
Journal of Hip Preservation Surgery, 2023, 10, 104–118
DOI: https://doi.org/10.1093/jhps/hnad005
Advance access publication date: 20 April 2023
Research article

Periacetabular osteotomy with intraoperative 
computer-assisted modalities: a systematic review

Andrew J. Curley1, Rachel E. Bruning1, Saiswarnesh Padmanabhan 1, Andrew E. Jimenez1, 
Frédéric Laude2 and Benjamin G. Domb 1,3*

1American Hip Institute, 999 East Touhy Ave, Suite 450, Chicago, IL 60018, USA , 2Hip & Pelvis Surgery at Clinique du Sport, 36, Boulevard 
Saint-Marcel, Paris 75005, France and 3American Hip Institute Research Foundation, 999 East Touhy Ave, Suite 450, Chicago, IL 60018, USA.

*Correspondence to: B. G. Domb. E-mail: DrDomb@americanhipinstitute.org

ABSTRACT

The role of intraoperative computer-assisted modalities for periacetabular osteotomy (PAO), as well as the perioperative and post-operative 
outcomes for these techniques, remains poorly defined. The purpose of this systematic review was to evaluate the techniques and outcomes of 
intraoperative computer-assisted modalities for PAO. Three databases (PubMed, CINAHL/EBSCOHost and Cochrane) were searched for clini-
cal studies reporting on computer-assisted modalities for PAO. Exclusion criteria included small case series (<10 patients), non-English language 
and studies that did not provide a description of the computer-assisted technique. Data extraction included computer-assisted modalities utilized, 
surgical techniques, demographics, radiographic findings, perioperative outcomes, patient-reported outcomes (PROs), complications and sub-
sequent surgeries. Nine studies met the inclusion criteria, consisting of 208 patients with average ages ranging from 26 to 38 years. Intraoperative 
navigation was utilized in seven studies, patient-specific guides in one study and both modalities in one study. Three studies reported significantly 
less intraoperative radiation exposure (P < 0.01) in computer-assisted versus conventional PAOs. Similar surgical times and estimated blood loss 
(P > 0.05) were commonly observed between the computer-assisted and conventional groups. The average post-operative lateral center edge 
angles in patients undergoing computer-assisted PAOs ranged from 27.8∘ to 37.4∘, with six studies reporting similar values (P > 0.05) compared 
to conventional PAOs. Improved PROs were observed in all six studies that reported preoperative and post-operative values of patients under-
going computer-assisted PAOs. Computer-assisted modalities for PAO include navigated tracking of the free acetabular fragment and surgical 
instruments, as well as patient-specific cutting guides and rotating templates. Compared to conventional techniques, decreased intraoperative 
radiation exposure and similar operative lengths were observed with computer-assisted PAOs, although these results should be interpreted with 
caution due to heterogeneous operative techniques and surgical settings.

I N T R O D U C T I O N
Periacetabular osteotomy (PAO) can be performed to treat 
symptomatic hip instability in the setting of acetabular under-
coverage [1]. Good long-term results following PAO have been 
demonstrated with appropriate patient selection [2]. However, 
the surgical technique is technically demanding with a steep 
learning curve that is susceptible to complications [3–5]. Chal-
lenging aspects of PAO surgery include performing osteotomies 
in the correct trajectory with limited visualization and reducing 
the free acetabular fragment to provide adequate femoral head 
coverage without impingement [6, 7]. While an accurate cor-
rection of the free acetabular fragment has been associated with 
improved post-operative outcomes, achieving this targeted zone 
of correction can be challenging even among experienced hip 
surgeons [8, 9].

Computer-assisted modalities have been proposed as a 
resource to facilitate PAO surgery [10–13]. Advanced computer 

technologies have been employed in hip and shoulder arthro-
plasties for intraoperative navigation and patient-specific guides, 
respectively [14, 15]. However, the current applications for intra-
operative computer assistance for PAO remain unclear, includ-
ing the specific aspects of the surgery that these modalities 
are attempting to improve. Proposed benefits of intraoperative 
computer-assisted modalities include decreased radiation expo-
sure and increased accuracy of the free acetabular fragment 
correction [6, 16]. However, potential disadvantages include 
increased surgical costs and longer operative times to utilize the 
technology.

The purpose of this review is to evaluate intraoperative
computer-assisted modalities for periacetabular osteotomy 
(PAO) to (i) provide a qualitative description of the cur-
rent applications for this technology, (ii) analyze perioperative
outcomes [e.g. surgical time, estimated blood loss (EBL) and 
radiation exposure] and (iii) assess post-operative radiographic 
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and patient-reported outcomes (PROs). It was hypothesized 
that computer-assisted modalities would (i) include navigation 
of the free acetabular fragment and patient-specific guides, (ii) 
decrease surgical time, EBL and radiation exposure and (iii) 
demonstrate improved radiographic outcomes and PROs.

M ET H O D S
Literature search

A systematic review was performed in compliance with the Pre-
ferred Reporting for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [17]. In June 2022, the PubMed, 
CINAHL/EBSCOHost and Cochrane databases were searched 
for the keywords: ‘((periacetabular osteotomy) OR (Bernese 
osteotomy)) AND ((planning) OR (navigation) OR (com-
puter assisted) OR (image guided) OR (augmented reality) OR 
(templating) OR (guidance system) OR (machine learning) OR 
(cutting guide) OR (template)).’ The articles selected for review 
were evaluated by two authors (A.J.C. and A.E.J.). The full-text 
studies that were assessed also underwent review of their bibli-
ographies to evaluate for additional applicable articles that were 
not obtained in the initial database search. Institutional Review 
Board (IRB) approval was not necessary for this study as it did 
not include protected patient information.

