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A B S T R A C T

Background: As a leading cause of disability with a high societal and economic cost, it is crucial to better un-
derstand risk factors of neck pain and surgical complications. Getting subject-specific external loading is essential 
for quantifying muscle forces and joint loads but it requires exertion trials and load cells which are uncommon in 
clinical settings. 
Methods: This paper presents a method to compute the gravitational loading at four levels of the cervical spine 
(C3C4, C4C5, C5C6, C6C7) in neutral standing position from biplanar radiographs exclusively. The resulting load 
was decomposed in local disc frames and its components were used to compare different populations: 118 
asymptomatic subjects and 46 patients before and after surgery (anterior cervical discectomy and fusion or total 
disc replacement). Comparisons were performed at C6C7 and the upper level adjacent to surgery. 
Findings: Significant changes in gravitational loading were observed with age in healthy subjects as well as in 
patients after surgery and have been associated with changes in posture. 
Interpretation: This approach quantifies the influence of postural changes on gravitational loading on the cervical 
spine. It represents a simple way to obtain necessary input for muscle force quantification models in clinical 
routine and to use them for patient evaluation. The study of the subsequent subject-specific spinal loading could 
help further the understanding of cervical spine biomechanics, degeneration mechanisms and complications 
following surgery.   

1. Introduction

Neck pain has been identified as one of the three most common
musculoskeletal disorders (Trinh et al., 2006) and as the fourth leading 
cause for disability in the US (Murray et al., 2013). Its annual prevalence 
has been reported to range between 15 and 50% (Binder, 2008; Fejer 
et al., 2006; Fernández-De-Las-Peñas et al., 2011; Hogg-Johnson et al., 
2009) and, with the soaring ubiquity of portable electronics and changes 
in lifestyle, is expected to keep rising (Côté et al., 2008; Vasavada et al., 
2015). It entails major societal and economic expenses in both direct 
(Dieleman et al., 2016) and indirect costs (Côté et al., 2009). 

Surgery as a treatment to alleviate neck pain has been on a rising 
trend (Marquez-Lara et al., 2014; Wang et al., 2009). While anterior 
cervical discectomy and fusion (ACDF) appears to be the gold standard, 
total disc replacement (TDR) has become a motion-preserving 

alternative. Complications following surgery, such as adjacent segment 
disease (ASD), have been reported for both though (Bevevino and Hili-
brand, 2016; Bible and Kang, 2016; Kong et al., 2016). 

The burden neck pain represents to patients’ quality of life and ex-
penses makes it crucial to further prevention. Though some risk factors 
have been identified, including muscular dysfunction (Alpayci et al., 
2016; Cheng et al., 2014; Falla et al., 2007; Fernández-de-las-Peñas 
et al., 2008) and sagittal posture (Lau et al., 2010) for neck pain and 
spine curvature for ASD (Katsuura et al., 2001; Xiong et al., 2020), a 
deeper understanding of cervical spine biomechanics and degeneration 
is still needed. 

Numerical modelling can be a precious tool in that regard for 
assessing the influence of geometry, loading, for implant design and 
patient evaluation. While advancements have been made towards per-
sonalised geometry (John et al., 2019; Laville et al., 2009; Nikkhoo 
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et al., 2019) and numerical implant evaluation (Gandhi et al., 2019; 
Mackiewicz et al., 2016; Rousseau et al., 2008), obtaining subject- 
specific loading remains challenging. Musculoskeletal models can 
actually yield personalised spinal loading but they require exertion trials 
including external loading and other measurements, such as motion 
capture and EMG (Alizadeh et al., 2020; Moroney et al., 1988; Mor-
tensen et al., 2018). This experimental pre-requisite makes them diffi-
cult to implement into a clinical setting. 

