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Abstract
Introduction  In total hip arthroplasty (THA), improper cup orientation can result in dislocation, early excessive polyethylene 
wear, and pain following THA. The supine position during THA provides a more reproducible functional pelvic position 
than the lateral decubitus position and may allow freehand cup placement as reliable as that obtained by computer naviga-
tion. The purpose of this study was to investigate the accuracy of freehand cup placement through a supine direct anterior 
approach (DAA) compared with computed tomography (CT)-based navigation.
Materials and methods  The same surgeon performed primary cementless THA through the DAA in 144 supine patients. 
Seventy-two patients underwent freehand cup placement with standard mechanical guidance-oriented radiographic target cup 
positioning, and 72 underwent placement with CT-based navigation guidance. Using three-dimensional templating software, 
the study group calculated cup inclination and anteversion on postoperative CT scans.
Results  The navigation method resulted in a significantly smaller deviation of inclination from the target (p < 0.05); the dif-
ference in anteversion was not significant. In addition, the navigation method resulted in significantly fewer cups placed ± 10° 
outside the target position (0% for inclination, 0% for anteversion) than did the freehand procedure (26% for inclination, 
25% for anteversion) (p < 0.0001).
Conclusions  Freehand cup placement is less reliable even in the supine position. Use of a CT-based navigation system can 
significantly improve cup positioning in THA through the DAA by reducing the incidence of outliers.
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Introduction

In total hip arthroplasty (THA), improper cup orientation 
can result in an increased risk of dislocation, early exces-
sive polyethylene wear, and pain following THA [1–3]. 
Some authors have reported that supine patient positioning 
for THA allows more reliable freehand cup placement than 
does the lateral decubitus position [4–6]. With the popu-
larisation of the direct anterior approach (DAA), THA is 
being increasingly performed with the patient in the supine 
position [4–8]. The supine procedure may logically allow a 

more reproducible, functional pelvic position at the time of 
cup placement. Conversely, other authors have reported that 
computer navigation systems for THA through a posterior, 
anterolateral, or lateral approach help control and minimise 
errors in cup positioning [9–11]. The study group hypoth-
esised that the DAA in the supine position would allow reli-
able freehand cup placement and could be comparable to 
computer navigation. The purpose of this study was to inves-
tigate the accuracy of freehand versus computer-navigated 
insertion of the acetabular cup.

Patients and methods

Using the study group’s total joint registry, all consecu-
tive primary THAs performed by the same surgeon from 
May 2016 to December 2019 were identified. A computed 
tomography (CT)-based navigation system (Stryker Nav3i; 

 *	 Shunsaku Nishihara 
	 shu-nishihara@umin.net

1	 Department of Orthopaedic Surgery, Daini Osaka 
Police Hospital, 2‑6‑40 Karasugatsuji, Tennouji‑ku, 
Osaka 543‑8922, Japan

http://orcid.org/0000-0001-6647-8566
http://crossmark.crossref.org/dialog/?doi=10.1007/s00402-021-03920-1&domain=pdf


324	 Archives of Orthopaedic and Trauma Surgery (2022) 142:323–329

1 3

Stryker Leibinger, Freiburg, Germany) was introduced in 
January 2018. All primary THAs were performed without 
the navigation system from May 2016 to December 2017, 
and these patients constituted the freehand group. All THAs 
were performed using the navigation system from January 
2018 to December 2019, and these patients constituted the 
navigation group. The surgeon routinely utilised the DAA 
for primary THA during the study period except in three 
patients: two with hip hardware that was removed at the 
time of THA and one whose prior posterior skin incision 
was used after previous Chiari pelvic osteotomy. A poste-
rior approach was used for these three THAs. In total, 154 
patients were identified during the study period. Of these 
154 patients, the three above-mentioned patients were 
excluded; another seven patients (three from the freehand 
group, four from the navigation group) were also excluded 
because of missing or inadequate postoperative CT data. 
The remaining 144 patients were available for this retrospec-
tive case–control study. The freehand group comprised 72 
patients, and the navigation group comprised 72 patients. 
The medical ethics committee of the study group’s institu-
tion approved the study protocol. All patients gave informed 
consent to undergo the postoperative CT scan, which was a 
standard postoperative follow-up procedure.

The mean age (± standard deviation) of the 144 patients 
(30 men, 114 women) was 69.2 ± 10.3  years (39–90). 
The mean body mass index (± standard deviation) was 
24.5 ± 4.4 kg/m2 (15.4–42.8).

