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ABSTRACT

The purpose of this study was to evaluate the safety and efficacy of Periacetabular osteotomy (PAO), rotation-
al acetabular osteotomy (RAO), and eccentric rotational acetabular osteotomy (ERAO) for treating hip dysplasia
by comparing complication rates, survivorship, and functional outcomes after treatment. A systematic review in
the MEDLINE and CINAHL databases was performed, and studies reporting outcomes after pelvic osteotomy
for hip dysplasia with a minimum of 1-year follow-up or reported postoperative complications was included.
Patient demographics, radiographic measurements, patient reported outcomes including the modified Harris hip
score (mHHS), complications using the modified Clavien-Dindo classification, and reoperations were extracted
from each study. A meta-analysis of outcome scores, complications, change in acetabular coverage, and revision
rates for the 3 pelvic osteotomies was performed. A total of 47 articles detailing outcomes of 6,107 patients under-
going pelvic osteotomies were included in the final analysis. When stratified by procedure, RAO had a statistically
greater change in LCEA when compared to PAO (33.9° vs 18.0%; P <0.001). The average pooled mHHS im-
provement was 15.6 (95% CI: 8.3-22.8, I’= 99.4%). Although ERAO had higher mean score improvements
when compared to RAO and PAO, the difference was not statistically significant (P >0.05). Lastly, patients
undergoing PAO had a statistically greater complication rate than those undergoing ERAO and RAO (P <0.001
for both), while revision rate was not statistically different between the 3 techniques. In summary, there are many
more publications on PAO surgery with a wide range of reported complications. Complications after ERAO and
RAO surgery are lower than PAO surgery in the literature, but it is unclear whether this represents an actual dif-
ference or a reporting bias. Lastly, there are no significant differences between revisions, or postoperative reported
outcomes between the 3 techniques.

INTRODUCTION osteotomy (PAO) is the most commonly utilized method

Hip dysplasia is an orthopaedic disorder that describes in-
adequate coverage of the femoral head in the hip socket.
Due to the undercoverage, weight across the hip is distrib-
uted on a smaller surface area that results in excessive
forces being placed on the hip joint [1]. The abnormal
loading environment leads to early-onset degeneration of
the hip joint, leading to cartilage wear and progression of
early-onset [2-4]. The

osteoarthritis periacetabular

for addressing hip dysplasia worldwide [S], however, this
technique is not commonly practiced in Asia where adult
hip dysplasia is relatively common.

A common approach in Japan for addressing hip dyspla-
sia in adolescents and young adults is the rotational acetab-
ular osteotomy (RAO) [6], which was first described by
Tagawa et al. [7] More recently, a modified procedure
named the eccentric acetabular osteotomy (ERAO) was
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developed to prevent gluteus muscle weakness and lLimb-
shortening associated with RAO [8]. While the differences in
biomechanics and patient-reported outcomes of these two
procedures have been evaluated in previous studies, they have
not been extensively reported [9]. Furthermore, outcomes
including patient-reported scores, hip-specific radiographic
parameters and complications have not been compared be-
tween these two osteotomies and the PAO technique.

The purpose of this investigation was to evaluate the safety
and efficacy of the three open surgical treatments used for hip
dysplasia by assessing complications, radiographic parameters
and short and mid-term outcomes after treatment. The
authors hypothesized that (i) most complications would be
neurologic in nature, (i) survivorship following acetabular
osteotomy will be high and (iii) patient-reported outcomes
will be consistent across all three surgical techniques.

MATERIALS AND METHODS
A systematic review of the MEDLINE and CINAHL data-
bases was performed using PRISMA guidelines [10].
Systematic review registration was performed on 6
November 2018 using the PROSPERO International
Prospective Register of systematic reviews (registration
number CRD42018115942). Two independent reviewers
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(one board-eligible orthopaedic surgeon in sports medicine
fellowship training and one orthopaedic research fellow)
completed the search on 6 November 2018 and included
studies between 1 January 2001 and 10 June 2018 using an
explicit search algorithm: (“hip” AND [“PAO”, “RAO”, or
ERAO”] AND “revision”) OR (“hip” AND [“PAO’,
“RAO”, or ERAO”] AND “reoperation”) OR (“hip” AND
[“PAO”, “RAO”, or ERAO”] AND “failure”) OR (“hip”
AND [“PAO”, “RAO”, or ERAO”] AND “outcomes”) OR
(‘hip” AND [‘PAO”, “RAO’, or ERAO”] AND
“complications”). Studies that reported 1-year minimum
outcome scores or complications of PAO, RAO or ERAO
and included only patients with the diagnosis of hip dyspla-
sia were included in the final analysis. Exclusion criteria
included non-English language articles, participants with
hip conditions other than hip dysplasia, studies that include
other forms of surgical treatment for hip dysplasia and sys-
tematic reviews, meta-analyses or letters to the editor.
Furthermore, electronically and printed journals were deemed
acceptable, however, meeting abstracts and proceedings were
omitted. All references within included studies were cross-
referenced for potential inclusion if omitted from the initial
search. The search algorithm used to generate the final studies

for inclusion and analysis is provided in Fig. 1.

MEDLINE 2001-2018: 732 Citations

CINAHL 2001-2018: 321 Citations

346 Non-Duplicate Citations Screened

Inclusion/Exclusion Criteria Applied
-Evaluated for studies including clinical follow-up

] [ ] [ 207 Articles Excluded After Title/Abstract Screen ]

139 Articles Retrieved

e

Inclusion/Exclusion Criteria Applied

47 Articles Included

92 Articles Excluded After Full Text Screen
-21 Systematic review articles
-16 Letters to editor or topic review
-13 Meeting abstracts
-15 Without 1-year follow-up
-27 Included concomitant hip pathology

Fig. 1. Flowchart demonstrating articles excluded as well as included in the final analysis. A total of 346 non-duplicate articles from
the Medline and CINAHL databases were screened, with 52 included in the final analysis.
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Each study was analysed for patient demographics,
radiographic measurements, surgical procedure type,
patient-reported outcomes, complications and survivorship
following osteotomy for hip dysplasia. Data were collected
for each procedure type independently and tabulated
separately. Study demographics of interest included journal
of publication, year of publication and level of evidence.
Additionally, each study was also reviewed by two authors
(E.C.B. and K.P.) for the Methodological Index for Non-
randomized Studies (MINORS) criteria, which has been
vetted as a reliable and valid assessment of reporting qual-
ity for both non-comparative and comparative outcomes
studies [11]. Studies with a MINORS score of 13-16 for
non-comparative studies or 21-24 for comparative studies
were considered low risk of bias, while those with scores
<12 for non-comparative studies or <20 for comparative
studies were considered high risk of bias. Interobserver
reliability was also calculated.