Recent developments of low-dose biplanar X-ray full-body acquisi-
tions (Dubousset et al., 2010) in standing position with associated 3D 
reconstructions (Humbert et al., 2009; Nérot et al., 2015; Rousseau 
et al., 2007) allows subject-specific postural analysis in clinical routine. 
Particularly, reconstruction of the external envelope associated with 
density models allows an estimation of mass and the centre of mass of 
each body segment (Amabile et al., 2016). Computation of the bar-
ycentre of the body segment above a given joint allows estimation of the 
gravitational load taking into account subject-specific posture (Amabile 
et al., 2015). The clinical relevance of this barycentremetric approach 
has been assessed in the study of idiopathic scoliosis (Thenard et al., 
2019). 

Using a similar approach, the present study deals with obtaining 
subject-specific gravitational loading of the cervical spine from biplanar 
X-rays for both asymptomatic and clinical subjects. Decomposition of 
the resulting load should help quantify significant differences between 
age groups and between healthy/clinical subjects, providing insight 
regarding the mechanical effects of age, pathology and treatment. 

2. Methods

2.1. Populations 

The control population was constituted from data of 118 healthy 
subjects (57 females, 61 males) of mean age 42.0 y.o. (SD: 11.5) ac-
quired during previous studies (Heidsieck et al., 2021). Clinical exams 
were performed to ensure that the subjects presented no symptomatic 
lower limb nor spine pathology that could affect the spinal alignment 
and patient with a frontal Cobb angle over 20◦ were excluded. 

The clinical population was made up of 46 patients (29 females, 16 
males) of mean age 51.4 y.o. (SD: 11.5) experiencing neck pain and 
treated by surgery. Thirteen underwent TDR, including four with a CP- 
ESP prosthesis (FH Orthopedics) and nine using a Baguera prosthesis 
(SpineArt SA, Geneva, Switzerland), and the remaining 33 underwent 
ACDF. Their data were collected pre and post-surgery (follow-up ranged 
from 6 weeks to 2 months) in routine clinical practice. 

Data acquisition was performed after subjects’ written consent and 
approval by an ethics committee (Comité de Protection des Personnes 
CPP N◦ 2010/113, N◦ 06036 for control population, and N◦ 2014/89 for 
patients). 

Populations under study were sorted into three age groups: younger 

than 40 y.o, between 40 and 60 y.o. and over 60 y.o., which will be 
referred to as G1, G2 and G3 respectively. Further details on the pop-
ulations are available in Table 1. 

2.2. 3D reconstructions and barycentremetry 

Each subject underwent biplanar X-rays in free standing position 
(Steffen et al., 2010) acquired using an EOS system (EOS imaging SA., 
Paris, France). This allowed 3D reconstructions of the spine from C1 to 
L5 (Humbert et al., 2009; Rousseau et al., 2007) and of the body enve-
lope from head to toe using a validated semi-automatic method (Nérot 
et al., 2015), briefly reminded hereafter. Manual positioning of a few 
anatomical landmarks allowed morphing of a reference average tem-
plate (either male or female). The resulting initial model was then ret-
roprojected on each X-Rays and manually adjusted to fit the subject’s 
contours. 

From the 3D model of the spine, a plane was assessed at four inter-
vertebral disc (IVD) levels (C3C4, C4C5, C5C6, C6C7) using the adjacent 
endplates, and a local frame was computed for each based on the 
vertebral frames as defined by Rousseau et al. (2007). Details of the 
method and the evaluation of its reproducibility are available in Sup-
plementary Data. 

The IVD planes were used to intersect the model of the body enve-
lope. For each of them, the volume of everything above it was computed. 
Combined with a generic uniform density model for the head and neck 
(Dempster and Gaughran, 1967), body segment mass and barycentre 
were estimated; yielding the mechanical loading on each IVD due to 
gravity (Fig. 1a). 

Said gravitational loading was decomposed from the local IVD frame 
(Fig. 1b) into force components: posteroanterior shear (Fx), medio-
lateral shear (Fy) and compression (Fz) and moment components: 
mediolateral (Mx), flexion-extension (My) and axial torsion (Mz). 
Posteroanterior and mediolateral moment arms from the disc centre to 
the centre of mass were measured, as well as the disc tilt angle with 
regards to the horizontal plane. 

