of bone and
soft tissue pathology. The hip suction seal has been
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established as a reproducible measure of hip stability, par-
ticularly in the setting of labral pathology.6,17,51 However,
the contributions of the capsule and bone to the suction
seal have not been well-defined. Other outcome metrics
such as hip range of motion, contact forces, joint loading,
and translations between the femoral head and acetabu-
lum have been used to quantify the capsular and bony
contributions to hip stability.28,45-47,58 The relationship
between different outcome metrics to quantify hip stability
is still largely unknown. The purpose of this review was to
investigate the outcome metrics used to quantify hip stability
and assess and measure the contributions of the labrum, cap-
sule, and bone in different conditions to hip suction seal
mechanics in in vitro biomechanical studies through a quan-
titative analysis. We hypothesized that a capsular repair or
reconstruction would improve stability compared with a cap-
sulotomy or capsulectomy, that a labral repair or reconstruc-
tion would improve stability compared with a labral tear, and
that a femoral cam and acetabular rim resection would
improve stability compared with the abnormal bone morphol-
ogy in femoroacetabular impingement syndrome (FAIS).

METHODS

Study Registration

This study was registered in the international prospective
register of systematic reviews (ID: CRD42022372625). No
ethics or institutional review board approval was required.

Search Strategy

Two online databases (Embase and PubMed) were
searched from database inception until October 30, 2022,
for literature that investigated the contribution of the hip
labrum, capsule, or bony structure to the suction seal in
biomechanical cadaveric studies. The search included
broad terms such as ‘‘hip arthroscopy,’’ ‘‘cadaver,’’ and
‘‘labrum’’ (Appendix 1, available in the online version of
this article) and was completed using the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines and checklist.

Assessment of Study Eligibility

The research question and study eligibility criteria were
established a priori. The inclusion criteria were English-
language studies, the biomechanical evaluation of human
cadaveric hip specimens, and an assessment of the

contribution of the labrum, capsule, or bone to the hip suction
seal and stability metrics. Exclusion criteria were animal
studies; reviews; technique reports; editorials; opinion articles;
clinical studies; abstracts; studies that concerned open sur-
gery, arthroplasty, reorientation osteotomy, or traumatic dis-
locations; and studies that focused on patient-reported
outcome scores.

Study Screening

All titles, relevant abstracts, and full-text articles were
screened by 2 orthopaedic surgeon reviewers independently
(A.J.H. and W.B.). Any disagreements were deliberated
between the 2 reviewers, and a senior author (R.M.D.) was
consulted if a consensus could not be obtained. The referen-
ces of the included studies were manually screened for any
articles that were not included in the initial search strategy.

Data Abstraction

Data were collected and recorded in an Excel spreadsheet
(Version 16.66; Microsoft Corporation). Abstracted data
included the manuscript title, author(s), year of publica-
tion, study design, number of cadaveric specimens, cadaver
age, cadaver handling, hip structures assessed, and stabil-
ity metric outcomes. The data were extracted by a single
reviewer (A.J.H.) and checked by a second reviewer
(W.B.). Disagreements were deliberated between the 2
reviewers, and a senior author (R.M.D.) was consulted if
a consensus could not be obtained. Missing data were
excluded from the analysis. Study investigators were con-
tacted for additional details and raw data as necessary.

Data Synthesis

The biomechanical cadaveric studies were assessed for sev-
eral hip stability metrics including the distractive force
and distance required to rupture the suction seal, the
peak negative pressure and change in volume in the cen-
tral compartment associated with disruption of the suction
seal, and the change in contact area, force, and pressure
between the femoral head and acetabulum in different
soft tissue and bony structural states.

