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Application of MINICS software in measuring parameters
of femoral neck fractures and its clinical significance
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Abstract

Objective: This study aimed to investigate the application of MIMICS software in measuring femoral neck fracture (FNF)
parameters and its clinical significance. Method: Computed tomography data from 72 patients with FNFs were used to recon-
struct three-dimensional (3D) models using MIMICS. The FNFs were divided into valgus and bowing groups based on the
coronal femoral head-neck angle. A simulated sphere identified the center of the femoral head, and a 3D coordinate system
was established. Statistical analyses were performed. Results: The valgus group showed more lateral x-axis and upward z-axis
displacement (both p < 0.01). The medial x-axis and downward z-axis displacement distances were larger in the bowing group
(both p < 0.01). Strong positive correlations were found between the horizontal head tilt angle and head spacing, spatial head-
neck angle and y-axis displacement distance (all r, > 0.89, p < 0.01). Conclusions: MIMICS-based FNF parameter measure-
ment accurately describes spatial characteristics post-fracture, providing guidance for FNF treatment and evaluation.
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Resumen

Objetivo: Investigar la aplicacion del software MIMICS para medir los pardmetros de las fracturas de cuello femoral (FCF) y
su importancia clinica. Método: Se utilizaron datos de tomografia computarizada de 72 pacientes con FCF para reconstruir
modelos tridimensionales (3D) utilizando MIMICS. Las FCF se dividieron en grupos valgo e incurvada segun el angulo cabe-
za-cuello femoral coronal. Una esfera simulada identifico el centro de la cabeza femoral y se establecid un sistema de coor-
denadas 3D. Se realizaron andlisis estadisticos. Resultados: E/ grupo valgo mostré un mayor desplazamiento lateral en el
eje x y hacia arriba en el eje z (para ambos p < 0.01). Las distancias de desplazamiento medial en el eje x y hacia abajo en
el eje z fueron mayores en el grupo de fracturas incurvadas (para ambos p < 0.01). Se encontraron fuertes correlaciones
positivas entre el angulo de inclinacion horizontal de la cabeza y el espaciamiento de la cabeza, el angulo espacial cabe-
za-cuello y la distancia de desplazamiento en el eje y (para todos > 0.89 y p < 0.01). Conclusiones: La medicidn de los
pardmetros de las FCF basada en MIMICS describe con precision las caracteristicas espaciales posteriores a la fractura,
proporcionando orientacion para el tratamiento y la evaluacion de las FCF.
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|ntroduction

Femoral neck fractures (FNFs) are common limb
fractures, accounting for approximately 3.6% of all
fractures'. They are a major public health problem as
they are associated with serious medical and social
problems?, as well as having high incidence?®, disabil-
ity*> and mortality rates®. At present, FNFs are gener-
ally classified based on pre-operative hip X-ray
images, which accordingly determine their treatment
selection and prognostic prediction’.

Previous studies may have only used traditional
X-rays for imaging evaluation, without utilising more
advanced imaging techniques, such as computed
tomography (CT) and magnetic resonance imaging,
which may limit a comprehensive understanding of
fracture conditions®. In addition, existing studies may
have only described the imaging findings and not con-
ducted an in-depth analysis of the correlations
between these imaging features and clinical out-
comes, resulting in a lack of specific guidance for
clinicians from imaging results when formulating treat-
ment plans. Moreover, some studies have only
described imaging features without conducting quan-
titative analysis, such as angle or distance measure-
ment on fracture images, thus restricting the accurate
evaluation of imaging results®'°. On this basis, it is
difficult to obtain standard anteroposterior (AP) and
lateral views of the pelvis and hip in patients with FNF
who often have flexion and external rotation deformi-
ties in their affected limbs. MIMICS is a highly inte-
grated and easy-to-use three-dimensional (3D) image
generation, editing, and processing software package,
which can be used to generate 3D reconstructed
images of a patient’s anatomy to guide the assess-
ment of the condition and the selection of treatment
options. In the field of orthopedics, clinicians use
MIMICS software to read CT data directly and visual-
ize the reconstruction of skeletal structures in 3D
based on greyscale values. In this way, models with
3D structures for different cases can be obtained,
which is a helpful guide for understanding some cases
of typical and complex fractures or bone tumors.

