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Abstract

Background Several anatomical studies regarding the value of hip rotation center (HRC) and femoral offset (FO) have been
performed in Western populations. However, there are a few data on hip morphological values in the Chinese population
based on CT scans. This study measured the values of the hip and pelvis, especially HRC and FO, in a Chinese population
and compared them with the published values obtained from Western populations.

Patients and methods One hundred patients (50 females and 50 males) were included in the present study, and 3D-CT
reconstructions of the hip and pelvis were generated. The mean age was 51.4 + 8.9 years and mean body mass index (BMI)
was 23.5+2.6 kg/m?. All the morphologic measurements were compared between genders and sides, and the relationships
between different parameters were analyzed.

Results The mean FO values were 38.4 +4.7 mm and 35.6 +4.4 mm for the males and females, respectively. A significant
negative correlation was noted between FO and neck shaft angle (NSA) in both genders (r=—0.262, P=0.009 for the males,
r=-0.350, P <0.001 for the females). A significant positive correlation was found between horizontal distance (HD) and
diameter of the femoral head (DFH) in both genders (r=0.734, P <0.001 for the males, r=0.658, P <0.001 for the females).
A significant positive correlation was noted between HD and pelvic width (PW) in males (r=0.455, P <0.001). A significant
positive correlation was also noted between HD and pelvic height (PH) in males (r=0.318, P <0.001). A significant positive
correlation was observed between FO and pelvic cavity height (PCH) in males (r=0.411, P <0.001), and a significant posi-
tive correlation was observed between VD and PCH in females (r=0.497, P <0.001). The tip of the greater trochanter was,
on average, 7.0 mm higher than the femoral head center. Relationships between DFH and pelvic morphometric parameters
were also observed.

Conclusion The present morphological data and the relationships between them can be applied to design better ethnic-specific
THA prostheses and preoperative plans.

Keywords Anatomy - Pelvis - Total hip arthroplasty - Image reconstruction

Introduction

The accurate restoration of the hip joint during total hip
arthroplasty (THA) results in the improvement of abduc-

>4 Xin Zheng tor muscle strength [3, 13, 22] and reduced risk of post-
thindy1980@163.com operative complications such as dislocation, limp, and
>4 Kai-jin Guo wear-related implant failure [5, 17, 29, 31]. During THA,
kaijinguo@163.com hip rotation center (HRC) and femoral offset (FO) [5, 6, 18,
I Department of Orthopaedics, The Affiliated Hospital 22, 31] are important factors, which exert a strong effect on
of Xuzhou Medical University, Xuzhou, China clinical outcomes. Although a standardized positioning pro-
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of the calibration marker depend on the judgment of the
technician. Moreover, limitations of the 2D characteristics
of radiographs include errors resulting from magnification
[7] and inaccurate patient position [25, 28, 34]. In contrast,
the morphology can be well assessed using CT scans inde-
pendent of the position of the patient and eliminating the
magnification by post-processing techniques. CT can also
evaluate many planes in detail with high accuracy [1].

The values of HRC and FO have been well illustrated in
Western populations, yet a few studies have focused on these
morphological parameters in the Chinese population based
on CT scans. As bone geometry differs between regions and
races [4, 24, 35], it is necessary to perform an anatomical
study of the HRC and FO in a Chinese population based on
3D-CT reconstruction for better ethnic-specific THA pros-
theses and preoperative plans.

Patients and methods

In accordance with the ethical standards of the 1964 Decla-
ration of Helsinki, the study was approved by the local ethics
committee. Inclusion criteria included patients who under-
went pelvic CT scanning for reasons unrelated to symptoms
of the hip. Exclusion criteria included patients who had neu-
rological, functional, or morphological disorders affecting
gait. All images were reviewed by a senior surgeon (ZX)
and a radiologist (RL), confirming the absence of proximal
femoral or hip deformity. Finally, 100 randomly selected
patients (50 females and 50 males) scanned between June
2016 and September 2017 were retrospectively reviewed.
Their mean age was 51.4 +8.9 years (range 29-67), and
mean body mass index (BMI) was 23.5 +2.6 kg/m? (range
19.5-29.3). Patients were positioned supine, with their legs
in neutral rotation and were scanned in a body region includ-
ing the pelvis from the iliac crest proximally to the femoral
isthmus distally using an iCT256 scanner (Philips, Holland)
with 0.625 mm CT slices at 300 mA and 120 kV. All meas-
urements were performed on the Philips IntelliSpace Portal
after three-dimensional reconstruction.