A reproducibility study (20 subjects, 2 operators, 2 times per oper-
ator) yielded standard deviations of uncertainty on IVD plane orienta-
tion of 1.3◦, 1.6◦ and 1.5◦ in the frontal, sagittal and axial planes 
respectively. These uncertainties were used as random errors in a Monte- 
Carlo analysis repeated 2000 times for a healthy subject to quantify its 
impact on the components of the gravitational force. 

2.3. Analysis and statistical tests 

A linear correlation study was carried out for the asymptomatic 
populations to assess the influence of age, weight and height on head- 
neck mass, C6C7 disc angulation and posteroanterior and mediolateral 
moment arms to the disc centre. 

Statistical tests were performed for each component of mechanical 

Table 1 
Control and clinical populations.  

Level Age group Posteroanterior shear 
Fx (N) 

Mediolateral shear 
Fy (N) 

Compression 
Fz (N) 

Flexion-Extension moment 
My (Nm) 

C3C4 
< 40 y.o. 18,5 (5,3) − 1,5 (3,0) − 37,9 (4,3) 0,67 (0,46) 
40–60 y.o. 18,0 (4,3) − 1,1 (3,4) − 39,5 (7,6) 0,47 (0,39) 
> 60 y.o. 19,2 (6,5) − 2,1 (3,7) − 37,1 (4,9) 0,66 (0,56) 

C4C5 
< 40 y.o. 18,1 (5,5) − 1,8 (3,5) − 40,4 (5,4) 0,84 (0,51) 
40–60 y.o. 18,5 (7,1) − 1,6 (3,9) − 41,0 (11) 0,61 (0,49) 
> 60 y.o. 20,0 (6,8) − 2,5 (3,5) − 38,8 (4,8) 0,83 (0,66) 

C5C6 
< 40 y.o. 17,2 (6,1)* − 2,1 (3,6) ¡43,0 (4,7)* 0,97 (0,58) 
40–60 y.o. 20,0 (7,5) − 1,7 (4,2) − 42,6 (9,2) 0,78 (0,54) 
> 60 y.o. 22,8 (7,3)* − 3,0 (3,4) ¡39,1 (5,4)* 1,0 (0,74) 

C6C7 
< 40 y.o. 16,2 (6,8)*,** − 2,4 (3,6) ¡45,5 (4,7)* 1,1 (0,65) 
40–60 y.o. 20,5 (8,3)** − 2,3 (4,2) − 44,8 (9) 1,0 (0,64) 
> 60 y.o. 23,4 (7,1)* − 3,0 (3,2) − 41,2 (5,7)* 1,3 (0,84) 

Numbers in bold indicate the significantly different groups, with associated p values: *0.02 ≤ p ≤ 0.05 **p ≤ 0.005. 



loading at the C6C7 level to compare groups G1, G2, G3 of the asymp-
tomatic population; as well as between the G2 groups of the control and 
clinical populations pre and post-surgery. Distribution normality was 
evaluated using a Shapiro-Wilk test. Then, comparisons between groups 
were made via either ANOVA or Kruskal-Wallis test (depending on 
normality) followed by a post hoc analysis using the Tukey-Kramer 
method. Additionally, paired comparisons for each components at 
C6C7 between pre and post-surgery were performed using either paired 
t-tests or Wilcoxon signed-rank tests (depending on normality). 

Finally, at each IVD level, normality and subnormality corridors 
were defined for each component based on the means and standard 
deviations (SD) from each group of the control population (median and 
interquartile range for non-normal distributions). Patients’ results were 
considered normal if they were less than 1*SD away from the control 
mean value, subnormal if less than 2*SD away, and abnormal beyond. 
This analysis was performed at the C6C7 IVD and at the level upper- 
adjacent to the operated IVD. 

Every significant difference and observation on load components 

from either statistical or corridor analysis was complemented with a 
similar analysis comparing moment arms and IVD tilt angle. 

