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Abstract
Purpose Traditional Chinese medical massage is a physical
manipulation that achieves satisfactory results on spinal dis-
eases, according to its advocates. However, the method relies
on an expert’s experience. Accurate analysis and simulation
of massage are essential for validation of traditional Chinese
physical treatment. The objective of this study is to provide
analysis and simulation that can reproducibly verify and pre-
dict treatment efficacy.
Methods An improved physical multi-deformation model
for simulating human cervical spine is proposed. First, the
human spine, which includes muscle, vertebrae and inter-
vertebral disks, are segmented and reconstructed from clini-
cal CT and MR images. Homogeneous landmark registration
is employed to align the spine models before and after the
massage manipulation. Central line mass spring and contact
FEM deformation models are used to individually evaluate
spinal anatomy variations. The response of the human spine
during the massage process is simulated based on specific
clinical cases.
Results Ten sets of patient data, including muscle–force
relationships, displacement of vertebrae, strain and stress
distribution on inter-vertebral disks were collected, including
the pre-operation, post-operation and the 3-month follow-up.
The simulation results demonstrate that traditional Chinese

L. Pan · X. Yang · W. Lu
School of Software, Shanghai Jiao Tong University,
Shanghai, China

L. Gu (B)
Med-X Research Institute, Shanghai Jiao Tong University,
Shanghai, China
e-mail: gulixu@sjtu.edu.cn; gu-lx@cs.sjtu.edu.cn

M. Fang
Shanghai Yuanyang Hospital, Shanghai, China

massage could significantly affect and treat most mild spinal
disease.
Conclusion A new method that simulates a traditional
Chinese medical massage operation on the human spine may
be a useful tool to scientifically validate and predict treatment
efficacy.

Keywords Multiple deformation models · Contact FEM ·
Traditional Chinese massage · Spinal disease

Introduction and related work

Currently, spinal diseases become common chronic refrac-
tory diseases in China. The prevalence of cervical and lumbar
spinal diseases increases in recent years, and the morbidity
is among the highest rates. More than half of the Chinese
people aged over 50 have varying degrees of symptoms in
cervical spine. More consistent points of view in the medical
profession area still believe that at least 90% of the spinal
diseases, of which morbidity were mainly caused by the
pathological changes on inter-vertebral disks, should conduct
non-surgical therapy as the first choice. Traditional Chinese
medical (TCM) massage, which was invented and developed
in ancient China, can be considered as the primary means
of intervention. Though the application to the treatment of
spinal disease has achieved satisfactory results, the param-
eters–effect relationship and the criterion of evaluation are
still to be standardized. Liu et al. [11] introduced a stan-
dardized representation model and case application of TCM
massage therblig. Cherkin et al. [4] provided a review and
summary of the available evidence about the effectiveness
of the most popular complementary and alternative medical
therapies, including TCM massage.
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However, more research and experiments need to be done
on a large number of clinic cases to scientifically evaluate
and illustrate the effect of traditional Chinese medical mas-
sage. The massage operation, which includes three series of
TCM therblig and lasts 10 days, 2 h each day, is conducted
by the physicians of Shanghai University of TCM. We refer
the term “massage operation” to the whole process of this
treatment in this paper. Just like many other virtual surgery
systems, the computer techniques were employed to simulate
the response of the whole spine during the massage opera-
tion and calculate the stress distribution, which is difficult to
measure, on both muscles and inter-vertebral disks. Once the
research gains a large amount of satisfactory simulation data,
the physicians can give accurate prediction before conduct-
ing the massage operation on patients based on the calculated
results. Moreover, the simulation can provide junior physi-
cians with practical and standardized therblig training.

