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A B S T R A C T   

Background: The intact ratio (the ratio of the intact area of the femoral head) on a two-dimensional ante-
roposterior radiograph is associated with the prognosis of hips with osteonecrosis of the femoral head after 
transtrochanteric anterior rotational osteotomy. However, changes of the three-dimensional intact ratio during 
dynamic weight-bearing activity and correlation of the three-dimensional intact ratio with clinical scores are still 
unknown. 
Methods: Kinematics of eight hips with osteonecrosis of the femoral head that underwent anterior rotational 
osteotomy were analyzed using image-matching techniques during chair-rising and squatting preoperatively and 
postoperatively. Two types of dynamic three-dimensional intact ratios were examined, including the lunate 
covered area (IRLC) and in vivo peak contact force vector intersected area (IRFV). The static three-dimensional 
intact ratio in each octant of the femoral head was also examined. 
Findings: The mean Harris hip score significantly improved from 67 preoperatively to 90 postoperatively. During 
chair-rising rising/squatting, the mean IRLC and IRFV significantly increased from 42%/41% and 7%/4% pre-
operatively, to 66%/65% and 79%/77% postoperatively, respectively. IRLC significantly changed during the 
motion whereas substantial postoperative IRFV was maintained throughout the motion. Additionally, Harris hip 
score and the static three-dimensional intact ratio in the superolateral regions had significant positive correla-
tions with both IRLC and IRFV. 
Interpretation: Hip kinematics affected IRLC but not IRFV, which suggests that substantial intact bone occupies the 
region in which peak contact forces are applied during deep hip flexion. Additionally, improving intact ratio in 
the superolateral region led to improvements in both IRLC and IRFV with favorable clinical scores.   

1. Introduction 

Osteonecrosis of the femoral head often occurs in patients under the 
age of 50 years, and causes subchondral collapse which progresses to 
secondary osteoarthritis (Mankin, 1992). Transtrochanteric rotational 
osteotomy (Sugioka, 1978) is one of the preferred treatment options for 

young patients with early post-collapse stages of osteonecrosis of the 
femoral head. During transtrochanteric rotational osteotomy, the intact 
area of the femoral head is transposed to the weight-bearing surface by 
rotation, or varus angulation of the proximal fragment. 

The ratio of the transposed intact area of the femoral head to the 
weight-bearing surface of the acetabulum (intact ratio: IR) on 
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anteroposterior radiographs is significantly associated with progressive 
collapse, osteoarthritic change, and clinical outcomes (Miyanishi et al., 
2000; Motomura et al., 2012; Sugioka et al., 1982; Yamamoto et al., 
2010a). Although static IR in multi-planes has been assessed using two- 
dimensional (2D) magnetic resonance images (MRI) (Ha et al., 2010; 
Kubo et al., 2017), three-dimensional (3D) changes of IR during dy-
namic weight-bearing activity are still unknown. Especially in hips after 
anterior rotational osteotomy, the necrotic lesion moves into the ace-
tabulum during activities requiring deep hip flexion, such as chair-rising 
and squatting, which may affect progressive collapse, osteoarthritic 
change, and clinical outcomes. Additionally, the 3D localization of 
necrotic lesion before and after transtrochanteric rotational osteotomy 
also may affect dynamic changes of 3DIR and clinical outcomes. 

The purpose of this study, therefore, was to quantify hip kinematics 
and changes in dynamic 3DIR during rising from a chair (chair-rising) 
and a deep squat (squatting) in patients before and after anterior rota-
tional osteotomy using new methods. Specifically, the following ques-
tions were addressed: (1) How does anterior rotational osteotomy 
change the hip kinematics and 3DIR? (2) How does 3DIR alter during 
weight-bearing activities preoperatively and postoperatively? and (3) 
What factors including clinical scores and localization of the necrotic 
lesion have correlations with 3DIR? 