Statistical Analysis

Weighted means and standard deviations were calculated
for continuous variables using IBM SPSS Statistics
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Version 23 (IBM Corp). Standardized mean differences
(SMDs) were calculated between the capsulotomy or capsu-
lectomy and capsular repair or reconstruction groups in the
native capsule studies. SMDs were calculated between the
labral tear or labrectomy and labral repair or reconstruction
groups in the native labrum studies. Review Manager (Rev-
Man) Version 5.4.1 (Cochrane) was used for data analysis.
Forest plots were created for the distractive force and dis-
tance comparing the capsulotomy or capsulectomy and cap-
sular repair or reconstruction states and for comparing the
labral tear or labrectomy and labral repair or reconstruction
states. The I2 index was used to measure the heterogeneity
of the included studies.23 Effect sizes were calculated using
a random-effects model with the DerSimonian-Laird esti-
mator, because high heterogeneity precluded the use of
a fixed-effects model.12 An SMD score of 0.2 to 0.49 was con-
sidered weak, a score of 0.5 to 0.79 was moderate, and
a score of 0.8 or greater was considered large.9

RESULTS

Search Strategy

The initial search of online databases identified 2307 stud-
ies. A systematic screening and assessment of eligibility
identified 33 articles that satisfied the inclusion criteria
(Figure 1).

Study Characteristics

The studies comprised 259 specimens (322 hips) with a mean
age of 51.5 years (range, 18-85 years). A total of 24 studies
evaluated distraction force or distance to quantify the suction
seal.|| Ten studies evaluated fluid parameters including
peripheral and central compartment intracapsular pressure
or volume during or without joint compression or dis-
traction,{ and 6 studies evaluated contact forces.3,8,36,56,57,65

A summary of the characteristics of each study is shown in
Table 1 and Appendix 2 (available online).

Capsule

The capsular contribution to hip stability was quantified
using both distraction and fluid outcome metrics in 17 bio-
mechanical cadaveric studies.# Multiple capsular states
were investigated including intact, iatrogenic laxity, capsu-
lotomy, repair, reconstruction, and capsulectomy conditions.

Fluid Outcome Metrics

Three studies quantified the capsular contribution to sta-
bility through fluid outcome metrics.43,61,63 Two studies
measured the negative intra-articular pressure within

the central compartment while distracting or rotating the
hip joint with an intact capsule.43,63 Waterman et al61 com-
pared the reduction in central compartment volume after
interportal capsular shift or T-capsulotomy plication.
Wingstrand et al63 found no change in intracapsular pres-
sure while rotating the hip about the femoral neck axis.
Nepple et al43 found no correlation between peak intra-
articular fluid pressurization and maximal distraction
force with an intact capsule, and concluded these 2 func-
tions of the fluid seal may be independent.51 Waterman
et al61 found similar decreases in intracapsular volume
after interportal capsular shift and T-capsular plication
compared with baseline. They concluded that both repair
strategies result in a decreased capsular volume.

Distraction

Four studies created a capsular laxity model to assess
microinstability.26,29,30,41 Two studies simulated iliofem-
oral ligament laxity by stretching the capsule in extension
under 35 N�m of extension torque for 1 hour.26,41 Two stud-
ies created capsular laxity by first administering 30 N�m of
external rotation torque in a maximally extended hip for
100 cycles at 0.5 Hz, followed by a second round of 1000
cycles of repeated external rotation to the position achieved

Records identified through 
database search

(n = 2307)
Embase (n = 481)

PubMed (n = 1826)

Duplicate records removed
(n = 327)

Records screened
(n = 1980)

3 duplicate records manually excluded; 
1925 other records excluded

(n = 1928)

Reports sought for retrieval
(n = 52)

Reports not retrieved
(n = 0)

Reports assessed for 
eligibility
(n = 52)

Reports excluded (19)
- Conference abstract (10)
- Wrong study design (2)
- Wrong outcomes (1)
- Wrong intervention (5)
- Duplicate (1)

Studies included in review
(n = 33)

Identification of studies via databases

Id
en

tif
ic

at
io

n
Sc

re
en

in
g

In
cl

ud
ed

Studies included in review
(N = 33)

