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Abstract—A three-dimensional mathematical model useful for studies of the mechanics of the human ske-
letal thorax is described. To construct this model. rib cage elements are incorporated into a previously
reported model of the thoracolumbar spine” The vertebrae and bony portions of the ribs and sternum
are idealized as rigid bodies. The behavior of the discs. ligaments and costal cartilages are modelled by
deformable elements. Appropriate geomwtric and stiffness property data are assigned to the elements of
the model. In constructing the model. 1t was found that the mechanical response of the costo-vertebral
Jjoint is strongly influenced by articulation geometry. Although rigid bodies were used to model caicified
portions of the ribs. the model predicted rib cage deformations in close agreement with those measured
experimentally. These studies indicate that the rigid body motion of calcified portions of the rib makes
a major contribution to the deformation of the rib cage in response to certain types of loadings. Quantita-
tive results are also reported on the roles the rib cage plays in bending responses of the spine. the lateral

stability of the spine. and the production and correction of several scoliotic deformities.

1. INTRODUCTION

An understanding of the mechanics of the human
thorax is fundamental to any explanation of its normal
or pathological behavior. The skeletal thorax is sub-
jected to muscle forces. the forces of weight bearing
and externally applied loads. A detailed study of the
mechanisms of force transmission and displacement
response is a useful first step to a quantitative explana-
tion of its behavior. For example. consider the
mechanisms which contribute to the lateral stability of
the spine. Lucas and Bresler (1961) found experimen-
tallyv that the isolated ligamentous thoracolumbar
spine is capable of supporting only a 2 kp compressive
load before buckling. In vivo. the spinal column is cap-
able of supporting much larger loads. The rib cage
contributes to the stability of the in rivo spinal column,
but to.an unknown degree. A more complete under-
standing of the role the rib cage plays in stabilizing the
spmal column would be important. An understanding
of the mechanics of the thorax is also important in
studics of chronic back injury. crash injury protection
and the treatment of scoliosis.

Fletcher (1971) used a simple mathematical model to
determine the response of the thorax to air biast load-
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ing and Roberts and Chen (1970) have described a
three-dimensional finite element model of the skeletal
thorax. This paper introduces a three-dimensional
multi-component mathematical model which can be
used to study thoracic cage forces and displacements.
The work is an extension of a series of investigations
concerned with the mechanics of the spine. It uses the
computational techniques described by Belvtschko et
al. (1973} and considers the addition of rib cage ele-
ments to the model of the isolated spine described by
Schultz er al. (1973).

Section 2 of the paper describes the construction of
the model. Section 3 presents the results of several veri-
fication studies in which the predicted response of the
model was compared with experimentally observed be-
havior. Section 4 reports findings from several initial
investigations conducted using the model.

2. DESCRIPTION OF THE MODEL
General

The model consists of elements which represent the
vertebrae of the thoracolumbar spine. the sacrum. rib
pairs 1-10, and the sternum. Each of the 17 thoraco-
lumbar vertebrae, the sacrum. the sternum and the cal-
cifed portion of each rib is modelled as a rigid body.
These 39 rigid bodies are interconnected by 236 spring-
type and 59 beam-type deformable elements which
represent the intervertebral discs, joint capsules, costal
cartilages and ligaments. The model incorporates
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many anatomical features, such as the sagittal plane
curves of the vertebral column. the complex geometric
shape of each vertebra and rib and level to level vari-
ations in stiffness of connective tissue.

There are two aspects to the modelling procedure:
the computational technique. which involves describ-
ing the responses of a general mechanical system by a

set of equations. and the description of the physical
cnemﬁo

to characterize

property data

TOpeTly dad

mechamcal behavior of the human skeletal thorax.

nevpcmrv

Compuiational technique

The computational procedure provides mathemati-

cal relationshipns between the forces and displacements
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of a mechanical system. The mechanical system con-
sists of a set of rigid bodies in three-dimensional space,
which are interconnected by deformable elements. The
deformable elements are either spring-type or beam-

type elements and can include nlmm-lmpar force—dis-

Callindis

placement response. The computatlonal technique is
capable of treating the geometric non-linearities asso-
ciated with large displacements and large rotations as

well as non-linear material properties.
The solution procedure is numerical. and emplovs a
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digital computer, requiring systematic organization of
the governing equations in discrete form. The tech-
nique is based on the direct stiffness method of struc-

tural analysis, and a complete description can be found
in Belytschko er al. (1973). The three-dimensional

I DYWL aRo <0 LIICC-CAILICIs0nal

T. ANDRIACCHI, A. SCHULTZ, T. BELYTSCHKO and J. GALANTE

motion of the 39 rigid bodies used here to represent the
skeletal thorax are described by a coupled system pos-

sessing 234 degrees-of-freedom. Solutions of the gov-
Prmno Pmmtmne sometimes take in excess of 10 min of

IBM 370/ 155 computer time.