2. Methods 

2.1. Patient demography 

We reviewed consecutive nine hips in seven patients who underwent 
anterior rotational osteotomy for symptomatic osteonecrosis of the 
femoral head by two surgeons between July 2012 and September 2016. 
Among them, eight hips in six patients satisfied all inclusion criteria, 
which were (1) no previous surgery in hip joints, other joints, or spine, 
(2) no osteoarthritic change in bilateral hip joint. All patients were male, 
with the mean age of 36 years (standard deviation [SD] 12, range, 
17–53), the mean height of 172 cm (SD 7, range, 165–184), the mean 
weight of 68 kg (SD 2, range, 65–72), the mean body mass index of 23 
kg/m2 (SD 2, range, 19–25), and the mean postoperative follow-up 
period of 28 months (SD 14, range, 13–55). The diagnosis of osteonec-
rosis of the femoral head was based on the clinical presentation and 
imaging studies, including plain radiographs and the findings of MRI 
(Sugano et al., 1999). The etiology of osteonecrosis of the femoral head 
involved corticosteroids in five hips and alcohol abuse in three hips. 
According to the classification of the Japanese Investigation Committee 
of Health and Welfare (Sugano et al., 2002), six hips were classified as 
stage 3A (which indicates the collapse of the femoral head to be less than 
3 mm), and two hips were classified as stage 3B (with 3 mm or more of 
the collapse). The location of the necrotic lesion was type C2 (the 
necrotic lesion occupies more than two-thirds of the region and extends 
to the acetabular edge) in all eight hips. The Harris hip score (Harris, 
1969) was recorded before surgery and at the final follow-up. After 
being informed of the risks associated with radiation exposure, all six 
patients (eight hips) preoperatively provided their informed consent to 
participate in this Institutional Review Board-approved study (approval 
number: 25–55 and 27–404, Kyushu University, Fukuoka, Japan). The 
data were handled following the ethical standards of the Helsinki 
Declaration of 1975, as revised in 2000. Pre- and post-operative data 
acquisitions were performed within one month before surgery, and at 
the final follow-up period of mean 28 months (SD 14, range, 13–55). 

2.2. Operative protocol 

Anterior rotational osteotomy was indicated for patients in whom 
one-third or more of the posterior surface was intact on a lateral view 
radiograph of the femoral head (Sugioka et al., 1982), For all surgeries, 
patients were placed in the lateral decubitus position. The surgical 
procedures were performed according to previously described methods 

(Sugioka, 1978; Yamamoto et al., 2010a, 2014). Anterior rotational 
osteotomy was performed in the following order: (1) osteotomy of the 
greater trochanter, (2) intertrochanteric osteotomy from superolateral 
to inferomedial on the anteroposterior view (first osteotomy), (3) 
osteotomy from the proximal flare of the lesser trochanter toward the 
inferomedial extent of the intertrochanteric osteotomy (second osteot-
omy), and (4) anterior rotation of the proximal fragment. When the 
expected postoperative intact ratio on plain radiograph was less than 
40%, we inclined the first osteotomy intraoperatively to increase the 
varus angulation. 

After rotation of the proximal fragment, a K-MAX Adjustable Angle 
Hip Screw (K-MAX AA Hip Screw; Kyocera, Osaka, Japan) and one or 
two other cancellous bone screws were used to obtain rigid fixation of 
the osteotomy site under fluoroscopic control (Ikemura et al., 2007). 
Wheelchair use began 2 days after surgery, and passive range-of-motion 
exercises began 5 days after surgery. Patients were transferred to 
another rehabilitation hospital 2 weeks after surgery. Non-weight- 
bearing was continued until 5 weeks after surgery, at which time the 
patients were allowed to engage in partial weight-bearing. Full weight- 
bearing was permitted approximately 4 to 6 months after surgery. 

2.3. Image acquisition and 3D modeling 

All radiographic images were acquired using a flat panel X-ray de-
tector (Ultimax-I, Toshiba, Tochigi, Japan) with an image area of 420 
mm (H) × 420 mm (V) and 0.274 mm × 0.274 mm/pixel resolution 
preoperatively and postoperatively. For neutral standing, a one-shot 
radiograph was acquired in a relaxed standing position with the toes 
facing forward. Periodic radiographic images were acquired for chair- 
rising and squatting. The frame rate was set at 3.5 frames/s to acquire 
high-resolution images. For chair-rising, patients rose from a seated 
position on a chair of 46.5-cm height. For squatting, patients stood from 
a position with maximum hip flexion (Hara et al., 2014, 2016). This 
protocol provided an average of 14 images per chair-rise and 12 images 
per squat activity. 