The present study analyses in depth the correla-
tions between imaging features and clinical outcomes
and conducts a quantitative analysis using more
advanced imaging techniques to understand and eval-
uate the imaging manifestations of FNFs comprehen-
sively and accurately; this can further guide treatment

selection, intraoperative reduction, and prognostic
prediction of femoral head-preserved treatment.

Method
General data

This study retrospectively collected 72 patients who
underwent treatment for FNFs (Garden types I-1V) in
our hospital between January 2014 and July 2023.
The causes of traumas were traffic accidents (n = 4)
and accidental falls (n = 68). All the patients were
diagnosed as fresh FNFs. The inclusion criteria were
as follows: (1) patients aged > 18 years; (2) patients
diagnosed with FNFs by imaging; (3) patients with
good communication skills, cooperative willingness,
and an ability to understand research procedures and
requirements, and who voluntarily signed an informed
consent form and participated in the study. The exclu-
sion criteria were as follows: (1) hip dysplasia or rheu-
matoid arthritis; (2) varus and valgus deformity of the
hip; (3) avascular necrosis of the femoral head (ANFH);
(4) old FNFs or pathological fractures; (5) long-term
alcohol consumption or hormone use; (6) unequal
length of the lower limbs and uneven thickness of the
femur caused by various reasons; (7) basal FNFs.

Research methods

The CT data (Siemens Healthineers, Erlangen) of the
patients were imported into MIMICS for multi-parameter
measurement. To facilitate mirror registration, the
patients were positioned with healthy lower limbs in the
neutral position, the patella facing forward, and the toes
straight in midline despite no strict restrictions on the
position of the affected limbs. At the same level of the
anterior superior iliac spine (ASIS), the pelvis was not
tilted. The line connecting the ASIS was parallel to the
line connecting the ischial tuberosity.

FNF grouping

Preoperatively, 3D images of the bilateral proximal
femur were reconstructed through MIMICS based on
CT data (Fig. 1). Using a simulated sphere, the center
of the femoral head (CFH) on the healthy side was
located, and the size and center of the simulated
sphere were calibrated in coronal, horizontal and sag-
ittal planes (Fig. 2). The proximal femur on the
affected side was mirrored (Fig. 3). The healthy and



Figure 1. Dimensional reconstructed radiography of the bilateral
proximal femur.

mirrored affected femoral trochanter and proximal
shaft were preliminarily registered using the registra-
tion module in MIMICS, followed by calibration of the
mask overlap in the coronal, horizontal and sagittal
planes by manual rotation and translation to improve
accuracy (Fig. 4). The simulated sphere on the healthy
side was replicated proportionally to preliminarily
locate the CFH on the mirrored affected side, and the
simulated sphere was fine-tuned and calibrated
according to the mask movement in the three planes
on the mirrored affected side (Fig. 5). Using the cen-
ter of gravity function, the 3D coordinates of the
cross-sectional centroid of the base of the femoral
neck were located and marked (Fig. 6). Finally, the
centroid was connected to the CFH on the healthy
and mirrored affected sides in the coronal plane,
respectively, to generate a femoral head-neck angle
in the coronal plane. Upward opening angles were
regarded as valgus angles (the line connecting the
CFH on the mirrored affected side and the centroid
of the base of the femoral neck was above that con-
necting the CFH on the healthy side and the centroid)
and classified into the valgus group; on the contrary,
downward opening angles were classified into the
bowing group (Figs. 7 and 8).

Measurement of the CFH displacement

Based on the simulated sphere, the coordinate
systems of the CFHs on the healthy and mirrored
affected sides were recorded. The spatial displace-
ment of the CFH after FNFs was described by align-
ing the 3D coordinates of the CFH on the mirrored
affected side to the 3D coordinates on the healthy
side (Fig. 9).
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Measurement of horizontal head tilt angle
at the CFH displacement

With the centroid of the base of the femoral neck
as the vertex, the CFH on the mirrored affected and
healthy sides in the same horizontal plane was con-
nected, and the horizontal head tilt angle after FNFs
was measured (Fig. 10).

