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6.1	 �Introduction

The proximal femur anatomy is highly variable 
between hip osteoarthritic patients [1–4]. This 
variability may render reliable restoration of the 
native hip anatomy and biomechanics difficult 
when performing total hip arthroplasty (THA) 
with conventional off-the-shelf stemmed femoral 
components. Poor restoration of biomechanical 
hip parameters such as femoral offset (FO), leg 
length (LL), and the femoral anteversion (FA) 
may compromise clinical outcome due to the 
resultant limp [5], edge loading [6], prosthetic 
impingement, and dislocation [5]. For instance, 
as little as a 15% decrease in FO reduces the 
abductor moment arm and hampers gait [7], sug-
gesting that accurately restoring the FO is impor-
tant, especially for younger patients with high 
functional demands.

To assist surgeons in reproducing proximal 
femur anatomy in THA, conventional stems are 
typically available in two neck-shaft angles and 
two femoral offsets. Nevertheless, restoration of 
patient-specific femoral anteversion remains 
technically challenging—particularly for unce-
mented stems. Femoral stems with modular 
necks have therefore been developed to assist in 
the restoration of hip biomechanics (FO, LL, and 
FA) and to reduce the risk of prosthetic impinge-
ment. However, this results in excessive corro-
sion at the modular junction and leads to 
unacceptable rates of prosthetic neck fracture and 
adverse local tissue reaction to metal debris [8]; 
this has stymied their widespread adoption. The 
use of proximally loaded (metaphyseal fixation) 
custom stems has been proposed to precisely 
restore patient-specific proximal femur biome-
chanical parameters [9]. Their long-term clinical 
outcomes are excellent, with a survival rate of 
97% at 20-year follow-up, including in very 
active below 50-year-old patients [10].

However, custom stems require three-
dimensional (3D) imaging and planning, a longer 
lead time before surgery to allow for manufac-
ture, and are typically more expensive than con-
ventional stems. Therefore, it remained unclear 
what proportion of THA patients requires a cus-
tom stem to achieve an accurate 3D restoration of 
proximal femur anatomy. To address this ques-
tion, we conducted a prospective observational 
study between January 2009 and November 
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2014, including all patients who underwent a 
3D-planned primary THA using either an ana-
tomic proximally hydroxyapatite (HA)-coated 
cementless modular-neck stem (off the shelf 
SPS® stem, Symbios, Switzerland) or a custom 
stem (Symbios, Switzerland).

6.2	 �Methods

Cohort description. Between 2009 and 2014, 
578 consecutive patients underwent 3D-planning 
guided THA through a minimal invasive direct 
anterior approach. They were composed of 284 
women and 294 men, aged 61  years (±SD 13) 
with a mean BMI of 26.5 ± 5. To restore hip bio-
mechanics using 3D reconstruction, our prespec-
ified guidelines determined that a custom stem 
was required in 72 (12%) patients composed of 
40 women and 32 men aged 48 years (SD 15.4) 
with a mean BMI of 26.7  ±  5  kg/m2, amongst 
whom 12 patients had previous hip surgery. In 
the custom group, the most frequent etiologies 
were DDH in 33 (46%) patients, primary osteoar-
thritis in 27 (38%) patients, AVN in 6 (8%) cases, 
and Legg–Perthes–Calve disease in 6 (8%) cases. 
In the SPS® group, the most frequent etiologies 
were primary osteoarthritis in 456 (80%) patients, 
DDH in 18 (3.5%) patients, AVN in 65 (13%) 
cases, and Legg–Perthes–Calve disease in 6 cases 
(1%). Patients in the custom group were signifi-
cantly younger (p < 0.001) and more frequently 
suffered DDH (p  <  0.001). All patients had an 
HA-coated acetabular component (APRIL®, 
Symbios, Switzerland) with a Biolox delta 
ceramic head and liner (CeramTec, Germany). A 
28 mm head was used for cup diameters under 
44 mm, a 32 mm head for cup diameters under 
50 mm, and a 36 mm for larger cups. All the sur-
gical procedures were performed by one surgeon 
(E. Sariali) who used a minimally invasive direct 
anterior approach (DAA), with patients position-
ing supine on a traction table [11]. Prior to sur-
gery, patients had a low-dose CT scan [12] and 
3D planning using the HIP-PLAN® software [13] 
to determine the prosthetic components size and 
position and to anticipate any surgical difficul-
ties. The study was conducted according to the 