Hand search of full-text references, 
relevant conference proceedings, and 

relevant abstracts
(n = 0)

Figure 1. PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) flow diagram of study
selection.

||References 8, 10, 11, 16, 24, 26, 27, 29, 30, 32, 34, 37, 38, 41, 43, 53, 55,

56, 58, 60, 62-65.
{References 6, 14, 15, 17, 43, 51, 55, 60, 61, 63.
#References 10, 11, 16, 24, 26, 27, 29, 30, 32, 34, 37, 41, 43, 61-64.
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at the end of the first 100 cycles.29,30 All 4 studies mea-
sured the distraction distance under a load control condi-
tion from 40 to 200 N to quantify hip stability, and all
demonstrated increased femoral head translation in the
laxity state compared with an intact capsular state, sug-
gesting decreased stability.

Six biomechanical studies that compared a capsular
repair or reconstruction to capsulotomy or capsulectomy
were included in a quantitative analysis.16,26,27,32,62,64 All
these used similar experimental conditions including an
interportal capsulotomy or small capsulectomy with subse-
quent repair or reconstruction. Two studies added a T-
capsulotomy and subsequent repair in addition to the inter-
portal capsulotomy and repair.62,64 Fresh-frozen cadaveric
hips were dissected down to the capsule, mounted onto cus-
tom testing systems, and assessed for their distractive sta-
bility of the hip joint. One study assessed the distraction
distance under load control conditions of 40 and 80 N,26

while the other 5 studies assessed the force required to rup-
ture the suction seal or to distract the hip joint a predeter-
mined distance.16,27,32,62,64 The standardized effect size for
distraction between experimental (capsular repair or

reconstruction) and control (capsulotomy or capsulectomy)
was 1.13 (95% CI, 0.46-1.80; P = .0009; I2 = 55%). The forest
plot for distraction in the capsular repair or reconstruction
and capsulotomy or capsulectomy settings is demonstrated
in Figure 2.

Labrum

The labral contribution to hip stability was quantified
using distraction, contact forces, and fluid outcome metrics
in 19 biomechanical cadaveric studies.** Multiple labral
states were investigated including intact, tear, repair, aug-
mentation, partial and complete labrectomy, and recon-
struction conditions.

Fluid Outcome Metrics

Five studies quantified the labral contribution to stability
through fluid outcome metrics only.6,14,15,17,51 Three stud-
ies quantified the fluid seal by measuring the fluid efflux

TABLE 1
Study Characteristicsa

Author, Year No. of Specimens (hips) Mean Age (range) Structures Assessed Outcome Metrics Included