All surgeries were performed by the same surgeon, who 
had performed over 100 DAA cases before initiating the pre-
sent study. All operations were performed through the DAA 
with the patient supine without a traction table. The patients 
in this study underwent THA using a cementless acetabu-
lar cup [Trident cup (Stryker, Mahwah, NJ, USA) (n = 76), 
G7 cup (Zimmer, Warsaw, IN, USA) (n = 39), or SQRUM 
cup (Kyocera, Kyoto, Japan) (n = 29)] and a cementless 
femoral stem [Profemur TL stem (MicroPort Orthopedics, 
Arlington, TN, USA) (n = 87), Hydra stem (Adler Ortho, 
Cormano, Italy) (n = 16), Initia stem (Kyocera) (n = 14), 
J-Taper stem (Kyocera) (n = 12), Mainstay stem (Kyocera) 
(n = 6), TaperLoc stem (Zimmer) (n = 6), Accolade II stem 
(Stryker) (n = 1), Acuta stem (Adler Ortho) (n = 1), or Pro-
femur Z stem (Microport Orthopedics) (n = 1)] were used. 
An anterior skin incision, typically 8–10 cm long, was used 
in both groups.

In both groups, a pelvic CT scan was performed preop-
eratively. Preoperative planning was then performed with 
three-dimensional (3D) templating software (Zed Hip; 
Lexi, Tokyo, Japan) [12]. Three reference points (the bilat-
eral anterior superior iliac spines and the pubic symphysis) 
were used to determine the orientation of the anterior pelvic 
plane. For planning, the pelvic reference system was based 
on the functional pelvic plane, where the pelvis in the supine 

position on the CT table was axially rotated until the bilat-
eral anterior iliac spines touched the same horizontal plane 
[5, 13]. Next, a virtual 3D model of the cup was placed into 
the virtual 3D model of the natural acetabulum to determine 
the position and size of the cup on coronal, sagittal, and 
axial views. The study group attempted to place the cups to 
ensure a > 10° cup centre-edge angle by a combination of 
medial and superior shifts of the cup from the original ace-
tabular position without perforation of the medial wall [14]. 
The study group’s general philosophy has been to prioritise 
bony coverage over anatomic placement. The cup size was 
determined to fit the anterior and posterior acetabular walls. 
The target cup position with respect to the functional pelvic 
plane differed depending on the group, as described below. 
In addition, the femoral stem size and position were selected 
to maximise the fit and fill of the femoral metaphysis. Stem 
anteversion was measured as the angle between the axis of 
the stem neck and the posterior condylar axis [15].

In the freehand group, the cup was placed using stand-
ard mechanical alignment guides with jigs intraoperatively. 
Although conventional mechanical guides with jigs are usu-
ally oriented to the operative cup inclination and antever-
sion [16], the standard mechanical guides in this study were 
specially designed to orient the cup in 40° of radiographic 
inclination and 20° of radiographic anteversion with the 
patient supine [16]. Therefore, the target cup position in 
the freehand group was 40° of radiographic inclination and 
20° of radiographic anteversion with respect to the func-
tional pelvic plane. If the pelvis is stable intraoperatively, 
these specially designed guides can achieve the target cup 
position.

In the navigation group, THA was performed with the 
CT-based navigation system. Before skin incision, a pelvic 
tracker was percutaneously fixed to the ipsilateral iliac crest 
with an external fixation device. The virtual 3D model of the 
pelvis was matched with the intraoperative position of the 
patient’s pelvis using surface registration. The reamer and 
the cup inserter were instrumented with a tracker. Ream-
ing and cup impaction were performed under the constant 
guidance of the CT-based navigation system. The target 
radiographic inclination and anteversion with respect to the 
functional pelvic plane was determined in each patient from 
predetermined femoral stem anteversion, according to the 
combined anteversion theory [17].

All 144 patients underwent a pelvic CT scan 1 week 
after the operation. In both groups, a postoperative virtual 
3D model of the pelvis was reconstructed with the same 
3D templating software. All three reference points on the 
preoperative plan were manually copied onto the postoper-
ative CT to standardise the preoperative and postoperative 
pelvic position. The virtual 3D model of the implanted cup 
on templates was superimposed on the virtual 3D model 
of the cup created with postoperative CT data to calculate 
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the final postoperative radiographic inclination and ante-
version of the implanted cup (Figs. 1, 2). The study group 
calculated the difference between the target cup position 
and the final postoperative value and defined deviations 
from the target cup position. The study group defined a 
cup position of ± 10° outside the target as an outlier. All 
measurements on preoperative or postoperative CT images 
in this investigation were completed by a single observer. 
The operative time (from incision to closure) was com-
pared. The rate of dislocation within the first 6 months 
postoperatively was recorded. 

