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Abstract
Purpose To evaluate the accuracy and reliability of a novel automated 3D CT-based method for measuring femoral 
neck anteversion (FNA) compared to three traditional manual methods.

Methods A total of 126 femurs from 63 full-length CT scans (35 men and 28 women; average age: 52.0 ± 14.7 
years) were analyzed. The automated method used a deep learning network for femur segmentation, landmark 
identification, and anteversion calculation, with results generated based on two axes: Auto_GT (using the greater 
trochanter-to-intercondylar notch center axis) and Auto_P (using the piriformis fossa-to-intercondylar notch center 
axis). These results were validated through manual landmark annotation. The same dataset was assessed using three 
conventional manual methods: Murphy, Reikeras, and Lee methods. Intra- and inter-observer reliability were assessed 
using intraclass correlation coefficients (ICCs), and pairwise comparisons analyzed correlations and differences 
between methods.

Results The automated methods produced consistent FNA measurements (Auto_GT: 17.59 ± 9.16° vs. Auto_P: 
17.37 ± 9.17° on the right; 15.08 ± 9.88° vs. 14.84 ± 9.90° on the left). Intra-observer ICCs ranged from 0.864 to 0.961, and 
inter-observer ICCs between Auto_GT and the manual methods were high, except for the Lee method. No significant 
differences were observed between the two automated methods or between the automated and manual verification 
methods. Moreover, strong correlations (R > 0.9, p < 0.001) were found between Auto_GT and the manual methods.

Conclusion The novel automated 3D CT-based method demonstrates strong reproducibility and reliability for 
measuring femoral neck anteversion, with performance comparable to traditional manual techniques. These results 
indicate its potential utility for preoperative planning, postoperative evaluation, and computer-assisted orthopedic 
procedures.

Clinical trial number Not applicable.
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Introduction
Femoral neck anteversion (FNA), the angle between 
the femoral neck and shaft, reflects the natural torsion 
of the femur and plays a pivotal role in orthopedic care 
[1]. Accurate assessment of FNA is critical not only for 
diagnosing developmental and metabolic abnormalities 
of the lower extremities but also for planning surgical 
interventions. From reducing and fixing femoral frac-
tures to addressing malalignment disorders, precise FNA 
measurements guide effective treatment strategies [2–4]. 
In femoral shaft fractures, rotational malunion ranks as 
the second most common complication, with Boscher et 
al. highlighting that functional hip outcomes are signifi-
cantly impaired when femoral malrotation exceeds 14° 
compared to the contralateral side [5–8].

Over time, various imaging techniques—including 
fluoroscopy, ultrasound, computed tomography (CT), 
and magnetic resonance imaging (MRI)—have been 
employed to assess FNA [9]. Among these, CT-based 
methods are the most widely adopted in clinical prac-
tice due to their detailed visualization of bone structures. 
However, differences in anatomical landmark selection 
across methods lead to variability in measurement results 
[10–12]. Additionally, despite good overall consistency, 
intra- and inter-observer measurement errors remain a 
notable challenge [13].

The advent of robot-assisted orthopedic surgery has 
transformed the field by enabling unparalleled precision 
in intraoperative control and sophisticated preoperative 
planning [14–16]. Leveraging advanced computing and 
deep learning capabilities, robotic systems provide tools 
to address complex orthopedic challenges with greater 
accuracy and efficiency.

In response to these advancements, we developed a 
novel automated 3D CT-based method for measuring 
FNA, designed to deliver precise and consistent results 
using standard CT imaging data. To validate its perfor-
mance, we compared this method with three established 
manual measurement techniques, analyzing correlations 
and differences among the approaches. Additionally, 
manual landmark annotations were performed to ensure 
the accuracy and reliability of the automated method.

Method
Data collection
CT scans of the lower extremities from 63 participants 
were obtained at Beijing Jishuitan Hospital, China. The 
sample included 35 males and 28 females, with an aver-
age age of 52.0 ± 14.7 years (range: 20–75 years), resulting 
in a total of 126 femur datasets. Participants with a his-
tory of trauma or orthopedic surgery were excluded. Eth-
ics approval was obtained from the Institutional Review 
Board of our hospital (Approval No. 2022 − 143). All CT 
scans were performed using a 64-layer spiral CT scanner 

(Philips IQon-Spectral CT) under a standardized proto-
col. The scanning range extended from the T1 vertebra to 
the toes, with the following parameters: 120 kV, 150 mAs, 
350 × 350  mm field of view, 512 × 512 matrix resolution, 
and 0.8 mm reconstructed slice thickness. The scans were 
acquired with participants in the supine position.