Variables of interest
Patient demographics of interest included number of
subjects, mean patient age and body mass index (BMI),
gender frequency, mean follow-up time and specific

population studied. Surgical technique data of interest
included number of patients undergoing osteotomy. The
primary outcome of interest was number of complications,
and pre- and post-operative patient-reported outcomes
including the Hip Harris Score (HHS), modified Hip
Harris Score (mHHS), Hip Outcome Score (HOS), hip
disability and osteoarthritis outcome score (HOOS) and
Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), and number of revisions or conversions
to total hip arthroplasty. Complications were recorded as
both the specific type and the Clavien-Dindo classification
modified for hip preservation surgery, which has been pre-
viously vetted and used for categorizing complications after
hip surgery [12] (Table I).

Statistics
Descriptive statistics were calculated for each study and
variable or parameter analysed. Continuous variable data
were reported as mean T standard deviation. Categorical
data were reported as frequencies with percentages. Meta-
analysis was performed using the metaphor package of
RStudio software version 1.0.143 (R Foundation for
Statistical Computing). The DerSimonian-Laird estimator

Table I List of Clavien-Dindo classification modified for hip preservation surgery”

Grade Definition Specific complications

I A complication that requires no treatment and has no Asymptomatic Grade I or II heterotopic ossification; post-
clinical relevance; there is no deviation from routine operative fever, nausea, constipation, minor UTI; wound
follow-up during the post-operative period; allowed problem not requiring a change in post-operative care
therapeutic regimens include: antiemetics, antipyretics,
analgesics, diuretics, electrolytes, antibiotics and
physiotherapy

I A deviation from the normal post-operative course Superficial wound infection (additional clinic visits); tran-
(including unplanned clinic visits) that requires sient neurapraxia from positioning or surgical retraction
outpatient treatment: either pharmacologic or close that resolves under close observation; nerve palsy requir-
monitoring as an outpatient ing bracing and close observation (complete resolution);

trochanteric delayed union
1 A complication that is treatable but requires surgical, endo- Trochanteric nonunion; fracture; deep infection; surgical

scopic, or radiographic interventions or an unplanned

hospital admission

v A complication that is life threatening, requires ICU ad-
mission, or is not treatable with potential for permanent
disability; a complication that requires organ resection

(THA)

A% Death of a patient

haematoma; clinically significant heterotopic ossification
that requires surgical excision; deep vein thrombosis
(admission and anticoagulation)

Osteonecrosis; permanent nerve injury; major vascular in-
jury; pulmonary embolism; CNS complications; organ
dysfunction

UT], urinary tract infection; CNS, central nervous system; ICU, intensive care unit.

*Adapted from Ref.'?



to determine effect sizes [13]. A fixed effects model was
used for articles with low heterogeneity, while a random
effects was used with high heterogeneity. Heterogeneity in
pooled data was estimated using the I” index. Forest plots
were generated to display rates of revision hip surgery and
conversion to hip arthroplasty. Predicted meta-regressions
of adverse events between each surgical technique were
compared using a Wald test [14]. Linear regression was
used to determine significance in technique shifts. For all
statistical analysis, P < 0.05 was deemed statistically signifi-
cant. Publication bias was evaluated using a funnel chart.
This plots the estimated treatment effect on the x-axis,
while the size of each study is plotted on the y-axis. Larger
studies are plotted at the top, while smaller on the bottom
in order to characterize the respective effect sizes.
Estimated effect sizes from each study were checked to be
relatively evenly distributed and symmetrical around the
treatment effect if little bias exists [15].

RESULTS

Forty-seven articles detailing the outcomes of 5748
patients undergoing pelvic osteotomies were identified for
the final analysis, including 25 PAO, 14 RAO and 8 ERAO
studies. The studies used in the final analysis are outlined
in Supplementary Appendix SI. There were no level-I stud-
ies, two level-II studies, 20 level-III studies and 25 level-IV
studies. The average MINORS scores were 21.1 * 1.6 and
154 £2.3 for comparative and non-comparative studies,
respectively. There was a low risk of bias in 75% of com-
parative studies (6/8) and 92% of non-comparative studies
(36/39). Interobserver reliability (k) for MINORS score
calculation was 0.78. The most frequent journals of publi-
cation were Clinical Orthopaedics and Related Research
(14), The Journal of Bone and Joint Surgery (8) and the
Journal of International Orthopedics (S). A funnel plot of ef-
fect sizes among all the studies in the analysis was con-
structed to evaluate publication bias/heterogeneity and
noted to be relatively symmetrically distributed. However,
some heterogeneity is still present due to differences in op-
erative treatment (Supplementary Appendix SII).

Study and patient demographic data are presented in
Table II. The combined mean age and BMI was 31.3 = 7.4
and 23.1 £ 1.2, respectively, with a higher percentage
of women (85%) undergoing pelvic osteotomies. The
average age was slightly higher in the ERAO study
groups (36.1 = 4.1years) when compared with PAO
(27.1 £ 59years) and RAO (35.9 = 7.1 years). Comparison
of BMI did not show any significant differences between the
groups. The average follow-up was 94.8 = 74.7 months.
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Radiographic findings

A total of 27 articles reported lateral center edge angle
(LCEA) (12 PAO, 2 ERAO and 13 RAO). The summary
of pre- and post-operative LCEA measurements is pro-
vided in Table III. When stratified by procedure, the post-
operative LCEA average for PAO and ERAO was
29.0 £ 6.8 and 32.6 £ 6.3, which are within the target
LCEA of 25-35, while the RAO LCEA post-operative aver-
age of 36.9 = 9.3 indicates some patients with acetabular
overcoverage. The mean change was 20.2 [95% confidence
interval (CI): 16.3-24.1, I = 97.9%] for PAO, 27.3 (95%
CI: 23.7-31.0, > = 27.7%) for ERAO and 33.2 (95% CI:
30.3-36.2, I' = 95.6%) for RAO. RAO had a statistically
greater change in LCEA when compared with PAO
(P<0.001) (Fig. 2). However, there was no difference in
LCEA change when comparing PAO versus ERAO and
ERAO versus RAO (P < 0.05).