Zaffagnini et al, 201665 16 (24) NR (NR) Labrum, bone Distraction, contact forces
Wingstrand et al, 199063 NR (6) NR (19-77) Capsule Distraction, fluid measures
Storaci et al, 202055 23 (12) 57.2 (46-65) Labrum Distraction, fluid measures
Waterman et al, 201961 6 (12) 63 (46-65) Capsule Fluid measures
Murata et al, 202241 10 (10) 58.1 (51-62) Capsule Distraction
Bhatia et al, 20153 6 (6) 57.5 (46-62) Bone Contact forces
Cadet et al, 20126 6 (6) 78.3 (NR) Labrum Fluid measures
Capurro et al, 20228 5 (10) NR (NR) Labrum Distraction, contact forces
Suppauksorn et al, 202056 8 (8) 62.5 (NR) Labrum Distraction, contact forces
De Giacomo et al, 202111 4 (8) 55.7 (42-73) Capsule Distraction
Dwyer et al, 201415 8 (8) 48 (25-63) Labrum Fluid measures
Dwyer et al, 201514 10 (10) 50 (42-63) Labrum, bone Fluid measures
Fagotti et al, 201816 8 (8) 53.4 (42-59) Capsule Distraction
Ferguson et al, 200317 4 (6) 50 (40-64) Labrum Fluid measures
Ito et al, 200924 7 (7) 68.5 (59-85) Labrum, capsule Distraction
Jackson et al, 201626 4 (8) 58.5 (48-71) Capsule Distraction
Jacobsen et al, 202027 9 (9) 61 (NR) Capsule Distraction
Johannsen et al, 201930 6 (12) 29 (18-41) Labrum, capsule Distraction
Johannsen et al, 201929 7 (8) 31 (18-46) Capsule Distraction
Khair et al, 201732 12 (12) 65.67 (NR) Capsule Distraction
Lazaro et al, 202134 6 (6) 42 (23-47) Capsule, bone Distraction
Lee et al, 201536 10 (10) 59.2 (29-64) Labrum Contact forces
Lertwanich et al, 201637 5 (10) NR (43-49) Labrum, capsule Distraction
Maldonado et al, 202238 6 (12) 54.4 (37-68) Labrum Distraction
Philippon et al, 201451 5 (8) 47.8 (41-51) Labrum Fluid measures
Nepple et al, 201443 5 (8) 47.8 (41-51) Labrum, capsule Distraction, fluid measures
Signorelli et al, 201753 6 (8) 87 (NR) Labrum Distraction
Suppauksorn et al, 202056 8 (8) 62.6 (NR) Bone Contact forces
Suppauksorn et al, 202258 8 (8) 53.1 (NR) Labrum, bone Distraction
Utsunomiya et al, 202060 12 (12) 57.2 (46-65) Labrum, bone Distraction, fluid measures
Weber et al, 201862 8 (8) 63.3 (NR) Capsule Distraction
Crawford et al, 200710 6 (6) NR (NR) Labrum, capsule Distraction
Wydra et al, 202164 8 (16) 54.1 (29-62) Capsule Distraction

aNR, not reported.

**References 6, 8, 10, 14, 15, 17, 24, 30, 36-38, 43, 51, 53, 55, 56, 58, 60,

65.
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from the central compartment during fluid infusion in sev-
eral conditions and hip positions.6,14,15 Two studies quanti-
fied the fluid seal by measuring the fluid pressure within
the central compartment in different labral condi-
tions.17,51 Additionally, Ferguson et al17 also measured
the cartilage creep consolidation in intact and labrectomy
states to quantify the contribution of the central compart-
ment hydrostatic fluid pressure to cartilage health. All 5
studies confirmed the importance of an intact labrum to
the resistance of fluid transport between the central and
peripheral compartments. These studies also reproduced
an increase in fluid efflux in labral pathology states and
pivoting positions involving terminal flexion and internal
rotation.6,14,15,17,51

Contact Forces

Three studies quantified the labral contribution to stability
through contact forces by inserting a Tekscan pressure
sensor between the femoral head and acetabulum to com-
pare the contact pressure, area, and peak force after a lab-
rectomy and labral reconstruction.8,36,56 Capurro et al8

used a Model 4400 hip-specific Tekscan pressure sensor,
while Lee et al36 and Suppauksorn et al56 used Model
5101 large Tekscan pressor sensors. Two studies compared
a partial labrectomy to a segmental labral reconstruction
using a polyurethane scaffold, iliotibial band autograft, or
semitendinosus allograft.8,36 Suppauksorn et al56 com-
pared labral tear and repair conditions with a 270� labral
reconstruction using iliotibial band allograft. Two studies
also made a qualitative assessment of the suction seal dur-
ing distraction for each tested condition.8,56 Two studies
found increased contact pressure and decreased contact
area after partial labrectomy with at least partial restora-
tion of normal acetabular contact areas and pressures after
segmental labral reconstruction with a polyurethane scaf-
fold, iliotibial band, or semitendinosus allograft.8,36 Sup-
pauksorn et al56 reported decreased contact area and
increased contact force after a labral reconstruction com-
pared with a labral repair. While Capurro et al reported
reestablishment of the suction seal after segmental labral
reconstruction in 80% of specimens, Suppauksorn et al56

reported restoration of the suction seal after 270� labral
reconstruction in only 12.5% of specimens. These studies
concluded that while a labral reconstruction improves hip

stability compared with a labrum-deficient state, it may
not restore normal contact forces, areas, and pressures in
the hip joint as well as a labral repair.