As the development of the techniques in computer graph-
ics and the research on image guided virtual surgery and
therapy, numbers of new methods were proposed to simu-
late different traditional surgery and therapy. Contact FEM
provides an engineering method for medical simulations
[13]. Hirota et al. [8] proposed a limited frictionless algo-
rithm for the contact problem and applied this algorithm to
the human body. Rohlmann et al. [15] studied the effect
of an artificial disk on lumbar spine biomechanics using
a probabilistic finite element method. The development of
GPU brought a revolution in series of conventional image
processing and computer graphics algorithms. Mass spring
systems [7] and fast FEM [10] can be achieved and acceler-
ated on the GPUs. This study was encouraged by the men-
tioned progress and tries to provide accurate and reliable
analysis and simulation of the TCM massage operation to
the physicians and therefore help them to validate and pre-
dict the operation.

In the rest of the paper, novel multiple deformation models
for the whole spine is proposed in “Methods” section. The
mathematical and physical principle of the simplified contact
FEM is introduced. GPU-aided computation, basic process
for simulating the TCM massage operation in our system
and related information are also mentioned. In “Experimen-
tal results” section, the background of the experiments and
results of the massage operation simulation are shown. Three
sets of clinic cases are compared and studied. The shift of
the vertebrae, the deformation of the muscle, the strain and
stress of the inter-vertebral disks are illustrated. At last, we
summarized our research on computer-aided TCM spinal
massage operation simulation. In the “Conclusion” section,
TCM massage operation is considered as an effective treat-
ment on some mild spinal disease. Our methods are feasi-
ble and accurate enough to provide a reliable tool for the
physicians to validate and predict the efficacy of opera-
tion.

Methods

Considering the specific anatomic structure of human spine
and the characters of the TCM massage operation, multiple
spine deformation models, which include central line mass
spring model and simplified contact FEM model, are pro-
posed. Here, we pay more attention on the contact FEM
model since it is improved and simplified to simulate the
inter-vertebral disks, which are the most interest and impor-
tant parts of the spine disease. We implemented the sim-
ulation of the whole operation process by simply exerting
continuous external forces on the specific locations. And then
the response of the human spine is calculated with or without
the help of GPU parallel computation.

Multiple spine models

In the image-preprocessing stage, the patients were scanned
by CT and MR device. We segment and reconstruct the
vertebrae from these CT images. Meanwhile, we seg-
ment inter-vertebral disks, trapezius and latissimus dorsi,
including longitudinal and supraspinous ligaments from
MR images and reconstruct them as deformable soft issues
(Fig. 1).

The structures of human spine are best resources for mul-
tiple deformable methods modeling. Lin and Sucato [9] used
the 3D Bezier Curve to model the simplified 3D human spine
for analyzing and classifying the scoliotic deformity. Verte-
bra is modeled as a rigid body, and the inter-vertebral disks
are modeled as springs by Furukawa et al. [5]. Since trape-
zius and latissimus dorsi are directly affected by the external
force from the physician who conducts the medical mas-
sage operation, we describe and record the operation process
in several professional parameters on these muscles accord-
ing to the requirements that the hospital provided. Based
on the strip feature of trapezius and latissimus dorsi, cus-
tomized Central Line mass spring model is employed. We
assume that traditional Chinese approach of medical massage
operation would not have any effect on vertebrae’s volume,
shape, density and relative position of internal vertices. Since
the vertebrae are modeled as rigid bodies, the influence on
vertebrae after the operation can be considered as rigid trans-
form. Therefore, the information of vertebral translation and
rotation is obtained by conducting CT–CT rigid registration.
Moreover, inter-vertebral disks play quite an important role
in spinal disease that presses the spinal cord causing the
symptom and pain. To emphasize every fine deformation
and accurate stress distribution, non-friction contact FEM
deformable model, which is the most accurate deformation
analysis method under complex environments and condi-
tions, is employed in our research. In this paper, we will
mainly discuss the methods of modeling the real human spine
with multiple deformable models, computing the stress and
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Fig. 1 Reconstruction of trapeziuses, latissimus dorsi and cervical vertebrae. Left and right trapeziuses, which are directly and respectively under
the pressure from the physician, are labeled with red and green colors. The cervical vertebrae are labeled with white color

Fig. 2 Annulus–nucleus structures of an inter-vertebral disk in MR image. The inter-vertebral disk is labeled with a black circle. The annulus–
nucleus is labeled with a red circle

Fig. 3 Reconstruction of inter-vertebral disks from MR image

strain of the models and simulating the results of traditional
Chinese medical massage operation.