3. Results

Reconstruction of the cervical spine and the body envelope took 15
to 20 min per subject, and the associated loading was computed in a 
matter of seconds. Following the sensitivity analysis, the uncertainty on 
the C6C7 disc plane orientation yielded 95% confidence intervals lesser 
than 0.1 N for all three force components projected from the body 
segment weight. 

As results regarding mediolateral and torsion moments were less 
than 0.5 Nm and that the associated analyses showed no significant 
difference between groups, the following results will focus on the other 
components. 

Fig. 1. (a) 3D reconstruction of the spine and body envelope from stereoradiographs (b) Sagittal illustration of the decomposition of the gravity force in the local 
C6C7 IVD frame. 

Fig. 2. Correlation study of the head-neck mass (a) and the C6C7 tilt angle (b) with subjects’ age, height and total body mass. Tilt angle is measured positive 
clockwise to horizontal, illustrated as θC6C7 in Fig. 1b. 



3.1. Comparing asymptomatic subjects 

Average mass of the head-neck segment above C6C7 of healthy 
subjects was 5.0 (SD: 0.7) kg. It was correlated with subjects’ height (R2 

= 0.59, p = 8.3 10− 8) and total body mass (R2 = 0.57, p = 2.5 10− 21), but 
not age (Fig. 2a). Regarding C6C7 sagittal tilt angle, only a low corre-
lation with subject’s age was found (R2 = 0.2, p = 5.7 10− 7) (Fig. 2b). G1 
had a significantly lower sagittal tilt than G2 and G3 (p = 0.028 and 2.5 
10− 6 respectively.) Average tilt angles were 19.5◦ (SD: 7.7), 24.4◦ (SD: 
8.3) and 29.6◦ (SD: 8.8) for G1, G2 and G3 respectively. Posteroanterior 
and mediolateral moment arms were not correlated to age, total mass or 
height, and were on average of 23 (SD: 14) mm and 2.7 (SD: 8) mm 
respectively. 

All components of the loading at C6C7 were normally distributed for 
the control G1 and G3 groups. For the control G2 group, only the 
compression and mediolateral moment components were not normally 
distributed (p = 0.03 and 0.04 respectively). Variance analysis (Fig. 3) 
showed that control G1 had significantly lower posteroanterior shear 
than control G2 and G3 (p = 0.034 and 7.32∙10− 4 respectively) as well 
as significantly higher compression than control G3 (p = 0.006). 

The mean and SD values of each component at each IVD, which were 
instrumental in defining normality corridors, are available in Table 2. 

3.2. Comparing control, pre and post-surgery 

3.2.1. Statistical analysis at C6C7 for subjects between 40 and 60 y.o 
Components of C6C7 loading for control-G2 were normally distrib-

uted except in compression (p = 0.031), mediolateral moment (p =
0.039) and in torsion (p = 0.35). For preoperative-G2, only the flexion- 
extension moment was not (p = 0.067). Finally, for postoperative-G2 
only the compression (p = 0.010) and torsion (p = 0.0031) compo-
nents were not normally distributed. 

Group comparisons (Fig. 4) found mediolateral shear was signifi-
cantly closer to zero in the preoperative than in the control group (p =
0.026). This observation was confirmed by a significantly higher frontal 
tilt angle for control than for preop subjects (p = 0.022). Furthermore, 

the paired analysis highlighted a significantly lower posteroanterior 
shear (p = 1.31∙∙10− 4) before surgery than after. Similarly, preoperative 
sagittal tilt angle was found significantly lower than post-surgery (p =
4.53∙10− 5). 

3.2.2. Corridor analysis 
Table 3 shows the evolution of the number of clinical subjects with 

weight components within the normality and subnormality corridors in 
pre and postoperative at C6C7 and at the level upper-adjacent to the 
surgery. 

At C6C7, except in mediolateral shear, consistently more subjects 
were considered normal after surgery. Similarly, regarding individual 
patients changing corridors, up to three more of them got closer to 
normality than those that got further from it for posteroanterior shear, 
compression and flexion-moment. 