Each subject underwent computed tomography (CT; Aquilion, 
Toshiba, Tochigi, Japan) preoperatively and postoperatively with a 
standard protocol (Hara et al., 2016, 2014). With reference to the pre- 
and post-operative MRI images, the CT images were segmented, and 3D 
surface models of the necrotic lesion of the femoral head, intact femur, 
whole femur, implants (only postoperative hips), and pelvis were 
created using open-source segmentation software (ITK-SNAP, Penn 
Image Computing and Science Laboratory, Philadelphia, PA, USA) 
(Yushkevich et al., 2006). Anatomical coordinate systems of the pelvis 
and femur were embedded in the bone model derived from CT data 
systems using commercial software (Geomagic Studio 2014, Raindrop 
Geomagic, Research Triangle Park, Morrisville, NC, USA). The coordi-
nate system of the pelvis was based on the anterior pelvic plane (Hara 
et al., 2014), and the origin was determined as the center of a best-fit 
sphere to the acetabulum (Sato et al., 2017). The coordinate system of 
the femur was based on the International Society of Biomechanics 
recommendation (Hara et al., 2014; Sato et al., 2017). 

2.4. Model-image registration 

Hip joint kinematics were quantified using open-source software for 
3D-to-2D model-image registration (JointTrack, www.sourceforge.net/ 
projects/jointtrack) (Banks and Hodge, 1996; Kawahara et al., 2020; 
Sato et al., 2017). The bone model was projected onto the fluoroscopic 
image, and its three-dimensional pose was iteratively adjusted to match 
its silhouette with the silhouette of the fluoroscopic image. The accuracy 
of this method for the hip was 0.2 mm for in-plane translation, 0.5 mm 
for out-of-plane translation, and 1.6◦ for rotations (Sato et al., 2017). 
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2.5. Geometric analysis 

Using Geomagic Studio and custom MATLAB programs (MathWorks, 
Inc., Natick, MA, USA), we measured preoperative and postoperative 
angles three-dimensionally described as the following: (1) neck-shaft 
angle: the angle between the femoral neck axis and the femoral shaft 
axis in the coronal plane and (2) anteversion angle: the angle between 
the femoral neck axis and the transepicondylar axis in the axial plane 
(Akiyama et al., 2012). 

2.6. Data processing 

The relative positions and orientations of the femur to the pelvis 
were defined as hip movements (Hara et al., 2014). Hip movements 
were determined using the Cardan/Euler angle system in x-z-y order 
(flexion/extension, adduction/abduction, and internal/external) 
(Kadaba et al., 1990; Koyanagi et al., 2011). 

The original two-dimensional intact ratio (2DIR) was measured ac-
cording to the previously described method using the preoperative and 
postoperative radiographs during neutral standing (Fig. 1) (Sugioka 
et al., 1982). The femoral head was divided into octants by three planes 
intersecting at the center of the femoral head (Fig. 2), namely Anterior 
Superior Lateral (ASL), Anterior Superior Medial (ASM), Anterior Infe-
rior Lateral (AIL), Anterior Inferior Medial (AIM), Posterior Superior 
Lateral (PSL), Posterior Superior Medial (PSM), Posterior Inferior 
Lateral (PIL) and Posterior Inferior Medial (PIM) (Bassounas et al., 
2007). Then, the surface areas of each octant of the femoral head 
(AreaOFH) and the necrotic lesion (AreaONL) were measured using Geo-
magic Studio. The 3DIR in the octant (IROCT) was expressed as 100* 
(AreaOFH - AreaONL)/AreaOFH. 

To describe the dynamic 3DIR we used two methods, namely the 
lunate coverage method and force vector method. For these two 
methods, the bone surface models of the lunate, whole femoral head, 
and necrotic lesion were extracted using a Geomagic Studio. For the 
lunate coverage method, the 3D kinematics of these models in each 
frame were visualized in Geomagic Studio. In all frames, the contour of 
the lunate was projected onto the nearest surfaces of the whole femoral 
head and necrotic lesion to create the boundaries of acetabular 
coverage, respectively (Hansen et al., 2012). Then, the lunate boundary 
covered the area of the whole femoral head (AreaLCFH) and necrotic 
lesion (AreaLCNL) were computed automatically (Fig. 3a). The 3D intact 
ratio by the lunate coverage method (IRLC) was expressed as 100* 
(AreaLCFH - AreaLCNL)/AreaLCFH (Fig. 3b). 