Distraction

Six of the 19 biomechanical studies that assessed the con-
tribution of the labrum to hip stability were included in
quantitative analyses.38,43,53,58,60,65 Five studies that com-
pared a labral repair or reconstruction to a labral tear
made up the primary quantitative analysis.43,53,58,60,65 All
these studies used similar experimental conditions, includ-
ing the creation of a labral tear with subsequent repair or
reconstruction. Two studies additionally removed abnor-
mal bone morphology via a femoral cam resection or ace-
tabular osteochondroplasty.58,60 Fresh-frozen cadaveric
hips were dissected down to the capsule, mounted onto cus-
tom testing systems, and assessed for their distractive sta-
bility of the hip joint. Two studies assessed the distraction
distance under a load control condition,43,53 while the other
3 studies assessed the force required to rupture the suction
seal or to distract the hip joint a predetermined dis-
tance.58,60,65 The standardized effect size for distraction
between experimental (labral repair or reconstruction)
and control (labral tear) was 20.67 (95% CI, 21.25 to
20.09; P = .02; I2 = 49%). The forest plot for distraction
in the labral repair or reconstruction and labral tear set-
tings is demonstrated in Figure 3.

A secondary analysis included 4 studies that compared
a labral repair or reconstruction to a labrectomy.38,43,53,65

All these studies used similar experimental conditions.
Three studies included partial labrectomy and labral
repair conditions,43,53,65 and 2 studies included labral
reconstruction and complete labrectomy condition.38,43

Fresh-frozen cadaveric hips were dissected down to the
capsule, mounted onto custom testing systems, and
assessed for their distractive stability of the hip joint.
Two studies assessed the distraction distance under
a load control condition,53,65 while the other 2 studies
assessed the force required to rupture the suction seal or
to distract the hip joint a predetermined distance.38,42

The standardized effect size for distraction between exper-
imental (labral repair or reconstruction) and control (lab-
rectomy) was 1.74 (95% CI, 1.23-2.26; P \ .00001;
I2 = 0%). The forest plot for distraction in the labral repair

Figure 2. Forest plot demonstrating capsular repair or reconstruction versus capsulotomy or capsulectomy. IV, inverse variance;
recon, reconstruction; Std, standardized.
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or reconstruction and labral tear settings is demonstrated
in Figure 4.

Bone

The bony contribution to hip stability was quantified using
distraction, contact forces, and fluid outcome metrics in 7
biomechanical cadaveric studies.3,14,34,57,58,60,65 Multiple
bony states were investigated including normal hip congru-
ency, femoral cam morphology with and without acetabular
pincer morphology, partial cam resection, complete cam
resection, cam overresection, and various degrees of acetab-
ular osteochondroplasty. Two studies assessed native FAIS
morphology specifically.14,57 Four studies quantified the
contribution of different bony states to hip stability using
distraction outcome metrics.34,58,60,65 Both the purpose and
the conditions tested in these studies varied broadly.

Fluid Outcome Metrics

Two studies quantified the contribution of different bony
states to hip stability using fluid outcome metrics.14,60 Dwyer
et al14 assessed the effect of FAI-induced labral pathology on
hip central compartment pressure, and Utsunomiya et al60

assessed the central compartment pressure in different com-
bined acetabular osteochondroplasty and labral conditions.