At the upper level adjacent to the operation, a few more subjects got 
further from normality regarding effort components. Regarding the 
flexion-extension moment, 14 subjects (30% of the population) changed 
corridors towards normality, over three times as many as those that got 
further away from it. Anteroposterior moment arm of that level followed 
the same trend, with 13 subjects getting closer to normality. 

Fig. 3. Distribution of the components of the gravitational loading at C6C7 for asymptomatic subjects. Shear and compression components are on the left-hand side, 
flexion-extension moment component on the right-hand side. Horizontal bars indicate significant differences. 

Table 2 
Mean (SD) values of each component of the gravitational load for asymptomatic 
subjects of different age groups at each IVD level.   

Control Clinical 

Age group Nsubjects Nsubjects Surgery Surgery level 

C3C4 C4C5 C5C6 C6C7 

G1 
< 40 y.o. 

65 5 1 ACDF   1  
4 TDR   2 2 

G2 
40–60 y. 
o. 

27 33 
24 
ACDF 1 3 13 7 

9 TDR   4 5 
G3 
> 60 y.o. 

26 8 
8 ACDF   6 2 
0 TDR     

ACDF: Anterior Cervical Discectomy and Fusion; TDR: Total Disc Replacement. 



4. Discussion

This present work aimed at developing a method to compute per-
sonalised mechanical loading of the cervical spine from medical images. 
From biplanar radiographs, the mass of the head-neck segment, moment 
arms and gravitational loading in standing position were quantified at 
multiple IVD levels for both asymptomatic and clinical subjects pre and 
postoperative. The method used was fast, only required medical images 
and reconstruction time could be cut down further using automation 
(Gajny et al., 2019). The robustness of the method was verified with 
respect to the uncertainties associated with spine reconstruction. 

While the presented approach yields subject-specific gravitational 
loadings of the cervical spine in neutral standing position, as it does not 
account for muscular response, it provides an incomplete spinal loading. 
For instance, though the external compression from this barycentre-
metric approach may correspond to 75% of the actual intervertebral 
joint compression assessed with a proprioception-based muscle model 
(Van den Abbeele et al., 2018), it appears to represent less than 50% of 
the joint compression from other models (Barrett et al., 2020; Bayoglu 

et al., 2019; Moroney et al., 1988). As such, the resulting loading from 
the present method should be used as input to employ muscle force 
quantification models. 

4.1. Asymptomatic subjects 

The mass of the head-neck segment of asymptomatic subjects above 
the C6C7 disc level estimated in this study are consistent with the values 
reported in the literature (Clauser et al., 1969; Dempster and Gaughran, 
1967; Yoganandan et al., 2009). Its correlation with subject weight and 
height could be explained by the slight increase in segment volume 
related to these two variables. 

Correlation and statistical analyses showed a significant increase of 
the tilt angle of C6C7, i.e. the IVD becomes more vertical, with age. This 
observation is consistent with studies on the effect of age on cervical 
alignment in asymptomatic subjects, reporting changes in lordosis (Gore 
et al., 1986; Klinich et al., 2004; Liu et al., 2019) and an increase in 
thoracic kyphosis (Boyle et al., 2002). Cervical spine tissue degeneration 
is also very common, with up to 81% of healthy subjects showing signs 

Fig. 4. Distribution of the components of the gravitational loading at C6C7 for asymptomatic, pre and postoperative subjects. Shear and compression components are 
on the left-hand side, flexion-extension moment component on the right-hand side. Black and blue horizontal bars indicate significant differences from variance and 
paired analysis respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Evolution of the gravitational load components following surgery with regards to the corridors from control subjects at C6C7 and at the level upper-adjacent to the 
operated IVD.    