Of the studies reporting radiographic measurements, 19
reported change in acetabular index (10 PAO, 7 RAO and
2 ERAO). When stratified by procedure, the post-
operative acetabular index average for PAO and RAO was
5.4 = 5.1 and 5.8 = 7.7, which are within the target acetab-
ular index of 0-1, while the ERAO post-operative acetabu-
lar index —2.8%£7.9 indicates some patients with
acetabular overcoverage. When stratified by procedure,
mean change was —12.9 (95% CL: —15.9 to —9.9, I* =

Table II. Patient demographics

PAO RAO ERAO Total
Age 271*59 359*71 361*41 313*74
Gender
Male 492 (16.1%) 139 (18.5%) 87 (8.8%) 718 (15%)

Female 2562 (83.9%) 613 (81.5%) 897 (91.2%) 4072 (85%)

BMI 23.7*12 225*0.85 220*08 231*x12

Table III. Radiographic parameters

LCEA Acetabular index
Pre- Post- Pre- Post-
operative  operative  operative operative
Combined 68*9.1 331X69 223X75 47%63
PAO 10499 290*+68 194*76 S54*3.1
RAO 3786 369*93 269*73 S58*77
ERAO 48*+80 326*63 223*80 —-28=*79
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Change in LCEA Following Acetabular Osteotomy

Author | Year LCEA mean LCEA sd delta LCEA

M. Takao, 2017 29 8 10. 96 i 29.80 [24.43, 35.17]
T. Irie, 2017 g ce 25.90 [22.23, 29.57]
dLCEA following ERAC (Q = 1. 38 df =1,p=0.24;1"=27.65%) E 3 27.34 [23.65, 31.02]
J, Wells, 2018 27 13.6 - 27.00 [25.27, 28.73]
BF, Ricciardi, 2016 16 9.66 ot 16.00 [13.91, 18.09]
J, Wells, 2017 25 11.31 o 25.00 [22.98, 27.02]
PE, Beaule, 2015 14.5 27.2 14.50 [ 8.22, 20.78]
H Seo, 2018 18 9.9 - 16.00 [16.01, 19.99]
G.l Wassilew, 2016 137 7.8 L) 13.70 [12.04, 15.36]
ftoH, 2014 33.7 11.26 - 33.70 [31.93, 35.47]
C. Hartig-Andreasen, 2017 16 4.43 ™1 16.00 [14.83, 17.17]
Andriana De La Rocha, 2012 23.7 14.64 = 23.70 [18.37, 29.03]
Jeffrey B. Stambough, 2015 21 17.49 . 21.00 [17.83, 24.17]
Thanacharoenpanich S, 2018 20 4 9.85 ot 20.40 [18.53, 22.27]
JS Jacobsen, 2019 q " 13.00[11.47, 14.53]
dLCEA following PAO (Q = 519. 20 df =11, p=0.00; I* = 97.88%) @ 20.20 [16.33, 24.08]
T. Irie, 2017 23.4 6.79 fme 23.40 [20.35, 26.45]
Yuji Yasunaga, 2016 30.5 10.4 L] 30.50 [28.95, 32.05]
Byung-Woo, Minn, 2018 29.9 11.51 .- 29.90 [27.22, 32.58]
Kunihiko Okano, 2008 40.57 13.55 ! 40.57 [36.78, 44.36]
T. Yuasa, 2017 35.54 11.01 - 35.54 [33.92, 37.16]
Shiho Kanezaki, 2017 23 15.32 2! 23.00[19.78, 26.22]
Masahiko, Nozawa, 2009 35 17.83 - 35.00 [33.29, 36.71)]
Kunihiko Okano, 2010 36 16.13 o 36.00 [32.70, 39.30]
Masaaki, Maruyama, 2013 35.2 13.46 e 35.20 [32.07, 38.33]
Masahiko Nozawa, 2008 40 8.25 -4 40.00 [38.79, 41.21]
Ayumi Kaneuji, 2015 35 12.14 - 35.00 [33.19, 36.81]
M.Tomioka, 2017 43.9 16.91 e 43.90 [39.79, 48.01]
Y Yasunaga, 2019 23.4 13. 37 = 23.40 [19.09, 27.71)]
dLCEA following RAO (Q = 274.61, df = 12, p = 0.00; I" = 95.63%) k3 33.22 [30.25, 36.18]
Overall dLCEA(Q = 2143.82, df = 26, p = 0.00; 2= 98.79%) L 2 27.01 [23.33, 30.70]

T 11171771711
0.00 20.00 40.00 60.00 80.00

delta LCEA

Fig. 2. Forest plot demonstrating the heterogeneity of studies describing changes in lateral center edge angle before and after PAO,
RAO and ERAO. Q-statistic: test of heterogeneity with P < 0.05 indicating significance. Df, degrees of freedom, defined as n—1; I,
measure of heterogeneity where values greater than 50% indicates heterogeneous findings.

97.9%) for PAO, —24.6 (95% CL: —29.9 to —19.4, > =
54.3%) for ERAO and —20.9 (95% CI: —25.2 to —16.6,
I’ = 96.0%) for RAO (Fig. 3). Comparison of the changes
in acetabular index angle demonstrated that RAO and
ERAO had a statistically greater change as compared to
PAO (P < 0.001).

Reported outcomes
The most consistent reported outcome used in pelvic oste-
otomy studies was the HHS and mHHS, which were sub-
sequently were used for the final analysis. Twenty-five
articles reported HHS or mHHS (15 PAO, 7 ERAO and 3
RAO), with a pre- and post-operative mean of 67.0 == 11.6

and 83.04 = 12.5, respectively (Table IV). The average
pooled HHS and mHHS improvement was 15.6 (95% CI:
8.3-22.8, I = 99.4%). When stratified by procedure, the
mean HHS and mHHS improvement was 20.0 (95% CI:
15.5-24.4, > = 94.7%) for ERAO, 12.6 (95% CI: 0.4-
24.8, I* = 99.6%) for PAO and 18.8 (95% CI: 12.4-25.3,
I* = 88.9%) for RAO (Fig. 4). There was no statistically
significant difference between HHS and mHHS improve-
ment between surgical techniques (P > 0.05).