French bioethics law (Article L. 1121-1 of law no 
2004-806, August 9, 2004), and an approbation 
was accorded by the patient protection commit-
tee responsible for this hospital.

Surgical planning. Cup implantation was 
simulated. The 3D-cup template was positioned 
relative to the medial acetabular wall, which was 
not breached. The cup was completely covered 
by the acetabular bone in order to avoid any 
impingement with surrounding soft tissues, espe-
cially the psoas tendon. The goal was to restore 
the native acetabular anteversion and to achieve a 
cup inclination of 40° (Fig. 6.1). In patients with 
developmental dysplasia of the hip (DDH), a 
standard 20° acetabular anteversion was planned. 
The stem size was chosen to maximize both the 
fit and fill in the metaphysis. To determine the 
cranio-caudal stem positioning, a colored image 
mode reflecting the density of the bone (based on 
Hounsfield units) in contact with the stem was 
used. To achieve good primary mechanical stabil-
ity, the surgeon assumed that the stem should be 
in contact with highly dense (i.e., cortical) bone 
at least on the stem’s lateral flare and the calcar 
(Fig. 6.2). The goal was also to restore the global 
hip offset corresponding to the sum of the acetab-
ular offset and the femoral offset. Indeed, if a 
medial translation of the cup was required in 
order to achieve a good bony coverage of the cup, 
the femoral offset was increased by the same 
amount in order to restore the native global off-
set. Once the cup and the stem implantation were 
simulated, four points were determined during 
the preoperative planning in order to simulate the 
alteration of the hip anatomy induced by the 
arthroplasty (Fig. 6.3): (1) the centers of the ace-
tabulum (Ac) and the cup (Cc)—the vector 
between these two points Ac and Cc was labeled 
acetabular displacement (AD); (2) the centers of 
the femoral head (FHc) and the femoral ball 
(FBc)—the vector between these two points FHc 
and FBc was labeled femoral head displacement 
(FHD). The global femoral displacement (FD) 
was measured as the sum of these two vectors AD 
and FHD. The goal was to achieve FD = 0, which 
means that the relative positions of the two native 
centers Ac and FHc were not altered by THA. A 
rotational analysis of the entire lower limb was 
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also performed, which included measuring the 
acetabular anteversion, the femoral neck antever-
sion, and the foot orientation angle—defined as 
the angle between the bi-malleolar axis and the 
posterior knee bicondylar plane line (Fig.  6.4). 
Based on previously reported results regarding 
the dislocation risk of DAA-THA [14], the goal 

was to restore the native femoral anteversion 
unless the femoral displacement (FD) in the 
anteroposterior direction was above 8 mm. This 
situation is typically observed when a posterior 
shift in the hip’s center of rotation (COR) is com-
bined with an increase in the femoral anteversion. 
In this case, a custom stem with a retroverted 

Fig. 6.1  Simulated 3D cup position (Coronal view (a), sag-
ittal view (b), axial view (c) and 3D view (d)). To achieve 
primary stability, we assumed that the cup had to be in con-
tact with highly dense bone on at least three points: the two 

walls and the roof. The 3D position of the cup was deter-
mined by measuring the distance from the edge of the cup to 
the edge of the bony acetabulum, especially relatively to the 
two walls (black arrows) and the lateral part of the roof
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neck was used to make the femoral ball center 
coincide with the cup center (Fig. 6.5). When a 
decreased foot angle was observed, the femoral 
anteversion was slightly decreased in order to 
achieve a 15° foot orientation. For the femoral 
ball, four lengths could be used to alter neck 
length: −4 mm, 0, +4 mm, and + 8 mm. A custom 
femoral stem was used if the 3D reconstruction 