Contact Forces

Three studies considered the contribution of different bony
states to hip stability using contact stress, contact area,
and peak force between the femoral head and

acetabulum.3,57,65 Zaffagnini et al65 found that a hyperex-
tended, externally rotated hip position localizes the contact
area to the posterior-superior acetabulum. Bhatia et al3

reported increased contact area after 4 mm of acetabular
rim resection and increased contact pressure and peak
force after 6 mm of resection. Suppauksorn et al57 found
a 6.4% and 17.4% decrease in contact pressure after incom-
plete and complete femoral cam resections, respectively.
No quantitative analysis was completed to assess the
bony contribution to hip stability secondary to the large
variability in the methodology and reporting between
included studies.

Outcome Metric Comparison

Four studies assessed both distraction and fluid measures
to quantify hip stability.43,55,60,63 Three studies measured
the intra-articular pressure and distractive strength in
a series of labral, capsular, and bony conditions.43,55,60

Nepple et al43 found a moderate correlation between
peak intra-articular pressure and distractive strength for
a series of labral conditions but no correlation between
peak pressurization and distractive strength (r = 0.005;
not significant) for intact-state specimens. Utsunomiya
et al60 found similar decreases in intra-articular pressure
and distractive resistance after labral repair and refixation
compared with intact conditions. Storaci et al55 found
a strong correlation between maximum distraction force
and peak negative intra-articular pressure (r = 20.83;

Figure 3. Forest plot demonstrating labral repair or reconstruction versus labral tear. IV, inverse variance; recon, reconstruction;
Std, standardized.

Figure 4. Forest plot demonstrating labral repair or reconstruction versus labrectomy. IV, inverse variance; Std, standardized.
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P = .001) when comparing the suction seal in hips with dif-
ferent labral heights. Wingstrand et al63 measured changes
in intra-articular pressure in different hip positions and
completed a separate analysis that measured the maximal
distraction force in different capsular conditions.

Three studies assessed both distraction and contact
forces to quantify hip stability.8,56,65 Two studies compared
the contact stress, contact area, and peak force between
the femoral head and acetabulum in different labral states
in addition to completing a dichotomous analysis of the
suction seal for each state.8,56,65 Capurro et al8 found lower
contact areas, higher contact forces, higher peak forces,
and loss of the suction seal with the segmental labrectomy
state, while greater contact areas, lower contact forces,
lower peak forces, and restoration of the suction seal
occurred after segmental labral reconstruction. Suppauk-
sorn et al56 found greater contact areas and restoration
of the suction seal after labral repair compared with lower
contact areas and restoration of the suction seal in only
12.5% of specimens after labral reconstruction. Zaffagnini
et al65 compared the distractive distance between multiple
labral states and in a separate analysis assessed the con-
tact area between the femoral head and acetabulum during
3 clinical examination maneuvers.

DISCUSSION

There were 2 main findings in this study. First, a capsular
repair or reconstruction improved hip stability compared
with a capsulotomy or capsulectomy state, respectively.
Second, a labral repair or reconstruction did not improve
hip stability compared with a labral tear state but did
improve stability compared with a labrectomy state. Nota-
bly, no quantitative analysis was feasible from studies
evaluating the effect of osseous resection on hip stability
due to the heterogeneity in methodology and outcome met-
rics assessed.

Two of the 6 studies included in the capsular quantita-
tive analysis assessed capsulectomy and capsular recon-
struction conditions.16,27 It was appropriate to combine
the capsular repair and reconstruction states and compare
them with the capsulotomy and capsulectomy states for 2
reasons. First, there are similar structural changes
between repair and reconstruction, as well as capsulotomy
and capsulectomy. An interportal capsulotomy violates the
iliofemoral ligament, one of the primary stabilizing struc-
tures of the hip capsule, by cutting it perpendicular to its
fibers.50 Both studies that investigated a capsulectomy
state created a capsular defect by removing an approxi-
mately 20 3 30–mm portion of capsule at the proximal
and anterior aspect of the capsule, effectively producing
a defect in the iliofemoral ligament.16,27 Second, the rela-
tionship between a capsulotomy and capsular repair
exhibited the same pattern as a capsulectomy and capsular
reconstruction. The improved stability identified in this
biomechanical systematic review, paired with supportive
clinical evidence suggesting improved clinical outcomes
with complete capsular closure, emphasizes the impor-
tance of capsular closure in routine hip arthroscopy cases.2