Study criteria
Criteria for inclusion in this review included clinical studies uti-
lizing intraoperative computer-assisted modalities during PAO. 
Computer-assisted modalities were defined as navigation in real 

time or at a single time point, as well as patient-specific instru-
mentation, templates or cutting guides that were affixed to the 
patient intraoperatively. Exclusion criteria were case reports, case 
series of <10 patients, non-English language studies, studies that 
include pelvic osteotomies other than Bernese PAO or spheri-
cal acetabular osteotomies to treat dysplasia and studies that did 
not provide a description of the computer-assisted technique. 
Additionally, studies were excluded if they included computer-
assistance ‘only’ in the preoperative phase (without a concomi-
tant intraoperative modality), such as preoperative planning 
software or bone models. Furthermore, studies that duplicated 
a prior cohort were excluded so that each patient cohort was 
only reported once in this review. Disagreements involving the 
included studies were resolved by discussion from two of the 
authors (A.J.C. and A.E.J.).

Quality assessment
The methodological quality of the included studies was graded 
with the Methodological Index of Non-Randomized Studies 
(MINORS) criteria [18]. Two reviewers (A.J.C. and A.E.J.) sep-
arately evaluated each study, and disagreements were resolved by 
discussion. The interobserver agreement between authors was 
calculated.

Data collection
Data extraction of the studies included title, author, year, jour-
nal, institution, level of evidence (LOE), study design, dates of 
study period, surgical approach, osteotomy technique and fixa-
tion methods. Computer-assisted modalities were assessed for 

Fig. 1. PRISMA flowchart of literature search.
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characteristics of intraoperative navigation and patient-specific 
guides, as well as preoperative planning methods. Data were 
also collected for patient demographics, preoperative and post-
operative radiographic findings, perioperative outcomes (e.g. 
operative time, EBL and radiation exposure), PROs, compli-
cations and subsequent surgeries. For studies that reported a 
mean and standard deviation, forest plots were generated for 
operative time, EBL and post-operative lateral center edge angles 
(LCEAs). 

R E S U LTS
Study characteristics

The initial search yielded 168 articles, along with another three 
articles identified through a bibliography search (Fig. 1). After 
duplicates were removed and screening of content, 25 full-text 
articles were reviewed. Sixteen of these studies were excluded 
for additional reasons, leaving nine articles [12, 16, 19–25] for 
qualitative analysis in this systematic review.

Two studies [12, 19] were published before 2007, and the 
remaining studies were dated after 2015 (Table I). There was 
one Level II, six Level III and two Level IV studies. Six studies 
included a comparative group of conventional PAO surgery with-
out computer assistance [16, 19, 22–25]. The average MINORS 
score was 13. Commonly observed methodological domains of 
weakness include lack of blinded assessment of outcomes, failure 

to prospectively calculate sample size and loss to follow-up >5%. 
The interobserver agreement of the two MINORS graders was 
89%.

Surgical technique
Four studies [12, 20, 23, 25] performed a Bernese PAO [1] 
through an anterior approach, whereas another four studies [16, 
19, 21, 24] utilized a spherical PAO via a trans-trochanteric 
approach (Table II). Three studies [16, 21, 22] reported fixa-
tion with bioabsorbable screws, while the remaining studies used 
metal screws or did not specify fixation. 

Patient characteristics
The nine studies included 208 hips undergoing computer-
assisted PAO, with an average age ranging from 26 to 38 years. 
One study [22] noted that 87.3% of the patients were men, while 
the remaining studies were comprised predominantly of female 
patients. The mean body mass index (BMI) that was reported 
had a range of 21 to 25 kg/m2.

Various preoperative radiographic measurements for patients 
undergoing computer-assisted PAO were observed across all 
included studies (Table III). Seven studies [16, 19–23, 25] 
reported mean preoperative LCEAs which ranged from 0∘ to 
20.5∘. Five studies [12, 16, 20, 21, 25] described average T ̈onnis 
angles in their cohorts that ranged from 15.1∘ to 25.3∘. 

Table I. Study characteristics

Author Year Journal Institution LOE Study design

Average 
MINORS 
score Dates of study

Hayashi et al. 2018 International 
Orthopedics

Kobe Kaisei Hospital 
(Kobe, Japan)

III Comparative 
cohort

14.5 2014 to 2016

Hseih et al. 2006 Acta Orthopaedica Chang Gung Memorial 
Hospital (Taoyuan, 
Taiwan)

II Comparative 
cohort

18.5 2002 to 2003

Imai et al. 2020 International 
Orthopedics

Ehime University Gradu-
ate School of Medicine 
(Ehime, Japan)

III Comparative 
cohort

14 2007 to 2013

Inaba et al. 2016 Clinics in Orthopedic 
Surgery

Yokohama City University 
(Yokohama, Japan)

III Comparative 
cohort

13 2011

Langlotz et al. 1997 Computer Aided 
Surgery

University of Bern (Bern, 
Switzerland)

IV Case series 3 1995

Mihalic et al. 2021 International 
Orthopedics

Valdoltra Orthopaedic 
Hospital (Ankaran, 
Slovenia)

III Comparative 
Cohort

16.5 2013 to 2019

Murphy et al. 2016 Journal of 
Orthopaedic 
Surgery and 
Research

Orton Orthopaedic Hos-
pital (Helsinki, Finland) 
and Johns Hopkins 
University (Baltimore, 
USA)

IV Case series 9 2005 to 2009

Takao et al. 2017 International Jour-
nal of Computer 
Assisted Radiology 
and Surgery

Osaka University Gradu-
ate School of Medicine 
(Osaka, Japan)

III Comparative 
cohort

10.5 2011 to 2014

Wang et al. 2019 Journal of 
Orthopaedic 
Surgery and 
Research

The First Affiliated Hos-
pital of Bengbu Medical 
College (Anhui, China)

III Comparative 
cohort

19 2017



Systematic review of PAO with computer-assisted modalities • 107

Ta
bl

e I
I. 