Complication rates
Thirty-three articles, including a total of 4883 patients,
were available for complication rate analysis (21 PAO,



Author | Year
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Reoperation Rate for Acetabular Osteotomy

ReoperationsN (Patients)

Follow-Up (Months)

Y Yasunaga, 2019

Reoperation Rate following RAO {Q 75. 91 df = 13, p =0.00; I* = 82 87%)

0.01 [-0.02, 0.05]
0.02 [0.01, 0.04]

Overall Reoperation Rate(Q = 181.05, df = 46, p = 0.00; P= 74.59%)

0.01[0.01, 0.01]

Jin Yamaguchi, 2009 0 210 108 ] 0.00 [-0.00, 0.01]
Hasegawa Yukiharu, 2002 0 132 88.8 L] 0.00 [-0.01, 0.01]
Hasegawa Yukiharu, 2014 17 130 240 = 0.13[0.07, 0.19]
Hasegawa Yukiharu, 2010 14 116 127.2 i) 0.12[0.06, 0.18]
T. Amano, 2014 0 108 159 L] 0.00 [-0.01, 0.02]
T. Irie, 2017 0 25 19.2 re 0.02 [-0.03, 0.07]
M. Takao, 2017 9 1‘6 384 : e 0.56[0.32, 0.81]
Hasegawa Yukiharu, 2007 0.00 [-0.00, 0.01)
Reoperation Rate following ERAO Q= 54 76 df=7,p=0.00; = 87 22%) 0.02 [0.00, 0.03]
J, Wells, 2018 1} 238 123.6 4 0.00 [-0.00, 0.01]
BF, Ricciardi, 2017 0 110 24 L] 0.00 [-0.01, 0.02]
JC. Clohisy , 2017 15 391 31.2 = 0.04 [0.02, 0.06]
BF, Ricciardi, 2016 0 82 15 K 0.01 [-0.01, 0.02]
J, Wells, 2017 0 121 204 ] 0.00 [-0.01, 0.02]
PE, Beaule, 2015 4 72 60 f= 0.06[0.00, 0.11]
BF, Ricciardi, 2016 1} 87 23 K 0.01 [-0.01, 0.02]
H Seo, 2018 3 95 57.6 - 0.03 [-0.00, 0.07]
A. Matsunaga, 2018 1} 113 51.2 L 0.00 [-0.01, 0.02]
G.l Wassilew, 2016 [t} 85 46.4 K 0.01 [-0.01, 0.02]
E.N Novais, 2015 0 280 48 L] 0.00 [-0.00, 0.01]
Ito H, 2014 0 156 91.6 ] 0.00 [-0.01, 0.01]
E.N Novais, 2017 0 81 12 K 0.01 [-0.01, 0.02]
Gregory G. Polkowski, 2014 0 149 26 ] 0.00 [-0.01, 0.01]
C. Hartig-Andreasen, 2017 9 55 42 Y | 0.16 [ 0.07, 0.26]
Andriana De La Rocha, 2012 1} 29 13.2 I+ 0.02 [-0.03, 0.06]
Gregory G. Polkowski, 2012 5 67 60 i 0.07 [0.01, 0.74]
Jeffrey B. Stambough, 2015 2 34 30 fed 0.06 [-0.02, 0.14]
R. Biedermann, 2008 0 60 §8.8 = 0.01 [-0.01, 0.03]
Thanacharoenpanich S, 2018 4 107 25 I 0.04 [ 0.00, 0.07]
Wasko, 2019 0 294 24 . 0.00 [-0.00, 0.01]
CM Sabbag, 2019 0 248 36 L] 0.00 [-0.00, 0.01)
JS Jacobsen, 2019 0 82 12 K 0.01 [-0.01, 0.02]
J Wells , 2018 0 154 120 ] 0.00 [-0.01, 0.01]
J Yang, 2019 0.00 [-0.00, 0.00]
Reoperation Rate following PAO {Q 45 58 df=24,p=0.00; P = 47 35%) T 0.00 [0.00, 0.01)
T. Irie, 2017 [t} 19 64.8 = 0.03 [-0.04, 0.09]
Yuji Yasunaga, 2016 0 173 252 [} 0.00 [-0.01, 0.01]
Byung-Woo, Minn, 2018 8 71 207.6 e 0.11[0.04, 0.19]
Kunihiko Okano, 2008 0 49 147.6 M 0.01 [-0.02, 0.04)]
T. Yuasa, 2017 34 178 244 C 0.19[0.13, 0.25]
Shiho Kanezaki, 2017 5 87 99.6 f=] 0.06[0.01, 0.711]
Kazuyuki Karasuyama, 2018 1 147 106.8 L 0.01 [-0.01, 0.02]
Masahiko, Nozawa, 2009 2 420 131.7 ] 0.00 [-0.00, 0.01]
Kunihiko Okano, 2010 0 92 146.4 K 0.01 [-0.01, 0.02]
Masaaki, Maruyama, 2013 6 71 60 b 0.08[0.02, 0.15]
Masahiko Nozawa, 2008 0 179 148.6 L] 0.00 [-0.00, 0.01]
Ayumi Kaneuji, 2015 17 172 270 b+ 0.10[0.05, 0.14]
M.Tomioka, 2017 o 55 130 - 0.01 [-0.01, 0.03]
i
1

I 1 1 T I I I 1
-1.00 -0.60 -0.20 020 060 1.00

Reoperation Rate (Proportion)

Fig. 3. Forest plot demonstrating the heterogeneity of studies describing changes in the acetabular index or Tonnis angle before and
after PAO, RAO and ERAO. Q-statistic, test of heterogeneity with P < 0.05 indicating significance; Df, degrees of freedom, defined as
n—1; I, measure of heterogeneity where values greater than 50% indicates heterogeneous findings.
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9 RAO and 3 ERAO). The list of complications by type
and Clavien-Dindo Grade is summarized in Table V.
Briefly, there were a total of 14.1%, 3.1% and 12.6%

Table IV. Comparison of baseline and post-operative
mHHS/HHS scores

Baseline Score Post-operative Score P-value
PAO 659+ 11.8 792 £ 11.7 <0.001
RAO 67.5*79 8731103 <0.001
ERAO 69.5*99 89.5F 121 <0.001

complications reported in the PAO, RAO and ERAO pa-
tient group, respectively. When comparing by complication
type, neuropathy and other nerve damage was the most
common complication in PAO procedures (2.9%), while
the formation of heterotopic ossification was the most
common complication for both RAO and ERAO proce-
dures (1.2% and 1.9%).