Property data: geometry
The shape of the rigid body which represents a ver-

tebra, calcified rib section or sternum is defined by

points located relative to a local coordinate system
embedded within that body. The local coordinate sys-
tem moves with its respective body. By defining the
location and orientation of each local coordinate sys-
tem relative to a fixed global svstem, the location of
every point in the model is known.

{a) Spinal column. The geometry of the model spine
without the rib cage was described in a prior investiga-
tion reported by Schultz ez al. (1973). The geometry of
each vertebra was defined in that investigation by 16
points. In the present model it was necessary to place
4 additional points on each thoracic vertebra for the
costo—transverse and costo—vertebral articulations.

(b) Location of costo-transverse and costo—vertebral
and lesch ( 1974b) were used to locate the c,osto—
transverse (CT) and the superior and inferior costo—
vertebral (CV) articuiations. The diagrams accom-
panying Table | indicate the nature of these data.
Table | shows the mean values of placement data for

Locations on the thoracic vertebrae of points for attachment of costo-vertebral (CV) and costo-

Table 1.
transverse (CT) elements
! Lavell C1*fam. | C2*[58n0e cs*gi-};ou e2%| F1*| F2*| F3*
T 3,16 s 1.62 .030] 1.90 4.0
12 |3.03|3.22]2.05{"25,§1.95(1.771.22] .033| 336|3.8)
T3 3,09 ¥ 1.84 .033] 350] 3.0
T4 ]3.09/3.04]2.47{*22- 12.07{1.88{ 1.92| .035| 4.70{ 3.01
15 3.09 ’ﬁgu 1.50 .035] 4.73] 3.30
T6 |3.22(3.20]2.88{%%);,[2.23]1.90 2.45{.035] 4.96 3.33
17 3.34 i d 1.89 0.0 | 4.90] 3. 30f
18 |3.60[3.52]2.98]*7- 12.4511.97] 2.72| 0.0{5.363.02
9 3.74 2, 2.06 0.0{ 5.30{2.80
110 | 4.12[4.083.22"% ]2.55[2.23]3.06| 0.0]5.14]2.53
* Mean value of 5 specimen reported in
Schultz,Benson and Hirsch (1974b) ~ B
+ Dato reported by Lanier {1939) [ All data in cm.

Ci-Maox. lateral diameter
C2-Midline AP diameter
C3-Anterior vertebral body height

E2-Posterior distance from anterior edge
of disc to costo-vertebral facet

EXPLANATION OF SYMBOLS

F2.Posterior distance from anterior edge
of disc to costo-transverse facet

F3.latero! distance from centerline to

costo-tronsvearsa tocet

gesie ace

Fl-Superior deporture from centerline to
costo-transverse facet
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Table 2. Locations on the left side of the sternum of seven
points of attachment for costai—cartilage (CC) eiements.
Bilateral symmetry assumed for right side

Coordinote (cm

Point Coordinate
No. X y z
1 -3.0 4.0 12.0
2 -20 3.7 9.5
3 - 2.1 2.2 5.3
4 -23 0.4 1.3
5 -2 -.3 -7
6 - 2.0 -1.0 -2.5
o AP View 7 - 1.5 - 1.5 -4.3

Laoterol

View 8 0.0 0.0 0.0

5 specimens reported by Schultz. Renson and Hirsch
and data concerning vertebral body measurements
from the work of Lanier (1939) for comparison. There
was good agreement among these data. Lanier's data
for the intervening levels was used as a basis for inter-
polation to provide the remaining CV and CT location
data required to construct the model.