Su
rg

ic
al

 te
ch

ni
qu

es
 a

nd
 d

em
og

ra
ph

ic
s

Au
th

or
Pr

eo
pe

ra
tiv

e 
pl

an
ni

ng
N

av
iga

tio
n

Pa
tie

nt
-sp

ec
ifi

c g
ui

de
Ty

pe
 of

 os
teo

to
m

y
Fi

xa
tio

n
Ag

e (
ye

ar
s)

Fe
m

al
e (

%
)

Pa
tie

nt
 co

m
po

sit
io

n

H
ay

as
hi

 et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Pr
ob

e (
to

 as
se

ss
 

ac
et

ab
ul

ar
 

co
rr

ec
tio

n)

N
/A

Sp
he

ric
al

 P
AO

 
(a

nt
er

io
r)

Tw
o 

or
 th

re
e p

ol
y-

la
ct

ic
 ac

id
 sc

re
w

s 
or

 m
et

al
 ca

nc
el

lo
us

 
sc

re
w

s

C
om

pu
te

r-a
ss

ist
ed

: 
31

.5
±

11
.2

C
on

ve
nt

io
na

l: 
29

.1
±

11
.9

To
ta

l: 
12

.7
%

N
ot

 re
po

rt
ed

H
se

ih
 et

 al
.

N
on

e
O

st
eo

to
m

es
N

/A
Sp

he
ric

al
 P

AO
 

(t
ra

ns
-tr

oc
ha

nt
er

ic
)

Th
re

e o
r f

ou
r 3

.5
-m

m
 

co
rt

ic
al

 sc
re

w
s

C
om

pu
te

r-a
ss

ist
ed

: 
34

±
7.

3
C

on
ve

nt
io

na
l: 

36
±

5.
7

C
om

pu
te

r-a
ss

ist
ed

: 
94

%
C

on
ve

nt
io

na
l: 

88
.8

%

C
om

pu
te

r-a
ss

ist
ed

, 
bo

dy
 w

ei
gh

t (
kg

):
 

52
±

6.
7 

(r
an

ge
, 

45
–8

5)
C

on
ve

nt
io

na
l, 

bo
dy

 
w

ei
gh

t (
kg

):
 

54
±

7.
9 

(r
an

ge
, 

48
–8

0)

Im
ai

 et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Pr
ob

e (
to

 as
se

ss
 

ac
et

ab
ul

ar
 

co
rr

ec
tio

n)

N
/A

Sp
he

ric
al

 P
AO

 
(t

ra
ns

-tr
oc

ha
nt

er
ic

)
Fo

ur
 to

 fi
ve

 
hy

dr
ox

ya
pa

tit
e 

sc
re

w
s

C
om

pu
te

r-a
ss

ist
ed

: 
37

.7
±

1.
4 

(r
an

ge
, 

15
 to

 5
2)

C
on

ve
nt

io
na

l: 
41

.1
±

1.
5 

(r
an

ge
, 

22
 to

 5
6)

C
om

pu
te

r-a
ss

ist
ed

: 
86

.2
%

C
on

ve
nt

io
na

l: 
82

.5
%

C
om

pu
te

r-a
ss

ist
ed

, 
BM

I (
kg

/m
2 ):

 
23

.5
±

0.
5 

(r
an

ge
, 

17
.7

–3
7.

8)
C

on
ve

nt
io

na
l, 

BM
I (

kg
/m

2 ):
 

23
.0

±
0.

6 
(r

an
ge

, 
16

.7
–3

2.
2)

In
ab

a e
t a

l.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Pr
ob

e (
to

 as
se

ss
 

ac
et

ab
ul

ar
 co

rr
ec

-
tio

n)
, d

ril
l, 

an
d 

os
te

ot
om

es

N
/A

Sp
he

ric
al

 P
AO

 
(t

ra
ns

-tr
oc

ha
nt

er
ic

)
Th

re
e 4

.5
m

m
 

po
ly

la
ct

ic
 ac

id
 

ab
so

rb
ab

le
 sc

re
w

s

N
ot

 re
po

rt
ed

C
om

pu
te

r-a
ss

ist
ed

: 
90

.9
%

C
on

ve
nt

io
na

l: 
95

.0
%

N
ot

 re
po

rt
ed

La
ng

lo
tz

 et
 al

.
N

on
e

O
st

eo
to

m
es

N
/A

Be
rn

es
e P

AO
 

(a
nt

er
io

r)
N

ot
 sp

ec
ifi

ed
C

om
pu

te
r-a

ss
ist

ed
: 

33
.5

 (r
an

ge
, 1

9
to

 4
7)

C
om

pu
te

r-a
ss

ist
ed

: 
75

%
N

ot
 re

po
rt

ed

M
ih

al
ic

 et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Ac
et

ab
ul

ar
 fr

ag
-

m
en

t (
re

al
-ti

m
e)

, 
os

te
ot

om
es

Bi
oc

om
po

sit
e p

la
s-

tic
 cu

tti
ng

 g
ui

de
 

(s
up

ra
-a

ce
ta

bu
la

r 
an

d 
re

tro
-a

ce
ta

bu
la

r 
os

te
ot

om
ie

s)