Inter-vertebral disks, which consist of annulus and
nucleus, are dual-material structures. Both annulus and
nucleus of the inter-vertebral disks can be segmented from
high-quality MR images (Fig. 2). High-quality tetrahedron
mesh of both annulus and nucleus are precisely built and
optimized (Fig. 3) by mesh reconstruction program [12].
Although the contact FEM is well developed for engineering
analysis and competent for such intricate situation, the heavy
computation load and large scale of memory occupancy are
practical problems in our research. According to the real
properties and characters that human spine behaves during
the operation, we propose a simplified form of constrained
variational principle when solving contact FEM equation.

Methods of simulation implementation

In the massage operation stage, the external forces exerted by
the physicians were located on the deformation mesh models

of cervical muscles. During the operation, the deformation
on cervical muscles caused by continuously exerted forces is
simply simulated and calculated by the conventional central
line mass spring model. The central lines in both latissimus
dorsi and trapezius are separately moved with the adjusted
stiffness coefficient of the mass spring. Based on the direction
and the size of the exerted force, the displacements caused
by the deformed muscle were directly passed to the vertebrae
(Fig. 4). The strain and stress of the inter-vertebral disks were
calculated based on these displacements and boundary condi-
tions. When the exerted forces were removed, the muscle and
vertebrae have the tendency to rebound. The patients were
scanned by CT and MR devices for the second time, and the
strain and stress of the disks were calculated again right after
the operation. We compared the previous and post-operation
images to calculate and validate the results. At last, 3 months
after the whole process of the massage operation, the patients
were scanned again for the third time. Another calculation is
conducted in order to review the long-term effects.

Contact FEM

External force conducted by the physician takes place on
trapezius, which is simulated by central line mass spring
with the pre-adjusted stiffness parameter. The displacements
directly pass to the vertebra where supraspinous ligament
attaches. We update the boundary condition and contact
condition of inter-vertebral disks based on the surface

123



204 Int J CARS (2011) 6:201–208

Fig. 4 External forces are located on trapezius and directly passed to the vertebra through mass spring muscles. The physicians were asked to
record the direction and the size of their exerted forces

vertices in iteration. Severe non-linear constrain on the con-
tact surfaces is controlled by contact vertices pairs. Since
the surfaces of vertebrae and inter-vertebral disks are adhe-
sive, so are the surfaces of inner annulus and nucleus, fric-
tion and separate status between vertebrae and annuluses are
ignored. (However, in conventional contact FEM problem,
several complex conditions are considered.) We assume that
there is no relative sliding; the contact surfaces area and the
contact vertices pairs remain the same during entire opera-
tion process. Suppose one of the contact vertices pairs are
P on contactor A, and Q on target B, the non-penetration
conditions on time t are considered as

t gN = g
(

t x A
P , t

)
=

(
t x A

P − t x B
Q

)
· t nB ≡ 0 (1)

u A − u B ≡ 0 (2)

where tgN refers to the minimum distance between vertices
P and Q. While there are relative movements on vertices,
their coordinate xA