For the force vector method, the peak contact force vector was 
determined according to the dataset of a previous study demonstrating 
the direction of contact force through the in vivo hip joint during chair- 

rising (Bergmann et al., 2001). Along the peak contact force vector, the 
contact force cylinder was determined (Fig. 3c). Because a previous 
study (Yoshida et al., 2006) using the dataset for the direction of contact 
force through the in vivo hip joint during chair-rising (Bergmann et al., 
2001) demonstrated that the corresponding contact area was 19.7% of 
the lunate area when the contact force showed the highest value during 
chair-rising, we set the radius of the contact force cylinder to the value 
which was the same as that of a circle whose area was 19.7% of the 
lunate area. The weight-bearing surface of the lunate (WBSL, Fig. 3c) 
was defined as the region that was intersected by the contact force 
cylinder. The weight-bearing surfaces of the whole femoral head 
(WBSFH) and the necrotic lesion (WBSNL) were defined as the regions 
that were intersected by the projection of WBSL along the peak contact 
force vector in the whole femoral head and the necrotic lesion, respec-
tively (Fig. 3c). Then, the area of WBSFH (AreaWBSFH) and WBSNL 
(AreaWBSNL) were computed. These procedures were automatically 
performed using a custom MATLAB program. The 3D intact ratio by the 
force vector method (IRFV) was expressed as 100*(AreaWBSFH - 
AreaWBSNL)/AreaWBSFH (Fig. 3d). 

2.7. Statistical analysis 

Values were expressed as means (SD). Statistical analyses were per-
formed using JMP Pro Version 15.0 (SAS Institute, Cary, NC, USA). All 
data were tested for normality with the Shapiro-Wilk test. To compare 
static IRs, Harris hip score, and geometry between preoperative and 
postoperative hips, paired t-test or Wilcoxon signed-rank test was used 
as appropriate. Two-way (%movement cycle x group) repeated mea-
sures analysis of variance (RMANOVA) was also used to compare hip 
kinematics and dynamic 3DIRs during the motion between preoperative 
and postoperative hips. Correlation among parameters were examined 
with Pearson’s correlation coefficients or Spearman’s rank correlation 
coefficients as appropriate. Because two patients (two hips) could not 
achieve preoperative squatting due to hip discomfort and instability 
during the motion, these two hips were excluded from the analysis 
during squatting for pair-wise comparison. The significance level was set 
at P < 0.05 for all tests except multiple comparisons for correlation 
among parameters. Multiple comparisons were accounted for by using a 
false discovery rate (Glickman et al., 2014) adjustment α = 0.05 (Jan-
kovic et al., 1990). 

3. Results 

3.1. Harris hip score and hip geometry 

Harris hip score significantly improved from 67 (10, range 57–79) 
preoperatively to 90 (6, range 81–100, P < 0.001). Neck-shaft and 
anteversion angles significantly decreased from 120◦ (8, range 111–127) 
and 5◦ (12, range − 10 to 29) preoperatively to 114◦ (4, range 109–120, 
P = 0.03) and − 6◦ (14, range − 26 to 15, P = 0.02) postoperatively, 
respectively. 

3.2. Hip kinematics 

For chair-rising (Fig. 4a), the maximum hip flexion angles during the 
full movement cycle were 82◦ (18, range 55–110) preoperatively and 
75◦ (13, range 55–97) postoperatively. RMANOVA showed no signifi-
cant differences in hip flexion/extension, hip adduction/abduction, or 
hip internal/external rotation between preoperative and postoperative 
hips (P = 0.19, 0.76, and 0.21, respectively), and there were no signif-
icant interactions (Fig. 4a–c). 

In squatting (Fig. 4d), the maximum hip flexion angles were 92◦ (9, 
range 78–104) preoperatively and 81◦ (14, range 58–96) post-
operatively. RMANOVA showed no significant differences in hip 
flexion/extension, hip adduction/abduction, or hip internal/external 
rotation between preoperative and postoperative hips (P = 0.72, 0.87, 

Fig. 1. The original 2D intact ratio. The 2D intact ratio is determined using an 
anteroposterior radiograph during neutral standing and is expressed as the 
length ratio of the intact articular surface of the femoral head (C–D) to the 
weight-bearing surface of the acetabulum (A–B). Point A is determined by 
drawing a perpendicular line from the midpoint between point B (the lateral 
edge of the acetabulum) and E (the lowest point of the teardrop) to the ace-
tabulum. Points C and D show the lateral edge of the weight-bearing surface 
and the medial edge of the intact articular surface, respectively. 
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and 0.18 respectively), and there were no significant interactions 
(Fig. 4d–f). 