Be
rn

es
e P

AO
 

(a
nt

er
io

r)
Th

re
e 4

.5
m

m
 m

et
al

 
sc

re
w

s
C

om
pu

te
r-a

ss
ist

ed
: 

33
.6

±
10

.8
C

on
ve

nt
io

na
l: 

36
±

13
.5

To
ta

l: 
82

.8
%

C
om

pu
te

r-a
ss

ist
ed

, 
BM

I (
kg

/m
2 ):

 
24

.7
±

3.
8

C
on

ve
nt

io
na

l, 
BM

I (
kg

/m
2 ):

 
22

.7
±

2.
9 (c

on
tin

ue
d)



108 • A. J. Curley et al.

Ta
bl

e I
I. 

(C
on

tin
ue

d)

Au
th

or
Pr

eo
pe

ra
tiv

e 
pl

an
ni

ng
N

av
iga

tio
n

Pa
tie

nt
-sp

ec
ifi

c g
ui

de
Ty

pe
 of

 os
teo

to
m

y
Fi

xa
tio

n
Ag

e (
ye

ar
s)

Fe
m

al
e (

%
)

Pa
tie

nt
 co

m
po

sit
io

n

M
ur

ph
y 

et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Ac
et

ab
ul

ar
 fr

ag
m

en
t 

(s
in

gl
e-

tim
e p

oi
nt

)
N

/A
Be

rn
es

e P
AO

 
(a

nt
er

io
r)

Sc
re

w
s (

un
sp

ec
ifi

ed
 

ty
pe

 o
r q

ua
nt

ity
)

C
om

pu
te

r-a
ss

ist
ed

: 
34

ye
ar

s (
ra

ng
e, 

22
 

to
 4

8)

C
om

pu
te

r-a
ss

ist
ed

: 
72

.7
%

C
om

pu
te

r-a
ss

ist
ed

, 
bo

dy
 w

ei
gh

t (
kg

):
 

59
 (r

an
ge

, 2
5–

87
)

Ta
ka

o 
et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

Pr
ob

e (
to

 as
se

ss
 

ac
et

ab
ul

ar
 co

r-
re

ct
io

n)
 an

d 
os

te
ot

om
es

N
/A

Sp
he

ric
al

 P
AO

 
(t

ra
ns

-tr
oc

ha
nt

er
ic

)
Th

re
e t

o 
fo

ur
 

bi
oa

bs
or

ba
bl

e 
sc

re
w

s

To
ta

l g
ro

up
: 

33
.7

±
9.

1 
(r

an
ge

, 
15

 to
 4

8)

10
0%

Bo
dy

 w
ei

gh
t (

kg
) 

54
.7

±
19

.1
 (r

an
ge

, 
33

.7
–7

7.
0)

; h
ei

gh
t 

(c
m

):
 1

56
.7

±
8.

3 
(r

an
ge

, 1
27

–1
70

)

W
an

g 
et
 al

.
O

st
eo

to
m

y 
lin

es
 

an
d 

pl
an

ne
d 

co
rr

ec
tio

n

N
/A

Pl
as

tic
 cu

tti
ng

 g
ui

de
 

(s
up

ra
-a

ce
ta

bu
la

r, 
re

tro
-a

ce
ta

bu
la

r, 
isc

hi
al

, a
nd

 p
ub

ic
 

os
te

ot
om

ie
s)

. P
la

s-
tic

 ro
ta

tin
g 

te
m

pl
at

e 
(t

o 
gu

id
e a

ce
ta

bu
la

r 
co

rr
ec

tio
n)

Be
rn

es
e P

AO
 

(a
nt

er
io

r)
Th

re
e c

or
tic

al
 sc

re
w

s
C

om
pu

te
r-a

ss
ist

ed
: 

26
±

8 
(r

an
ge

, 1
6 

to
 

38
)

C
on

ve
nt

io
na

l:
25

±
5 

(r
an

ge
, 1

8 
to

 
35

)

C
om

pu
te

r-a
ss

ist
ed

: 
62

.5
%

C
on

ve
nt

io
na

l: 
58

.3
%

C
om

pu
te

r-a
ss

ist
ed

, 
BM

I (
kg

/m
2 ):

 
21

±
2 

(r
an

ge
, 

19
–2

3)
C

on
ve

nt
io

na
l, 

BM
I 

(k
g/

m
2 ):

 2
2

±
2 

(r
an

ge
, 1

8–
24

)

D
at

a a
re

 p
re

se
nt

ed
 as

 m
ea

ns
±

SD
 (r

an
ge

, l
ow

er
 li

m
it 

to
 u

pp
er

 li
m

it)
 o

r n
 (%

) u
nl

es
s o

th
er

w
ise

 n
ot

ed
. A

ll 
an

gl
es

 ar
e r

ep
or

te
d 

as
 d

eg
re

es
. N

/A
, N

ot
 ap

pl
ic

ab
le

.



Systematic review of PAO with computer-assisted modalities • 109

Ta
bl

e I
II

. R
ad

io
gr

ap
hi

c a
nd

 p
er

io
pe

ra
tiv

e i
nf

or
m

at
io

n

Au
th

or
G

ro
up

Pr
eo

pe
ra

tiv
e r

ad
io

gr
ap

hi
c fi

nd
in

gs
Po

st-
op

er
at

ive
 ra

di
og

ra
ph

ic 
fin

di
ng

s
Le

ng
th

 of
 su

rg
er

y 
(m

in
)

EB
L 

(m
L)

Ra
di

at
io

n 
ex

po
su

re

H
ay

as
hi

 et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

30
)

LC
EA

: 1
2.

