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Abstract
The purpose of this study was to determine the accuracy of acetabular cup insertion during total hip arthroplasty (THA) 
in a supine position using an accelerometer-based portable navigation system. A single-surgeon study was conducted in 
which 62 prospective patients with navigation and 42 retrospective patients without navigation as historical controls were 
compared. The patients underwent THA via an anterolateral supine approach. The absolute values of errors of radiographic 
inclination and anteversion were calculated. The navigation error was also calculated. The factors that affected the absolute 
values of errors of cup alignment were determined. The mean absolute error of the postoperative CT measurement from 
the target angle for radiographic inclination was 3.8° in the navigation group and 6.6° in the control group (P < 0.001). The 
mean absolute error for anteversion was 3.3° in the navigation group and 5.9° in the control group (P < 0.001). The mean 
absolute values of navigation error were 3.7° ± 2.8° in inclination and 3.0° ± 2.6° in anteversion. Changes in the pelvic tilt 
angle among preoperative, intraoperative, and postoperative were the significant risk factors for the absolute values of navi-
gation error of anteversion relative to the anterior pelvic plane. Other factors affecting the absolute values of errors in the 
navigation group were not found for radiographic inclination and anteversion. The portable navigation system significantly 
improved the accuracy of cup inclination and anteversion. Changes in the pelvic tilt were the risk factors for the error of 
anteversion relative to the anterior pelvic plane.
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Introduction

Achieving accurate acetabular cup positioning during total 
hip arthroplasty (THA) is important to prevent disloca-
tion [1, 2], impingement [3], and acetabular wear, as well 
as loosening [4]. To reduce the rate of dislocation, ante-
rior and anterolateral approaches are reported to be useful 
[5]. Watson-Jones approach is modified as a mini-incision 
anterolateral approach. It separates the inter-muscular plane 
between the gluteus medius and tensor fasciae latae [6]. The 
modified Watson-Jones approach can be used in both the 
supine position (abbreviated ALS) and the lateral decubitus 

position. Although surgeons select either the supine position 
or the lateral decubitus position in the modified Watson-
Jones approach, it is still unclear which position is superior 
to achieve more accurate cup insertion without navigation. 
The supine position allows for better pelvic stability and 
landmark availability during THA [7]. Using a mechani-
cal alignment guide, a higher accuracy of acetabular cup 
inclination was reported in the supine position than in the 
lateral decubitus position in THA [8]. When the direct ante-
rior approach (DAA) and mini-posterior approach were 
compared, DAA achieved accurate cup positioning [9]. In 
contrast, THA performed with the patient in the supine posi-
tion had a higher rate of outliers of cup inclination com-
pared with the lateral decubitus position using the modified 
Watson-Jones approach [10].

Placement with navigation is more precise with improved 
accuracy for cup inclination and anteversion than conven-
tional placement [11, 12]. Computed tomography (CT)-
based navigation and image-free navigation have been 
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developed and used in clinical settings. High cost when 
starting to use these navigation systems might be the greatest 
problem [11, 12]. In CT-based navigation, there have been 
concerns regarding increased planning time and radiation 
to the patients. An accelerometer-based portable navigation 
system (KneeAlign, OrthAlign, Aliso Viejo, CA) was devel-
oped for total knee arthroplasty, comprising accelerometers, 
gyroscopes, and inertial detectors to communicate between 
a reference sensor and a display unit, with much less cost 
[13–15]. Results using KneeAlign were comparable to large-
console navigation [13, 14]. Accelerometer-based portable 
navigation systems have also been developed for total hip 
arthroplasty (HipAlign, OrthAlign).

The hypothesis was that use of HipAlign in ALS is more 
accurate for acetabular cup placement in THA than the con-
ventional technique. In addition, risk factors for navigation 
error were determined.

Materials and methods

Between July 2017 and March 2019, 62 prospective con-
secutive patients underwent primary THA via an ALS 
approach using HipAlign. A G7 PPS Finned BoneMaster 
Acetabular Shell (Zimmer Biomet, Warsaw, IN) was used in 
all patients. As a control group, 42 retrospective consecutive 
patients who underwent THA via an ALS approach using the 
same acetabular cup between June 2015 and June 2017 were 
included. Patient demographic characteristics are shown in 
Table 1.