(c) Sternum geometry. Aswith each vertebra. a local
coordinate system was placed within the sternum.
Since 7 rib pairs usually articulate directly with the
sternum. 14 nomm were located along the lateral
borders of the mode! sternum. 7 on each side. to pro-
vide points of attachment for the deformable elements
used to represent the costal cartilages. Sternal geometry
data were adopted from the measurements reported by
Schultz, Benson and Hirsch (1974b) and are shown in
Table 2.

(d} Rib geomerry. The geometry of each rib is char-
acterized by 8 points placed as follows: 2 coincident
points lving on the costal tubercle defining the position
of the costo—transverse articulation (CT) points. a pair
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of inferior and superior points placed at the rib head
at the positions of the costo-vertebral articulation
(CV) points. 2 points placed along the inferior and
superior borders of the rib shaft at the mid-axillary line
to provide points of attachment for deformable ele-
ments representing the elastic behavior of the soft tis-
sue occupying the intercostal spaces (1C) points. and a
pair of points at the anterior end of the calcified por-
tion of the rib providing points of attachments for
deformable elements representing the costal cartilages.

Rib geometry data were also obtained from
measurements reported in Schultz. Benson and Hirsch
(1974a). Data describing the rib shaft geometry are
reported in Table 3.

te) Assembly of rib cage elements. Once the indivi-
dual geometry of each of the skeletal components is de-
scribed, they are assembled in the normal anatomical
position. For this purpose, anthropometric data
reported by Clauser et al. (1969) and Damon et al.
(1966! were emploved to place the sternum and ribs in
an anatomical position relative to the vertebral
column.

The standing position height of rib 10 (111 cm) was
used to place the ribs in the caudo-—cranial direction.
The substernal height (141 cm) reported by Clauser er
al. was also used 1o position the ribs in the global sys-
tem. Figure 1 shows the resulting normal anatomical
position. Triangular flags symbolize spinous processes.
rectangular planes indicate mid-pedicle cross-sections

and straight lines join left and right side transverse
processes.

Property data: material properties

The deformable elements which represent the soft
tissues in the model are assumed to exhibit quasi-linear
behavior. This provides for differences in behavior in
tension and in compression. Deformable element stiff-
nesses are deﬁned as the ratio of total load to total
deformation in the direction of the loading. Two types

Table 3. Rib shaft geometry in a quasi-horizontal plane. Measurements selected from data of Schultz.
Benson and Hirsch (1974a) at levels 2. 4, 6. 8 and 10 and interpolated for intervening levels

Horizontg! Rib | Yiom [ Yacm | Xeem | Yeom 1Mcaem E:E- é;i Zigm)
Elevotion View Flone Projechon ! 70 [-25 ] w0 [-u5 | ns4 | 10 | o0 | 00
Z, cc 2 0 [-32 | s0{-1w9] no |[sa0 | 00 { 00

rrl:— 1 & ~ = e - = o POy

\,\.\ 3 54 [ -1z 25 1-57 ¥.0 | 830 0.0 0.0
\\ B 4 | a6 |-09] 24 [-57] no |880 ] 00 | 00
\ /’ 5 33 |-45] 65 [-8.35] 4.5 |660 | 00 | 00
iC ({]ao 6 | 24 {-28 [105 |-98 ] 80 [570 | wos|-10

RS 7 32 [-23 |06 (-103 | 180 | 610 05 [- 195
Ay i wc 8 20 1-18 | as l-07 | 180 | 700 0s 1-29
Ny, LSy 8 3% ‘8 3 06 7107 ;80 ;700 05 -29
z p heod 3 e {13 | 56 |-93 | 130 |900 -2
" end Y 0 |ws {-03] 49 [-90 | no iwso | 2 |-29
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AP view Right tateral view

Fig. 1. Computer generated views of lumbar spine and
skeletal portions of the thorax in a normal anatomical
position.

of deformable elements are used. springs and beams.
The beam elements exhibit bending. torsional and
shear resistance. '

(a) Spinal colunm. Eight spring clements and |
beam element connect each pair of adjacent vertebrae.
The spring elements are: 1 SP element between adja-
cent spinous processes. representing the intra and
supraspinous ligaments: 2 TP elements between right
and left side transverse processes, representing the in-
tertransverse ligaments: 2 4F elements joining adja-
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cent articular facets, modelling the kinematic rdle of
those joints: 2 RT elements representing the ligamenta
flava: and 1 V' B element connecting adjacent vertebral
bodies and representing the tension-compression
resistance of the disc. The beam element connects adja-
cent vertebrae and represents the bending, shear and
torsional stiffness of the intervertebral disc.