Fully automated femoral neck anteversion measurement 
method

Automated femur segmentation
A deep neural network with a five-level 3D U-Net archi-
tecture was trained to segment femurs from CT images 
using the nnU-Net framework, which incorporated stan-
dard preprocessing and augmentation techniques [17]. 
The training process employed a combination of Dice 
coefficient and cross-entropy as the loss function. The 
dataset consisted of 70 independent CT scans, each con-
taining two femurs, including some with degenerative 
changes. Ground-truth segmentations were created using 
Materialise Mimics software, ensuring segmentation of 
only the outer bone surface.The model was trained for 
1,000 epochs using the ADAM optimizer (learning rate: 
0.001) and validated through five-fold cross-validation, 
achieving an average Dice Similarity Coefficient (DSC) of 
0.989.

Post-processing steps involved connected component 
analysis to remove isolated regions, retaining only the 
femur. Surface models were generated using the march-
ing cubes algorithm for downstream point cloud process-
ing. The average runtime for segmentation and surface 
model generation was 7.9 s, depending on the hardware. 
All experiments were performed on a system equipped 
with an Intel i9-12900KS CPU, an NVIDIA RTX 3080Ti 
GPU, and 32 GB of memory, with the algorithms imple-
mented in Python and the deep segmentation network 
built using the PyTorch framework.

Automated femoral landmark identification
Statistical Shape Models (SSMs) are deformable shape 
templates for point cloud data that can capture the major 
variations in shape information across datasets. Once 
established, these models can be adjusted to fit specific 
instances and propagate landmark annotations.

As illustrated in Fig.  1, we introduce an automated 
method for identifying femoral landmarks to accurately 
measure femoral data. The approach consists of three 
main steps: [1] constructing SSMs for the proximal and 
distal parts of the femur through non-rigid registration 
to establish point-to-point correspondences [2], annotat-
ing key anatomical landmarks and regions on the mean 
shape of the SSM, and [3] fitting the SSM to patient-
specific geometries to propagate the landmarks and 
regions, which include the femoral head center (FHC) 
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and femoral neck center (FNC) derived from the corre-
sponding regions.

Statistical shape model construction
SSMs for the proximal and distal parts of the femur were 
developed separately using a dataset of N femoral geom-
etries {M1, M2, ., MN , }, each represented as a surface 
point cloud. Initially, all surface points were normalized 
to a common coordinate system through rigid alignment, 
ensuring uniform orientation across the dataset. A non-
rigid registration algorithm was then applied to deform 
each surface point Mi to align with a reference template 
[18]. The template was chosen arbitrarily, as the method 
was template-independent. The registration process opti-
mizes a cost function that balances geometric alignment 
and local deformation smoothness, resulting in dense 
point-to-point correspondences across all surface points.

Once the correspondences were established, the 
aligned shapes {X1, X2, ..., XN , } were represented as 
vectors of surface point coordinates, with each vector 
Xi containing the 3D coordinates of all surface points. 
Principal component analysis (PCA) was applied to 
model the shape variability, resulting in the following 
representation:

 X = X + Pb

where X  is the mean shape, P  is a matrix of eigenvectors 
(the shape modes), and b is a vector of shape coefficients 
that describe individual shape variations. Adjusting the 
shape parameters b modifies the model’s shape.

The SSMs were trained using the same dataset 
described in Sect. 1.1. Four anatomical landmarks, femo-
ral head region, and femoral neck region, are marked on 
the mean template X , so that they could be propagated 
to all shape variations.

Patient-specific landmark identification
An iterative optimization process was employed to map 
the SSM onto patient-specific femoral geometries y [19]. 
This process refined both the shape coefficients b and 
alignment transformation T  to minimize the difference 
between the patient geometry and the deformed SSM. 
The optimization can be expressed as:

 
b̂ = argmin

∥∥∥∥T (y) −
−
X −Pb

∥∥∥∥ , | b | < ± 3λ ,

where λ  is the eigenvalues of the PCA components, con-
straining b to ensure that the generated shapes remain 
anatomically feasible.