The navigation unit was calibrated on a flat table. Two fix-
ation pins, 4.0 mm in diameter, were placed on the iliac crest 
to fix the navigation unit. The bilateral anterior superior iliac 
spines and pubic symphysis were registered as anatomical 

landmarks to define the anterior pelvic plane (APP). How-
ever, registration of the pubic symphysis has no effect on cup 
position in HipAlign. The functional pelvic plane (FPP) is 
defined as a reference plane where the APP is rotated about 
the inter-ASIS axis until its superior-inferior axis is parallel 
to the table plane at the time of registration in this navigation 
system. Cup angles are shown relative to the FPP.

All surgeries were performed with the patients in the 
supine position via an ALS approach under general anes-
thesia by a single surgeon (MH). After the neck cut and 
acetabular reaming, a navigation sensor was attached to a 
cup impactor. All cases were press fit fixation after 1-mm 
under-reaming without screw fixation. The target angle 
of cup inclination was 40° in all hips. The anteversion in 
the hips with navigation was targeted to 15° relative to the 
FPP. However, in the manual group, target anteversion was 
20° relative to the operation table, because we can use a 
mechanical guide only for 20° anteversion. For all analy-
ses, the radiographic angle values were used based on the 
definitions by Murray [16]. Radiographic inclination and 
anteversion angles of the cup, based on the FPP, were dis-
played on the monitor. We checked the inclination and ante-
version angles before impaction of the cup, and adjusted to 
the aiming angles, and the final inclination and anteversion 
angles were re-checked after cup impaction [17]. When the 
angles were different between before and after cup impac-
tion, the angle after cup impaction was adopted for intraop-
erative navigation record. These angles based on the APP 
were also presented on the monitor. Intraoperative pelvic tilt 
can be measured to see the monitor during surgery (Fig. 1). 
A TaperLoc Microplasty stem (Zimmer Biomet) was used, 
and ceramic on polyethylene articulation was selected for 
all hips. Computed tomography (CT) was performed from 
the pelvis to the knee joint 2 weeks postoperatively. Post-
operative component positions were measured by upload-
ing three-dimensional DICOM data to dedicated software 
(ZedHip, Lexi, Tokyo, Japan). Cup inclination and antever-
sion angles were measured with respect to the FPP and the 
APP by one observer (YN). The measurements were taken 
twice to evaluate intra-observer reliability of CT assessment 
in the first 20 cases. To evaluate the inter-observer reliability, 
the radiographic inclination and anteversion were measured 
in the first 20 cases by another observer (MH).

The absolute values of errors of radiographic inclination 
and radiographic anteversion were calculated by subtract-
ing the intraoperative target angles from the target angles 
(postoperative CT measurement–preoperative target angle) 
with respect to the FPP. To analyze the accuracy of intraop-
erative navigation records for cup inclination and antever-
sion, the intraoperative cup angles using navigation records 
were compared with the postoperative angles using postop-
erative CT data relative to preoperative FPP and APP. The 
navigation error was calculated by subtracting the angles 

Table 1  Patients’ demographic characteristics

BMI body mass index, OA osteoarthritis, ONFH osteonecrosis of the 
femoral head
a Values are given as mean ± standard deviation

Navigation group Control group

Agea (years) 67 ± 11 66 ± 11
Sex
 Male 12 9
 Female 50 33

BMIa (kg/m2) 24.2 ± 4.5 24.0 ± 3.8
Diagnosis
 OA 59 38
 Crowe group
  1 54 38
  2 5 0

 ONFH 3 4
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of the intraoperative navigation record from the angles of 
postoperative CT measurement (postoperative CT measure-
ment–navigation record).

Pelvic tilt is defined as the angle between the APP and 
FPP. The preoperative FPP in the supine position was inter-
preted as a plane parallel to the CT table [18, 19]. The FPP 
was used as a reference plane for cup orientation. Changes 
in pelvic tilt were examined between the preoperative CT 
measurement and the intraoperative navigation record (navi-
gation record–preoperative CT measurement), between the 
intraoperative navigation record and the postoperative CT 
measurement (postoperative CT measurement–navigation 
record), and between the preoperative CT measurement 
and the postoperative CT measurement (postoperative CT 
measurement–preoperative CT measurement). The abso-
lute values of errors of measured postoperative angles from 
the target angles for radiographic inclination and antever-
sion were compared between the groups. The factors that 
affected the errors in the navigation group were determined. 
The percentage of the hips inside the Lewinnek safe zone 
(inclination between 30° and 50°, anteversion between 15° 
and 35°) was compared [1]. All patients were followed after 
THA, and complications and dislocation were examined. 
Our institutional review board approved this study.