With the help of circles and related view ports superim-
posed on the femoral head, the best-fitting circle was used
to determine the HRC in coronal and horizontal planes. We
measured the HRC and FO in the coronal plane in accord-
ance with Taichiro’s method [33] but based on 3D-CT recon-
struction in a transparent model (Fig. 1).

The parameters were defined as follows:

FO: femoral offset, length of the perpendicular line
between HRC and the femoral axis [18]. HD: horizontal
distance, length of the perpendicular line between HRC
and the vertical line across the inferior edge of the teardrop
center. VD: vertical distance, length of the perpendicular
line between HRC and the line tangent to the inferior edge of

@ Springer

i
H
S e,
i
H

1
1
1
1
1
1
1
1
1
1
]
1
1

q
'
1
1
1
1
1

Fig. 1 To depict the teardrop, the image was reconstructed with the
help of the coronal transparent hip model. FO femoral offset, HD hor-
izontal distance, VD vertical distance, TH trochanteric height, NSA
neck shaft angle

the teardrop center. TH: trochanteric height, the height of the
greater trochanter relative to the HRC [14]. DFH: diameter
of the femoral head. NSA: neck shaft angle.

In addition, we evaluated the pelvic morphometric param-
eters shown in Fig. 2. In the coronal plane, the bone win-
dow and the transparent model were used to reconstruct the
pelvis.

Pelvic morphometric parameters:

PH: pelvic height.

PW: pelvic width.

PCW: pelvic cavity width.

PCH: pelvic cavity height.

BWLA: body weight lever arm.

ITD: Inter-teardrop distance.

IHT: ilium height from teardrop edge.

Statistical method

A single-measure intraclass correlation coefficient (ICC)
was used for the quantification of inter- and intra-observer
reliability of the measurements. Measurements were per-
formed by two observers (LHY and XZ) two times each,
with a minimum interval of 4 weeks, for ten specimens.
Values greater than 0.80 indicated satisfactory reliability.
The two-sample 7 test was used to compare the differences
between genders. The paired Student’s ¢ test was used to
compare the differences between sides. Pearson’s correlation
was used to assess the relationship between linear variables.
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Fig.2 Pelvic morphometric parameters. a, b Coronal 3D pelvis
model in the bone window. ¢ Coronal transparent 3D pelvis model.
PH pelvic height, PW pelvic width, PCW pelvic cavity width, PCH

The variability of sensitivity and specificity estimates was
expressed in 95% exact confidence intervals. Statistical
analysis was performed using SPSS version 19.0 (SPSS Inc.
Chicago), and significance was defined as P <0.05.

Results

Intraclass correlation coefficients of intra-observer repeat
measurements ranged from 0.93 to 0.99, and the intraclass
correlation coefficients of interobserver repeat measure-
ments ranged from 0.91 to 0.99. All correlations were sta-
tistically significant, and the level of measurement reliability
was excellent.

Morphometric parameters of the series are summarized
in Table 1. For the parameters of the hip, the mean values
of FO, HD, DFH, and TH of the males were larger than
those of the females (P <0.05). The mean values of VD,
BWLA, and NSA of the males were similar to those of the
females. There was no significant difference between the
left and right sides for any of these values (P> 0.05). For

pelvic cavity height, BWLA body weight lever arm, ITD inter-tear-
drop distance, /HT ilium height from teardrop edge

the parameters of the pelvis, the mean values of PH and
IHT of the males were larger than those of the females
(P <0.05). However, the mean values of PCH and ITD of
the males were lower than those of the females (P < 0.05).
The mean values of PW and PCW of the male were similar
to those of the females.