Statistical analysis

An independent t test was used for normally distributed con-
tinuous data, and the Mann–Whitney U test was used for 
nonparametric data. Fisher’s exact test was used to compare 
categorical data. Odds ratios and 95% confidence intervals 
(CIs) were reported for cups placed ± 10° outside the tar-
get. An odds ratio of 0.55–1.82 was defined as equivalent 
between the groups [18].

Statistical analysis was performed with Prism 6 (Graph-
Pad Software Inc., San Diego, CA, USA). Values of p < 0.05 
were considered statistically significant.

Fig. 1   Computer screen view in 
three-dimensional (3D) templat-
ing software demonstrates three 
postoperative views (coronal, 
sagittal, and axial). The virtual 
3D model of the implanted cup 
on templates was going to be 
superimposed

Fig. 2   Computer screen view in 
three-dimensional (3D) templat-
ing software demonstrates three 
postoperative views (coronal, 
sagittal, and axial). The virtual 
3D model of the implanted cup 
on templates was superimposed 
on the virtual 3D model of the 
acetabular cup to calculate the 
final postoperative cup inclina-
tion and anteversion
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Results

There were no significant differences in demographic data 
between the two groups (Table 1). The mean operative 
time was higher in the freehand group (119 ± 26 min) than 
in the navigation group (108 ± 15 min; p < 0.01).

In the freehand group, the mean postoperative incli-
nation was 35.1° ± 7.3° (18°–53°) and the mean postop-
erative anteversion was 23.0° ± 8.1° (− 1° to 41°). In the 
navigation group, the mean postoperative inclination was 
37.7° ± 3.1° (32°–46°) and the mean postoperative ante-
version was 17.1° ± 4.3° (6°–27°).

In the freehand group, the mean deviation of incli-
nation from the target was − 4.4° ± 7.8° (− 21° to 15°), 
and the mean deviation of anteversion from the tar-
get was 4.0° ± 8.3° (− 18° to 26°). In the navigation 
group, the mean deviation of inclination from the target 
was − 2.1° ± 3.1° (− 8° to 6°), and the mean deviation of 
anteversion from the target was 2.6° ± 2.8° (− 3° to 9°).

The navigation method resulted in a significantly 
smaller mean deviation of inclination from the target than 
did freehand placement (p < 0.05). There was no signifi-
cant difference between the two groups in anteversion 
(p = 0.173).

The computer-navigated method resulted in signifi-
cantly fewer outliers in both inclination and anteversion 
than did the freehand method (p < 0.0001) (Table 2). The 
odds ratios for cups placed ± 10° outside the target were 
0.02 (95% CI 0.00–0.32) for inclination and 0.02 (95% CI 
0.00–0.34) for anteversion, failing to show equivalence 
between the groups. Using a post hoc power analysis, the 
study group found sufficient power (power = 0.996) to 
detect a difference in the percentage of outliers between 
the groups.

A single posterior dislocation occurred in the freehand 
group; none occurred in the navigation group. This differ-
ence was not significant (p = 1.000). The dislocation in the 
freehand group was treated with closed reduction and had 
no further sequelae.

Discussion

The 3D-CT reconstruction method for measuring cup 
position is superior to conventional radiographic analysis 
and remains the gold standard [19–22]. Tannast et al. [13] 
showed that measurements of cup anteversion on postopera-
tive anteroposterior radiographs without accurate definition 
of the pelvic position are highly inaccurate because of pelvic 
tilt, rotation, and obliquity. Cup position can be accurately 
calculated with 3D templating software by using the anterior 
pelvic plane as a pelvic reference system. The importance 
of this study is that the study group compared the freehand 
technique with CT-based navigation by assessing postopera-
tive cup position on 3D-CT reconstructions.

