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An artificial neural network
model based on standing lateral
radiographs for predicting sitting
pelvic tilt in healthy adults
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Background: Spinopelvic motion, the cornerstone of the sagittal balance of the
human body, is pivotal in patient-specific total hip arthroplasty.

Purpose: This study aims to develop a novel model using back propagation
neural network (BPNN) to predict pelvic changes when one sits down, based
on standing lateral spinopelvic radiographs.

Methods: Young healthy volunteers were included in the study, 18 spinopelvic
parameters were taken, such as pelvic incidence (PI) and so on. First, standing
parameters correlated with sitting pelvic tilt (PT) and sacral slope (SS) were
identified via Pearson correlation. Then, with these parameters as inputs and
sitting PT and SS as outputs, the BPNN prediction network was established.
Finally, the prediction results were evaluated by relative error (RE), prediction
accuracy (PA), and normalized root mean squared error (NRMSE).

Results: The study included 145 volunteers of 23.1 + 2.3 years old (M:F = 51:94).
Pearson analysis revealed sitting PT was correlated with six standing
measurements and sitting SS with five. The best BPNN model achieved
78.48% and 77.54% accuracy in predicting PT and SS, respectively; As for PI,
a constant for pelvic morphology, it was 95.997%.

Discussion: In this study, the BPNN model yielded desirable accuracy in
predicting sitting spinopelvic parameters, which provides new insights and
tools for characterizing spinopelvic changes throughout the motion cycle.

KEYWORDS

spinopelvic motion, sagittal plane, standing and sitting, total hip arthroplasty, Pearson
correlation analysis

Introduction

As shown in Figure 1, the spinopelvic coordination maintains the sagittal balance
of body posture. It enables straightened lumbar spine and posterior pelvic tilt in the
sitting position to accommodate flexion and internal rotation of the femur and
prevent anterior impingement and posterior dislocation in normal physiology. In
the standing posture, in contrast, it allows increased lumbar lordosis and anterior
pelvic tilt to increase acetabular coverage, thus preventing posterior impingement
and anterior dislocation (1).
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FIGURE 1
As the body posture changes from standing to sitting, the spinopelvic coordination maintains the sagittal balance of the body posture. See the
“Parameter measurement” section for the description of spinopelvic parameters (Pl, PT, SS, TK, LL, LT, TLK, TPA, and T1PA).

The traditional safe zone for cup position in total hip for characterizing the dynamics of the spinopelvic system at
arthroplasty (THA), definitive treatment for advanced hip various positions along the motion cycle.
arthritis, has been based on a vertically oriented anterior pelvic
plane (2). Therefore, it does not account for the spinopelvic

balance of each individual or the change of pelvic tilt in various Materials and methods
body postures (3). As a result, some patients may engage in more

aggressive hip motions to maintain sagittal balance when they StUdy type

change position from sitting to standing. This abnormality may

lead to secondary dislocation and impingement, and the resulting This prospective study has been approved by the Ethics
edge loading compromises prosthesis survivorship. This condition Committee of our institution (project number IRB00006761~

becomes more severe with concomitant lumbar spine diseases (4). 2012066). All volunteers provided written informed consent.

Thus, surgeons should consider the sagittal spinopelvic balance
when planning for THA (5). Unfortunately, although it is an
increasingly accepted concept, studies on solutions are scanty (6).

Eligibility criteria

Artlﬁc1a.l neural network (ANN), 1.nvest1gat1ng. cor.relatlon The inclusion criterion was participants should be between
among subjects, has been attempted in prognostication and 18 and 30 years old. The exclusion criteria were as follows: (1)
drug discovery with demonstrated accuracy and robustness

chronic lower back and leg pain, spine deformity, and history of
(7). Composed of musculoskeletal and ligament structures and

disease or surgery of the spine, pelvis, hip joint, and lower limbs;

controlled by neuromuscular interaction, the spinopelvic and (2) spondylolisthesis, scoliosis with a Cobb Angle >10°, and