6
±

8.
1

AC
EA

: 4
3.

9
±

12
.9

AH
I (

%
):

 6
8.

2
±

12
.5

LC
EA

: 3
0.

8
±

5.
1

AC
EA

: 6
2.

1
±

9.
7

AH
I (

%
):

 8
0.

2
±

8.
0

11
7

±
18

46
3

±
10

9
N

ot
 re

po
rt

ed

C
on

ve
nt

io
na

l 
(n

=
23

)
LC

EA
: 1

3.
6

±
7.

4
AC

EA
: 4

2.
7

±
15

.8
AH

I (
%

):
 6

8.
8

±
5.

9

LC
EA

: 2
9.

9
±

5.
2

AC
EA

: 6
7.

7
±

9.
7

AH
I (

%
):

 8
2.

6
±

7.
6

11
4

±
19

47
5

±
20

6

H
se

ih
 et

 al
.

C
om

pu
te

r-a
ss

ist
ed

 
(n

=
18

)
LC

EA
: 0

 (r
an

ge
, −

7 
to

 1
5)

Sh
ar

p 
an

gl
e:

 6
0 

(r
an

ge
, 5

5 
to

 6
8)

AH
I (

%
):

 5
5 

(r
an

ge
, 3

5 
to

 6
5)

AC
EA

: −
2 

(r
an

ge
, −

10
 to

 1
0)

LC
EA

: 3
2 

(r
an

ge
, 2

5 
to

 4
0)

Sh
ar

p 
an

gl
e:

 4
3 

(r
an

ge
, 3

9 
to

 4
8)

AH
I (

%
):

 9
5 

(r
an

ge
, 8

5 
to

 1
00

)
AC

EA
: 3

4 
(r

an
ge

, 2
9 

to
 4

0)

N
ot

 re
po

rt
ed

N
ot

 re
po

rt
ed

0.
6

±
0.

5 
in

tra
op

er
at

iv
e 

ra
di

og
ra

ph
s (

ra
ng

e, 
0 

to
 2

)

C
on

ve
nt

io
na

l 
(n

=
18

)
LC

EA
: 2

 (r
an

ge
, −

15
 to

 1
0)

Sh
ar

p 
an

gl
e:

 5
8 

(r
an

ge
, 5

0 
to

 6
9)

AH
I (

%
):

 5
2 

(r
an

ge
, 3

8 
to

 6
0)

AC
EA

: 3
 (r

an
ge

, −
15

 to
 1

3)

LC
EA

: 3
5 

(r
an

ge
, 2

8 
to

 4
0)

Sh
ar

p 
an

gl
e:

 6
0 

(r
an

ge
, 5

5 
to

 6
8)

AH
I (

%
):

 9
2 

(r
an

ge
, 8

5 
to

 1
00

)
AC

EA
: 2

9 
(r

an
ge

, 2
5 

to
 3

5)

4.
4

±
1.

6 
in

tra
op

er
at

iv
e 

ra
di

og
ra

ph
s (

ra
ng

e, 
2 

to
 7

)

Im
ai

 et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

58
)

T
̈on

ni
s G

ra
de

 0
: 1

7;
 G

ra
de

 1
: 3

7;
 

G
ra

de
 2

: 4
; G

ra
de

 3
: 0

LC
EA

: 3
7.

4
±

0.
9 

(r
an

ge
, 2

5 
to

 5
0)

N
ot

 re
po

rt
ed

N
ot

 re
po

rt
ed

N
ot

 re
po

rt
ed

C
on

ve
nt

io
na

l 
(n

=
40

)
T

̈on
ni

s G
ra

de
 0

: 1
0;

 G
ra

de
 1

: 2
3;

 
G

ra
de

 2
: 7

; G
ra

de
 3

: 0
LC

EA
: 3

4.
5

±
1.

1 
(r

an
ge

, 2
3 

to
 4

9)
AC

EA
: 3

6.
5

±
2.

1 
(r

an
ge

, 0
 to

 7
0)

Sh
ar

p 
an

gl
e:

 3
6.

8
±

0.
6 

(r
an

ge
, 2

7 
to

 4
4)

AH
I (

%
):

 8
2.

7
±

1.
0 

(r
an

ge
, 7

1 
to

 9
5)

In
ab

a e
t a

l.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

23
)

N
ot

 re
po

rt
ed

LC
EA

: 2
7.

8
±

10
.7

AI
: 5

.0
±

8.
1

Sh
ar

p 
an

gl
e:

 4
1.

6
±

5.
7

AH
I (

%
):

 8
1.

0
±

11
.9

14
2

±
34

58
9

±
37

7
5

±
10

se
co

nd
s 

(fl
uo

ro
sc

op
y 

tim
e)

C
on

ve
nt

io
na

l 
(n

=
23

)
LC

EA
: 2

9.
3

±
8.

8
AI

: 5
.3

±
6.

3
Sh

ar
p 

an
gl

e:
 4

0.
2

±
4.

8
AH

I (
%

):
 8

2.
0

±
10

.6

10
7

±
43

42
8

±
28

1
44

±
21

se
co

nd
s 

(fl
uo

ro
sc

op
y 

tim
e)

(c
on

tin
ue

d)



110 • A. J. Curley et al.

