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Abstract

Purpose Using a cementless femoral stem in total hip arthroplasty (THA), optimal filling of the proximal femoral metaphyseal
volume (PFMV) and restoration of the extramedullary proximal femoral (PF) parameters (i.e., femoral offset (FO), neck length
(FNL), and head height (FHH)) constitute key goals for optimal hip biomechanics, functional outcome, and THA survivorship.
However, almost 30% of mismatch between the PF anatomy and implant geometry of the most widely implanted non-modular
cementless femoral stem has been demonstrated in a computed tomography scan (CT scan) study. Therefore, this anatomic study
aimed to evaluate the relationship between the intra- and extramedullary PF parameters using tridimensional CT scan
reconstructions.

Methods One hundred fifty-one CT scans of adult healthy hips were obtained from 151 male Caucasian patients (mean age = 66
+ 11 years) undergoing lower limb CT scan arteriography. Tridimensional PF reconstructions and parameter measurements were
performed using a corrected PF coronal plane—defined by the femoral neck and diaphyseal canal longitudinal axes—to avoid
influence of PF helitorsion and femoral neck version on extramedullary PF parameters.

Results Independently of the femoral neck-shaft angle, the PEMV was significantly and positively correlated with the FO, FNL,
and FHH (r=0.407 to 0.420; p <0.0001).

Conclusion This study emphasized that the tridimensional PF geometry measurement in the corrected coronal plane of the
femoral neck can be useful to determine and optimize the design of a non-modular cementless femoral stem. Particularly,
continuous homothetic size progression of the intra- and extramedullary PF parameters should be achieved to assure stem fixation
and restore anatomic hip biomechanics.
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Introduction

Using a non-modular cementless femoral stem in total hip
arthroplasty (THA), optimal filling of the proximal femoral
metaphyseal volume (PFMV) improves implant primary sta-
bility, mechanical stress transmission to the bone, bone in-
growth ability, and then durable secondary biologic fixation
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[1-6]. In addition, restoration of the extramedullary proximal
femoral (PF) parameters such as femoral offset (FO), neck
length (FNL), and head height (FHH) constitutes key goals
to achieve for optimal hip biomechanics and avoiding leg
length discrepancy [7—14]. Particularly, FO restoration has
been demonstrated to improve hip abductor mechanism func-
tion while preventing gait alterations, instability, and wear
after THA [7-14]. Therefore, restoring the extramedullary
PF anatomy is critical for THA outcome along with an accu-
rate PF endosteal stem filling. This poses a challenge as the PF
anatomy represents a complex tridimensional (3D) geometry.
However, most of the commercially available non-modular
cementless femoral stem designs are limited in their potential
to adjust simultaneously the extra- and intramedullary PF pa-
rameters intra-operatively [12, 15]. For example, in a comput-
ed tomography (CT) scan study, Boese CK et al. [15] demon-
strated almost 30% of mismatch between the extramedullary
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PF anatomy of adult hips and implant geometry of the most
widely implanted non-modular cementless femoral stem. In
this way, using CT scan assessment of the hip anatomy, some
authors argued that the current commercially available non-
modular cementless stems may not be able to restore anatomy
of the hip joint and therefore advocated the use of custom-
made or modular neck femoral stems [16, 17].

The wide majority of the non-modular cementless stems
have been designed using two-dimensional (2D) anatomic
evaluation of this complex 3D PF geometry performed on
conventional antero-posterior (AP) and lateral radiographs of
the hip [18]. Significant errors in the measurement of the FO
or femoral neck-shaft angle have been described with 2D AP
radiographic projection of the PF when compared to their
measurements using CT scan coronal reconstruction of the
PF in the femoral neck plane [3—7, 15-17, 19]. In addition,
previous anatomic studies tended to demonstrate that the intra-
and extramedullary PF parameters were independent,
supporting the use of non-homothetic femoral stem regarding
the size progression of the intra- and extramedullary PF ge-
ometry [3, 6, 18]. However, these studies, rather than measur-
ing the PFMV, were based on the assessment of the canal flare
index (CFI) which represents the intramedullary morphology
of the 2D AP projection of the PF in the coronal plane [1-6].