After fitting the SSM to the patient-specific geometry, 
femoral landmarks were identified by mapping the SSM 

Fig. 1 Pipeline for automated femoral landmark identification using statistical shape models
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annotations to the corresponding points on the patient 
geometry. Since the FHC and FNC are located inside the 
bone, the related regions were first propagated, and the 
landmarks were calculated from those regions within the 
patient geometry. The FHC was then determined by fit-
ting a sphere to the femoral head region, with the sphere’s 
center defining the landmark. Similarly, the FNC was cal-
culated by finding the centroid of the femoral neck region 
in the fitted SSM. The remaining landmarks, including 
the tip of greater trochanter (GT), the posterior aspects 
of the lateral femoral condyle (LFC) and the medial fem-
oral condyle (MFC), and the intercondylar notch center 
(ICNC), were directly mapped from the annotated SSM 
template to the patient geometry. The average run time 
for identifying landmarks on a single case was 28.5 (20.7 
to 39.3) s. Therefore, the total run time for processing a 
single femur CT was 36.4 (29.1 to 46.9) s.

Anteversion calculation using automated methods
After identifying the six femoral landmarks, the antever-
sion was calculated programmatically using Python. The 
femoral neck axis was defined by connecting the FHC 
and FNC, while the posterior condylar axis was estab-
lished by linking the medial and lateral posterior condy-
lar landmarks. To determine the anteversion, both axes 
were projected onto a plane perpendicular to the greater 
trochanter-to-intercondylar notch center (GT-ICNC) 
axis. The angle between the two projected lines was cal-
culated, as illustrated in Fig.  2, and this approach was 
designated as the automated method based on the GT-
ICNC axis (Auto_GT). The angle’s sign was determined 
by evaluating the direction of the cross product of the 
two projected vectors relative to the GT-ICNC axis.

To assess the impact of alternative axis selection, the 
lateral edge of the piriformis fossa was mapped onto 
the annotated SSM template, and a piriformis anatomi-
cal axis was constructed by connecting this landmark to 

the ICNC. A second anteversion angle was then calcu-
lated using this piriformis anatomical axis, referred to as 
the automated method based on the piriformis anatomic 
axis (Auto_P). This approach allowed for evaluating the 
influence of different axis selections on the measurement 
outcomes.

Other measurement methods
To evaluate the reproducibility and reliability of the auto-
mated measurement methods, three clinically established 
manual measurement techniques were selected for com-
parison. The methods of Murphy et al. and Reikeras et al. 
are based on 2D axial CT slice [10, 11], while the method 
of Lee et al. utilizes 3D CT reconstructions [12]. In the 
conventional CT-based methods, FNA is measured from 
2D information and projections along the CT-scan table 
axis. Both Murphy and Reikeras’ methods utilize the pos-
terior condylar axis, but the proximal femoral reference 
line differs between these methods. Murphy et al. define 
the proximal femoral neck axis as the line connecting 
the FHC and the center of the base of the femoral neck 
directly superior to the lesser trochanter [11]. In contrast, 
Reikeras et al. identify the femoral neck axis on an image 
where the anterior and posterior cortices are parallel [10].

The method of Lee et al. calculates the femoral neck 
center as the midpoint of the narrowest portion of the 
neck on each axial image, determined on both axial and 
coronal planes. The femoral head center is identified by 
fitting a circle to the femoral head’s circumference on a 
series of orthogonal sectional views. The anteversion is 
then measured as the angle between the femoral neck 
axis and the posterior condylar axis on an axial plane 
parallel to the posterior condylar axis and perpendicular 
to the posterior femoral plane [12].