Pooled complication rates for PAO, RAO and ERAO
were 0.10 (95% CI: 0.08-0.12, I* = 95.5%), 0.02 (95% CI:
0.01-0.04, I> = 80.1%) and 0.02 (95% CI: 0.01-0.04, I* =
95.5%), respectively (Fig. 5). Analysis of the reported com-
plications demonstrated that patients undergoing PAO and
ERAO had a statistically greater complication rate than

Harris Hip Score improvement Following Acetabular Osteotomy

Author | Year mHHS mean mHHS sd

Jin Yamaguchi, 2009 28.5 14.76 : - 28.50 [ 26.50, 30.50]
Hasegawa Yukiharu, 2002 17.7 13.34 | 17.70 [ 15.42, 19.98]
Hasegawa Yukiharu, 2014 18 18.95 Lo 18.00 [ 14.74, 21.26]
Hasegawa Yukiharu, 2010 19.9 13.3 e o 19.90 [ 17.48, 22.32]
T. Amano, 2014 11.1 15.05 —-— 11.10[ 8.26, 13.94]
T. Irie, 2017 23 7 14 15 : r—-—| 23.70[18.15, 29.25)
Hasegawa Yukiharu, 2007 21.00 [ 18.50, 23.50}
mHHS Improvement following ERAO (Q=113 49 df =6, p=0.00; 12 = 94. 71%) ..... 19.95 [15.54, 24.36]
J, Wells, 2018 20 21.26 : b 20.00[ 17.30, 22.70]
BF, Ricciardi, 2017 13 19.8 o 13.00[ 9.30, 16.70]
BF, Ricciardi, 2016 23 18.38 C 23.00[19.02, 26.98]
BF, Ricciardi, 2016 23 19.85 —e— 23.00[18.83, 27.17]
H Seo, 2018 -61 13.45 - 5 -61.00 [-63.70, -58.30]
A. Matsunaga, 2018 16 12.06 - 16.00 [ 13.78, 18.22]
G.l Wassilew, 2016 17.9 16.13 . 17.90 [ 14.47, 21.33]
ftoH, 2014 21.5 12.31 S HEMH 21.50 [ 19.57, 23.43]
C. Hartig-Andreasen, 2017 1.9 8.52 - 5 1.90[-0.35, 4.15)
Andriana De La Rocha, 2012 10.5 16.05 —— 10.50 [ 4.66, 16.34]
Gregory G. Polkowski, 2012 11 23.78 —_——y 11.00[ 5.31, 16.69]
Jeffrey B. Stambough, 2015 16 27.93 e 16.00 [ 10.94, 21.06]
Thanacharoenpanich S, 2018 23 20.93 L ey 23.00 [ 19.03, 26.97]

Y Osawa, 2016 3 - 30.50 [ 28.40, 32.60]
mHHS Improvement following PAO (Q=3481.76, df =14, p = 0.00; I-a*-—- 12.61 [0.55, 24.67]
T. Irie, 2017 27.6 25.72 ;: A7.60 [ 16.04, 39.16]
Byung-Woo, Minn, 2018 13.3 11.72 >-—4 13.30 [ 10.57, 16.03]
T. Yuasa, 2017 20.4 15.91 . 20.40 [ 18.06, 22.74]
mHHS Improvement following RAO (Q = 17.94, df = 2, p = 0.00; I* = 88.85%) *— 18.84 [12.37, 25.31]
Overall mHHS Improvement(Q = 3779.23, df = 24, p = 0.00; I = 99.36%) —euuE— 15.57 [8.39, 22.76)
I I T I. I I T I T I 1
0.00 10.00 20.00 30.00 40.00 50.00

Improvement in Outcome

Fig. 4. Forest plot demonstrating the heterogeneity of studies describing changes in the Hip Harris score or modified Hip Harris
score before and after PAO, RAO and ERAO. Q-statistic, test of heterogeneity with P < 0.05 indicating significance; Df, degrees of
freedom, defined as n—1; I, measure of heterogeneity where values greater than 50% indicates heterogeneous findings.
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Table V. List of post-operative complications
PAO RAO ERAO Total
Total complications 464 (14.1%) 37 (3.1%) 53 (12.6%) 554 (11.3%)
Modified Clavien-Dindo system
Grade I 181 18 12 211
Grade II 123 0 22 145
Grade III 120 19 18 157
Grade IV 39 0 1 40
Grade V 0 0 0 0

those undergoing RAO (P < 0.001 and P = 0.004, respect-
ively). While PAO had a higher frequency of reported
complications versus ERAO, the difference was not statis-
tically significant (P = 0.271).

Reoperation rates

Forty-seven articles, including a total of 5871 patients,
were available for reoperation rate analysis (25 PAO, 14
RAO and 8 ERAO). Reoperations were defined as either
revision osteotomy or conversion to THA. The combined
reoperation rate was 2.5%, with reoperation rates for PAO,
RAO and ERAO being 1.1% (I’ = 47.4%), 5.1% (I* =
82.9%) and 4.1% (I’ = 87.2%), respectively (Fig. 6).
Patients undergoing PAO had a statistically lower rate
of reoperation when compared with both RAO and
ERAO (P < 0.001 for both), while the difference between
RAO and ERAO was
(P values = 0.288).

not statistically  significant

DISCUSSION
The main findings of the current meta-analysis were that
there are no statistically significant differences in reported
outcomes in patients undergoing PAO, RAO or ERAO for
hip dysplasia. Furthermore, current literature does not
demonstrate any significant differences between revisions
between the three acetabular osteotomy types. However,
patients undergoing RAO have a statistically significant
lower rate of reported complications when compared with
patients undergoing PAO and ERAO, with neuropathy
being the most common type among PAO procedures.
While these procedures are distinct in their approach and
technique, and there are measurable differences in out-
comes, all three have comparable high success rates. Pelvic
osteotomies utilized for the management of hip dysplasia
remain a challenging procedure with a steep learning curve
for orthopaedic surgeons. While numerous techniques

have been described, the goal of an ideal osteotomy is to
be as soft tissue sparing as possible, reproducible, allow
sufficient correction to maximize femoral head coverage
and weight bearing hyaline cartilage area while avoiding
impingement, have reliable blood supply for healing and
result in a stable osteotomy.