The key relationships between measures are detailed
in Figs. 3, 4, 5, 6, and 7. Figure 3a, b shows the rela-
tionship between FO and NSA in males (r=-0.262,
P=0.009 and FO=64.71-0.21 x NSA) and females
(r=-0.350, P<0.001 and FO=71.39-0.28 X NSA),
respectively. Figure 4a, b shows the relationship between
HD and DFH in males (r=0.734, P<0.001 and HD=-
3.04+0.75 x DFH) and females (r=0.658, P <0.001 and
HD =-4.31+0.79 x DFH), respectively. Figure 5a, b
shows the relationships between HD and PW (r=0.455,
P<0.001 and HD=12.2+0.08 X PW) and between HD
and PH (r=0.318, P<0.001 and HD=13.97+0.1 X PH)
in males. Figure 6 shows the relationship between FO and
PCH (r=0.411, P<0.001 and FO=24.23+0.24 Xx PCH)
in males. Figure 7 shows the relationship between VD and

Table 1 Measurements of

. . . Measurements  Total Male Female P Right Left P

hip and pelvic morphometric

parameters FO (mm) 37.0+4.7 38.4+4.7 35.6+44 <0.001 36.8+4.8 372+4.7 0387
HD (mm) 325+34 344+3.1 305+2.6 <0.001  32.6+35 323+33 0.1838
VD (mm) 12.5+3.0 129+2.9 122+29  0.125 125+29 12.6+3.0 0.175
DFH (mm) 46.8+3.9 49.6+3.0 439+22 <0.001 46.7+3.8 46.8+3.8 0.595
BWLA (mm) 87.0+7.4 87.2+4.8 86.7+9.3  0.667 86.9+9.4 87.1+4.6 0473
TH (mm) 7.0+4.0 8.0+4.3 6.0+34 <0.001 6.9+4.0 7.1+£4.0 0.896
NSA (°) 127.0+5.7  1273+59 1265+55 0.234 127.6+5.5 126.1+5.8 0.323
PW (mm) 27554177 2785+175 2725+17.6 0.106
PH (mm) 204.0+11.4 210.8+10.1 197.2+8.2 <0.001
ITD (mm) 111.0+£7.3  1072+6.1 1149+6.2 <0.001
PCW (mm) 1259499 1234+9.0 1279+104 0.124
PCH (mm) 63.2+10.8 584+79 68.1+11.1 <0.001
THT (mm) 1543+11.6 1589+9.1 149.7+12.1 <0.001
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Fig.3 Correlations between FO and NSA in Chinese males (a)
and females (b). Significant negative correlations were noted
between FO and NSA in both genders (r=-0.262, P=0.009, and
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1=0.734 P<0.001
HD=- 3.04 +0.75DFH A
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Fig.4 Correlations between HD and DFH in Chinese males (a)
and females (b). Significant positive correlations were noted
between HD and DFH in both genders (r=0.734, P<0.001, and

PCH (r=0.497, P<0.001 and VD=3.19+0.13 X PCH) in
females.

Relationships between DFH and pelvic morphometric
parameters, DFH, and body height were also observed.
Regression equations of the parameters are summarized in
Table 2.

In addition, the overall mean value of the ratio between
DFH and PH was 0.229 (0.197-0.262, 95% C1 0.227-0.231).
The mean ratios between DFH and PH were 0.235
(0.211-0.262) and 0.223 (0.197-0.243) in the males and
the females, respectively.
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FO=64.71-0.21 xNSA for the males; r=-0.350, P<0.001, and
FO=71.39-0.28 x NSA for the females)

Females
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HD=-3.04+4+0.75xDFH for the males; r=0.658, P<0.001, and
HD=-4.31+0.79 x DFH for the females)

Discussion

Most previous studies related to hip morphology have
concentrated on plain radiographs. In planning total hip
replacement, the conventional radiography measurements
are still the most convenient method. However, poor repro-
ducibility can result from the positioning of the patients
and the imaging conditions [16], such as film-focus dis-
tance and X-ray incident angle. Usually, femoral offset
(FO) is measured on plain radiographs. However, due to
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Fig.5 Correlations between HD and PW (a) and between HD and PH (b) in Chinese males. Significant positives correlation were noted between
HD and PW (r=0.455, P<0.001, and HD=12.2+0.08 Xx PW) and between HD and PH (r=0.318, P <0.001, and HD=13.97+0.1 x PH)