Posteroanterior shear 
Fx (N) 

Mediolateral shear 
Fy (N) 

Compression 
Fz (N) 

Flexion-Extension moment 
My (Nm) 

C6C7  

Nnorm Nsub Na Nnorm Nsub Na Nnorm Nsub Na Nnorm Nsub Na 

PreOp 25 20 1 35 9 2 34 9 3 29 13 1 
PostOp 27 18 1 32 14 0 36 7 3 32 16 1 
Evolution N+ = 10 N− = 8 N+ = 5 N− = 7 N+ = 3 N− = 1 N+ = 10 N− = 7 

Upper-adjacent  

Nnorm Nsub Na Nnorm Nsub Na Nnorm Nsub Na Nnorm Nsub Na 

PreOp 26 14 5 36 8 1 35 9 1 25 19 1 
PostOp 24 18 3 34 10 1 33 11 1 37 6 2 
Evolution N+ = 8 N− = 9 N+ = 5 N− = 7 N+ = 5 N− = 6 N+ = 14 N− = 4 

Nnorm, Nsub and Na correspond to numbers of subjects that are considered normal, subnormal or abnormal respectively. 
N+ (respectively N− ) correspond to number of subjects changing corridor by getting closer (respectively further) to the mean value of the control group. 



of it within 10 years (Okada et al., 2009) without experiencing symp-
toms, and has been associated with postural changes (Gore et al., 1986). 
No such observation could be made regarding the moment arms. 

The present study quantifies the influence of this change in align-
ment on the gravitational loading of C6C7 and shows a significant in-
crease in posterior-anterior shear and a significant decrease in 
compression between G1 and G3. This observation reflects C6C7 
becoming more vertical with age, which tends to align the local 
posterior-anterior direction of the IVD with that of gravity. Though the 
increase in shear may be rather small - from 16.2 (SD 6.8) N to 23.4 (SD 
7.1) N – it may indicate a less economical posture for aging subjects, 
requiring a higher muscular response and making them more susceptible 
to fatigue. 

4.2. Control and clinical subjects 

Statistical comparisons performed for subjects between 40 and 60 y. 
o. mainly revealed a significant difference between asymptomatic and
preoperative subjects in mediolateral shear stress at C6C7. This differ-
ence was not apparent for postoperative patients, which was consistent 
with the frontal tilt of the disc getting closer to control values after 
surgery. The paired analysis showed the C6C7 became significantly 
more vertical, thus significantly increasing the posterior-anterior shear 
component between pre and postoperative. Studying the evolution of 
patients with regards to the normality corridors from the control group 
mainly showed improvement for the flexion-extension moment at the 
IVD upper-adjacent to the operated level, stemming from a change in 
gravitational moment arm. 

However, these observations are limited by the absence of evaluation 
of the evolution of pain for the patients, as well as by the very short 
postoperative follow-up. Studies with much longer postoperative follow- 
ups have demonstrated changes in cervical alignment in both arthrod-
esis (Hyun et al., 2017; Lan et al., 2019) and arthroplasty (Guérin et al., 
2012; Kim et al., 2008; Wang et al., 2021). Some of these changes have 
been identified as risk factors for complications such as ASD (Katsuura 
et al., 2001; Xiong et al., 2020) and pseudarthrosis (Choi et al., 2017). 

Another limitation of this study is the small number of patients. 
Although there were 33 patients treated with arthrodesis, only a dozen 
underwent an arthroplasty. Further longitudinal studies performed on a 
larger population could investigate the gravitational loads not only at 
the upper adjacent level but also at the operated and lower adjacent 
level, both for non fusion and for fusion techniques. This would increase 
our understanding on how gravitational forces analysis, in relation with 
subject specific posture, can impact the clinical outcome. 

5. Conclusion

In this article was described a method to obtain personalised external
loading of the cervical spine in neutral standing position and its 
decomposition in local IVD frames using biplanar X-rays exclusively. 
Comparisons between populations yielded significantly different load-
ings among asymptomatic subjects as well as pre and postoperative 
patients in posterior-anterior shear and compression. The present 
method should be easier to implement in a clinical setting than exertion 
trials and provide necessary inputs to muscle force quantification 
models and actual joint load assessment for patient evaluation. 
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