Therefore, the current anatomic study aimed to evaluate the
relationship between the intra- and extramedullary PF param-
eters using 3D CT scan reconstructions of adult healthy hips in
a corrected coronal plane. We hypothesized that a continuous
homothetic size progression of the intra- and extramedullary
PF parameters should be achieved when designing a non-
modular cementless femoral stem in order to assure the resto-
ration of the extramedullary PF geometry along with an opti-
mal filling of the endomedullary volume.

Material and methods

A retrospective series of 151 CT scans of left adult healthy
hips including the whole pelvis and femur was obtained from
151 male Caucasian patients (mean age =66 + 11 years) un-
dergoing lower limb CT scan arteriography. These 151 CT
scans were selected into the database of the Department of
Radiology at our institution by a senior radiologist specialized
in musculoskeletal imaging. The exclusion criteria were pa-
tients with prior fracture or surgery of the acetabulum or fe-
mur, hip osteoarthritis, rheumatism, dysplasia or deformity, or
bone diseases. Image acquisitions were performed using a
Philips Ingenuity® 128-slice CT scan (Philips Healthcare,
Eindhoven, The Netherlands) operating with the following
parameters: X-ray source =120 kV; 164 mA, collimation =
64 x 0.625 mm, field of view =400 mm, resolution=512 x
512 pixels, slice thickness = 1.50 mm, and slice increment =
0.75 mm. All the CT scans were selected and extracted
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anonymously in a DICOM format. Inclusion and exclusion
criteria were checked by a senior orthopaedic surgeon not
involved in the current study. Owing to French regulation,
IRB approval and patient informed consent were not required
to conduct this study.

The 3D PF reconstructions were performed from the fem-
oral head to the mid-diaphysis isthmus using InVesalius 3
Beta 4® software (CTI Renato Archer, Sao Paulo, Brazil).
The trabecular bone was subtracted from the 3D PF recon-
structions using grayscale thresholds set at 662 to 1988
Hounsfield units (HU) for cortical bone and 148 to 661 HU
for trabecular bone [20]. Then, these reconstructions were
exported to PTC Creo Elements/Pro 5.0® software (PTC
Inc., Needham, MA, USA) for image analyses and parameter
measurements. The center of the femoral head (C) was defined
as the centre of a perfect sphere filling and fitting the femoral
head volume. The femoral neck longitudinal axis was defined
as the longitudinal axis of a perfect cylinder filling and fitting
the femoral neck volume starting from C. A corrected PF
coronal plane was defined as the plane subtended by the fem-
oral neck longitudinal axis and the centre of the femoral di-
aphyseal canal at 120 mm from C. This corrected PF coronal
plane was used in order to avoid influence of PF helitorsion
and femoral neck version on the extramedullary PF parameter
measurements [3—5]. Then, using this corrected PF coronal
plane, the femoral diaphyseal canal longitudinal axis (D)
was defined by three points representing the centre of the
diaphyseal canal at 50, 90, and 120 mm from C. The caput—
column—diaphyseal angle (CC'D angle or femoral neck-shaft
angle) was defined as the angle subtended by the longitudinal
axes of the femoral neck (CC’) and the femoral diaphyseal
canal (C'D) with C' representing the intersection point be-
tween these two axes (Fig. 1). The CC'D angle evaluated the
hip morphology (i.e., coxa vara < 120°, coxa norma =[120°—
135°] and coxa valga > 135°) [21]. The extramedullary PF
parameters corresponded to a right triangle with the femoral
neck length (FNL) corresponding to the hypotenuse (i.e., [CC
'), the femoral offset (FO) the opposite, and the femoral head
height (FHH) the adjacent (Fig. 1). The FO, FNL, and FHH
were measured in millimeters. The intramedullary PF param-
eter corresponded to the proximal femoral metaphyseal vol-
ume (PFMV) defined by the volume of the proximal
metaphysis between 50 and 90 mm from C. The PFMV was
measured in cubic centimeter and represented the metaphyseal
press-fit fixation volume for a cementless femoral stem
[22-24].