Measurement of head-neck distance, head
spacing and spatial head-neck angle

The distance between the centroid of the base of
the femoral neck and the CFH was measured as the
head-neck distance, and the distance between the
CFHs on the healthy and mirrored affected sides as
the head spacing. In addition, the spatial head-neck
angle (£A) was calculated using the unknown length
of the three sides according to the cosine theorem
andthe formula ACOS ([AB2 + AC2 - BC?)/2*AB*AC)*180/
PI() in Excel (Fig. 11).

Statistical methods

Data were statistically analyzed using the Statistical
Package for the Social Sciences 24.0. Enumeration
data were expressed as rates and compared by the
Chi-squared test. Measurement data were described
as mean = standard deviation and tested for normality.
The measurement data conforming to a normal distri-
bution were compared with the independent sample
t-test to investigate the therapeutic effect at different
time points and its interaction with treatment. Non-
normally distributed measurement data were analyzed
using the Friedman test. Pearson correlation analysis
was performed to verify the correlations among coef-
ficients. A significance level of p < 0.05 was applied
to all statistical tests and considered statistically
significant.

Results
Measured data

A total of 72 patients were recruited in this study,
including 30 patients in the valgus group and
42 patients in the bowing group; there were 35 (48.61%)
men and 37 (51.39%) women, with an age range of
21-89 years (average age, 63.40 = 12.88 vyears).
Among them, 36 (50%) patients suffered from
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Figure 2. Determination of the healthy femoral head center and calibrated in coronal, horizontal, and sagittal planes.

Figure 3. Purple is the affected side, red is the mirrored affected side.

left-sided FNFs and 36 (50%) experienced right-sided
FNFs. Thirty (41.67%) patients were classified as sta-
ble type (Garden types I/ll) and 42 (58.33%) as unsta-
ble type (Garden types llI/IV).

After FNFs, the CFH presented lateral displace-
ment in 37 (51.39%) patients and medial displace-
mentin 35 (48.61%) patients, with x-axis displacement
(mm) of -11.13-15.42 (0.12 + 5.79) (the medial or
lateral displacement of the CFH after FNFs was
related to the fractured side; therefore, for computa-
tional convenience, a positive number was specified

in the overall samples to indicate medial displace-
ment and a negative number to represent lateral
displacement). Upward displacement occurred in
24 (33.33%) patients and downward displacement in
48 (66.67%), with z-axis displacement (mm) of
-19.75-4.22 (-6.81 + 7.07) (a positive number indi-
cated upward displacement and a negative number
represented downward displacement). Posterior dis-
placement occurred in 71 (98.61%) patients and
anterior displacement in 1 (1.39%) patient, with
y-axis displacement (mm) of -4.97-31.29 (12.26 =
8.01) (a positive number represented posterior dis-
placement and a negative number indicated anterior
displacement).

The horizontal head tilt angle was -14.79°-74.94°
(81.49° + 20.05°) (a positive number indicated poste-
rior tilt and a negative number represented anterior
tilt). Anterior tilt occurred in 2 patients (1 patient in the
valgus group and 1 patient in the bowing group), and
posterior tilt was found in 70 (97.22%) patients. The
head-neck distance (mm) was 25.33-41.99 (31.55 +
3.57) on the healthy side and 19.10-39.54 (28.22 +
4.37) on the affected side. The head spacing (mm)
was 2.18-34.29 (16.60 + 8.32). The spatial head-neck
angle was measured as 2.87°-73.33° (31.16° + 17.09°)
(Table 1).



F. Liu et al. Application of MINICS software

Figure 4. The trochanter of femur was registered by displacement and rotation. A: displacement function, B: rotation function. Red is the mask
of mirrored affected side, blue is mask of healthy side, manual registration on mask can adjust the 3D registration accurately.
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Figure 5. Determination the center of the mirrored affected femoral head.