Additionally, the reproducibility of the automated 
methods was validated using a manual approach for the 
automated_GT method (Manual_GT). In this process, 

Fig. 2 Identified femoral landmarks and the definition of femoral anteversion. (a) Proximal part of femur. (b) Distal part of femur. (c) View along the 
GT-ICNC axis. FHC-femoral head center, FNC-femoral neck center, GT-greater trochanter, LFC-lateral femoral condyle, MFC-medial femoral condyle, ICNC-
intercondylar notch center
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the landmarks used in the automated method were anno-
tated manually by two independent, blinded observers. 
The manual annotation process followed a pre-defined 
sequence: first by participant ID order and then by age 
order, over a period of two weeks. All annotations were 
performed using the 3D Slicer software, and calculations 
were implemented in Python.

Statistical analysis
Data analysis was conducted using SPSS 26.0 and R lan-
guage (version 4.1.1). Normality was assessed using the 
Shapiro-Wilk test. Data with a normal distribution are 
presented as mean ± standard deviation, while non-
normal data are expressed as medians and interquartile 
ranges.

Intra-observer reliability and inter-observer repro-
ducibility were assessed using intraclass correlation 
coefficients (ICC), with results interpreted as follows: 
minimal (< 0.2), poor (0.21–0.4), moderate (0.41–0.6), 
strong (0.61–0.8), and almost perfect (> 0.8). Pairwise 
t-tests were used to compare different methods when 
normality criteria were met, while the Wilcoxon signed-
rank test was applied for non-normally distributed data. 
Linear regression analysis was employed to evaluate dif-
ferences among methods. Pearson correlation coeffi-
cients were graded as: very weak (< 0.2), weak (0.2–0.39), 
moderate (0.4–0.59), strong (0.6–0.79), and very strong 
(≥ 0.8). A two-sided p-value of < 0.05 was considered sta-
tistically significant.

Result
All data were normally distributed, and the mean FNA 
measurements were summarized in Table 1. The results 
of the two automated methods were highly consistent, 
with values of 17.59 ± 9.16° for auto_GT and 17.37 ± 9.17° 
for auto_P on the right side, and 15.08 ± 9.88° for auto_
GT and 14.84 ± 9.90° for auto_P on the left side (Table 1).

 The intra-observer ICC demonstrated almost perfect 
agreement for both observers, with ranges of 0.864–
0.961 and 0.853–0.964, respectively (Fig.  3a). Inter-
observer ICCs for the manual methods were all above 
0.75, as shown in Fig. 3b. When the means of two mea-
surements taken by the observers were compared with 
the automated measurement results, the inter-observer 
ICCs between auto_GT and the manual methods were 
almost perfect, except for the comparison with the Lee 
method (Fig.  3c). A perfect agreement (ICC = 1) was 
observed between the two automated methods (auto_
GT and auto_P) (Fig. 3d). The comparisons between the 
automated and manual methods revealed significant 
differences between specific combinations: Murphy vs. 
Lee, Lee vs. auto_GT, and Lee vs. auto_P, on both the 
left and right sides (p < 0.001, Fig. 4). However, no signifi-
cant differences were found between the two automated 
methods, nor between the automated methods and the 
manual verification method (Fig. 4, Supplementary Table 
1). Correlation analysis showed strong positive correla-
tions (R > 0.9, p < 0.001) between the auto_GT method 
and the other methods (Fig.  5), further supporting the 
reliability and consistency of the automated approach. 

Discussion
Accurate measurement of FNA is essential in orthope-
dic practice, particularly for diagnosing conditions such 
as hip dysplasia, impingement syndromes, and lower-
extremity alignment abnormalities, as well as for plan-
ning procedures like hip arthroplasty and osteotomy. In 
the era of robot-assisted surgery, automating FNA mea-
surement is increasingly important to enhance precision 
and support surgical management [15, 16]. Although 
various techniques have been developed [10–12, 20], dis-
crepancies among methods highlight the need for more 
robust and standardized approaches.