The 3D PF reconstructions and parameter measurements
were performed by a single senior surgeon not involved in
the CT scan selection process. The intra-observer reproduc-
ibility in measurements of the intra- and extramedullary PF
parameters was evaluated on 50 randomly selected 3D PF
reconstructions at a time interval of 1 month using single-
measure intra-class correlation coefficients (ICCs) using
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Fig. 1 Schematic representation of the intra- and extramedullary
proximal femoral parameters. PFMV proximal femoral metaphyseal
volume, CC'D caput-column-diaphyseal or femoral neck-shaft angle,
FNL femoral neck length, FO femoral offset, FHH femoral head height,
C femoral head centre, D femoral diaphyseal canal longitudinal axis, C’
intersection point between the femoral neck and the femoral diaphyseal
canal longitudinal axes

two-way random effects model for absolute agreement. ICCs
were excellent ranging from 0.94 to 0.97.

Statistical analyses

Kolmogorov-Smirnov tests were used to assess whether the
variables were normally distributed. All the variables were
normally distributed, except the PFMV which was normalized
using logarithmic transformation. Descriptive data were pre-
sented as mean =+ standard deviation (SD). Pearson’s coeffi-
cients of correlation and partial linear regression analyses
were used for the analysis of the relationship between two
continuous variables. Statistical analyses were performed
using IBM SPSS Statistics 22.0 (IBM Corp. Armonk, NY,
USA) with a level of significance set at p < 0.05.

Results

Descriptive statistics are reported in Table 1. The PFMV was
significantly and positively correlated with the FO, FNL,
FNH, and CC'D angle (r=0.223 to 0.638; p<0.0001 to
0.001) (Table 2). In addition, the extramedullary PF parame-
ters were significantly and positively correlated altogether
(Ir}=0.224 to 0.828; p <0.0001 to 0.001) (Table 2).

After adjustment for CC'D angle, the correlations between
the PFMV and the extramedullary PF parameters remained

Table1  Descriptive statistics of the intra- and extramedullary proximal
femoral parameters. CC'D angle caput—column—diaphyseal or femoral
neck-shaft angle

Mean + SD
Femoral offset (mm) 45+5
Femoral neck length (mm) 56+6
Femoral head height (mm) 32+5
CC'D angle (°) 126 £5
Proximal femoral metaphyseal volume (cm’) 10+£3

significant (= 0.407 to 0.420; p < 0.0001) as well as the cor-
relation between the three extramedullary PF parameters (» =
0.986 to 0.997; p <0.0001) (Table 3) (Fig. 2a—c). In addition,
FO increased 0.7 mm, FNL increased 0.8 mm, and FHH in-
creased 0.4 mm for each cubic centimeter of increase in
PFMYV, with the PFMV ranging from 2 to 20 cm’
(p<0.0001) (Fig. 2a—c).

Discussion

The most important finding of the current anatomic study was
that the intra- and extramedullary PF parameters were signif-
icantly and positively correlated when measured using 3D CT
scan reconstruction of the PF in a corrected coronal plane. In
addition, our results demonstrated a linear progression be-
tween the PFMV and the extramedullary PF geometry inde-
pendently of the hip morphology, i.e., coxa norma, valga, or
vara. When using a non-modular cementless femoral stem
during THA, the optimal component should allow both opti-
mal endosteal stem filling and individual restoration of ana-
tomic hip biomechanics [3—6, 8—14]. This poses a challenge to
the surgeon as the PF anatomy represents a complex 3D ge-
ometry. Most of the commercially available non-modular
cementless femoral stem designs are limited in their potential

Table 2 Pearson’s coefficients of correlation () among the intra- and
extramedullary proximal femoral parameters. CC'D angle caput—
column—diaphyseal or femoral neck-shaft angle