B Inter-group statistical results
o \f\ The age of onset in the bowing group was
_/i’ ™ 38-89 years (66.07 + 12.71 years), which was higher

2 than the 21-88 years (59.67 + 12.37 years) in the val-

'\J/ gus group, and the difference was statistically signifi-
cant (p < 0.05). However, comparisons of gender and
involved sides showed no statistical differences
between the two groups (p > 0.05). The incidence of
unstable FNFs was higher in the bowing group com-
pared with the valgus group (97.67% vs. 3.33%), with

Figure 6. Determination of the base center of gravity of the femoral g statistically significant difference (p < 0.01).

neck. A: three-dimensional view of the basilar center of gravity of the According to the analysis of CFH displacement, the

femoral neck, B: cross-sectional view of the basilar center of gravity
of femoral neck. valgus group was more prone to lateral displacement
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Figure 7. Group of head-up/head-down. Black is the mirrored image
of the affected femoral head, red if the healthy side, and yellow is the
base center of mass of the femoral neck.

Figure 8. A: head-down group 3D image, B: head-up group 3D image.
Red is the mirrored affected side.

(100%) and upward displacement (80%), whereas the
bowing group was more prone to medial displacement
(83.33%) and downward displacement (100%), pre-
senting statistically significant differences (p < 0.01).
Both groups exhibited posterior displacement, 100%
in the valgus group and 97.62% in the bowing group,
without statistically significant differences (p > 0.05).

Based on the comparisons of three-axis displacement
distances, it was found that the x-axis displacement
distance (mm) was 0.10-11.82 (4.83 + 3.29) in the valgus
group and 0.05-15.42 (4.17 + 3.94) in the bowing group,
with no statistical difference (p > 0.05). The y-axis dis-
placement distance (mm) was 1.94-31.29 (16.52 + 7.47)
in the bowing group, which was larger than the 0.37-
18.84 (6.30 + 3.86) in the valgus group, with a statisti-
cally significant difference (p < 0.01). The z-axis
displacement distance (mm) was larger in the bowing
group compared with the valgus group (4.20-19.75
[-12.06 + 3.91] vs. 0.25-6.08 [1.66 + 1.51]), and the dif-
ference was statistically significant (p < 0.01).

The measurement of the coronal head-neck angle
revealed that the bowing angle (1.91°-43.24° [23.90°
+ 10.84°]) was larger than the valgus angle (1.64°-
22.12° [8.44° + 5.20°)), with a statistically significant
difference (p < 0.01). Considering only the degree but
not the direction, the horizontal head tilt angle was
8.86°-74.94° (43.05° + 15.78°) in the bowing group,
which was larger than the 0.08°-44.45° (17.53° =+
11.29°) in the valgus group, with a statistically signifi-
cant difference (p < 0.01). In 3D space, the head spac-
ing (6.40-34.29 [22.13 + 5.87] mm) and spatial
head-neck angle (9.57°-73.33° [42.39° + 12.72°]) in
the bowing group were larger compared with the val-
gus group (2.18-20.07 [8.86 + 3.80] mm, 2.87°-35.45°
[15.44° + 6.95°]), with statistically significant differ-
ences (p < 0.01) (Table 1).

Correlation analysis

To explore the correlations among multiple variables,
a correlation matrix was constructed, revealing signifi-
cant correlations between horizontal head tilt angle,
head spacing, spatial head-neck angle, coronal head-
neck angle (valgus or bowing angle), y-axis displace-
ment distance and z-axis displacement distance (p <
0.01). Extremely strong positive linear correlations were
detected between horizontal head tilt angle and head
spacing (r, = 0.895, p < 0.01), spatial head-neck angle
(r,=0.907, p < 0.01), and y-axis displacement distance
(r,=0.943, p < 0.01), as shown in table 2.

Discussion
Standardization of FNF classification

The common classifications for FNFs include the
Garden classification, Pauwels classification, Linton
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Figure 9. Spatial displacement of the femoral head. X means internal and external shift, Y means forward and backward shift, and Z means up

and down shift.

Figure 10. Measurement of horizontal head tilt angle. A: posterior tilt
angle, B: anterior tilt angle. Black is the mirrored image of the affected
femoral head. Red is the healthy side, and yellow is the base center of
gravity of the femoral neck.