was not achievable with our standard stem (SPS®, 
Symbios SA). In this purpose, we used a toler-
ance of 15% for the offset and length and a toler-
ance of 6 mm for the anteroposterior position of 
the hip rotation center. The stem was designed to 
maximize the fit and fill in the metaphyseal zone 
(20 mm on each side of the middle of the lesser 
trochanter). The minimum stem length was cal-
culated to withstand the fatigue tests.

Surgical technique. Minimally invasive DAA 
was used for all the patients. The cup was leveled 
with the tear drop and placed relative to the 
medial acetabular wall. The surgeon visually 
reproduced the preoperative planned position of 
the cup relatively to the acetabular rim by check-
ing the distances from the edge of the cup to the 
acetabular roof and to the anterior and the poste-
rior walls, using a 3D view of the simulated cup 
as a guide. The surgeon checked the final stem 
position with two parameters measured during 
the 3D planning. Firstly, he measured the dis-
tance from the top of the lesser trochanter to the 
top of the stem. Secondly, in order to control the 
stem anteversion, the surgeon performed a visual 
check of the position of the stem relative to the 
femur cross section corresponding to the neck 
osteotomy; this view was planned preoperatively. 
For the custom stems, only one custom rasp was 
used for the femur preparation. The postoperative 
protocol included full immediate weight-bearing 
for all patients.

Quality control of the implantation. In order 
to assess the accuracy of anatomically recon-
structing the hip when using custom stem, we 
compared the native and prosthetic anatomical 
parameters in 30 consecutive patients who under-
went a custom THA. For this, a pre- and postop-
erative CT scans were matched with the 
HIP-PLAN® software by independently aligning 
pelvic and then femoral bony landmarks 
(Fig. 6.6). We measured limb length discrepancy 
and changes to femoral offset and femoral 
anteversion.

Anticipation of surgical difficulties. The 
surgeon tried to forecast the following difficul-
ties: (1) femoral perforation or femoral fracture 
which, in our experience, are more likely to 
occur if three conditions are combined: (a) a 

Fig. 6.2  3D planning of the stem including a coronal and 
sagittal analysis. A view of the osteotomy plane was avail-
able at the time of surgery to assist in controlling stem 
torsion
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high anterior curvature of the femur, (b) a high 
density of cancellous bone at the upper part of 
the femur, and (c) and a narrow femoral isth-
mus. In these cases, before starting the rasping 
procedure, the femoral canal was reamed using 
a power tool and flexible reamers. (2) Any dif-
ficulties in simultaneously restoring femoral 
offset and length, especially in patients who 
have a femoral canal size incongruent with fem-
oral offset (i.e., large femoral canal and low off-
set and vice versa). (3) Inappropriate final 

femoral anteversion (±10° compared to the 
native femoral anteversion) as a result of abnor-
mal femoral torsion. For these cases, a suitably 
retroverted or anteverted neck was proposed to 
reduce the risk of prosthetic impingement and 
therefore increase stability.

Clinical assessment. Patients were assessed 
at the last follow-up with two self-completed 
questionnaires: the Harris Hip Score (0 worst and 
100 best) and the Oxford Hip Score (0 worst and 
60 best).