P, xB
Q and the displacement uA, uB stay the

same.
Contact forces that along the normal direction can be both

pressure and tension. Both contactor A and target B are two
independent bodies to be solved. Besides the conventional
FEM minimum potential energy formula, we imported severe
boundary non-linear restriction:

min �(U ) = 1

2
U T KU − U T F

g ≥ 0 (3)

where the potential energy π of the deformed object is a func-
tion of parameter U, which is the displacement field of the
nodes. The parameter K refers to the stiffness matrix of the
current object. The parameter F refers to the external load of
the system, and g is still the minimum distance. According
to the principle of virtual displacement, we import the virtual
work tWc on time t of the contact forces on contact surfaces.
The parameter tWL is the virtual work of external load on
time t,t WI is the virtual work of inertial forces, which is a

constant 0 in our method.∫

t V

tτ · δt e · t dV − t WL − t WI − t WC = 0 (4)

t Wc =
∫

t S A

t F A · δu A · t d S +
∫

t SB

t F B · δu B · d S (5)

where tτ is the Euler stress on time t. δte is the correspond-
ing variation of the infinitesimal strain te. The integral term
∫t

v τ · δte ·t dV is the virtual work of the virtual displacement
on time t, which equals the virtual work of the external load
WL, WI and WC . The virtual work of the contact force WC

on time t includes two parts. tSA and tSB refer to the contact
surfaces on contact objects A and B. δuA and δuB are the
variation of the displacements u on objects A and B.

Using Lagrange multiplier method, we import Lagrange
multiplier λ and define the contact constrain condition in
another form πc = gTλ. Finally, the minimum problem with-
out the restriction g ≥ 0 after importing Lagrange multiplier
is presented as:

min �(U, λ) = 1

2
U T KU − U T F + gT λ (6)

Taylor extension for the contact restriction condition g is a
function of displacement U. (g0 is the initial distance of the
contact vertices pair):

g(U ) ≈ g0 + ∂g

∂U
U = g0 + GU (7)

The final system equation in total Lagrange formulation to
be solved with multiplier λ is:

Mtυ +
[ t

0 KL + t
0 KN L Kλ

K T
λ 0

] [
u
tλ

]
=

[ t Q − t
0 F

−t g

]
(8)

or rewritten in a simpler form

[
K GT

G 0

] [
U
λ

]
=

[
F

−g0

]
.

The current displacements U on time t are solved in this
equation. The stiffness matrix and other related functions are
updated before the next iteration.
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GPU computation

In order to solve the Eq. (8) with larger scale in high effi-
ciency, GPU and related solver are employed. Bolz et al.
[1] introduced sparse matrix solvers on the GPU. Two basic,
broadly useful, computational kernels: a sparse matrix conju-
gate gradient solver and a regular-grid multi-grid solver were
implemented. By using these methods, the scales of matri-
ces were reduced, Ill-conditioned matrices with 0 matrix
diagonal elements were successfully solved to the maximum
extent. Non-linear part of the materials and geometry of FEM
were organized and solved in total Lagrange formulation by
incremental analysis. In our research, the incremental itera-
tion is implemented by CUDA (Fig. 5).

Experimental results

The complete design and process of our simulation experi-
ments are illustrated in Fig. 6. In order to accurately simulate
the TCM massage operation and validate the efficacy of the
treatment, we acquire both MR and CT images covering 8
sections (L1-L8, begin from the first vertebra under the cra-
nial cavity) of cervical vertebra from 10 patients (P1-P10),
who suffered varying degrees of symptoms in cervical spine,
from Shanghai Longhua Hospital. There are three sets of MR
and CT data for each patient, including pre-operation, post-

Fig. 5 The procedure of the iterative contact FEM deformation com-
putation

operation and 3-month post-operative review. The dimen-
sion of the image is 512 * 512 * 695 with the voxel spacing of
0.4, 0.4 and 0.3 mm. In order to verify the operation results
on shifted vertebrae, segmentation, reconstruction and semi-
automatic registration are employed to detect the position
deference. Since the segmentation and registration results
may directly affect the final results, several methods were
used for both CT and MR to avoid errors. We segmented the
vertebrae and inter-vertebral disks in MRI and then check
the surface of both vertebrae and disks in CT. Special marks

Fig. 6 The design and the process of the TCM massage operation simulation experiment. Results gained from different stages are labeled with
the different colors. “Pre-operation” stage is gray. “Post-operation” stage is olive green. “Three-month review” stage is red.” The static operation
stage” is yellow
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Fig. 7 Structure of cervical vertebrae and inter-vertebral disk after
registration

were located in both MR and CT devices for more accu-
rate semi-automatic rigid landmark registration. Patients who
were taken MR and CT images before and after the opera-
tion were required and instructed to lie on the same position
with the same gesture. It can be considered that there is no
big error, which may essentially affect the simulation result,
caused by segmentation and registration in our ten experi-
mental cases (Fig. 7).