3.3. Intact ratio 

The necrotic lesion was generally located toward the anterosuperior 
region of the femoral head preoperatively, and anteromedial region 
postoperatively (Table 1). The mean IROCT in ASL PSL, and PSM 
significantly increased preoperatively to postoperatively (P = 0.008, 
0.008, and 0.01, respectively), whereas the mean IROCT in AIM and PIM 
significantly decreased (P = 0.001 and 0.008, respectively). Addition-
ally, these five IROCTs (ASL, AIM, PSL, PSM, and PIM) had significant 
correlations with Harris hip score (Table 2). 

During neutral standing, both 2DIR, IRLC, and IRFV significantly 
increased from 1% (2, range 0–6), 50% (8, range 34–63), and 4% (4, 
range 0–10) preoperatively to 54% (14, range 40–85), 74% (4, range 
68–79), and 72% (15, range 47–94) postoperatively, respectively (P =

0.008, < 0.001, and 0.008, respectively). Seven parameters had signif-
icant correlations with 2DIR, IRLC, and IRFV during standing, including 
Harris hip score and IROCT in ASL, ASM, AIM, PSL, PSM, and PIM 
(Table 2). Additionally, 2DIR had significant correlations with both IRLC 
and IRFV during neutral standing (Table 2). 

When chair-rising (Fig. 5a and b), IRLC and IRFV averaged 42% (10, 
range 27–53) and 7% (4, range 1–14) preoperatively, and 66% (10, 
range 52–76) and 79% (13, range 58–94) postoperatively, respectively. 
RMANOVA showed that both IRLC and IRFV significantly increased from 
preoperatively to postoperatively (P < 0.001 and < 0.001 respectively) 
without any interactions. Additionally, RMANOVA also showed that 
both IRLC and IRFV significantly changed during the chair-rise motion (P 
< 0.001 and 0.02, respectively, Fig. 5a and b). In particular, the mean 
postoperative IRLC at maximum hip flexion (56% [16, range 33–75]) 
was significantly smaller than that at minimum hip flexion (77% [4, 
range 70–82], mean difference: 20 [95% confidence intervals {CI}: 
8–33], P = 0.006). However, no significant difference was found 

Fig. 2. The 3DIR in the octant (IROCT) After extracting the 
bone model of the femoral head from the whole femur bone 
model, the femoral head was divided into octants by three 
planes intersecting at the center of the femoral head, namely 
Anterior Superior Lateral (ASL), Anterior Superior Medial 
(ASM), Anterior Inferior Lateral (AIL), Anterior Inferior Medial 
(AIM), Posterior Superior Lateral (PSL), Posterior Superior 
Medial (PSM), Posterior Inferior Lateral (PIL) and Posterior 
Inferior Medial (PIM) (Bassounas et al., 2007). Then, The 3DIR 
in the octant (IROCT) was measured as the ratio of the surface 
area of each octant of the femoral head and the necrotic lesion.   

Fig. 3. Three-dimensional intact ratio by lunate coverage method (IRLC) and force vector method (IRFV). (a) The lunate covered area of the whole femoral head 
(AreaLCFH) and necrotic lesion (AreaLCNL) were marked and computed automatically using Geomagic Studio. (b) IRLC was expressed as 100*(AreaLCFH - AreaLCNL)/ 
AreaLCFH). (c, upper panels) The weight-bearing surface of the lunate (WBSL, yellow area) was defined as the lunate region (right: orange area) that was intersected by 
the contact force cylinder (green cylinder) which was determined according to the dataset of the previous study (Bergmann et al., 2001; Yoshida et al., 2006). (d, 
lower panels) The areas of the weight-bearing surface of the whole femoral head (AreaWBSFH, left: red area) and necrotic lesion (AreaWBSNL, right: red area) were 
computed as the areas that were intersected by the projection of WBSL (left and right: transparent yellow area) along the contact force cylinder in the whole femoral 
head (left: purple area), and necrotic lesion (right: black area), respectively. 
(d) IRFV was expressed as 100*(AreaWBSFH - AreaWBSNL)/AreaWBSFH. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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between the mean postoperative IRFV at maximum hip flexion (83% [15, 
range 58–99]) and that at minimum hip flexion (73% [15, range 49–94], 
mean difference: 10 [95%CI: − 0.8 to 21], P = 0.06). Five parameters 
had significant correlations with both the mean IRLC and IRFV during 
chair-rising, including Harris hip score, 2DIR, and IROCT in ASL, ASM, 
and PSL (Table 2). 