Pelvic osteotomies are invasive procedures and can be
associated with major and minor complications [16]. In
this review, RAO was associated with a lower reported rate
of overall complications (3.1%) as compared to PAO
(14.1%) and ERAO (12.6%). There is a potential reporting
bias as only three ERAO papers reported complications, a
bit more than half of the RAO papers, but almost all PAO
papers. Neuropathy (2.9%) was the most common compli-
cation for PAO followed by HO formation and delayed
union. While Cates et al. [17], reported a rate of 90% for
lateral femoral cutaneous nerve (LFCN) dysesthesia
following PAQO, all other publications have reported much
lower rates [18]. Given that some variation of an anterior
approach to the hip is most often utilized to perform a
PAO, it is not surprising that nerve injury is frequently
cited as the most common complication. An anterior
approach to the hip places the LFCN at risk of injury as it
courses in the deep layer of the subcutaneous fat tissue
along the lateral aspect of Sartorius muscle. However, the
majority of LFCN dysesthesia resolve over time and many
surgeons may not report them as complications. Nerve
related complications for RAO and ERAO, were much
lower (0.33% and 0.29%, respectively), which is likely
related to the lateral approach utilized in these techniques,
helping to avoid injury to the LEFCN. RAO utilizes a lateral
based skin incision and then combines an anterior and
posterior inter-nervous plane approaches to the hip [19].
ERAO typically utilizes a trans-trochanteric lateral
approach to the hip, while limiting the anterior end of the
incision to decrease the risk of the LFCN [20]. Despite
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Complication Rate for Acetabular Osteotomy

Author | Year Complications N (Patients)

Follow-Up (Months)

Jin Yamaguchi, 2009 0 210 108 (B 0.00 [-0.00, 0.01]
Hasegawa Yukiharu, 2002 15 132 88.8 - 0.11 ; 0.06, 0.17]
Hasegawa Yukiharu, 2014 0 130 240 R 0.00 [-0.01, 0.01)]
Hasegawa Yukiharu, 2010 0 116 127.2 LE 0.00 ;—0.01. 0.02)
T. Amano, 2014 0 108 159 LE 0.00 [-0.01, 0.02
T. Irie, 2017 0 25 19.2 e 0.02 [-0.03, 0.07]
M. Takao, 2017 1 16 384 - 0.06 [-0.06, 0.18]
Hasegawa Yukiharu, 2007 &4 273 2126 ot 0.09 [ 0.05, 0.12,
Complication Rate following PAO (Q = 488.26, df = 22, p = 0.00; |I* = 95.49%) 4 0.10[0.08, 0.12
J, Wells, 2018 12 238 123.6 o 0.05[0.02, 0.08]
BF, Ricciardi, 2017 10 110 24 ke 009{0.04, 0.14]
JC. Clohisy , 2017 26 391 31.2 - 0.07 [ 0.04, 0.09
BF, Ricciardi, 2016 10 82 15 [ 0.12[0.05, 0.19
J, Wells, 2017 0 121 204 LE 0.00 [-0.01, 0.02
PE, Beaule, 2015 2 72 60 ot 0.03 [-0.01, 0.0
BF, Ricciardi, 2016 6 87 23 F=4 0.07 [0.02, 0.12,
CA Zurmubhle, 2017 0 124 114 N 0.00 [-0.01, 0_025
H Seo, 2018 14 95 57.6 e 0.15[0.08, 0.22,
A. Matsunaga, 2018 15 113 51.2 = 0.13[0.07, 0.205
G.I Wassilew, 2016 5 85 46.4 22l 0.06[0.01, 0.11
E.N Novais, 2015 0 280 48 Lk 0.00 [-0.00, 0.01]
Ito H, 2014 21 156 91.6 gl 0.13[0.08, 0.19]
E.N Novais, 2017 18 81 12 S 0.22[0.13, 0.31]
Gr?tcry G. Polkowski, 2014 2 134 26 L 0.01 [-0.01, 0.04]
Andriana De La Rocha, 2012 1 29 13.2 = 0.03 [-0.03, 0.10]
Gregory G. Polkowski, 2012 14 67 60 | 0.21[0.11, 0.31]
Jeffrey B. Stambough, 2015 28 117 30 i ae 0.24[0.16, 0.32]
R. Biedermann, 2008 43 60 88.8 : — 0. ?250.60, 0.83]
CM Sabbag, 2019 24 248 36 tof 0.10[0.06, 0.13]
Y Osawa, 2016 2 156 64.8 L 0.01 [-0.00, 0.03]
J Wells , 2019 66 154 120 : [ 0.43[0.35, 0.51]
J Yang, 2019 . 38 r(:‘»413 » 12 L] 0.06 [ 0.04, 0.07,
Complication Rate following ERAO (Q = 40.61, df =7, p = 0.00; I = 82.76%) \ 0.02 [0.01, 0.04
Byung-Woo, Minn, 2018 2 71 207.6 o 0.03 [-0.01, 0.847]

unihiko Okano, 2008 0 49 147.6 e 0.01 ;-0.02, 0. 7}
Shiho Kanezaki, 2017 3 87 99.6 o] 0.03 [-0.00, 0.07]
Kazuyuki Karasuyama, 2018 11 147 106.8 f={ 0.07 f 0.03, 0.1 2}
Masahiko, Nozawa, 2009 0 420 131.7 " 0.00 [-0.00, 0.00,
Kunihiko Okano, 2010 6 92 146.4 - 0.07 [0.01, 0.12}
Masaaki, Maruyama, 2013 17 71 60 i 0.24[0.14, 0.34
Masahiko Nozawa, 2008 0 179 148.6 . 0.00 [-0.00, 0.01]
M.Tomioka, 2017 0 65 180 Lk 0.01 [-0.01, 0.03]
Y Yasunaga, 2019 : 1 35 2 zé.ba e 0.03 [-0.03, 0.08
Complication Rate following RAO (Q = 45.23, df =9, p = 0.00; I =30.10%) [} 0.02 [0.01, 0.04
Overall Complication Rate(Q = 599.57, df = 40, p = 0.00; 1= 93.33%) | 0.06 [0.04, 0.07)