Historically, 2D methods, including biplane X-rays, 
were favored for their low cost; however, they depend 
heavily on precise angles and positioning, which com-
promises reliability and consistency [9]. With the advent 
of CT imaging, FNA measurement became more accu-
rate and reproducible due to improved contrast between 
bone and soft tissue [21]. Over time, 3D CT reconstruc-
tion techniques have further advanced FNA assessment 
by reducing the influence of subject positioning and 
allowing visualization in multiple planes [22]. For exam-
ple, Lee et al. [12] introduced a 3D approach that refines 

Table 1 Four manual methods and two computer-based 
automated methods for bilateral FNA
Method Assessment FNA (°)

Mean ± SD Min-Max
Right side
 Murphy Manual 17.91 ± 9.19 1.62 to 37.7
 Reikeras Manual 14.39 ± 9.4 -1.61 to 35.96
 Lee Manual 11.04 ± 7.78 -1.26 to 30.13
 Manual_GT Manual 15.24 ± 8.77 -2.56 to 35.07
 Auto_GT Automated 17.59 ± 9.16 0.16 to 39.77
 Auto_P Automated 17.37 ± 9.17 0.15 to 39.29
Left side
 Murphy Manual 15.13 ± 10.34 -8.49 to 37.18
 Reikeras Manual 11.09 ± 10.41 -12.31 to 33.81
 Lee Manual 8.25 ± 8.55 -9.04 to 28.43
 Manual_GT Manual 12.4 ± 9.55 -9.04 to 33.21
 Auto_GT Automated 15.08 ± 9.88 -6.86 to 37.02
 Auto_P Automated 14.84 ± 9.9 -7.03 to 36.79
Auto_GT automated method with GT-ICNC axis, Auto_P automated method 
with piriformis anatomic axis -ICNC axis, Manual_GT manual verification for 
automated_GT method
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Fig. 3 Heatmap of intraclass correlation coefficients (ICC) for different methods. (a) Test-retest reliability of two observers using four manual measure-
ment methods for bilateral FNA; (b) Inter-observer reproducibility between two observers using four manual measurement methods for bilateral FNA; 
(c) Inter-observer reproducibility between two observers using manual methods and a computer using Auto_GT for bilateral FNA; (d) Inter-observer 
reproducibility between two computer-based automatic methods for bilateral FNA;. Auto_GT automated method with GT-ICNC axis, Auto_P automated 
method with piriformis anatomic axis -ICNC axis, Manual_GT manual verification for automated_GT method, ICC intraclass correlation coefficients, SQ_1 
first measurement by the first observer, SQ_2 second measurement by the first observer, MY_1 first measurement by the second observer, MY_2 second 
measurement by the second observer
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landmark annotation via a simulated posterior femoral 
plane, while Sangeux et al. [23] proposed an oblique axial 
view for defining the femoral neck axis. Despite these 
advances, both 2D and 3D methods still rely on manual 
selection of anatomical landmarks, which can introduce 
inter- and intra-observer variability.

In comparison, our novel fully automated method 
offers several advantages in this evolving technological 
landscape. By leveraging SSM technique, our approach 
automatically identifies key anatomical landmarks and 
measures FNA without manual intervention [24]. This 
automation minimizes potential measurement errors 
associated with subjective landmark selection and 
enhances reproducibility. Furthermore, the fully auto-
mated process facilitates seamless integration with 
robotic-assisted surgical planning systems, making it a 
promising tool for modern orthopedic practice.

In this study, we compared the automated measure-
ment method with three established manual methods to 
assess its feasibility and accuracy. To further validate the 
automated approach, we conducted manual landmark 
annotations and evaluated the reliability and reproduc-
ibility of the automated methods using two axes: the GT-
ICNC axis and the piriformis fossa-to-ICNC axis. The 
mean manual measurements ranged from approximately 
12° to 15°, aligning closely with values reported in his-
torical literature [10–12]. However, among the manual 

methods, the Murphy method yielded the highest FNA 
values, while the Lee method produced the lowest. These 
findings align with previous studies, such as those by 
Schmaranzer et al. [13], which highlight similar discrep-
ancies across methods. Consistent with Dimitriou et al. 
[25], we observed asymmetry in FNA measurements 
between the left and right femurs within the normal 
range. High intra-observer and inter-observer reliability 
were achieved, though significant differences were noted 
between manual methods and between manual and auto-
mated measurements. The perfect correlation between 
the two axes further confirm the validity of using the GT-
ICNC axis as a reliable reference.