Femoral Femoral Femoral CC'D
offset neck head angle
length height
Femoral neck length »=0.828
»<0.0001
Femoral head height »=0.232 r=0.734
p=0.001 p<0.0001
CC'D angle r=—0.354 r=0224 r=0.821
p<0.0001 p=0.001 p<0.0001
Proximal femoral r=0223 r=0528 r=0.638 r=0481
metaphyseal p=0.001 p<0.0001 p<0.0001 p<0.0001
volume
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Table 3  Pearson’s coefficients of correlation () among the intra- and
extramedullary proximal femoral parameters after adjustment for CC'D
angle. CC'D angle caput—column—diaphyseal or femoral neck-shaft angle

Adjustment for CC'D angle Femoral = Femoral neck Femoral head

offset length height
Femoral neck length r=0.997
p<0.0001
Femoral head height r=0.986 r=0.993
p<0.0001 p<0.0001
Proximal femoral r=0408 r=0.420 r=0.407
metaphyseal volume p<0.0001 p<0.0001 p<0.0001

to adjust simultaneously the extra- and intramedullary PF ge-
ometry intra-operatively [12, 15]. With a survivorship of 94%
at a 30-year follow-up, the Corail® stem system (DePuy
Synthes, Warsaw, IN, USA) represents the most widely im-
planted and reproduced non-modular cementless femoral stem
[25, 26]. However, this stem did not offer a continuous
homothetic size by size progression of the intra- and
extramedullary geometry [15, 18]. Indeed, Boese CK et al.
[15] have demonstrated, in a CT scan anatomic study, almost
30% of mismatch >6 mm between the extramedullary PF
anatomy and the Corail® stem geometry despite its three stem
shaft variants and five femoral head sizes available. Similarly,
Bourne RB et al. [12] reported a FO restoration in only 40 and
68% of the THA when using a conventional non-modular
cementless stem design with 135° and 131° femoral neck-
shaft angles, respectively. Therefore, even with the use of
lateralized femoral stems, FO may not be restored in a signif-
icant proportion of the hips [7, 12, 19]. In these cases, resto-
ration of the extramedullary PF geometry could lead the sur-
geon to adjust intra-operatively the level of the femoral neck
osteotomy or the head size which could in turn compromise
leg length, particularly with limb lengthening causing poten-
tial patient’s dissatisfaction and litigation after THA [7].

The majority of the non-modular cementless femoral stems
available in routine surgical practice were initially designed
using 2D measurements of the 3D PF geometry performed on
conventional AP and lateral radiographs of the hip with the
lower limb placed in internal rotation and the patella located at
the zenith in the coronal plane. However, Rubin PJ et al. [4]
demonstrated the weakness of conventional 2D radiographs
for a reliable morphometric analysis of the 3D PF geometry
even with the use of standardized radiographic and measure-
ment methods. Particularly, PF helitorsion, femoral neck ver-
sion, hip external rotation and flexion contracture, and pa-
tient’s compliance could result in clinically relevant 2D pro-
jection errors of the 3D PF geometry in the coronal plane [3—6,
15—-18]. Moreover, conventional radiographs are subjected to
magnification and distortion artifacts with the radiologic en-
largement proportionally distorting all the linear parameters
[5, 16, 18]. Indeed, previous studies reported that measuring
the extramedullary geometry using 2D AP projection of the
PF resulted in an average 8% underestimation of the FO and
an average 3° overestimation of the femoral neck-shaft angle
when compared to their measurements performed with CT
scan PF reconstruction in the corrected coronal plane of the
femoral neck [13, 16, 21]. However, obtaining adequate FO
restoration after THA is critical and influences THA function-
al outcome, stability, and survivorship [8—14]. Gait analysis
and finite element analysis studies reported that a 15 to 20%
decrease in FO was associated with a weakness of the abduc-
tor mechanism by reducing its lever arm, resulting in gait
alterations with Trendelenburg limping and reduced
impingement-free THA range of motion [11-14]. In addition,
such a decrease in FO leads to increased joint reaction forces
applied onto the bearing surfaces and the cup resulting in
negative effects on THA wear and survivorship [11-14]. In
this way, using CT scan assessment of the hip anatomy, some
authors argued that the current commercially available non-
modular cementless stems may not be able to restore anatomy
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of the hip joint and therefore advocated the use of custom-
made or modular neck femoral stems [16, 17]. However,
custom-made femoral stems represent a time-consuming and
high manufacturing cost alternative to established standard
implants and their use is mostly restricted to individual partic-
ular cases [27, 28]. In addition, modular neck femoral stems
have raised serious concerns regarding their mid- to long-term
survivorship due to major adverse effects related to modular
neck fretting corrosion and fracture, metallic wear debris gen-
eration, and acute local tissue reaction [16, 17, 29-31].