Ta
bl

e I
II

. (
C

on
tin

ue
d)

Au
th

or
G

ro
up

Pr
eo

pe
ra

tiv
e r

ad
io

gr
ap

hi
c fi

nd
in

gs
Po

st-
op

er
at

ive
 ra

di
og

ra
ph

ic 
fin

di
ng

s
Le

ng
th

 of
 su

rg
er

y 
(m

in
)

EB
L 

(m
L)

Ra
di

at
io

n 
ex

po
su

re

La
ng

lo
tz

 et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

12
)

AI
: 2

3.
5

AI
: 7

20
0 

(r
an

ge
, 1

50
to

 2
40

)
27

50
 (r

an
ge

, 1
20

0 
to

 5
00

0)
N

ot
 re

po
rt

ed

M
ih

al
ic

 et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

30
)

LC
EA

: 1
6.

7
±

7.
7

AI
: 1

5.
1

±
6.

7
LC

EA
: 3

1.
5

±
5.

9
AI

: 3
.6

±
5.

9
18

3
±

32
65

2
±

31
8

N
ot

 re
po

rt
ed

C
on

ve
nt

io
na

l 
(n

=
10

)
LC

EA
: 1

5.
3

±
7.

8
AI

: 1
8.

6
±

5.
8

LC
EA

: 3
2.

1
±

8.
7

AI
: 1

.4
±

8.
9

20
3

±
42

70
0

±
30

6

M
ur

ph
y 

et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

12
)

LC
EA

: 2
0.

5 
(r

an
ge

, −
7 

to
 3

0)
AI

: 1
6.

2 
(r

an
ge

, 3
 to

 3
4)

LC
EA

: 3
3.

5 
(r

an
ge

, 1
9 

to
 4

4)
AI

: 5
.4

 (r
an

ge
, −

5 
to

 1
4)

17
5 

(r
an

ge
, 9

5 
to

 
21

0)
N

ot
 re

po
rt

ed
N

ot
 re

po
rt

ed

Ta
ka

o 
et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

25
)

LC
EA

: 5
.5

±
8.

9 
(r

an
ge

, −
17

 to
 

18
.7

)
AC

EA
: 3

.7
±

14
.2

 (r
an

ge
, −

24
.6

 
to

 2
2.

8)
AI

: 2
2.

3
±

7.
7 

(r
an

ge
, 6

.4
 to

 
38

.3
)

T
̈on

ni
s G

ra
de

 0
: 2

2;
 G

ra
de

 1
: 3

Jo
in

t c
on

gr
ue

nc
e—

ex
ce

lle
nt

: 2
1;

 
go

od
: 4

; f
ai

r o
r p

oo
r: 

0
Fe

m
or

al
 h

ea
d 

di
sp

la
ce

m
en

t 
(m

m
):

 m
ed

ia
l 1

.2
±

3.
2 

(r
an

ge
, 

−3
.8

 to
 7

.8
);

 in
fe

rio
r 2

.1
±

3.
1 

(r
an

ge
, −

2.
3 

to
 9

.5
)

Ac
et

ab
ul

ar
 fr

ag
m

en
t t

hi
ck

ne
ss

 
17

.5
±

2.
9

m
m

 (r
an

ge
, 1

1.
8 

to
 

23
.4

)

LC
EA

: 3
5.

3
±

6.
4 

(r
an

ge
, 2

5.
3 

to
 

52
.5

)
AC

EA
: 3

6.
5

±
9.

5 
(r

an
ge

, 1
8.

6 
to

 
57

.8
)

22
2

±
45

 (r
an

ge
, 

14
3 

to
 3

01
)

85
6

±
35

8 
(r

an
ge

, 
27

0 
to

 1
64

0)
N

ot
 re

po
rt

ed

W
an

g 
et
 al

.
C

om
pu

te
r-a

ss
ist

ed
 

(n
=

8)
LC

EA
: 1

0
±

5
AC

EA
: 3

3
±

7
A

A
SA

: 4
2

±
4

PA
SA

: 8
8

±
3

A
AV

A
: 2

3
±

2

LC
EA

: 3
1

±
2

AC
EA

: 5
4

±
2

A
A

SA
: 5

8
±

2
PA

SA
: 8

5
±

3
A

AV
A

: 1
9

±
1

10
2

±
7 

(r
an

ge
, 

92
 to

 1
10

)
69

5
±

11
9 

(6
23

 
to

 8
33

)
4

±
1 

in
tra

op
er

at
iv

e 
ra

di
og

ra
ph

s (
ra

ng
e, 

3 
to

 6
)

C
on

ve
nt

io
na

l 
(n

=
12

)
LC

EA
: 8

±
4

AC
EA

: 3
2

±
5

A
A

SA
: 4

2
±

4
PA

SA
: 8

8 
±

2
A

AV
A

: 2
2

±
2

LC
EA

: 3
1

±
3

AC
EA

: 5
6

±
7

A
A

SA
: 5

9
±

5
PA

SA
: 8

1
±

4
A

AV
A

: 2
0

±
3

11
7

±
19

 (r
an

ge
, 

93
 to

 1
48

)
54

5
±

81
 (4

15
 to

 
71

0)
7

±
2 

in
tra

op
er

at
iv

e 
ra

di
og

ra
ph

s (
ra

ng
e, 

5 
to

 1
0)

D
at

a 
ar

e 
pr

es
en

te
d 

as
 m

ea
ns

±
SD

 (r
an

ge
, l

ow
er

 li
m

it 
to

 u
pp

er
 li

m
it)

 o
r n

 (
%

) 
un

le
ss

 o
th

er
w

ise
 n

ot
ed

. A
ll 

an
gl

es
 a

re
 re

po
rt

ed
 a

s d
eg

re
es

. A
A

SA
, a

nt
er

io
r a

ce
ta

bu
la

r s
ec

to
r a

ng
le

; A
AV

A
, a

nt
er

io
r a

nt
ev

er
sio

n 
an

gl
e;

 A
C

EA
, a

ce
ta

bu
la

r c
en

tra
l e

dg
e 

an
gl

e;
 A

H
I, 

Ac
et

ab
ul

ar
 h

ea
d 

in
de

x;
 A

I, 
ac

et
ab

ul
ar

 in
de

x;
 P

A
SA

, p
os

te
rio

r a
ce

ta
bu

la
r s

ec
to

r a
ng

le
.