Males
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25.00
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Fig.6 Correlation between FO and PCH in Chinese males. A sig-
nificant positive correlation was observed between FO and PCH
(r=0.411, P<0.001, and FO=24.23+0.24 x PCH)

the femoral anteversion and external rotation, the real off-
set corresponds to the projection on the frontal view in a
two-dimensional (2-D) plane [28, 32], leading to meas-
urement error to some extent. The morphology can be
well assessed using CT scans regardless of the position
of the patient using post-processing techniques. CT can
also evaluate different planes in detail with high accuracy
by thin-slice reconstruction. Recently, Sariali et al. [32]
reported that the femoral offset might be underestimated
by up to 13.7 mm when measured on plain radiographs
rather than with a 3D-CT scan, leading to functional
impairment. In a previous study [20], Ma et al. measured

Females
27.00H
22.00H
o
° L]
E 17.00
E
a
>
12.00
7.00-
L]
r=0.497, P<0.001
2.00 VD=3.19 +0.13xPCH
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40.00 50.00 60.00 70.00 80.00 90.00 100.00
PCH(mm)

Fig.7 Correlation between VD and PCH in Chinese females. A sig-
nificant positive correlation was observed between VD and PCH
(r=0.497, P<0.001, and VD=3.19+0.13x PCH)

a series of 35 morphometric parameters on CT images of
the acetabulum in a Chinese population, but the lack of the
transparent model to show the teardrop led to a failure to
measure HRC and FO.

Uncorrected restoration of FO has been associated with
increased joint reactive force and, therefore, increased poly-
ethylene wear [9, 31]. Little et al. [19] found that an increase
in FO beyond 5 mm of the contralateral hip might result in
increased polyethylene wear. Asayama et al. [3] reported
that optimally reconstructed hip function could be achieved
through normal or slightly increased FO with restoration of
the HRC at near-normal or slightly inferomedial to normal
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Table 2 Relationships between DFH and pelvic morphometric parameters

Males Females

r P Regression equations r P Regression equations
DFH-PH r=0.628 P<0.001 DFH=10.89+0.18 x PH r=0.541 P<0.001 DFH=16.05+0.14 x PH
DFH-PW r=0.564 P<0.001 DFH=23.164+0.09 x PW r=0.416 P=0.003 DFH=30.08+40.05xPW
DFH-ITD r=0.466 P<0.001 DFH=25.52+40.22xITD r=0.396 P=0.004 DFH=28.21+40.14XITD
DFH-PCW r=0.533 P<0.001 DFH=28.06+0.17 xPCW r=0.334 P=0.018 DFH=35.11+0.07xPCW
DFH-Height r=0.605 P<0.001 DFH=-10.08+0.035xH r=0.618 P<0.001 DFH=-3.724+0.03xH

position. Clement et al. [6] demonstrated that medialization
of the acetabular prostheses with increased FO resulted in
improved functional outcome. Cassidy et al. [5] reported
that decreased FO led to decreased function at 1-year follow-
up. A recent study [10] suggested that hip offset (FO +HD)
should be well reconstructed in patients with primary
HOA or mild developmental dysplasia of the hip (DDH),
as it demonstrated an additive effect on clinical outcome.
However, their study failed to evaluate the relationships
between HRC and clinical outcomes. Meanwhile, a study
[12] focused on displaced femoral neck fracture suggested
that restoring the original FO had clinical relevance to the
functional outcome, even in bipolar hemiarthroplasty.

In the present study, significant negative correlations were
observed between FO and NSA in both genders (r=—0.262,
P=0.009 and FO=64.71 -0.21 Xx NSA for the males,
r=-0.350, P<0.001 and FO=71.39 —0.28 x NSA for the
females). In the males, a significant positive correlation was
also observed between FO and PCH (r=0.437, P <0.001
and FO=23.51+4+0.25PCH). To our knowledge, this is the
first study to describe a regression equation for FO. A sig-
nificant negative correlation was found between FO and
NSA, which should be considered when designing femoral
stem prostheses.