The differences in FNA measurements across studies 
can often be attributed to variations in landmark selec-
tion. Kim et al. [22] identified three primary sources of 
error: the posterior-most condylar axis, the femoral 
neck axis, and the femoral shaft axis. The femoral head, 
although nearly spherical, features a medial depression 
(fovea capitis femoris) that complicates precise landmark 
identification [26]. Femoral neck’s radially asymmetric 
cross-section makes it challenging to accurately define 
the center using biplane projections. The Murphy and 
Reikeras methods, which mark the femoral neck base and 
center on a single axial plane, have greater inter-observer 
and intra-observer variability due to ambiguous land-
mark definitions [10, 11].

Fig. 4 Column-scatter plot of different methods. (a) Right side; (b) Left side;. Auto_GT automated method with GT-ICNC axis, Auto_P automated method 
with piriformis anatomic axis -ICNC axis, Manual_GT manual verification for automated_GT method
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The posterior condyles of the distal femur also pres-
ent challenges in landmark identification. While largely 
spherical, the medial condyle has an inferior facet with a 
larger sagittal radius [27]. Traditional approaches, which 
define the posterior condylar axis using the apexes of the 

medial and lateral condyles, are prone to variability when 
measured on separate axial planes. Recent studies by 
Davis et al. and Castagnini et al. suggest using the tran-
sepicondylar axis as the distal landmark for FNA mea-
surement due to its higher reliability [28, 29]. Consistent 

Fig. 5 Scatter plot and linear regression analysis of manual and automatic assessments. (a) Auto_GT vs. Murphy Method; (b) Auto_GT vs. Reikeras Meth-
od; (c) Auto_GT vs. Lee Method; (d) Auto_GT vs. Manual_GT; (e) Auto_GT vs. Auto_P. Auto_GT automated method with GT-ICNC axis, Auto_P automated 
method with piriformis anatomic axis -ICNC axis, Manual_GT manual verification for automated_GT method
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with most studies, our method adopted the posterior 
condylar axis as the distal landmark. While identify-
ing landmarks using angles in a 2D plane is simpler, our 
results demonstrate that 3D landmark identification is 
feasible and more closely mimics cadaveric specimen 
manipulation [22].

In conventional methods, CT scans are assumed to 
align with the femoral shaft axis, a condition rarely 
achieved in clinical practice. The anatomical axis of the 
distal femur differs from the proximal axis in both coro-
nal and sagittal planes [30]. This discrepancy underscores 
the lack of consensus on defining a single axis connecting 
the proximal and distal femur. Some researchers define 
the axis based on the intercondylar fossa or the femoral 
shaft center on axial slices near the lesser trochanter [23, 
31], while others, such as Lee et al., use the mechani-
cal axis [12]. Our findings indicate that a 1° deviation in 
the femoral axis results in an FNA measurement error 
of 0.5° to 2° within the common range (10°–20°). These 
results align with Wu’s findings [32], which demon-
strated a strong correlation (r > 0.9) between the pirifor-
mis anatomical axis and clinical anatomical axis for lower 
extremity alignment.

Notably, the lateral edge of the piriformis fossa, a key 
entry point for antegrade intramedullary nailing of the 
femur, serves as an alternative landmark. While manual 
methods often rely on the tip of the greater trochanter—
a landmark easily preserved after intramedullary nailing 
or hip arthroplasty—our results confirm that automated 
measurements using either landmark result in an error of 
less than 0.25°.

This study has several limitations. First, our CT data 
were sourced from a clinical practice database, and the 
accuracy of the method in extreme FNA values or patho-
logical cases has not been evaluated; its performance in 
femurs with severe deformities or prior surgeries remains 
to be determined. Second, while the SSM facilitates auto-
mated landmark detection, it is based on population-spe-
cific anatomical data, which may limit its generalizability 
to diverse demographics. Lastly, the study exclusively 
included adult subjects, thereby excluding pediatric cases 
and elderly individuals with significant degenerative 
changes, potentially affecting the broader applicability of 
our findings. Further validation in more diverse popula-
tions is warranted.

Conclusion
This study introduces a novel, automated 3D CT-based 
method for FNA measurement, demonstrating high 
reproducibility and reliability. By minimizing errors from 
manual measurements and non-parallel scanning, this 
method provides accurate and consistent results. Its ease 
of implementation on common computing platforms 
makes it a promising tool for preoperative planning, 

postoperative evaluation, and future applications in 
robotic-assisted orthopedic surgeries, offering significant 
potential to enhance clinical precision and outcomes.
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