Systematic review of PAO with computer-assisted modalities • 111

Computer-assisted modalities
Eight studies utilized intraoperative navigation during PAO 
surgery. The most common form of navigation was tracking of 
the instruments (e.g. osteotome and drill), which was reported 
in five studies [12, 16, 19, 21, 25]. Four studies utilized a 
navigation-tracked probe as a surrogate to help determine the 
location of the free acetabular fragment after a correction was 
performed [16, 21, 22, 24]. Two other studies used navigation 
to track the free acetabular fragment itself, with one system [20] 
providing this bony orientation at a single time point and another 
system [25] tracking the bony fragment in real time.

Two studies reported on intraoperative usage of patient-
specific guides [23, 25]. One of these guides was a biocom-
posite plastic cutting guide affixed to the iliac crest with two 
K-wires, assisting with the supra-acetabular and retro-acetabular 
osteotomies [25]. Notably, these authors, in addition to this cut-
ting guide, concomitantly utilized a navigation system for real-
time tracking of the acetabular fragment and osteotomes. The 
other study used a plastic cutting guide fixated to the pelvis to aid 
with all four pelvic osteotomies [23]. Additionally, these authors 
used a patient-specific rotating template interposed between the 
pelvis and free acetabular fragment, providing a reference for the 
correct amount of acetabular reorientation.

In addition to intraoperative navigation and/or patient-
specific guides, seven studies utilized computer assistance con-
comitantly for preoperative planning, which included a template 
of the osteotomy lines and the planned acetabular correction 
[16, 20–25]. Notably, the two studies [12, 19] that did not utilize 
concomitant preoperative planning were published before 2007, 
while the other seven studies were published after 2015.

Perioperative data
Wang et al. [23] reported the shortest mean operative time for 
the computer-assisted PAO group, utilizing patient-specific cut-
ting and rotating guides ‘without’ navigation. These authors also 
noted significantly shorter surgical times for their computer-
assisted PAOs compared to conventional PAOs (102 ± 7 min 
versus 117 ± 19 min, P < 0.01). Navigation was used in the 
remaining six studies [12, 16, 20–22, 25] that reported mean 
surgical times, which demonstrated higher values that ranged 
from 117 to 222 min (Fig. 2). Three of these studies [16, 22, 25] 
compared their computer-assisted PAO cohort versus a con-
ventional PAO group, demonstrating similar operative times
(P > 0.05).

EBL was reported in six studies [12, 16, 21–23, 25] with aver-
age values ranging from 463  to 2750 mL (Fig. 3). Four of these 

Fig. 2. Graphical depiction of the standardized means for operative time (min), comparing computer-assisted versus conventional PAO.
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Fig. 3. Graphical depiction of the standardized means for EBL (mL), comparing computer-assisted versus conventional PAO.

studies demonstrated similar EBL (P > 0.05) in the computer-
assisted cohorts when compared to conventional PAO surgeries 
[16, 22, 23, 25].

Intraoperative radiation was recorded in three studies
[16, 19, 23], which was reported as number of intraoperative 
radiographs in two studies [19, 23] and fluoroscopy time in 
another study [16]. All three studies observed significantly less 
radiation exposure (P < 0.01) in the computer-assisted PAOs 
compared to conventional PAOs (Fig. 4).

Radiographic outcomes and PROs
Eight studies [16, 19–25] reported post-operative LCEAs in 
patients undergoing computer-assisted PAO, ranging from 27.8∘

to 37.4∘ (Fig. 5). Six of these studies [16, 19, 22–25] compared 
the post-operative LCEAs of the computer-assisted PAO cohort 
to a conventional PAO group, with all studies demonstrating sim-
ilar LCEAs between groups (P > 0.05). Five studies [12, 16, 20, 
21, 25] noted average post-operative T ̈onnis angles that ranged 
from −5.2∘ to 7∘.

Six studies [12, 21–25] reported both preoperative and post-
operative PROs, with all studies demonstrating an improve-
ment in PROs at most recent follow-up after computer-assisted 
PAO (Table IV). Notably, the mean follow-up for these studies 

ranged from 10.8 months to 5 years. Reported in three studies 
[12, 23, 25], the Harris Hip Score (HHS) was the most com-
monly utilized PRO, demonstrating an mean preoperative and 
post-operative values that ranged from 50 to 66 and 77 to 94, 
respectively. Imai et al. [24] and Hayashi et al. [22] reported 
an improvement in Japanese Orthopedic Association ( JOA) hip 
scores from preoperative (74.5 and 76.3, respectively) to post-
operative (94.2 and 98.8, respectively).

Complications and subsequent surgeries
Two studies [21, 25] reported complications following comp-
uter-assisted PAO, which included five symptomatic hardware 
removals, one minor heterotopic ossification (Brooker Grade 
1–2), one delayed wound closure and one deep infection. 
Two studies [20, 25] noted subsequent surgeries in patients 
after computer-assisted PAO, including six symptomatic hard-
ware removals and two conversions to total hip arthroplasty
(THA).