Various data and regression formulae for determin-
ing HRC have been reported based on radiographic
analyses. For HD, Taichiro et al. [33] reported the equa-
tions of HD=12.657 4+ 0.083 Xx PW for the males and
HD=5.521+0.091 Xx PW for the females. Pierchon et al.
[30] found relationships of HD =0.3 X PH in the males and
HD =0.25 xPCH in the females, and HD=0.2 XITD in
the males and HD =0.18 XITD in the females. In the pre-
sent study, we found formulae of HD=12.2 +0.08 X PW,
HD=13.97+0.1 xPH and HD = —-3.04 4+ 0.75DFH (for
the males) and HD=—-4.31+0.79DFH (for the females).
Taichiro et al. and the present study found similar posi-
tive correlations between HD and PW in the males.
For VD, Taichiro et al. [33] reported an equation of
VD =9.692 +0.098 X PCH in Japanese females. In contrast,
we found VD =3.19+0.13PCH in the females.

For hip morphology in relation to FO and HRC, most
previous reports mentioned above suggested that FO should
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be reconstructed in normal or slightly increased OA patients.
The mean FO values were 38.4 +4.7 and 35.6 +4.4 mm for
the males and the females, respectively. The FO values in
our study were close to the data reported by Taichiro et al.
[33] (36.0+5.8 and 33.4 +4.9 mm for Japanese males and
females). However, the mean FO values in Western popula-
tions were significantly different from those of the Chinese:
they were reported as 43.0+ 6.8 mm [27], 42.6 mm (ranging
from 26.9 to 53.9 mm) [17], 44.7 mm [23], and 42.2 +5.1
mm [32]. Acetabular cup position has a significant impact on
THA, which affects the dislocation rate, gait, range of motion
(ROM), limb length, abductor muscle strength, wear, loos-
ening, and cup failure [2, 15, 26]. Individualized depth and
height of the cup placement are based on achieving optimum
cup fixation. Choosing a medialized position in a person
with large native offset should be done carefully, for medi-
alization, can result in medial movement of HRC up to 14
mm [21]. In the present study, the males had the parameters
of HD=34.4+3.1 and VD =12.9+2.9 mm, and the females
had parameters of HD=30.5+2.6 and VD=12.2+2.9 mm.
Zhang et al. [37] reported that Western bone size was signifi-
cantly larger than Chinese without adjusting for any covari-
ates; however, after adjusting for height, age, and weight, hip
bone size was larger in the Chinese compared to Western-
ers. A recent study [11] compared three different cementless
stem designs in patients with primary HOA, demonstrating
that multiple shape and offset options allowed for a better
metaphyseal stem fit and offered minor clinical advantages
for leg length reconstruction. Therefore, racial discrepan-
cies of hip morphology should be carefully considered when
choosing the best-fitted prostheses in THA.

Severe primary hip osteoarthritis or secondary hip osteo-
arthritis might cause the collapse of the femoral head, result-
ing in failure to measure the real diameter of the femoral
head (DFH). With regard to the strong relationships between
DFH and pelvic parameters and between DFH and height
(Table 2), the regression equation might provide us a refer-
ence to measure the DFH. Crowe et al. [8] measured 50 nor-
mal hips in a Western population but failed to report specific
measurement data. Zhang et al. [36] reported that the overall
mean ratio between DFH and PH was 0.215 based on X-ray
measurements in a Chinese population. In present study, the
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overall mean ratio between DFH and PH was 0.229. Our
results also suggest that Chinese surgeons could effectively
use the Crowe classification to classify patients with hip
dysplasia.

The tip of the greater trochanter was, on average, 7.0 mm
higher than that of the femoral head center, but the common
misconception is that these two points are on the same per-
pendicular line to the femur axis in the normal population.
Sariali et al. [32] reported that the trochanteric height (TH)
value was 9.5 mm based on 3D-CT scans. Krishnan et al
[14] reported that the TH value was 8 mm. Thus, we should
be cautious when using the TH as a height reference, to
avoid limb lengthening in THA.

There were certain limitations to the current study. First,
our sample size may not be sufficient to represent the general
Chinese population. Second, there are only normal Chinese
population data about the hip and pelvis. Therefore, a cross-
sectional study of asymptomatic individuals of multiple
races with the use of 3D-CT scans will be necessary. The
main goal of this study was to provide morphological data
and the correlations between them at the time of hip arthro-
plasty to contribute to better ethnic-specific THA prostheses
and preoperative plans. Since the body type of Japanese and
Koreans is similar to those of Chinese, the results of this
study may be a reference for patients from those countries,
as well.
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