Fig. 6.3  The centers of the native acetabular (Ac) and 
femoral head (FHc) were determined. The distance 
between these two points was labeled initial displacement 
(ID) which corresponds to the articular surfaces wear. The 
centers of the final cup (Cc) and femoral prosthetic ball 
(FBc) were determined. The vector AcCc was labeled 

acetabular displacement (AD). The vector FHcFBc was 
labeled femoral head displacement (FHD). The global 
femoral displacement FD was measured as the sum of AD 
and FHD. We aimed for FD = 0. A XL head (long neck) is 
simulated

Bicondylar plane

Foot Axis

Proximal femoral
metaphyseal axis

Axial view of
the cup

Stem neck axis

Fig. 6.4  Lower limb 
torsion was analyzed 
including the acetabular 
anteversion, the femoral 
anteversion, and the foot 
orientation
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Statistical analysis method. Pearson correla-
tion coefficient was used to study the relationship 
between two variables (preoperative and postop-
erative anteversion values). Surgical precision 
was defined by assessing the difference in 
matched anatomical parameters between the 
planned and the postoperative values 
(mean ± SD). Data were assessed for normality 
using the Ryan–Joiner and Shapiro–Wilk tests. 
For normally distributed variables, when two 
groups had the same variances, differences 
between them were analyzed using Student’s 
t-test. For abnormally distributed variables or 
normally distributed variables with different vari-
ances, the Mann and Whitney test was used. A 

p-value of less than 0.05 was considered signifi-
cant. Statistical analysis was performed with 
JMP software (version-11; SAS Institute).

6.3	 �Results

Implantation accuracy. There was excellent 
agreement between the planned and the per-
formed femoral stem anteversions with an 
implantation accuracy of 1° (±4°). The difference 
between the planned (20° ± 8°) and the postop-
eratively measured femoral anteversion 
(21°  ±  8°) was not statistically significant 
(p = 0.3), and their correlation was very strong 

Fig. 6.5  This case shows a dysplastic hip with a mis-
match between the femoral ball center and the cup center 
due to excessive antetorsion of the proximal metaphyseal 
part of the femur. The acetabular reaming procedure gen-
erates a posterior translation of the center of rotation and 

consequently an anterior hip instability. A custom stem 
with a retroverted neck (b) was used to make the femoral 
ball center coincide with the cup center at contrary to a 
standard straight-neck stem (a)

E. Sariali et al.
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(r = 0.9, p < 0.001) (Fig. 6.7a). There was excel-
lent agreement between the planned and 
performed lower limb length (LL) with an 
implantation accuracy of −0.6 ± 2.5 mm. There 
was no significant difference between the planned 
(5 ± 4.6 mm) and the executed (4.4 ± 5.5 mm) LL 
(p = 0.3), and the correlation between them was 
found very strong (r = 0.9, p < 0.001) (Fig. 6.7b). 
Last, there was excellent agreement between the 

planned and performed femoral offset with an 
implantation accuracy of −1.2 ± 2.4 mm. There 
was no significant difference between the planned 
FO value (43.3 ± 6.8 mm) and the postoperative 
one (42.1 ± 7.0 mm) (p = 0.3), and furthermore, a 
very strong correlation between these two values 
was found (r = 0.95, p < 0.001) (Fig. 6.7c).

Anticipation of surgical difficulties. The 
main anatomic reasons that led to use a custom 
stem were: (1) torsional abnormalities of the 
proximal femur that prevented restoring a 
planned femoral anteversion (Fig. 6.8) and poten-
tially made the patient prone to dislocation or 
foot malorientation, (2) severe coxa vara or coxa 
valga making the simultaneous restoration of 
femoral offset and length challenging when using 
conventional stems (Fig. 6.9), and (3) severe out-
lier morphotypes such as dwarf and giant patients 
where off-the-shelf stems are inappropriate and 
either too big or too small, respectively.

Clinical outcomes. At 5 years ±2 mean fol-
low-up, no stem was revised for an aseptic rea-
son, no dislocation occurred, no patient 
complained of limb length discrepancies, and 
excellent clinical results were achieved. The 
mean HHS improved from 30 to 93 (±16) and the 
Oxford score improved from 23 to 56 (±9).