During squatting (Fig. 5c and d), IRLC and IRFV averaged 41% (12%, 
range 22–53) and 4% (4, range 0–11) preoperatively, and 65% (10, 
51–76) and 77% (14, range 57–97) postoperatively, respectively. 
RMANOVA showed that both IRLC and IRFV increased from preopera-
tively to postoperatively (P = 0.002 and < 0.001 respectively) without 
any interactions. Additionally, RMANOVA also showed that IRLC 
significantly changed during the squatting motion (p = 0.04, Fig. 5c). In 
particular, the mean postoperative IRLC at maximum hip flexion (57% 
[18, range 36–76]) was significantly smaller than that at minimum hip 
flexion (75% [4, range 68–80], mean difference: 23 [95%CI: 5–41], P =
0.02). However, IRFV did not significantly change during the squatting 
motion (P = 0.12, Fig. 5d). Five parameters had significant correlations 
with both the mean IRLC and IRFV during squatting, including Harris hip 
score, anteversion angle, 2DIR, and IROCT in ASL, PSL, and PIM 
(Table 2). 

4. Discussion 

To our knowledge, this is the first in vivo study examining the 
changes in dynamic 3DIR and kinematics of hips with osteonecrosis of 
the femoral head during weight-bearing activities including deep hip 
flexion before and after anterior rotational osteotomy. Anterior rota-
tional osteotomy did not significantly change the hip kinematics but 
significantly increased both IRLC and IRFV as with Harris hip score. 
Overall, IRLC significantly changed during the motion whereas IRFV did 
not. Both IRLC and IRFV were significantly correlated with Harris hip 
score, 2DIR, and IROCT mainly in the superolateral regions. Greater 
3DIRs correlated with better clinical outcomes. 

Preoperative hips with osteonecrosis of the femoral head showed 
similar kinematics to healthy hips (Hara et al., 2014; Hemmerich et al., 
2006; Spyropoulos et al., 2013) and larger range of motions than hips 
with osteoarthritis (Eitzen et al., 2014; Hara et al., 2016) during both 
chair-rising and squatting (the mean maximum hip flexion: 79◦/84–86◦/ 
60–64◦ during chair-rising and 91◦/95–102◦/68◦ during squatting in 

Fig. 4. The mean hip kinematics. Hip flexion-extension (a), adduction-abduction (b), internal-external rotation (c) during chair-rising. Hip flexion-extension (d), 
adduction-abduction (e), internal-external rotation (f) during squatting. 

Table 1 
Comparison of IROCT between preoperative and postoperative hips.  

Parameters Preoperative Postoperative Mean difference 
(95%CI) 

P value 

IROCT in ASL 
(%) 

35 (22) 86 (21) 51 (30–72) 0.008†

IROCT in ASM 
(%) 

15 (21) 28 (13) 13 (− 6 to 33) 0.20†

IROCT in AIL 
(%) 

88 (11) 87 (19) − 2 (− 21 to 17) 0.69†

IROCT in AIM 
(%) 

82 (18) 33 (15) − 49 (− 71 to − 27) 0.001* 

IROCT in PSL 
(%) 

76 (27) 100 (0) 24 (9–46) 0.008†

IROCT in PSM 
(%) 

54 (12) 79 (18) 24 (8–40) 0.01* 

IROCT in PIL 
(%) 

100 (0) 100 (0) 0 1.0†

IROCT in PIM 
(%) 

98 (5) 82 (14) − 16 (− 28 to − 4) 0.03†

Values are expressed as means (standard deviation) in preoperative and post-
operative parameters. P values < 0.05 were considered statistically significant. 
IROCT: three-dimensional intact ratio in the octant, CI: confidence intervals, ASL: 
Anterior Superior Lateral, ASM: Anterior Superior Medial, AIL: Anterior Inferior 
Lateral, AIM: Anterior Inferior Medial, PSL: Posterior Superior Lateral, PSM: 
Posterior Superior Medial, PIL: Posterior Inferior Lateral and PIM: Posterior 
Inferior Medial. 

* Paired t-test. 
† Wilcoxon signed-rank test, significant values are italicized. 

D. Hara et al.                                                                                                                                                                                                                                    



Clinical Biomechanics 82 (2021) 105284

6

osteonecrosis of the femoral head /healthy/osteoarthritic hips, respec-
tively). In this study, preoperative hips with osteonecrosis of the femoral 
head maintained ranges of motion probably due to little osteoarthritic 
change. Additionally, postoperative hip kinematics did not significantly 
differ from preoperative hip kinematics during both chair-rising and 
squatting. Anterior rotational osteotomy has advantages of not only 
preserving the native joints and but also ranges of motion with favorable 
clinical outcomes as shown in previous studies (Yamamoto et al., 2010a, 
2010b; Yoon et al., 2008). These kinematic results may be useful for 
surgeons and patients with symptomatic osteonecrosis of the femoral 
head without osteoarthritic change to decide whether to undergo 
anterior rotational osteotomy or other surgeries. 