In Table 1, we recorded, calculated and compared the
transform in both rotation and translation according to the
central point of the mesh data. The translation and rotation
of each vertebra are based on the original coordinate sys-
tem of the CT images (Fig. 8). We assume that the vertebrae
of the patients do not change during the whole observation
process. We found out that most patients who suffered from
spinal disease had the similar causes. One or two of their ver-
tebrae were most shifted and rotated in the same direction.
Obvious corrections on the vertebrae caused by the operation
were found between pre-operation and post-operation. The
final statuses of the three stages were labeled with different
colors (Fig. 9). However, it is also found in Table 1 that the
situation rebounded to varying degrees after 3 months.

Fig. 8 The base coordinate system used for the calculation of rotation
and translation. All related work, including registration, external force
localization, is based on this system from original medical image

Fig. 9 Comparisons of cervical vertebrae L1-L8 of two patients (P1
and P2) in three stages with different color labels. White color refers to
status before massage operation (Stage 1). Red color refers to the status
just after the massage operation (Stage 2), and blue color refers to the
status 3 months after massage operation (Stage 3)

After the whole spinal models are built and aligned, exter-
nal force could also be exerted based on the coordinate system
in Fig. 8. The therblig conducted by the physicians is unique
to different patients. Therefore, we can assume that the size

Table 1 Traditional Chinese
medical massage operation
effects on vertebrae

Compared transformed
vertebrae in 10 patients

Average rotation (angles to
the central axis in degree)

Average translation
(displacement of the central
point in mm)

x y z x y z

Pre-operation to
post-operation

±3.02 ±0.98 ±0.14 ±1.77 ±0.84 ±0.21

Pre-operation to 3-month
post-operative review

±2.83 ±0.95 ±0.15 ±1.56 ±0.82 ±0.21
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Fig. 10 The example of the final node stress and strain distribution
result after contact FEM computation. In the left figure, node stresses
are expressed as absolute values in all directions. The nodes with the
blue color mean that there is no stress change after the massage opera-
tion compared to the status before the massage operation. In the right

figure, the strain distribution on surface is illustrated in the form of dis-
placement. The half transparent blue mesh is the original status before
the massage operation. This figure illustrated that both front and back
sides (in y axis) of the inter-vertebral disk endure most stress changes
and have the maximum displacement

Table 2 Comparison of
calculated results in strain and
stress

Compared data Strain (compare calculated results
to actual images)

Stress (compare stress distributions
before and after the operation)

Post-operation Average ±0.16 mm Suffer average ±1.244 N on all nodes

3-month post-operative review Average ±0.19 mm Suffer average ±0.81 N on all nodes

and the direction of the exerted force are continuous and
stable on the muscle. We call this process the “Static opera-
tion stage”. In this way, the response of the spine under the
pressure is simulated. The physicians could clearly observe
the effects of the specific therblig in the anatomic view. How-
ever, this effect in the “Static operation stage” could not be
accurately examined like the results in “post-operation stage”
and “Three-month review stage” because the human spines
rebound right after the external force is removed.