system engages in coordinated sagittal motion with the kyphosis on spinopelvic frontal and lateral radiographs.
essential correlation of spinopelvic features between standing
and sitting positions. Using the back propagation neural
network (BPNN) and standing lateral spinopelvic radiographs Radlog ra phS

of healthy volunteers, this study aims to predict how the

pelvic tilts when the human body changes position from Radiographs in standard standing and sitting positions of

standing to sitting. The results of this study will pave the way the whole spine and pelvis, including bilateral hip joints, were
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obtained from all research subjects. Participants were asked to
stand as straight as possible in the standard standing position
without leaning forward or backward. In the standard sitting
position, they were asked to remain seated as straight as
possible, without leaning forward or backward, and with both
knees and hips flexed at 90°. For improved quality of the x-
ray film, the elbow joints were flexed fully, and the fists rested
on the ipsilateral clavicle. After continuous exposure, the
image was automatically spliced.

Parameter measurement

Pelvic and spinal parameters, as shown in Figure 1, were
measured in Picture Archiving and Communication Systems
RIS/PACS, GE  Healthcare:
All  parameters
independently by two senior radiologists. They produced two

(Centricity https://www.

gehealthcare.com/). were  measured
readings from every image, then compared the results within
(intraobserver) and between themselves (interobserver), and
took the average value as the final result. The following
parameters were measured in both standing and sitting
position radiographs: (1) pelvic incidence (PI): the angle
between the line perpendicular to the sacral plate at its
midpoint and the line connecting the same point to the
center of the bicoxofemoral axis; (2) pelvic tilt (PT): the angle
between the line connecting the midpoint of the sacral plate
to the center of the bifemoral heads, and the plumb line; (3)
sacral slope (SS): the angle between the sacral plate and the
horizontal; (4) thoracic kyphosis (TK): the angle between the
upper endplate of T4 and the lower endplate of T12; (5)
lumbar lordosis (LL): the angle between the upper endplate of
L1 and the upper endplate of S1; (6) lordosis tilt (LT): the
angle between the line connecting the anterosuperior margin
of L1 to the anterosuperior margin of S1, and the plumb line;
(7) thoracolumbar kyphosis (TLK): the angle between the
upper endplate of T11 and the lower endplate of L2; (8) T1
pelvic angle (TPA): the angle between the line connecting the
midpoint of the upper endplate of T1 and the center of the
bifemoral heads, and the line connecting the midpoint of the
upper endplate of S1 and the center of the bifemoral heads;

10.3389/fsurg.2022.977505

(9) sagittal vertical axis (SVA): the distance from the
posterosuperior edge of the sacrum to the C7 plumb line.

Statistical analysis

Statistical analyses were performed using SPSS software
(version 18.0). Measurement data were expressed as mean *
SD (min-max), and Pearson correlation coefficient (8) was
used for the correlation analysis. Values of p<0.05 were
considered to indicate a statistically significant difference.

Back propagation neural network

Input and output. Inputs were the correlated parameters
identified in Pearson correlation analysis, as shown in
Table 1. The sitting PT (PT in sitting position) was correlated
to PI, PT, SS, LL, LT, and TIPA in standing position (as
shown in the input layer of Figure 2). The sitting SS (SS in
sitting position) was correlated to PI, SS, LL, LT, and SVA in
standing position. Likewise, the sitting PI (PI in sitting
position) was correlated to PI, PT, SS, LL, LT, TLK, and
T1PA in standing position. Outputs were sitting PT, SS, and PI.

Model theory. The BPNN (9) was used to construct the
nonlinear regression between input and output. As shown in
Figure 2, taking predicting sitting PT as an example, the
BPNN used standing PI, PT, SS, LL, LT, and TIPA as the
input layer. To avoid overfitting due to the lack of training
data (10), a single hidden layer with seven units was selected.
The sitting PT was the output layer.

Volunteer grouping. A total of 145 volunteers with
standing-sitting pelvic and spinal parameters were randomly
divided into training, validation, and test sets according to a
priori of 8:1:1. The training set was used to train the model
and determine the model parameters. The validation set was
used to adjust the model's super parameters and to
preliminarily evaluate the model’s ability. The test set was
used to evaluate the generalizability of the final model.