Figure 11. Measurement of head-neck distance, head spacing, and
spatial head-neck angle. AB and AC are the head spacing, and BC is
the head-neck distance.

classification and AQO classification, all of which are
based on X-ray image reading. However, patients with
FNFs often have deformities, such as flexion, shorten-
ing, and external rotation, and are also limited by the
uncertainty of distance, angle, and center during X-ray
projection. This causes difficulty in capturing standard
AP pelvic and hip radiographs, which are prone to

missed diagnosis and misdiagnosis'. At present, the
Garden classification is commonly used in clinical
practice?, with Type | as an incomplete fracture,
Type Il as a complete fracture without significant dis-
placement, Type Il as a complete fracture with partial
displacement, and Type IV as a complete fracture with
complete displacement. Some scholars believe that
through CT and 3D reconstruction, incomplete frac-
tures do not actually exist'; therefore, they classify
impacted fractures as Garden Type |. Du et al.'"* identi-
fied six cases of incomplete fractures out of patients
with Garden Type | fractures based on X-ray imaging
and then confirmed three cases as incomplete frac-
tures through CT and 3D reconstruction. Conse-
quently, they believe that incomplete fractures do exist,
but the incidence rate is relatively low. Du et al."® have
found after CT scans of 50 individuals with normal hips
and the application of MIMICS mirror registration that
the external morphology of the bilateral proximal femur
is highly symmetrical, and the error generated by MIM-
ICS registration is < 1 mm. In the present study, no
incomplete fractures were detected in 28 patients with
Garden type | FNFs based on MIMICS reconstruction
and registration, a review in the coronal, horizontal,
and sagittal planes, as well as analysis of CFH dis-
placement distance, horizontal tilt angle, and head
spacing. In addition, in distinguishing Garden Type lIl,
IV, and another Pauwels type based on the angle gen-
erated by fracture lines commonly used in clinical
practice, X-ray imaging has a high misdiagnosis rate
in that the fracture lines displayed on X-ray images are
actually irregular projections of the fracture surface in
the coronal plane on CT. Moreover, all types of FNFs
are based on AP X-ray images of the hip, without con-
sidering lateral displacement. Our study demonstrates
that the so-called stable types (I/ll) in the Garden
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Table 1. Comparative analysis of measured results

Factor Total Valgus group Bowing group p x» t
Case 72 30 42
Age 63.40 + 12.88 59.67 + 12.37 66.07 + 12.71 0.037 2.132
Gender 0.217 1.527
Male 35 (48.61) 12 (40.00) 23 (54.76)
Female 37 (51.39) 18 (60.00) 19 (45.24)
Side 0.151 2.075
Left 36 (50.00) 18 (60.00) 18 (42.86)
Right 36 (50.00) 12 (40.00) 24 (57.14)
Garden classification < 0.001 53.024
Stable type
| 28 (38.89) 27 (90.00) 1(2.38)
Il 2(2.78) 2(6.67) 0(0.00
Unstable type
I 26 (36.11) 1(3.33) 25 (59.52)
\% 16 (22.22) 0(00.00) 16 (38.10)
X-axis < 0.001 48.649
Medial displacement (n) 35 (48.61) 0(0.00) 35(83.33) 0.754
Lateral displacement (n) 37 (51.39) 30 (100.00) 7(16.67)
Displacement (mm) 0.12+5.79 -4.83 +3.29 3.12+4.83
Displacement distance (mm) 4.83 +3.29 417 +3.94 0.453
Y-axis 1.000*
Anterior displacement (n) 1(1.39) 0(0.00) 1(2.38) 8.185
Posterior displacement (n) 71(98.61) 30 (100.00) 41 (97.62)
Displacement (mm) 12.26 + 8.01 6.30 + 3.86 16.52 + 7.47 < 0.001
Z-axis < 0.001 50.400
Upward displacement (n) 24 (33.33) 24 (80.00) 0 (00.00)
Downward displacement (n) 48 (66.67) 6 (20.00) 42 (100.00) 15.677
Displacement (mm) -6.81+7.07 0.55+2.19 -12.06 + 3.91 < 0.001
Valgus angle - 8.44° + 5.20° -
Bowing angle - 23.90° + 10.84°
Horizontal head tilt angle 31.49° £ 20.05°  16.69° + 12.54° 42.06° £ 17.61°
Head-neck distance/healthy side (mm) 3155 + 3.57 31.20 + 3.82 31.80 + 3.40
Head-neck distance/affected side (mm) 28.22 + 4.37 28.09 + 4.56 28.31 + 4.28
Head spacing 16.60 + 8.32 8.86 + 3.80 2213 £ 5.87
Spatial head-neck angle 31.16° £ 17.09° 15.44 + 6.95 4239 £ 12.72
Valgus angle/Bowing angle (°) 8.44° + 5.20° 23.90° + 10.84° < 0.001 -7.230
Horizontal head tilt angle(°) 17.53° + 11.29° 43.05° + 15.78° < 0.001 -8.000
Head spacing 8.86 + 3.80 2213 +5.87 < 0.001 -11.629
Spatial head-neck angle 15.44° + 6.95° 42.39° £ 12.72° < 0.001 -11.528