Statistical analysis

From a previous portable navigation study [15], the differ-
ences (mean ± standard deviation) in the navigation and con-
ventional groups of the cup inclination and anteversion were 
2.8 ± 2.4 and 3.0 ± 2.3, respectively. Based on this finding, a 
sample size of 12 hips was needed in each group to detect a 
difference between the two groups (α = 0.05, power = 0.8). 
Intra-observer and inter-observer reliabilities were analyzed 
using the intraclass correlation coefficient (ICC). The ICC 
was classified as poor (less than 0.40), moderate (0.40–0.60), 
good (0.61–0.80), and very good (0.81–1.00) [20].

Patients’ demographic characteristics including age and 
body mass index (BMI) were compared between the two 
groups using the Mann–Whitney U test. The Chi-squared 
test and Fisher’s exact test were used to compare sex, diag-
nosis, and Crowe group. The Mann–Whitney U test was used 

Table 2  Absolute values of errors of the measured postoperative 
angles from the target angles

Values are given as mean ± standard deviation

Navigation group Control group P

Inclination (°) 3.8 ± 2.7 6.6 ± 4.4 0.001
Anteversion (°) 3.3 ± 2.5 5.9 ± 4.0 < 0.001

Fig. 1  Displaying pelvic tilt on the monitor of HipAlign after cup insertion. a 1° pelvic tilt indicating 1° anterior tilt, b − 8° pelvic tilt indicating 
8° posterior tilt
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to determine the differences (errors) between the intraopera-
tive target angles or the intraoperative navigation records and 
postoperative CT measurements. The Chi-squared test and 
Fisher’s exact test were used to compare the hips that were 
within 5° and 10° of error in the navigation group, as well 
as the cups inside the “safe zone”, as detailed by Lewinnek 
et al. [1] (Lewinnek safe zone). Spearman’s rank correla-
tion test was used to examine pelvic tilt preoperatively and 
postoperatively.

The factors that affected the absolute values of errors of 
cup alignment on both the FPP and the APP were deter-
mined. Correlation analyses were performed using Spear-
man’s rank correlation test. In these analyses, dependent 
variables included age, BMI, Crowe group, preoperative 
pelvic tilt, and changes in pelvic tilt among preoperative, 
intraoperative, and postoperative values. A value of P < 0.05 
was considered significant. IBM SPSS Statistics Version 24 
(IBM Corp., Armonk, NY) was used.

Results

There were no significant differences in patients’ demo-
graphic characteristics between the two groups. The intra-
observer reliabilities were 0.915 and 0.963 in inclination 
and anteversion, respectively. The inter-observer reli-
abilities were 0.951 and 0.937 in inclination and antever-
sion, respectively. The mean postoperative radiographic 
inclination relative to the FPP was 37.5° ± 3.9° (range 
30.2°–49.6°) in the navigation group and 34.6° ± 5.8° 
(range 20.9°–48.1°) in the control group. The mean post-
operative radiographic anteversion relative to the FPP was 
14.8° ± 4.2° (range 7.2°–25.7°) in the navigation group 
and 21.4° ± 7.0° (range 7.2°–39.5°) in control group. 
The mean absolute errors of the postoperative measured 
angles from the target angles for radiographic inclina-
tion and anteversion (postoperative CT measurement–tar-
get angle) are shown in Table 2. The navigation group 
showed better results both in inclination and anteversion. 
The mean absolute values of navigation error (postopera-
tive CT–navigation record) were 3.7° ± 2.8° in inclination 
and 3.0° ± 2.6° in anteversion. The percentages of hips 
with error over 5° were 31% and 19% in radiographic 
inclination and anteversion, respectively. The percentage 
of hips with error over 10° was 2% in both radiographic 
inclination and anteversion. The mean postoperative 
radiographic inclination and anteversion relative to the 
APP in the navigation group were 38.0° ± 4.0° (range 
30.6°–47.9°) and 16.3° ± 7.7° (range − 3.2° to 30.1°), 
respectively. The percentage of cups inside the Lewinnek 
safe zone was 98.4% in the navigation group and 66.7% 
in control group. Significantly more cups were inside the 
Lewinnek safe zone in the navigation group (P < 0.001). 