Training of the BPNN. The training sample data were
into the network. The

normalized and then inputted

activation functions of the hidden and output layers were set

TABLE 1 Correlation between sitting Pl, PT, SS, and various sitting parameters (r, p).

Standing  Standing  Standing  Standing
PI PT SS LL

Sitting PT 0.546, 0472, 0272, 0216,

<0.001 <0.001 0.001 0.009
Sitting SS 0371, 0.104, 0.383, 0312,

<0.001 0212 <0.001 0.001
Sitting PI 0.955, 0613, 0.670, 0.539,

<0.001 <0.001 <0.001 <0.001
Frontiers in Surgery
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Standing  Standing  Standing  Standing  Standing
LT TLK TK T1PA SVA
0.220, ~0.100, ~0.103, 0.420, —0.023,
0.008 0.234 0218 <0.001 0.782
0.264, ~0.074, 0.097, 0.160, 0.178,
0.001 0374 0224 0.055 0.032
0.504, ~0.190, ~0.018, 0.609, 0.147,
0.001 0.022 0.834 <0.001 0.078
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PT
Input Layer (Standing) Hidden Layer Output Layer (Sitting)
FIGURE 2
The BPNN framework for predicting the sitting PT with the standing parameters related to the sitting PT as input.

as tansig (hyperbolic tangent S type) and purelin (linear)
functions, respectively. The training function of the network
was trainlm, the performance function of the network was
MSE (11), and the number of neurons in the hidden layer
was initially set to 7. The number of network iterations was
5,000, with an expected error of 0.0000001 and a learning rate
of 0.01. After setting the parameters, the training network was
started, and the experiment platform used was Matlab (12)
(2017a) + Windows 10.

Verifying of the BPNN. Training 10 times in the same way,
the model with the best performance on the validation set was
taken as the functional BPNN. After the functional BPNN was
obtained, we verified the BPNN on the test set. The evaluation
indicators were as follows: Relative Error (RE)=|predicted value
—actual value|/actual value, Prediction Accuracy (PA)=1-RE,
and the Normalized Root Mean Squared Error (NRMSE) (13).

Results

General information. A total of 145 volunteers (51 men, 94
women) of 23.1+2.3(19-29) years old on average were
recruited. Spinopelvic parameters in standing and sitting
positions are described in Table 2.

Correlation analysis. As shown in Table 1, sitting PT (PT in
sitting position) was correlated to PI, PT, SS, LL, LT, and TIPA
in standing position. Likewise, sitting SS (SS in sitting position)
was correlated to PI, SS, LL, LT, and SVA in standing position.
Moreover, sitting PI (PI in sitting position) was correlated to PI,
PT, SS, LL, LT, TLK, and T1PA in standing position.

Model prediction results (verifying of BPNN). For sitting PT,
the PA of the BPNN model was 78.48% (RE = 21.52%, NRMSE
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TABLE 2 Spinopelvic parameters in standing and sitting positions
[mean + SD (min-max)].

Parameter Standing Sitting

PI () 46.6 9.1 (25.6, 69.7) 48.0 £9.1 (25.6, 69.7)
PT (°) 11.8 6.5 (=8.3, 27.6) 28.4+10.0 (1.3, 53.0)
$S () 349+7.1 (135, 52.3) 19.7 £8.7 (0.9, 42.0)
LL () 50.4+10.0 (23.5, 72.9) 253+11.8 (1.0, 54.7)
LT (9 —5.0+5.0 (=170, 7.7) —-1.8+58 (~15.2, 11.9)
TLK (°) 63+54 (0.1, 27.3) 6.6+4.8 (0.1, 20.1)
TK (°) 26.1+10.2 (2.4, 72.0) 20.0 8.9 (0.7, 49.6)
TIPA (°) 5.6+6.0 (~16.3, 18.7) 23.7+9.3 (3, 49)
SVA (mm) —20.1+22.4 (—69.7, 74.2) 269 +28.6 (—45, 103)