In the current study, the dimensions of the
extramedullary PF parameters were similar to those report-
ed in literature [3—6, 20]. However, to our knowledge, no
previous anatomic study evaluated the intramedullary PF
geometry with the measure of a 3D parameter, i.e., the
PFMYV. Using CFI measurements, the previous 2D anatom-
ic studies tended to demonstrate that the intra- and
extramedullary PF parameters were independent,
supporting the use of non-homothetic femoral stem regard-
ing the size progression of the intra- and extramedullary PF
geometry [3, 6, 18]. The CFI, initially described by Noble
PC et al. [3], categorizes the 2D AP projection of the PF
according to its morphometric measurement in the coronal
plane distinguishing champagne-fluted, normal, and stove-
pipe canal shapes. This classification is still widely used
for the design of non-modular cementless femoral stems
[5]. However, similarly to the evaluation of the
extramedullary parameter geometry, the CFI is not reliable
for an accurate 3D evaluation of the intramedullary PF
geometry and defines the PF morphology in the coronal
plane only [2-6]. A close geometric filling of the
intramedullary PF volume by the femoral stem is essential
for a durable cementless fixation [1-6, 19, 20]. The
strength and rigidity of the PF trabecular bone have been
reported to increase significantly at 2 to 5 mm of the cor-
tical wall [1-3]. Consequently, a direct intramedullary sup-
port of the femoral stem could be allowed only when the
stem design closely approximates the PF endosteal volume
which requires a 3D PF evaluation [20]. Therefore, dem-
onstrating correlations between the intra- and
extramedullary PF geometry, this 3D anatomic study sup-
ported the use of homothetic femoral stem in THA in order
to restore the extramedullary PF geometry and hip biome-
chanics while ensuring an optimal endomedullary filling
and cementless fixation.

The current study presented with four main limitations.
First, the influence of cup placement was not evaluated to
determine the optimal femoral stem FO and neck length.
Particularly, cup medialization with a compensatory in-
crease of FO has been recommended to improve THA
range of motion and abductor mechanism function [32].
Second, this study evaluated the 3D PF geometry in a sin-
gle cohort of male Caucasian patients. Similarly, owing to

the single observer design, the inter-observer reliability
assessment of the measurements was not performed.
Third, the mean age of the analyzed cohort was slightly
lower when compared with patients undergoing THA.
Previous studies reported an age-dependent change in the
PF anatomic parameters with a decrease in the femoral
neck-shaft angle resulting in a subsequent increase in FO
and an expansion of the intramedullary volume with a shift
toward stove-pipe PF morphology [3, 33]. Fourth, the in-
fluence of femoral stem version and leg length was not
taken into account in the current study as well. However,
alteration in FO has been demonstrated as the worst sce-
nario for the abductor mechanism lever arm in a finite
element analysis study [14]. Nevertheless, the aim of the
current study was not primarily to conceive one more pros-
thesis but to serve as an anatomic reference to a surgeon’s
selection of a non-modular cementless femoral stem with
more criticism in its clinical practice. We believe that our
results may contribute to the optimization of the design of
future femoral stems.

Conclusion

This study emphasized that the measurement of the 3D PF
geometry using CT scan reconstructions in the corrected coro-
nal plane of the femoral neck can be useful to determine and
optimize the design of a non-modular cementless femoral stem.
Particularly, a continuous homothetic size progression of the
femoral stem endomedullary volume and extramedullary ge-
ometry should be achieved to ensure a durable cementless fix-
ation and to restore anatomic hip biomechanics.
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