Distribution of strain and stress on inter-vertebral disk
before and after the operation is the most important result
that may cause spinal stenosis. We consider the accuracy of
the final FEM computational results on both strain and stress.
In our experiments, the value of Young’s modulus is approx-
imately 15 kPa for the annulus and 3 kPa for nucleus. The
value of Poisson ratio is 0.3. The initial boundary conditions
for the inter-vertebral disks include the contacted surfaces of
their upper and lower vertebrae, the inner surface of the annu-
lus and the outer surface of the nucleus. The contact vertices
pairs on both contactor and target are overlapped when we
built the tetrahedron mesh. And we assume that they never
separate during the operation. The coordinate of the contact
vertices pairs are calculated and updated in iteration, and
severe non-linear constrain is imported.

The strain and deformation results were simply verified
by comparing the calculated mesh to the actual MR and CT
images after the operation (Fig. 10). We record the aver-
age absolute displacements of the surface vertices in Table 2.
However, it is more difficult to find a proper method and mea-
surement to evaluate the stress results. In order to indicate

the medical effects, we assume that the stress distribution on
inter-vertebral disk before the massage operation is uniform.
After the massage operation, the stress distribution changed
on inter-vertebral disks and was labeled as different colors
by values. Red colors indicated the areas were with most
pressure change and had the trends of extrusion or shrinkage.
As shown in Table 2, the inter-vertebral disks receive more
stress compared to the original status, which forced the disks
to deform back to the healthy shape and condition, when just
completed a period of massage operation than 3 months after
the operation.

In Table 3, we listed the computation costs in different
conditions. Both of our CPU and GPU methods are stable
when dealing with the inter-vertebral disk mesh with single
structure and homogeneous material. However, the compu-
tation became unstable and unreliable when the disk mesh is
more complex. In the experiment on disk mesh of small scale
(including annulus with 3,650 vertices and nucleus with 960
vertices), it takes about 181 s to complete the equation solv-
ing iteration of both parts and update or adjust the stiffness
matrices. On the other hand, when GPU was employed to
aid the process in parallel way, it takes about 20 s. Some of
the deformed vertices on annulus and nucleus may overlap
during the iteration since some boundary condition cannot
be properly parallelized.

We examine the contact FEM computation in both CPU
version and GPU-implemented version. All four sets of inter-
vertebral disk mesh data were computed in Pentium� Dual-
Core E5200 and 4.00 GB of RAM. The Graphic hardware is
NVIDIA 8800.
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Table 3 FEM computation
results on different
inter-vertebral disks data

Inter-vertebral Single structure Annulus–nucleus structure
disk data type with homogeneous materials with two materials in adjusted parameters

Total vertices number 3,877 9,864 3,650 + 960 13,270 + 2,435

CPU computation 6,871 ms 38,575 ms 181 s Not convergence

GPU-aided computation 4,733 ms 9,645 ms 20,687 ms (failed) Not convergence

Conclusion

According to the results of our study, traditional Chinese
medical massage operation achieved good results on mild
symptoms of a number of spinal disease cases. It is an accept-
able intervention and choice for patients who are in their early
stage of spinal disease and unable or unwilling to receive
conventional surgery treatment.

In the study, human spine structures are well simulated
and calculated by multi-deformable models. Customized
central line mass spring model simulates the muscles and
ligaments with high efficiency and acceptable accuracy. Dis-
placement is calculated and external force is passed to the ver-
tebra that suffers. Here, we focused on the adjusted contact
FEM model, which simplifies the contact constrain condition
according to the actual situation and properties of human
inter-vertebral disks. Heavy computation load is reduced.
Although the computation on large data with complex struc-
ture is unstable, it is still possible to provide satisfactory
data of displacement, rotation, stress and strain distribution
to physicians. These data are acceptable to the physicians
and help them to validate and predict the results of massage
operation.

As the future works, experiments on more irregular cases
need to be further investigated. Large amounts of data on
complex mesh need to be recorded and analyzed to provide
convincible evidences and prediction for both physicians and
patients. The existing error risk of the proposed approach
could also be improved by the clinical trial. In the current
stage, physicians could not use our result as the only evi-
dence but an aspect of reference.
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