D I S C U S S I O N
The main finding of this systematic review was that the intra-
operative computer-assisted modalities for PAO reported in the 
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Fig. 4. Graphical depiction of the standardized means for radiation exposure, comparing computer-assisted versus conventional PAO. *Hsieh 
et al. [19] and Wang et al. [23] results are reported as number of intraoperative radiographs, and Inaba et al. [16] results are reported as 10-s 
units of fluoroscopy time.

literature included (I) navigated tracking of surgical instruments 
and the free acetabular fragment and (II) patient-specific cutting 
guides and acetabular rotating template. These modalities were 
utilized to facilitate two of the technically challenging aspects 
of PAO surgery: (I) performing osteotomies in the correct tra-
jectory with limited visualization and (II) reducing the free 
acetabular fragment to provide adequate femoral head cover-
age without impingement [6, 7]. The first of these challenges 
can be assisted by navigated tracking of the surgical instruments 
or patient-specific cutting guides to ensure that the osteotomies 
are performed in the appropriate plane. The second challenge 
can be facilitated by navigated tracking of the free acetabular 
fragment or interposing a patient-specific rotating template to 
achieve the desired acetabular orientation. Furthermore, all of 
these systems that were recently described (after 2015) also 
utilized concomitant preoperative planning software to tem-
plate the osteotomies and plan the acetabular correction. Failure 
to achieve appropriate acetabular coverage and version follow-
ing PAO has been associated with worse long-term outcomes 
[26, 27]. Although similar post-operative LCEAs were noted 

in studies that compared computer-assisted and conventional 
PAO groups [16, 19, 22–25], diverse surgical techniques and 
study methodology limited the ability to strongly conclude if 
these computer-assisted modalities increased the accuracy for 
osteotomies and correction of PAOs.

However, computer-assisted modalities may offer another 
advantage of decreased intraoperative radiation, as was demon-
strated in three studies [16, 19, 23]. While the threshold for 
an acceptable level of radiation exposure is poorly defined, hip 
preservation surgeons must balance the clinical necessity of addi-
tional imaging versus the risks [28, 29]. This dilemma is magni-
fied in patients undergoing PAO surgery, given the prevalence 
of symptomatic hip dysplasia in young females [30, 31]. Fur-
thermore, increasing recognition of the radiation risks has been 
reported for orthopedic surgeons, with recommendations to 
limit radiation exposure when possible [32, 33].

In hip arthroplasty, the usage of navigation has been associ-
ated with an increased accuracy of component positioning, while 
also having the trade-off of longer surgical times [34]. How-
ever, this review observed similar operative times in the studies 
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Fig. 5. Graphical depiction of the standardized means for post-operative LCEA (degrees), comparing computer-assisted versus conventional 
PAO.

that compared navigation-assisted and conventional PAOs [16, 
22, 25]. Furthermore, Wang et al. [23] reported significantly 
decreased surgical times when using a patient-specific cutting 
guide and rotating template. A possible explanation for these 
findings is that the computer-assisted modalities allowed sur-
geons to be more efficient with their instrument placement and 
acetabular correction, rather than relying on repetitive intra-
operative assessments with imaging. Given that the surgeons 
in these studies were high-volume PAO surgeons with experi-
ence using the computer-assisted modalities, these results should 
be interpreted with caution, as they might not extrapolate to 
lower-volume surgeons who are unfamiliar with navigation or 
patient-specific guides for PAOs.

Following computer-assisted PAOs, improved PROs were 
demonstrated at short- to mid-term follow-up in all studies that 
reported preoperative and post-operative values [12, 21–25]. 
These findings suggest that computer-assisted modalities do not 
lead to inferior outcomes after PAOs. A proposed benefit of 
computer-assisted PAOs is the increased accuracy of the acetab-
ular correction to the desired orientation, optimizing joint con-
tact pressures [35]. However, the clinically significant effects of 
improved joint kinematics may not be observed at short- to mid-
term follow-up [36], and a recent systematic review of 24 studies 
found that conversion to THA following PAO occurred at a 

mean of 4.7 years [37]. Therefore, longer follow-up is necessary 
to determine if computer-assisted modalities improve acetab-
ular correction to a level that translates into clinically relevant
results.

Limitations
A limitation of this review was the small number of studies 
included, which consisted primarily of Level III and IV studies. 
Furthermore, the heterogeneous operative techniques, surgical 
settings, computer-assisted modalities and study methodology 
limited the ability to extrapolate these findings to one specific 
surgical setting. However, a benefit of this review is the qual-
itative analysis of these varying factors, giving an overview of 
the diverse options for computer-assisted techniques in mul-
tiple surgical venues. Additionally, an accurate correction of 
the free fragment during PAO occurs in three dimensions 
[9], which may not be fully characterized by the two dimen-
sional radiographic metrics that were commonly reported in the 
included studies. Moreover, these studies primarily included 
high-volume PAO surgeons at a single institution with experi-
ence using their respective computer-assisted modalities, lim-
iting the generalizability of these findings to other surgical
settings.
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CO N C LU S I O N
Computer-assisted modalities for PAO include navigated track-
ing of the free acetabular fragment and surgical instruments, as 
well as patient-specific cutting guides and rotating templates. 
Compared to conventional techniques, decreased intraoperative 
radiation exposure and similar operative lengths were observed 
with computer-assisted PAOs, although these results should be 
interpreted with caution due to heterogeneous operative tech-
niques and surgical settings.
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