A strong correlation was found between preoperative and 
postoperative pelvic tilt (R = 0.919, P < 0.001). Change 
in the pelvic tilt angle between preoperative and intra-
operative was the significant risk factor for the absolute 
values of navigation error of radiographic anteversion 
relative to the APP. Intraoperative anterior tilt was asso-
ciated with small error, and intraoperative posterior tilt 
was associated with large error (R = − 0.630, P < 0.001, 
Fig. 2a). Change in the pelvic tilt angle between preopera-
tive and postoperative was the significant risk factor for 
the absolute values of navigation error of radiographic 
anteversion relative to the APP. Postoperative anterior 
tilt was associated with small error, and postoperative 
posterior tilt was associated with large error (R = − 0.327, 
P = 0.009, Fig. 2b). In addition, change in the pelvic tilt 
angle between intraoperative and postoperative was the 
significant risk factor for the absolute values of naviga-
tion error of radiographic anteversion relative to the APP. 
Postoperative anterior tilt was associated with small error, 
and postoperative posterior tilt was associated with large 
error (R = −  0.606, P < 0.001, Fig.  2c). Other factors 
affecting the absolute values of errors in the navigation 
group were not found for radiographic inclination and 
anteversion. 

In the navigation group, there were no complications 
arising at the pin sites, and no dislocations occurred in 
any hips. In the control group, no dislocation occurred in 
any hips.

Discussion

The present study demonstrated that the portable navigation 
system significantly improved the accuracy of cup inclina-
tion and anteversion. There were significantly more cups 
inside the Lewinnek safe zone in the navigation group. 
In CT-based navigation, the absolute values of inclina-
tion errors were reported to range from 1.2° to 4.6°, and 
the anteversion errors ranged from 1.0° to 4.4° [21–26]. In 
image-free large-console navigation, the inclination errors 
were reported to range from 2.9° to 3.2°, and the antever-
sion errors ranged from 3.7° to 6.5° [4, 21, 27–29] (Table 3). 
Anteversion with CT-based navigation systems has been 
reported to have superior accuracy compared to the image-
less large-console navigation systems. Anteversion of image-
free navigation is based on the APP, which does not contain 
the pelvic tilt angle. If a patient has normal sagittal align-
ment (neutral pelvic tilt), the FPP is the same as the APP. 
In most patients, the FPP differs from the APP. The APP 
is hard to determine using a lateral radiograph of the pel-
vis. Furthermore, one should determine target tilt-adjusted 
anteversion before surgery using CT to convert the FPP. The 
thickness of the soft tissue overlying the pubic symphysis 
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Fig. 2  Correlation between the absolute values of radiographic ante-
version error relative to the APP and change in pelvic tilt. a intra-
operative navigation measurement–preoperative CT measurement. 

b Postoperative CT measurement–preoperative CT measurement. c 
postoperative CT measurement–intraoperative navigation measure-
ment. APP anterior pelvic plane, CT computed tomography

Table 3  Accuracy of CT-based 
navigation and image-free 
navigation

Absolute errors are given as mean ± standard deviation
a CT-based 2-dimensional to 3-dimensional matched navigation
b Paired-point matched navigation

Navigation Authors Company Inclination (°) Anteversion (°)

CT-based Kalteis et al. [21] Brainlab 3.0 ± 2.6 3.3 ± 2.3
Yamada et al. [22] Brainlaba 2.5 ± 2.2 2.3 ± 1.7
Yamada et al. [22] Brainlabb 4.6 ± 3.3 4.4 ± 3.3
Kajino et al. [23] Stryker 1.4 ± 1.1 2.7 ± 1.4
Iwana et al. [24] Stryker 1.8 ± 1.6 1.2 ± 1.1
Tsutsui et al. [25] Stryker 1.5 ± 1.3 2.1 ± 1.8
Nakahara et al. [26] Stryker 1.2 ± 1.3 1.0 ± 0.8

Image-free Kalteis et al. [21] Brainlab 2.9 ± 2.2 4.2 ± 3.3
Ybinger et al. [27] Plus Orthopedics 3.5 ± 4.4 6.5 ± 7.3
Tsukada and Wakui [28] B. Braun Aesculap 2.4 ± 2.0 3.7 ± 2.3
Fukunishi et al. [29] B. Braun Aesculap 3.0 ± 2.6 5.0 ± 3.5
Lass et al. [4] ORTHOsoft 3.2 ± 2.4 6.5 ± 3.7
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has an effect on the accuracy in anteversion. Accurate regis-
tration of the APP is required to achieve greater consistency 
in cup placement with image-free large-console navigation.