=13.95%) (Figure 3; Table 3). For sitting SS, the PA of the
BPNN model was 71.17% (RE =28.83%, NRMSE =11.76%)
(Figure 4; Table 3). For sitting PI, the PA of the BPNN
model was 95.99% (RE =4.01%, NRMSE =4.09%) (Figure 5;
Table 3). Compared with some simpler artificial models such
as multi-linear regression (14), elastic net regression (15), and
support vector regression (SVR) (16), the BPNN is better at
dealing with complex nonlinear relationships in prediction. As
outlined in Table 4, the BPNN achieves the best results by a
clear margin. It indicates that the BPNN based on standing
lateral radiographs for predicting sitting pelvic tilt in healthy
adults is feasible and superior.

Discussion

The spine and pelvis are characterized by close relations in
the sagittal view (17). The spinopelvic relations at various body

frontiersin.org
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FIGURE 3
Comparison between the actual and the predicted values of sitting PT.
TABLE 3 Predicting sitting PT, SS, and Pl based on the BPNN from standing parameters.
Test set 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 PA RE NRMSE
(%) (%) (%)
PT (°)  Actual 225 290 355 165 312 318 381 246 411 329 336 278 275 362 355 7848 21.52 13.95
Predicted 267 242 277 241 231 371 239 207 295 251 310 240 245 230 366
SS (9) Actual 240 380 216 176 7.4 260 138 177 149 207 148 181 166 226 289 71.17 28.83 11.76
Predicted 174  25.1 9.4 16.4 8.3 255 115 249 177 156 19.1 17.7 17.1 182 163
PI (°) Actual 444 444 376 471 497 511 728 473 571 394 465 438 500 60.7 654  95.99 4.01 4.09
Predicted 423 457 39.0 502 470 521 603 486 542 395 469 452 513 591 656

positions have been increasingly found relevant in surgical
planning. Take THA as an example, where acetabular cup
placement is essential to postoperative joint stability. An
increasing number of studies have demonstrated individual
spinopelvic relations in the lateral view as a preferred
reference for cup orientation (6, 18). When one stands up or
sits down, his or her rotated pelvis drives the anterior pelvic
plane to shift, and the cup becomes inconsistent with the
proposed safe zone (3, 19). This explains why some patients
after THA with concomitant spinal diseases experience
prosthetic impingement or dislocation or premature prosthetic
failure due to edge loading and accelerated wearing (20, 21).
In addition, when the surgery does not factor in the
individual spinopelvic relations, the risk of hip
syndrome of
motions (22).

spine

increases  because compensatory lumbar
The past decade has witnessed great research efforts.

Providing a systematic and in-depth review on sagittal

Frontiers in Surgery

spinopelvic balance, Lazennec et al. (1) stated that spinal
surgeons and THA specialists should comprehensively assess
patients and their unique spinal-pelvic-femoral complex.
(18) investigated two structural issues of
spinopelvic balance, spinal stiffness and hypermobility, and

Dorr et al.

developed a classification system and THA solution for each
class. Nevertheless, an elevated risk of impingement was
present after surgery in nine patients with malpositioned cups
and seven with pathological imbalance. The authors cited
ignoring clinical conditions while emphasizing radiological
data as the critical limitation of the study. Tang et al. (23)
developed an algorithm for an individualized safe zone for
prosthetic placement with mathematical modeling developed
from a small cohort. This algorithm, however, is of limited
value in clinical use as the range of motion criteria of
standing position was also adopted for sitting, and the
dynamic motion of the spine and pelvis during position
not delineated. Therefore, the

change was spinopelvic

05 frontiersin.org
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Comparison between the actual and the predicted values of sitting SS.
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FIGURE 5
Comparison between the actual and the predicted values of sitting PI.
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dynamics has yet to be clarified, and the answer to accurate
surgical planning remains elusive.