IRLC assessed dynamic changes of 3DIR geometrically. IRLC during all 
activities was also correlated with Harris hip score and 2DIR. As re-
ported in previous studies using plain radiographs (Kubo et al., 2017; 
Miyanishi et al., 2000; Sonoda et al., 2015; Zhao et al., 2013), clinical 
scores are affected by multiple factors such as degree and location of 
collapse, and osteoarthritic change as well as IR which is also associated 
with progressive collapse and osteoarthritic change. Our results indicate 
that substantial postoperative IRLC may be important to achieve better 
clinical results by preventing progressive collapse as with 2DIR (Miya-
nishi et al., 2000; Sonoda et al., 2015; Zhao et al., 2013). Postoperative 
IRLC significantly decreased as hip flexion angle increased during both 
chair-rising and squatting, which is reasonable because the 

Table 2 
Correlations among parameters.    

Neutral standing Chair-rising Squatting 

Parameters Harris hip score 2DIR IRLC IRFV Mean IRLC Mean IRFV Mean IRLC Mean IRFV 

Harris hip score – 0.73† 0.84* 0.81† 0.78* 0.77† 0.76* 0.75†

Neck-shaft angle − 0.61* − 0.48† − 0.60* − 0.73† − 0.48* − 0.66† − 0.52* − 0.46†

Anteversion angle − 0.57* − 0.48† − 0.49* − 0.44† − 0.68* − 0.44† − 0.73* − 0.62†

2DIR 0.73† – 0.80† 0.83† 0.84† 0.83† 0.85† 0.86†

IROCT in ASL 0.69* 0.75† 0.76* 0.76* 0.89* 0.78* 0.89* 0.78* 
IROCT in ASM 0.33* 0.58† 0.55* 0.54† 0.58* 0.52† 0.59* 0.39* 
IROCT in AIL − 0.02† 0.20† − 0.01† − 0.02† 0.38† − 0.01† 0.35† 0.20†

IROCT in AIM − 0.72* − 0.68† − 0.72* − 0.79* − 0.46* − 0.80* − 0.44* − 0.79* 
IROCT in PSL 0.86† 0.79† 0.76† 0.82† 0.69† 0.73† 0.70† 0.77†

IROCT in PSM 0.53* 0.57† 0.73* 0.73† 0.39* 0.63* 0.43* 0.45†

IROCT in PIL – – – – – – – – 
IROCT in PIM − 0.68† − 0.54† − 0.52† − 0.63† − 0.64† − 0.60† − 0.65† − 0.72†

Multiple comparisons were accounted for by using a false discovery rate (Glickman et al., 2014) adjustment α = 0.05 (Jankovic et al., 1990). Both preoperative and 
postoperative hips were included in the analysis. 
IRLC: three-dimensional intact ratio by lunate coverage method, IRFV: three-dimensional intact ratio by force vector method, IROCT: three-dimensional intact ration in 
the octant, ASL: Anterior Superior Lateral, ASM: Anterior Superior Medial, AIL: Anterior Inferior Lateral, AIM: Anterior Inferior Medial, PSL: Posterior Superior Lateral, 
PSM: Posterior Superior Medial, PIL: Posterior Inferior Lateral and PIM: Posterior Inferior Medial. 

* Pearson’s correlation coefficients. 
† Spearman’s rank correlation coefficients, Significant values are italicized. 

Fig. 5. The mean three-dimensional intact ratios. IRLC (a) and IRFV (b) during chair-rising. IRLC (c) and IRFV (d) during squatting. IRLC: three-dimensional intact ratio 
by lunate coverage method, IRFV: three-dimensional intact ratio by force vector method. 
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anteromedially transposed necrotic lesion moved into the lunate during 
deep hip flexion. Indeed, IROCT in ASM had a significant positive cor-
relation with IRLC during chair-rising. Sugioka and Yamamoto (2008) 
pointed out that the repetition of the collapsed necrotic lesion moving 
into and out of the lunate might damage the lunate articular surface. 
Thus, posterior rotational osteotomy may be better to keep substantial 
IRLC during hip flexion than anterior rotational osteotomy in terms of IR 
(Sugioka et al., 1982), as reported in a previous study using 2DIR 45◦ of 
hip flexion (Atsumi, 2006). 