I I | | | I I I | T 1
-1.00 -060 -0.20 020 0.60 1.00

Complication Rate (Proportion)

Fig. 5. Forest plot demonstrating the heterogeneity of studies describing complication rates after PAO, RAO and ERAO. Q-statistic,
test of heterogeneity with P < 0.05 indicating significance; Df, degrees of freedom, defined as n—1; I’, measure of heterogeneity

where values greater than 50% indicates heterogeneous findings.

these technical differences, standardizing the reporting of
nerve injury following acetabular osteotomies may help
minimize the variability in reporting of this common
complication and its impact on patient outcomes.
Heterotopic bone formation was the most common
complication reported for both RAO and ERAO (1.2%
and 1.9%). A similar rate of 2.7% was also reported for
PAO. Wells et al. [18], recently reported a rate of HO as

high as 34.4% following PAO, the majority of which were
asymptomatic (Brooker Class I-II). HO is a well-
recognized phenomenon in approaches to the acetabulum,
particularly following trauma [21]. Although the patho-
physiology of HO formation is not completely understood,
it is generally accepted that a permissive environment of
increased inflammation is necessary to stimulate osteopro-
gentior cells from tissues, such as muscle and periosteum
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Change in Acetabular Index Following Acetabular Osteotomy

Author | Year Mean sSD delta Acetabular Index
M. Takao, 2017 -27.7 11.77 ——i -27.70 [-33.47, -21.93
T. Irie, 2017 : -(52.3 10.79 ——t -22.30 [-26.53, -18.0
dAcetabularindex following ERAO (Q=2.19,df =1, p=0.14; |* = 54.34%) s -24.63 [-29.87, -19.39
J, Wells, 2018 -20 10.63 1. -20.00 [-21.35, -18.65
J, Wells, 2017 -18 8.6 L -18.00 [-19.53, -16.47]
PE, Beaule, 2015 -7.3 15.04 — -7.30 [-10.77, -3.83]
H Seo, 2018 -7.7 9.22 . -7. ?0/ -9.55, -5.85
G.I Wassilew, 2016 -10.6 8.63 X -10.60 [-12.43, -8.77]
C. Hartig-Andreasen, 2017 -9 1.49 a2 -9.00[-9.39, -8. 61}
Andriana De La Rocha, 2012 -14.6 10.85 i -14.60 [-18.55, -10.65]
Jeffrey B. Stambough, 2015 -14.5 13.87 = -14.50 [-17.01, -11.99]
Thanacharoenpanich S, 2018 -1 6 7.59 - -16.00 [-17.44, -14.56]
JS Jacobsen, 2019 8,42 - -11.00 [-12.39, -9.61]
dAcetabularindex following PAO (Q = 419 52,df =9, p=0.00; I = 97.85%) - -12.90 [-15.92, -9.88]
T. Irie, 2017 -19.2 8.91 ] -19.20 [-23.21, -15.19
Yuji Yasunaga, 2016 -25.7 9.6 . -25.70 [-27.13, -24.27]
Byung-Woo, Minn, 2018 -10.6 10.04 == -10.60 [-12.94, -8.26]
Shiho Kanezaki, 2017 -16.8 11.22 e -16.80 [-19.16, -14.44]
Ayumi Kaneuji, 2015 -22.1 10.29 - -22.10 [-23.64, -20.56]

. Tomioka, 2017 -27 2 13 88 i -27.20 [-30.57, -23.83]
Y Yasunaga, 2019 1, ——if -24.80 [-27.99, -21.61
dAcetabularindex following RAO (Q = 148 93,df=6,p=0. 00 1“=95.97%) - -20.90 [-25.16, -16.63
Overall dAcetabularindex(Q = 1218.91, df = 18, p = 0.00; F= 98.52%) - -17.00 [-20.07, -13.92)]

I T T T 1
-40.00 -20.00 0.00
delta Acetabular Index

Fig. 6. Forest plot demonstrating the heterogeneity of studies describing rates of reoperation after PAO, RAO and ERAO. Q-statistic:
test of heterogeneity with P < 0.0S indicating significance. Df, degrees of freedom, defined as n—1; I, measure of heterogeneity where

values greater than 50% indicates heterogeneous findings.

or stromal cells from the bone marrow [22]. With any of
the open techniques, muscles may undergo extensive and
prolonged retraction during surgery potentially causing
local tissue ischaemia/necrosis and worsening inflamma-
tion. HO has been reported to occur most commonly
along with gluteus minimus and iliocapsularis muscle after
PAO surgery and within the gluteus medius and minimus
after RAO/EROA surgery [23]. As such care must be
taken to avoid forceful retraction or injury to these muscles
and modifications of the surgical approaches and instru-
mentation have evolved to minimize soft tissue damage.
The contemporary rectus sparing version of the Smith-
Peterson approach is utilized most often for PAO, which is
more muscle sparing than the trans-trochanteric technique
used for RAO and ERAO. The initial procedure described
by Mast and has evolved somewhat since the original de-
scription. The elegant exposure is inter-muscular and inter-
nervous, which minimizes disruption of the TFL, gluteus
minimus and iliocapsularis. The direct head of the rectus
femoris historically was released from the anterior inferior
iliac spine but is rarely, if ever, needed with contemporary
technique [S]. Non-steroidal anti-inflammatory drugs may
help reduce the risk of HO, however, long-term utilization

of NSAIDs (>6weeks) has been associated with delayed
union of acute acetabular fractures and should be used
with care [24].

Reporting of delayed union was also lower for RAO and
ERAO 0.57% and 0.59%, respectively, compared to PAO
(1.81%). RAO and ERAO are osteotomies allow for
increased surface area of bone contact between the acetab-
ular segment and the remaining intact pelvis, which in the-
ory may be more advantageous for bone healing. However,
as part of the osteotomy is intraarticular and the articular
segment is small, there is a very worrisome potential for
vascular compromise to the articular segment which can re-
sult in avascular necrosis, chondrolysis and arthrosis [25].
In the case of ERAO, the space between the osteotomized
acetabular segment and the pelvis is minimal, often not
requiring a bone graft, which is a major advantage over the
RAO [8].