Robust in predicting nonlinear relationships, the ANN
may reveal underlying correlations among research subjects
(24). For example, Galloway et al. predicted hypokalemia
with an analytic model based on artificial intelligence,
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achieving 91% sensitivity and 72% specificity (25).
Likewise, Fei et al. obtained 87.5% sensitivity and 84.43%
specificity in predicting acute lung injury through an ANN
model built upon 217 patients with severe acute
pancreatitis (26). Recently, DeepMind’s Alphafold2 has

been reported with remarkable accuracy, with a potential
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TABLE 4 The performance of different methods for predicting sitting PT, SS, and PIl. The larger PA and smaller RE and NRMSE, the better the

performance. Bold means the best.

PT SS PI
Methods  PA (%) RE (%) NRMSE (%) PA (%) RE (%) NRMSE (%) PA (%) RE (%) NRMSE (%)

Multilinear (1) 61.11 38.89 27.46 34.69 65.31 37.36 95.31 4.69 6.24

Elastic net (2) 59.10 40.90 27.92 36.29 63.71 36.96 94.44 5.56 7.06

SVR [3] 59.08 40.92 27.77 33.77 66.23 37.55 95.12 4.88 6.17

Qurs (BPNN) 78.48 21.52 13.95 71.17 28.83 11.76 95.99 4.01 4.09

role in forecasting the structure of almost any protein that
human cells express and searching for drug targets (27).
Composed of musculoskeletal and ligament structures
the
spinopelvic system moves within the limit of anatomy and

and commanded by neuromuscular interaction,
biomechanics regardless of the health status of individuals
(28). It is thus logical that the spinopelvic mechanism is
characterized by an essential correlation of measurements
between standing and sitting positions. This concept is
corroborated by the Pearson analysis of this study, where
sitting measurements were found correlated with standing
LL and LT. Interestingly, adjacent to the pelvis and more
adaptable than the thoracic spine, the lumbar has been
acknowledged with a pivotal role in the spinopelvic
balance in many studies. Therefore, future research designs
should lay more emphasis on lumbar lordosis.

The outcomes of the prediction model in this study were
PT, the angle between the line connecting the midpoint of
the sacral plate to the center of the bifemoral heads and
the plumb line, and SS, the angle between the sacral plate
and the horizontal. Both measures shall be acute angles
and function to describe pelvic motion tied to spinal
motion as PT increases and SS decreases when the pelvis
tilts posteriorly. The best model concluded from this study
achieved 78.48% and 77.54% accuracy for sitting PT and
SS, which is robust given the small sample utilized in the
ANN. Meanwhile, the PT and SS test sets observed a
the the
which could be ascribed to the small

disparity  between projected and actual
measurements,
sample size or inherent error in manual measurement,
though senior radiologists obtained the measurements. The
manual error might be overcome in future studies with
(29),
measurement of AI technology scored an absolute error of
1.18 mm with a speed of 0.2s for each film for 990

patients. In addition, PI, another outcome of prediction in

results from Weng et al where computerized

the study, represents the sagittal pelvic profile and has
been proved constant and independent of pelvic position
after skeletal maturity (30). Built upon a small cohort, our
best model still reached 95.99% accuracy in predicting
sitting PI, suggesting high reliability of the model.
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This article presents an innovative method in predicting
changes in the sagittal parameters of the spinopelvic
structure in various pelvic positions, a model built upon
standing lateral radiographs of the entire spine, pelvis,
and lower extremities. In particular, the model yields
unprecedented accuracy of how the pelvic tilt changes as
the pelvic moves, providing grounds for future studies of
incremental depth. This study, however, was not immune
to limitations; for example, it observed only a small
number of healthy volunteers, which might not reflect the
conditions of elder patients undergoing THA. To tailor
the model to clinical practice, the research team will
modify the model of data with
computerized measurement technology, higher modeling

in a larger pool
complexity, and diminished overfitting. The model can
also be expanded to include bidirectional change of the
spinopelvic  structure between standing and sitting
positions and the dynamics of the entire motion cycle

using motion capture systems.
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