*Fisher’s exact probability test was applied when n > 40 and expected cell count < 1 (a minimum cell expectation of 0.42) in the Chi-square test.

classification may not have significant displacement
and be stable on the AP view, but may have significant
displacement and be unstable on the lateral view. Fur-
thermore, the 3D spatial changes in the head-neck
angle, stretching distance, and shortening distance

confirm that FNFs are complex 3D spatial fractures
and cannot be classified solely using a two-dimen-
sional (2D) model. The application of a 2D classifica-
tion in guiding and evaluating the reduction and
prognosis of 3D fractures is not accurate.



Table 2. Pearson product-moment correlation coefficient
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Correlation factor Horizontal Head

Coronal

Spatial Y-axis displacement Z-axis displacement

head tilt angle spacing head-neck angle head-neck angle distance distance
Horizontal head tilt angle 1
Head spacing 0.895* 1
Coronal head-neck angle 0.428™* 0.688™* 1
Spatial head-neck angle 0.907* 0.975* 0.713** 1
Y-axis displacement distance 0.943* 0.915* 0.408** 0.895** 1
Z-axis displacement distance 0.561* 0.784** 0.818* 0.787* 0.558™* 1

**Significantly correlated at the 0.01 level (two-tailed).

Some scholars™ hold the view that impacted frac-
tures belong to stable fractures and can be treated
conservatively, which is inaccurate. Among the
28 patients with impacted fractures in our study,
13 (46.43%) of the horizontal head tilt angles and
8 (28.57%) of the spatial head-neck angles were > 20°.
One study'” has shown that the failure rate of internal
fixation is 13.6% when the pre-operative posterior tilt
angle of the hip is < 20°, and the failure rate of internal
fixation is as high as 56% with the posterior tilt angle
> 20°. Therefore, defining impacted fractures as Gar-
den Type | is not accurate, and conservative treatment
is not the first choice. It has also been demonstrated
that given the high failure rate in patients with pre-
operative anterior tilt angle > 10°, initial hip replace-
ment is recommended for this subgroup of elderly
patients™. As a result, these patients should be actively
treated by surgery, such as hip replacement, with the
main goal of actively correcting the (anterior) posterior
tilt angle rather than in situ fixation.

Anatomical characteristics of FNFs

Regarding the morphology of FNFs on CT, the valgus
group was dominated by valgus-impacted FNFs, with
laterosuperior impaction, medioinferior impaction or
abduction, separation, and displacement in the coronal
plane; the bowing group mostly comprised varus dis-
traction fractures, presenting laterosuperior distraction
and medioinferior angular deformity in the coronal
plane. In the coronal plane, the bowing angle was sig-
nificantly larger than the valgus angle, indicating that
the angular displacement of the CFH in the coronal
plane after FNFs was significantly larger in the bowing
group than in the valgus group. Yamamoto et al.”® have
shown that a posterior tilt angle > 20° on a CT image

is correlated with complications such as ANFH. In our
study, the number of patients with a head tilt angle >
20° in the horizontal plane measured by CT was greater
than that in the valgus group, suggesting that when
head-preserving surgery is chosen, the bowing group
is more prone to complications, such as internal fixation
failure and ANFH. In addition, retinacular arterial dam-
age and venous drainage of the femoral neck and head
may lead to higher failure rates in patients with a more
pronounced tilt'®2°. The failure of internal fixation that
requires a salvage hip replacement is a severe compli-
cation in elderly patients, as it is less effective com-
pared with the initial hip replacement??2, Moreover,
according to the research on the blood supply and
anatomy of the femoral head, the lateral ascending cer-
vical artery supplies between 2/3 and 3/4 of the blood
supply to the femoral head, including the blood supply
to the weight-bearing area, and the medial ascending
cervical artery supplies between 1/4 and 1/3 of the
blood supply to the femoral head?. Based on the mor-
phological characteristics of both groups, laterosuperior
distraction displacement in the bowing group and lat-
erosuperior impaction displacement in the valgus group,
the bowing group is more likely to cause damage to the
lateral ascending cervical artery. Therefore, blood sup-
ply should be preserved in patients undergoing initial
hip replacement.