Compared with CT-based navigation and image-free 
large-console navigation, only a few minutes were required 
for HipAlign preparation before and during surgery. One of 
the most useful points of HipAlign with the patient in the 
supine position is that surgeons can know the cup angles 
relative to the FPP. In addition, there is no requirement to 
register the pubic symphysis for determining the APP, which 
could contribute to improved accuracy of anteversion using 
HipAlign. If surgeons ignore the relationship between the 
FPP and APP, HipAlign can be used in the same manner in 
all hips. In addition, HipAlign shows the radiographic angle 
during surgery, and the surgeon is not required to convert the 
anatomical or operative angle to the radiographic angle. The 
present study demonstrated that posterior tilt during or after 
THA was associated with navigation error of radiographic 
anteversion relative to the APP. If pelvic tilt calculated by 
HipAlign shows posterior tilt compared to preoperative CT 
during surgery, surgeons might be cautioned against naviga-
tion error of radiographic anteversion relative to the APP. 
Using only the FPP, surgeons could not find the risk factors 
for navigation error.

Absolute values of errors using HipAlign were reported 
to range from 2.6° to 3.7°, and the anteversion errors ranged 
from 2.7° to 3.8° in the supine position [17, 19, 30, 31]. 
All reports included hip dysplasia. In the lateral position, 
Tanino et al. [15] reported that the error in anteversion was 
6.0° (Table 4). Patient positioning before skin incision could 
affect the error in anteversion in the lateral position. The 
supine position seems to be better for anteversion accuracy 
when working with accelerometers and gyroscopes. Our 
study had both navigation group and control group, and we 
showed the advantage of using HipAlign via ALS. The study 
by Hayashi et al. [30] also had both navigation group and 
control group. However, the studies by Kamenaga et al. [17] 
and Takada et al. [19] had no control groups. And these two 

studies failed to demonstrate the advantage of using HipA-
lign, and risk factors for navigation error were not deter-
mined. Patient volumes using navigation were 63, 75, and 
30 in the studies by Hayashi et al. [30], Kamenaga et al. [17], 
and Takada et al. [19], respectively. All studies in Table 4 
showed no consideration of changes of pelvic tilt before, 
intraoperative, and after surgery. Only our study evaluated 
pelvic tilt including cup position relative to the APP.

Most navigation systems including the HipAlign need no 
radiation exposure during surgery. Intraoperative feedback 
of preoperative CT scans increases surgical time. HipAlign 
can be used without radiation exposure preoperatively and 
intraoperatively. Some previous studies used a screw for cup 
fixation [15, 19]. In the present study, supplemental screw 
fixation was not used. If screws were inserted after check-
ing cup position using navigation, the cup angles might be 
changed [32, 33]. In addition, error analysis was affected 
by changing the cup position after screw fixation. Press fit 
without a screw is the strong point in the present study to 
minimize the evaluation for navigation error.

The limitations of this study include the small number 
of patients and the lack of clinical results in cases without 
dislocation. In addition, absolute values of navigation error 
relative to the FPP was not determined. Further studies are 
needed to show the clinical advantages of the HipAlign. 
Cost-utility analyses are also required.

Conclusion

In THA via the ALS, HipAlign significantly improved the 
accuracy of cup inclination and anteversion, with the mean 
error of 3.7° in inclination and 3.0° in anteversion, includ-
ing cases of hip dysplasia. Changes in the pelvic tilt angle 
between preoperative and intraoperative, preoperative and 
postoperative, as well as intraoperative and postoperative 
were the significant risk factors for the absolute values of 
navigation error of radiographic anteversion relative to the 

Table 4  Absolute values of 
error of HipAlign

Postoperative computed tomography-navigation record
Values are given as mean ± standard deviation
ALS anterolateral supine, DAA direct anterior approach

Approach Inclination (°) Anteversion (°) Lewinnek 
safe zone 
(%)

Kamenaga et al. [17] ALS 2.6 ± 2.7 2.8 ± 2.7
Takada et al. [19] ALS 3.3 ± 2.7 3.8 ± 3.4 96.7
Hayashi et al. [30] ALS 2.7 ± 2.1 2.7 ± 1.8
Okamoto et al. [31] DAA 3.1 ± 2.2 2.8 ± 2.3 99.1
Tanino et al. [15] Posterior 3.7 ± 3.0 6.0 ± 4.5 92.7
Present study ALS 3.7 ± 2.8 3.0 ± 2.6 98.4
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APP. Posterior tilt during or after THA was associated with 
navigation error of anteversion relative to the APP.
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