The DAA for THA has become increasingly popular in 
recent years, primarily because of claims of reduced surgi-
cal trauma, shorter recovery time, and a low rate of dislo-
cation [4, 7, 8, 23]. A systematic review and meta-analysis 
showed that the DAA had a significantly lower dislocation 
rate relative to the posterior approach [23]. The lower risk 
of dislocation with the DAA could result from more desir-
able cup positioning [24]. A reason for the more desirable 
cup positioning with the DAA may be the stability of the 
pelvis in the supine position. The supine DAA appears to 
provide reliable freehand cup placement because supine 
patient positioning for THA maintains a stable pelvic posi-
tion intraoperatively [4–6]. Three studies of DAA-THA 
with the freehand technique have reported the percentage 
of outliers (± 10° outside the target position) (Table 3) [5, 
24, 25]. The percentage of outliers in this study was higher 
than that in some reports [5, 24] and lower than that in 
one report [25]. However, two of these studies measured 
cup position on conventional radiographs [24, 25], mak-
ing these measurements not truly comparable. This study 
and that of Eilander et al. [5] measured cup position with 
3D-CT, suggesting that the accurate percentage of outliers 
with freehand cup placement may be 16–26% for inclina-
tion and 5–25% for anteversion. These reports suggest that 
the freehand technique may be associated with both better 

Table 1   Age, sex, and BMI of patients in the two study groups

Data are presented as mean ± standard deviation (range) or number of 
patients
BMI body mass index

Demographics Freehand Navigation p value

Age, years 70.1 ± 9.7 (53–90) 68.3 ± 10.8 (39–90) 0.481
Sex
 Male 16 14 0.838
 Female 56 58

BMI, kg/m2 24.1 ± 4.3 (16–43) 24.8 ± 4.5 (16–37) 0.337

Table 2   Comparison of outliers between freehand group and naviga-
tion group

Data are presented as number of patients or number of patients (per-
centage)

Freehand Navigation p value

Cup inclination angle
 Within 10° of target 53 72
 Outliers (± 10° outside target) 19 (26%) 0 (0%) < 0.0001

Cup anteversion angle
 Within 10° of target 54 72
 Outliers (± 10° outside target) 18 (25%) 0 (0%) < 0.0001
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and poorer cup placement and that the freehand technique 
cannot necessarily achieve the target cup position even 
with the patient supine.

Cup placement with the freehand technique in this 
study was not equivalent but instead inferior to that with 
navigation, although the study group used guides specially 
designed to orient the acetabular cup in 40° of radiographic 
inclination and 20° of radiographic anteversion with the 
patient supine. This raises the question: Is the pelvis sta-
ble during THA with the patient supine? Few reports have 
evaluated intraoperative changes in pelvic position during 
use of the supine DAA. Shah et al. [26] measured intraopera-
tive changes in pelvic position in the transverse and sagittal 
planes during the DAA by using a smartphone mounted on 
the navigation tracker fixed on the iliac crest. They reported 
a change in pelvic position of ≥ 5° in both the sagittal and 
transverse planes in four of 22 patients (18.2%). They con-
cluded that the pelvis is not fixed on the operating table 
during the supine DAA. In another study, Maeda et al. [27] 
placed a trial cup in the acetabulum using a mechanical 
guide to measure the true alignment of the trial cup with a 
CT-based navigation system during the supine DAA. They 
calculated the difference in cup position between the sur-
geon’s estimation and the true measurement and found that 
the pelvis rotated posteriorly by 9.3°, tilted caudally by 1.0°, 
and extended by 8.4° at the time of cup implantation. They 
concluded that the pelvis could not be stabilised with the 
DAA in the supine position and that extension and poste-
rior rotation of the pelvis increased during cup procedures. 
Several authors have reported that the pelvic position is 
stable and highly reproducible when the patient is supine, 
provided that the hip joint is not dislocated [5, 13]. When the 
hip is dislocated intraoperatively, placement of acetabular 
retractors, acetabular reaming, and cup impaction can easily 
increase extension and posterior rotation of the pelvis [26, 
27]. During CT-based navigation, the intraoperative motion 
of the pelvis can be tracked with a pelvic tracker. In fact, 
the accuracy of cup placement with the CT-based naviga-
tion technique in this study was higher and more reliable 
(Table 3).