IRFV assessed the dynamic change of 3DIR in the region in which the 
peak contact forces are applied (Bergmann et al., 2001). As with IRLC, 
IRFV during all activities was also correlated with Harris hip score and 
2DIR, which indicates that achieving substantial postoperative IRFV may 
lead to excellent clinical results by preventing progressive collapse. No 
overlaps were found in IRFV during motion in any hips comparing pre-
operative and postoperative values. Additionally, substantial post-
operative IRFV was maintained throughout the motion. These results 
show IRFV is not strongly influenced by hip movement but depends more 
on geometric factors like IROCT. When substantial IRFV is achieved in the 
neutral position, activities with deep hip flexion may be acceptable after 
femoral osteotomy because there is substantial intact bone occupying 
the region where peak contact forces are applied. 

To achieve sufficient postoperative IRLC and IRFV, transposition of 
the necrotic lesion from the superolateral to the inferomedial region is 
important. Both IRLC and IRFV had positive correlations with IROCT 
mainly in the superolateral region, and negative correlations with IROCT 
mainly in the inferomedial region. A previous study demonstrated that 
the direction of contact force through the in vivo hip joint during chair- 
rising was around the superomedial region (Bergmann et al., 2001). 
Thus, increasing IROCT at regions apart from the superomedial region 
such as the inferomedial region may be effective to reduce the contact 
forces to the necrotic lesion. Additionally, these results may be helpful 
for the assessment of the transposed intact area during surgeries. 
Decreasing neck-shaft angle, i.e. varus angulation, was also significantly 
correlated with 2DIR, IRLC, and IRFV during neutral standing in this 
study, as with the previous study using 2DIR (Miyanishi et al., 2000; 
Sugioka et al., 1982). Preoperative 3D simulation (Sonoda et al., 2017) 
may be useful to achieve adequate postoperative 2DIR and 3DIRs (IRLC 
and IRFV). 

This study has several limitations. First, we were limited by the small 
number of male patients. Further studies are necessary. However, the 
number of patients in this study is similar to that in previous hip kine-
matic studies (7–8 hips with osteoarthritis which is more common than 
osteonecrosis of the femoral head) (Komiyama et al., 2019; Tsai et al., 
2015). Second, sequential movements were collected twice because 
even the large flat-panel X-ray detector provided a limited field of view. 
Third, surface bone models were derived from CT, not MRI, which might 
make the segmentation of the necrotic lesion imprecise. However, CT 
can accurately display the characterization of the necrotic lesion (Barille 
et al., 2014; Hu et al., 2015; Marker et al., 2011), and CT images were 
segmented with reference to MRI images in order not to misidentify the 
lesion. Moreover, all hips were classified as stage 3A or 3B in this study, 
which indicates that the collapse of the femoral head and sclerotic bands 
were clear. Fourth, 3D collapse quantification was not performed in this 
study because no reliable methods have been developed. Further studies 
are needed. Finally, the peak contact force vector was derived from a 
previous study (Bergmann et al., 2001) in which hip geometries such as 
neck-shaft angle or anteversion angle may be different from those in this 
study. However, very few studies have examined hip contact forces in 
vivo, and we believe that the in vivo contact force vector should be taken 
into account to define the accurate weight-bearing surface during dy-
namic motions. 

5. Conclusions 

Hip kinematics were maintained during both chair-rising and 

squatting with significantly improved Harris hip score after anterior 
rotational osteotomy. Anterior rotational osteotomy significantly 
increased 2DIR, IRLC, and IRFV. Additionally, both IRLC and IRFV had 
significant correlations with Harris hip score, 2DIR, and IROCT in mainly 
superolateral regions among both preoperative and postoperative hips. 
To reduce the contact forces to the necrotic lesion, increasing IROCT at 
regions apart from the superior regions such as the inferomedial region 
may be effective. Overall, postoperative IRLC decreased as the hip flexion 
angle increased. However, postoperative IRFV was relatively constant 
during deep flexion, suggesting that substantial intact bone occupies the 
contacting region across the entire motion if adequate IRFV is achieved 
in the neutral standing position. These results may be helpful for pre-
operative planning, feedback to surgeons, and achieving better clinical 
outcomes. 
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