FNFs are mainly caused by a head-neck imbalance,
rather than a neck-shaft imbalance (except basal
FNFs). The neck-shaft angle is the intersection angle
between the proximal femoral axis and the femoral
neck axis. In cases of FNFs, particularly subcapital
FNFs, the neck-shaft angle is not actually changed,
but rather the anatomical relationship between the
femoral neck axis and the CFH changes. Under nor-
mal conditions, the femoral neck axis, where the base
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of the femoral neck is located, should be collinear with
the CFH. When FNFs (except basal FNFs) occur, the
CFH is deviated from the femoral neck axis. The CFH
displacement after FNFs in the coronal, horizontal and
sagittal planes can be obtained through collecting
pre-operative CT data from patients, reconstructing
and mirroring the affected proximal femur based on
MIMICS, registering the healthy proximal femur and
utilising the 3D coordinates of CFHs on both healthy
and mirrored affected sides. Our data confirmed that
the fracture displacement was more obvious, the sta-
bility was worse and the injury was more severe in the
bowing group.

Clinical significance of parameter
measurement based on MIMICS

For a more accurate description of 3D spatial CFH
displacement after FNFs, reference points are
required to accurately describe the displacement
distances and angle changes of the CFH in 3D
space. Du et al." used small concavities of the bilat-
eral femoral head as reference points, but the con-
cavity of the affected femoral head needed to be
manually located using a horizontal mask after MIM-
ICS mirror imaging. The accuracy was not high due
to factors such as mask errors and single-plane
limitations. Our study located the centroid of the
base of the bilateral femoral neck after registration
through the center of gravity function of MIMICS.
Although the medullary cavity of the femoral neck
was irregular under actual conditions, the centroid
of the medullary cavity was equivalent to the center
in ideal conditions. Therefore, based on the theory
thatthe external morphology of the bilateralproximal
femurs is highly symmetrical'®, the mirror-aligned bilat-
eralfemoral neck base centroids overlap. The centroid
was connected to the CFH on the healthy and
affected sides, respectively, to generate a head-
neck angle in the coronal plane. Patients with the
connecting line of the affected side above were clas-
sified into the valgus group; otherwise, patients were
classified into the bowing group. The differences
between the two groups were statistically analyzed.
Under the same external force, elderly patients are
prone to more severe fractures. Compared with the
Garden and Pauwels classifications based on X-ray
imaging, pre-operative inter-group parameter mea-
surement through MIMICS based on CT images is
simpler and more accurate. There were statistically

significant differences between the two groups in
many key parameters. A personalized surgical plan
was developed preoperatively based on the distinct
anatomical characteristics of FNFs in the two groups.
For lateral tilt angles in particular, appropriate intra-
operative reduction techniques, such as hip flexion,
internal rotation, and even Kirschner wire prying
according to preoperatively measured parameters,
were needed to correct posterior tilt and rotation
deformities; these aimed to achieve an accurate
reduction in multiple planes and 3D space, rather
than a simple 2D reduction on AP and lateral views.
Postoperatively, CT was reviewed, re-reconstruc-
tion/registration was performed based on MIMICS,
and the spatial reduction effect was accurately
evaluated.