To the study group’s best knowledge, no studies have 
focussed on actual clinical comparisons between the free-
hand technique and CT-based navigation technique through 
the DAA in the supine position. In a cadaver study, Nogler 
et al. [28] compared cup positioning through the DAA with 
an imageless navigation system versus conventional place-
ment and found a significantly smaller range of deviation 
from the target with navigation. However, the study group 
cannot directly compare the present results with other clini-
cal studies comparing the freehand technique and CT-based 
navigation through the DAA. In surgical approaches other 
than the DAA, some authors have compared freehand cup 
placement with computer-navigated cup placement in supine 
THA. Kalteis et al. [10] reported that CT-based navigation 
using the supine lateral approach resulted in significantly 
fewer cup placements ± 10° outside the target position (17%) 
than did the freehand procedure (53%). Parratte et al. [11] 
reported that the use of an imageless navigation system with 
the supine anterolateral approach resulted in significantly 
fewer cups placed ± 10° outside the target position (20%) 
than did the freehand technique (57%). These findings sug-
gest that even in the supine position, the use of computer 
navigation significantly reduces outliers compared with 
the freehand technique, although these different surgical 
approaches prevent direct comparison with this study. Cup 
anteversion may vary among surgical approaches even in 
the same supine position [29, 30]. Chen et al. [29] reported 
significantly greater cup anteversion when using the supine 
DAA than when using a supine direct lateral approach. 
Kawarai et al. [30] also reported significantly greater cup 
anteversion with the supine DAA than with a supine ante-
rolateral approach. These findings suggest that a different 
approach with the same supine position can result in differ-
ent cup positions. Therefore, a clinical comparison of the 
freehand technique and CT-based navigation in the supine 
DAA is necessary. This study showed that CT-based navi-
gation with the DAA resulted in significantly fewer cups 
placed ± 10° outside the target position (Table 3). In the 
present study, CT-based navigation resulted in significantly 
fewer outliers in cup positioning than the freehand technique 

Table 3   Comparison of outliers in acetabular cup positioning through direct anterior approach

3D three-dimensional, CT computed tomography

Authors Number of hips Technology Cup placement guidance Percentage of outliers (± 10° 
outside the target) in cup 
inclination (%)

Percentage of outliers (± 10° 
outside the target) in cup 
anteversion (%)

Eilander et al. [5] 56 3D CT Freehand 16 5
Soderquist et al. [24] 955 Radiography Freehand 14 1
Brun et al. [25] 84 Radiography Freehand 48 88
This study 72 3D CT Freehand 26 25
This study 72 3D CT CT-based navigation 0 0
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during the DAA but did not significantly reduce the rate 
of dislocation within the first 6 months. The importance 
of a safe zone with respect to the incidence of dislocation 
remains controversial. Some studies have shown that cup 
positioning inside versus outside of a safe zone had no effect 
on the dislocation rate [31–33]; whereas, others have dem-
onstrated that patients who sustained dislocation were less 
likely than other patients to have the cup positioned within 
a safe zone [2, 34]. Because dislocations are multifactorial, 
the cup position alone might not necessarily reduce the inci-
dence of dislocation. The surgical approach also influences 
the risk of dislocation [23, 32, 33]. Although the DAA has 
the advantage of maintaining dynamic stability by sparing 
the posterior hip capsule and short external rotators [24], the 
optimal target for the DAA is unknown and an area of future 
investigation. The study group believe that most surgeons 
agree that the cup position is important and thus try to place 
the cup at the optimal target. This study has shown the extent 
of deviation from the target and could help to choose either 
the freehand technique or navigation to achieve the optimal 
target for the DAA in future.

Unexpectedly, the operative time was significantly shorter 
in the navigation group. This can be explained by the steep 
learning curve for the DAA or the surgeon’s high-volume 
experience with navigation (the surgeon had performed more 
than 400 posterior-approach THAs using the same CT-based 
navigation system at previous institutions). Garbarino et al. 
[35] performed the first 200 consecutive primary THA 
through the DAA and reported that the first 100 and sec-
ond 100 cases had significant differences in operative times 
(118.1 vs 110.4 min, p = 0.009). A significant learning curve 
over the first 100 cases was consistent with the result of the 
present study.

There is a limitation to this study. This was not a ran-
domised controlled study. However, there were no differ-
ences between the groups in age, sex, or BMI. Therefore, the 
study group believe this study offers valuable information 
about the comparison between the freehand technique and 
navigation.

Conclusion

The results of this study indicate that freehand cup place-
ment is less reliable than navigation, even in the supine posi-
tion. The pelvis does not seem to remain spatially stable 
intraoperatively. CT-based navigation can track the intraop-
erative motion of the pelvis with a pelvic tracker. Use of a 
CT-based navigation system improves cup positioning dur-
ing THA through the DAA, as shown by a lower incidence 
of outliers in cup inclination and anteversion.
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