Labral tear management has been a highly debated
topic in hip arthroscopy over the past 20 years. A labral
tear may occasionally be an incidental finding, but more
commonly it is associated with underlying pathology such
as FAIS and contributes to the clinical presentation with
groin pain and mechanical symptoms.20,35 The labrum is
an important contributor to the suction seal and hip stabil-
ity, and great focus has been directed toward restoring its
function when injured or damaged, with an emphasis on
repair, or reconstruction when repair is not feasible.5

This review suggests that repairing a labral tear does not
always restore its normal suction seal function. In fact,
in the presence of cam morphology, an isolated labral
repair may increase strain in the cartilage at the chondro-
labral junction.59 The labral repair strategy also has a bio-
mechanical effect on the suction seal. A vertical mattress
repair fixes the base of the labrum back to the acetabular
rim while leaving the outer edge free to potentially contrib-
ute to the suction seal during distraction. In contrast,
a simple suture repair strategy cinches the labrum circum-
ferentially, resulting in less contact area between the
labrum and femoral head. Signorelli et al53 and Zaffagnini
et al65 both showed greater resistance to distraction after
a vertical mattress labral repair compared with a simple
suture repair. However, previous research has found no
difference in patient-reported outcomes based on repair
technique.25 Last, labrectomy significantly decreases the
distractive strength of the hip compared with either labral
tear or repair. If a labral tear is symptomatic and must be
addressed, our findings suggest that it is most important to
avoid excision of the torn labrum, and that either a labral
repair or reconstruction would be a better option to main-
tain at least partial hip stability.

A third finding of this study was that there may be a cor-
relation between distraction, intra-articular pressure, and
contact forces as outcome metrics for hip stability, but fur-
ther investigation is needed. The correlation between dis-
tractive strength and intracapsular pressure may be
hypothesized based on the law of Boyle: P } 1/V, where P
is the pressure and V is the volume.18 If it is assumed
that an intact hip capsule is fluid-tight and maintains a con-
stant temperature, then when the intracapsular volume
increases during hip distraction, the pressure must
decrease. This finding was replicated in all 3 studies that
reported both intra-articular pressure and distractive
strength.43,55,60 Nepple et al43 found a moderate correlation
between peak intra-articular pressure and distractive
strength for a series of labral conditions but no correlation
between peak pressurization and distractive strength (r =
0.005; not significant) for intact-state specimens. They con-
cluded that the distractive stability and fluid pressurization
functions of the labrum may be independent because of the
lack of correlation. Fluid pressurization (intra-articular
fluid and interstitial fluid within articular cartilage during
compressive loads)51 is not equivalent to intra-articular
pressure and may have a different relationship to distrac-
tion than intra-articular pressure.

A relationship between contact area, contact force, peak
contact pressures, and distraction strength may also exist.
Capurro et al8 reported restoration of the suction seal,
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higher contact areas, lower contact forces, and lower peak
forces after a labral reconstruction compared with a partial
labrectomy. Similarly, Suppauksorn et al56 reported resto-
ration of the suction seal and greater contact areas after
a labral repair compared with a labral reconstruction. It
may be that soft tissue and bony conditions that increase
contact areas and decrease contact forces between the fem-
oral head and acetabulum also contribute to greater dis-
tractive strength. However, no study in this review
compared these 2 outcome measures on continuous scales.
Further investigation is warranted to identify this poten-
tial relationship.