Horizontal tilt angle

Alho et al.?* have discovered a correlation between
the posterior tilt angle of FNFs and internal fixation
failure. Shin et al.2 measured the posterior tilt angle
based on pre-operative and post-operative X-ray
imaging and confirmed the correlation between the
posterior tilt angle and femoral head necrosis. The
above measurements are all based on X-ray imaging,
and the accuracy needs to be further verified. There
is currently no unified standard for the definition and
measurement method of the posterior tilt angle. The
conventional X-ray-based measurement is achieved
by supine horizontal projection', which is limited by
factors such as patients’ pre-operative position,
uncertainty of projection center, and interference from
2D images, resulting in poor measurement accuracy.
Liu et al.?® have found by examining X-ray supine
horizontal measurements that when the pre-operative
posterior tilt angle is > 15°, the incidence of complica-
tions associated with internal fixation for FNFs is
higher. However, Yamamoto et al.’ believe that X-ray
measurement is not accurate, and for some patients
without significant displacement on X-ray imaging, CT
still displays a posterior tilt angle > 20° With the
widespread application of CT technology and the
emergence of MIMICS, the measurement method for
the posterior tilt angle has become more extensive
and accurate. In the study by Du et al.*, the small
concavities of the bilateral femoral head on the
healthy and mirrored affected sides were, respec-
tively, connected to their CFHs, and the angle between
the two spatial straight lines was defined as the pos-
terior tilt angle, which is limited to Garden Types | and



Il only. This method not only theoretically ensures
that the CFHs on the healthy and affected sides are
in the same plane but also ensures the intersection
of the two lines. However, Garden Types Ill and 1V,
with significant displacement of the femoral head,
were not studied in their research. Zhan et al.?”
defined the posterior tilt angle as the angle generated
by connecting the CFHs on the healthy and affected
sides to the centroid of the entire femoral neck,
respectively. The limitation of this study lies in the
fact that, except for subcapital FNFs, the centroids of
the registered intact femoral neck on the healthy side
and the fractured femoral neck on the affected side
may not necessarily coincide. Therefore, the above
studies can only be theoretically applicable to Garden
Types | and Il FNFs. Moreover, the so-called posterior
tilt angle defined in the two studies is a spatial 3D
angle, rather than a conventional planar (coronal,
horizontal, sagittal) angle. MIMICS has no function
for spatial angle measurement. Using the 2D angle
measurement tool of MIMICS to measure an uncon-
ventional and non-planar angle in 3D space will result
in larger measurement errors as the angle increases.
The spatial head-neck angle measured in our study
was a spatial angle calculated using mathematical
formulae based on known trilateral lengths, which
was not in any plane on CT. In this study, the valgus
or bowing angle was a projection angle of the spatial
head-neck angle in the coronal plane on CT, while
the horizontal head tilt angle was the projection of
this angle in the horizontal plane on CT. According to
the single-factor correlation analysis, an extremely
strong positive correlation was detected between the
horizontal head tilt angle and the spatial head-neck
angle. This study used the spatial head-neck angle
and horizontal head tilt angle to represent posterior
tilt angle in previous studies separately but did not
define them as posterior tilt angle because of the
presence of anterior head tilt in our study. Some
scholars' believe that after violent force acts on the
femoral head, the anatomical characteristics of the
hip and proximal femoral neck, as well as axial forces,
can cause posterior head tilt. However, no relevant
literature has been found to explain the anterior tilt of
the head after FNFs. Therefore, our study suggests
that the definition of posterior head tilt is not accurate.
Furthermore, due to the common phenomenon of
posterior head tilt in FNFs, it is indicated that the front
part of the femoral neck is the tension side, so can-
nulated screws should not be tilted backwards.

F. Liu et al. Application of MINICS software

Limitations

Inevitably, there were several limitations in this
study. First, the limited sample size and single-center
nature of this study reduce the persuasiveness of this
investigation. Second, this study did not perform sub-
group analyses, which may ignore differences in
imaging performance in different FNF populations.
Furthermore, all the patients in this study were fresh
FNFs, so the results may not apply to patients with
old or pathologic FNFs.

Conclusions

The spatial parameter measurement through MIM-
ICS software based on CT data of FNFs can more
accurately describe the spatial characteristics after
FNFs, which is conducive to standardizing fracture
classification and providing a theoretical basis for
establishing a more accurate and effective spatial 3D
classification. Moreover, based on the characteristics
of pre-operative 3D parameters, it can help surgeons
choose appropriate treatment methods, develop per-
sonalized surgical plans, improve reduction quality,
and reduce post-operative complications. Large-sam-
ple, multicenter studies should be performed in the
future to validate our findings.
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