6.4	 �Discussion

The main results from our study were that (1) 
12% of patients required a custom stem to recon-
struct their native femoral anatomy, the main rea-
sons being torsional abnormalities and severe 
coxa vara or coxa valga; (2) the manual implanta-
tion (technology free) of custom stem was pre-
cise; and (3) performing anatomic restoration of 
hip biomechanics using 3D planning, intraopera-
tive checks, and custom implants resulted in 
excellent functional outcome for patients with 
atypical proximal femoral anatomy.

The main limitation of this study is that our 
results are implant and patient specific. Our 

Fig. 6.6  Matching of preoperative and postoperative CT 
scans was performed with the HIP-PLAN® software in a 
group of 30 patients in order to compare the planned and 
performed positioning of components

6  Reproducing Proximal Femur Anatomy with Custom Stems
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results regarding the proportion of patients need-
ing a custom stem, and the reasons for this, only 
apply to the SPS stem design. Different results 
would probably be found with other stem designs.

The accuracy for anatomically reconstructing 
the hip with custom stem technology was judged 
to be excellent. This accuracy compares well 
with previously reported results for 3D planning-
based off-the-shelf THA [4, 11]. However, 
patients in the custom group had complex hip 
anatomy, primarily regarding their proximal fem-
oral morphology, and restoration of normal bio-
mechanics would not be achievable with 
conventional implant designs such as the SPS® 
stem (anatomic design).

Few studies have assessed the accuracy of 
postoperative hip anatomical restoration using 
a CT scan, as it requires careful 3D analysis of 
preoperative anatomy and accurate matching. 
Contrary to literature on optimal acetabular cup 
positioning, there is no “safe zone” recom-
mended for femoral anteversion. In this study, 
we propose a new method for defining the tar-
get femoral anteversion. Surgeons should com-
pensate for changes in the acetabular center 

induced by reaming. Typically, acetabular prep-
aration induces a posterior, medial, and cranial 
shift of the hip center of rotation. In response, 
we advise that femoral offset and anteversion/
retroversion are adapted accordingly during 3D 
planning. In the case of a high-grade dysplastic 
hip (dislocated), a 15–20° anteversion was 
aimed for.

Kirshnan et  al. [15] reported that the intra-
canalar (femur flares and volume) and the extra-
canalar proximal femur anatomy (femoral offset, 
neck length, and femoral anteversion) are not 
correlated, suggesting that the same proximal 
femur volume may correspond to a highly vari-
able femoral offset. Interestingly, Sariali et  al. 
[13] showed that for a given stem size, the 
required range for stem FO was 22 mm in order 
to restore accurately the patient native FO. Hence, 
for outlier patients, custom stems are the favored 
solution. They allow the surgeon to accurately 
address the extramedullary anatomy independent 
of the intracanalar anatomy, while avoiding the 
complications related to the use of modular necks 
such as modular neck fractures and adverse local 
tissue reaction to metal debris.

Bicondylar plane Proximal Metaphyseal axis

Stem Neck Axis

θ

α

A B

Fig. 6.8  The post operative radiographies are presented: 
(a) Antero-posterior view (b) lateral view. Illustration of 
a 3D plan for a patient with a severe torsional disorder 
with a proximal femoral metaphyseal version of 63°—
increased by 40° compared to native femoral antever-

sion. A 40° retroversion of the neck relatively to the shaft 
was required to stabilize the hip. The use of standard 
straight-neck SPS Stem would have led to a 40° excess 
in stem anteversion. A 40° retroversion of the neck rela-
tively to the shaft was required to stabilize the hip

6  Reproducing Proximal Femur Anatomy with Custom Stems
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6.5	 �Conclusion

Custom stem technology is a reliable solution 
to treat degenerated hip patients having an 
atypical hip anatomy. Approximately, 12% of 
patients require a custom stem to achieve an 
accurate reconstruction of their proximal femur 
anatomy. Performing 3D planning for all osteo-
arthritic hip patients and checking intraopera-
tive anatomical parameters are key steps to 
anticipate the surgical difficulties, select the 
appropriate implants, and restore normal hip 
biomechanics.
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