Strengths

This review considered the contribution of several ana-
tomic structures through multiple outcome metrics to
add to our current understanding of hip stability, how it
differs in pathologic states, and how it changes with surgi-
cal intervention. We used rigorous methods with predeter-
mined objectives, strict inclusion and exclusion criteria,
and a standardized method of assessment a priori to carry
out a reproducible search and report relevant results. This
review also strengthens the biomechanical evidence under-
lying current trends in the management of FAIS and other
hip pathology. Gupta et al21 reported that 100% of hip
arthroscopy surgeons perform a labral repair when a labral
tear is present and 88.9% perform a capsular closure at the
end of surgery in most cases. Five-year patient-reported
outcomes, patient satisfaction, rate of revision surgery,
and conversion to hip arthroplasty after hip arthroscopy
favor complete capsular repair.13,19 Additionally, patients
who undergo labral repair are less likely to be converted
to THA within 10 years compared with those who undergo
labral debridement.33 This review supports avoiding labral
debridement when managing symptomatic labral tears
and performing interportal capsulotomy repair to restore
stability during hip arthroscopy.

Limitations

The heterogeneity among included studies in this system-
atic review limited the ability to complete large compara-
tive analyses. The variability in methodology including
biomechanical setup, surgical technique, and outcome
measures limited our quantitative analyses to comprise
less than half of all available biomechanical studies
included in our systematic review. Second, the mean age
of the cadavers was 51.5 years, and most studies only
included hips with normal morphology. This demographic
does not accurately reflect the young hip with FAIS that
most commonly undergoes hip arthroscopy. Third, the in
vitro setting of the included studies introduced multiple
limitations. In most studies, the surrounding soft tissues
were dissected down to the level of the capsule, so any syn-
ergistic stability normally afforded by those tissues was
removed. Furthermore, the instability states created
were iatrogenic in nature, dissimilar to the clinical pathol-
ogy generally seen in patients. For example, iatrogenic

labral tears were mostly a single, longitudinal, full-
thickness incision, usually at the chondrolabral junction,
without the associated fraying, cartilage extension, and
unstable flaps commonly seen in vivo.20 Additionally, the
in vitro surgical correction was mostly completed in an
open fashion, as opposed to an in vivo setting where surgery
is done arthroscopically. Last, changes in range of motion
secondary to applied rotational forces was not included as
an outcome measure in our review. This decision was
made in the context of a previous systematic review com-
pleted by Jimenez et al,28 which assessed predominantly
the rotational differences after capsular repair compared
with capsular release.

Future Directions

A comparison of different outcome metrics used to assess
hip stability will help define new soft tissue and bony sta-
bilizer functions. Understanding the relationship between
these outcome metrics will also help make further conclu-
sions about previously completed biomechanical research.
An inverse relationship between intra-articular pressure
and distraction strength likely exists and deserves further
study. Second, a comparison of the relative contributions of
the labrum, capsule, and bone to hip stability would help
clinicians understand what the most important aspects of
the hip are and how to address them to maximize stability
and patient function. It may be that the native conchoidal
shape of the femoral head is essential to maintain the lab-
ral seal and distribute load, and the optimal degree of cam
resection should be individualized based on underlying
femoral head and labral anatomy.39,46 Third, a biomechan-
ical assessment of the suction seal strength after a vertical
mattress labral repair compared with a labral tear would
be interesting to determine whether the labral fixation
strategy was a contributing factor to the findings of this
study. Last, the effective management of loss of the suction
seal and instability secondary to iatrogenic cam overresec-
tion is a relatively understudied area. The hip remplissage
is a suggested solution but does not have the same under-
lying biomechanical principles as a remplissage for ante-
rior shoulder instability, and current evidence is limited
to a level 4 small-sample case series.1 Future investigation
using multiple outcome metrics regarding techniques to
restore hip stability after cam overresection is warranted.

CONCLUSION

Most biomechanical evidence supports capsulotomy repair
or reconstruction to improve hip distractive stability at the
end of hip arthroscopic surgery. While the repair of a torn
labrum does not improve distractive resistance, it is supe-
rior to labral debridement in most biomechanical studies.
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