It is worth noting that there is variability in methods of
reporting complications between studies, which may ac-
count for the differences observed in rates of delayed
union, as well as other complications among the three
techniques. Recently, Sink et al. [12] proposed using a
modified version of the Clavien-Dindo classification for
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reporting post-operative complications related to hip sur-
gery. Very few of the studies in the current review reported
complications using this classification system, and of those
who did, most reported only major complications (defined
as Grade III/IV). It is possible that reporting bias due to
underreporting of minor complications by patients or clini-
cians due complete or partial symptom resolution may
occur [26]. This highlights the need for more robust pro-
spective studies evaluating the rates of post-operative com-
plications and using standardized classification systems for
reporting them.

Radiographic parameters demonstrated possible over-
correction in some cases for both ERAO and RAO. Based
on the modern understanding of acetabular coverage of
the femoral head [27], the LCEA average in the RAO and
Acetabular Index in the ERAO groups indicates that many
patients had post-operative
Previous studies have shown that impingement caused by
acetabular overcoverage leads to premature joint degener-
ation [28]. However, it is worth noting that there is some
variability in post-operative target angle, with some authors
reporting on RAO outcomes defining non-overcorrection
as an LCEA of <40° [29]. In other studies, authors have
determined post-operative target angles to be patient-
specific; balancing femoral head coverage and bone contact
area, with an LCEA range of (20°-46°) [28]. The differen-
ces in post-operative target angle could account for the
differences observed in post-operative angles between
the three. Additionally, some other factors including
variability in volume socket or sourcil size could have
limited the ability to achieve target angles.

Irie et al. [9] compared the Harris Hip score averages of
patients undergoing RAO or ERAO for hip dysplasia and
demonstrated that patients in the ERAO group had statis-
tically higher score averages when compared with the RAO
group [93.6 (95% CI 70-100) versus 89.7 (95% CI 74—
100); P=0.09]. However, the authors noted that the
groups were very small (N=17 and N=22) and the
follow-up was shorter in the ERAO group which likely
influenced the observed differences in score averages. In
contrast, the present review demonstrated no statistical
difference in mHHS or HHS scores between RAO, ERAO
and PAO over an average follow-up of 85 months indicat-
ing that radiographic parameters alone may not play a role
in patient-reported outcomes following osteotomy proce-
dures for hip dysplasia. This highlights the need for further
studies evaluating the effect of overcoverage on outcomes
among patients undergoing acetabular osteotomy.

A limited number of studies have reported on the long-
term survivorship following corrective acetabular osteoto-
mies. Overall, the present review demonstrated a lower

acetabular overcoverage.

reoperation rate among patient undergoing PAO when
compared with RAO and ERAO. When specifically looking
at the original Bernese PAO cohort, conversion to THA,
arthritis progression and/or Merled’Aubigne’-Postel score
<15 were 82%, 60% and 43% at 11-, 20- and 30-year
follow-up, respectively [30-32]. In a more recent systemat-
ic review, Sohatee et al. [33] observed a THA conversion
rate of 8.3% among 4862 patients, with a mean conversion
time of 5.8 years after undergoing PAO. At an average of
11-13 years following RAO, the survival rate with THA as
an endpoint has been reported to range between 95% and
100% [34]. Following ERAO Hasegawa et al. [20], noted a
survival rate of 87% at 20 years. Of the 17 patients (13%)
that underwent THA in this series, 11 had advanced stage
osteoarthritis pre-operatively and 6 had undergone simul-
taneous intertrochanteric valgus osteotomy. Osteoarthritis
is a well-recognized risk factor for failed acetabular
osteotomy and progression However,
Nozawa et al. [35] demonstrated that in younger patients
(age < 60years) with hip dysplasia and advanced
osteoarthritis, RAO was associated with improved pain and
function and a rate of conversion to THA of 12.3% after
an average follow-up of 12.2 years. Interestingly, 45.6% of
the hip demonstrated progression of OA based on
radiographic parameters.

of disease.

The current literature does not appear to demonstrate
improved longevity of one osteotomy over the other, how-
ever, variability in patient populations, cultural perceptions
of pain, associated hip pathology and cultural views of and
access to arthroplasty limits the ability to compare long-
term outcomes and conversion to THA. While better
quality studies are warranted, the data suggest that all three
acetabular osteotomy techniques are a safe and effective
surgical option for patients with hip dysplasia and early
osteoarthritis and provide high rates of survivorship at
long-term follow-up.

Limitations
There are limitations to this study that should be
addressed. First, the majority of studies analysed were
retrospective case series, which introduces an inherent se-
lection bias. Second, this study gathered data from a highly
heterogeneous group of subjects (demographics, cultures,
radiographic parameters, indications for surgery and
follow-up time) who have undergone pelvic osteotomy,
which may include variables that impact outcomes.
Additionally, while there were only three techniques com-
pared in this meta-analysis, there may be surgeon-specific
variability due to technique, experience, or number of cases
performed per year that may influence outcomes. Third,
due to the way that the data are analysed, it is difficulty to



perform subgroup analyses, which may limit the generaliz-
ability of the results. Fourth, although there are a number
of newer hip-specific questionnaires available for evaluating
hip function, many were not yet created when many of the
studies were performed. As such, many studies reported
the modified Hip Harris score, which is commonly used to
evaluate older arthritic patients. It is possible that other
questionnaires may be better suited for evaluating hip func-
tion in patients after undergoing acetabular osteotomy.
Lastly, although there was a low risk of bias in both com-
parative and non-comparative studies, there was variability
in the type of published reports and a large number of low
level of evidence studies included in the meta-analysis.

CONCLUSION

There are no statistically significant differences in reported
outcomes in patients undergoing PAO, RAO or ERAO for
hip dysplasia. Furthermore, current literature does not
demonstrate any significant differences between revisions
between the three acetabular osteotomy types. The only
statistically significant difference was a higher rate of
reported LCEN dysfunction when compared with patients
undergoing RAO or ERAO that is typically transient, does
not affect hip function or longevity of the procedure. The
limited number of reported complications in the ERAO
and RAO publications suggests that there is likely a differ-
ence in reporting. Future, long-term studies are warranted
to improve the quality of the literature regarding the man-
agement of complex hip pathology.

SUPPLEMENTARY DATA
Supplementary data are available at Journal of Hip Preservation
Surgery online.
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