(b) Costo—vertebral joint. The behavior of the
costo—vertebral joint is modelled so as to represent the
kinematic constraints imposed by this joint as well as
the resistance to deformation of the connecting liga-
mentous tissue. As shown in Fig. 2, each of ribs 2-10
is connected by an inferior CV; a superior CV anda CT
element. Each CV element is a bilinear spring with
compressive stiffness ten times as great as its tensile
stiffness. The CT is a beam element with axial, bend-
ing, torsional and shear resistances.

To assign stiffness properties to these elements, the
experiments of Schultz, Benson and Hirsch (1974b)
were simulated on the computer. A set of trial stiff-
nesses was assigned to each of the deformable elements
of Rib 6, which was isolated from the remainder of the
rib cage. Displacements were then computed for five
loadings, and the stiffness properties of the elements
were successively adjusted until computed displace-
ments satisfactorily agreed with the experimental

results of Schultz. Benson and Hirsch as shown in Fig.
2

This procedure was then repeated at each of the
other levels. It was found that the variation between
levels in magnitude of the displacements found experi-

?

Loading
Point

Ty

Direction of .75kp Load

x

Final

computed results
Experimental
dato reported by Shultz,
Benscin)ond Hilrsch (197 4b)

L4

1.0

LATERAL VIEW

DISPLACEMENT OF LOADING POINT

-5 0 .5 1.0 cm

Fig. 2. Hlustration of simulution studies for the assignment of stiffness values to the costo-vertebral (C})
and costo-transverse (CT) elements. Representative results are shown for Rib 6.
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Fig. 3. Tllustration of simulation studies for the assignment of stifiness values to costal-cartilage (CC) ele-
ments. Representative results are shown for the seventh costal-cartilage.

mentally could be matched solelv by differences in arti-
culation geometry. So. the C1" and CT stiffness values
sclected during the Rib 6 tests were used at all levels.
This nhmad the computed rhenlamampnlc at each level

well wnhm the range of the expenmemdll) measured
values. It appears that rib articulation kinematics are
a primary determinant of mechanical behavior.

(c) Costo—sternal joinis. interchondral cartilages. and
Again, computer simulation of
the experiments of Schultz, Benson and Hirsch (1974b)
were used to determine the stiffness properties of the
deformable elements representing the costal cartilages.
A representative set of results are reported in Fig. 3.
The elastic behavior of the costal cartilages is repre-
sented by a beam-type element (CC) exhibiting axial.
bending and torsional stiffness. The CC element con-
nects the calcified portion of the upper seven rib pairs
to the sternum. The false ribs are connected to the im-
med;dtel\ ad;acem ribs h\ CC elements renresentmg
the behavior of the interchondral cartilage. The elastic
behavior of the soft tissue occupying the intercostal
spaces 1s represented by a spring-tvpe (/C) element.
Representative stiffness values for deformable elements
attached to Rib 6 are reported in Table 4.

intercostal elements.

3. VALIDATION STUDIES

To see if the behavior of the completed model repre-
sented the behavior of real rib cages. its response was
compared with some availabie experimental resuits.
Two studies were conducted: the response of the rib
cage to lateral loads applied to the lower S rib pairs
was compared with the results reported by Agostoni et
al.(1965). and the response of the rib cage to compres-
sive loading on the sternum was compared with exper-
imental results reported by Patrick er al. (1966) and
Nahum er al. (1970). No other data were found that
seemed suitable for additional validation studies.

Lateral vib cuge loading
Agostoni ¢ al. (1965) subjected the relaxed rib cage

-of live subjects 10 a lateral squeezing force. and mea-

sured the resulting changes in lateral and frontal dia-
meters.

In the simulation procedure the loading was applied
along the mid-axillary line. just anterior to the latis-
simus dorsi muscle and distributed evenly over the
lower 5 rib pairs. The sacrum was fixed and 79 con-
strained from motion in the sagittal plane. Figure 4

Plalic

Table 4. Stiffness values for deformable elements attached to Rib 6

Axial tkp cm) Bending Torsional Shear
Eiement Tension Compression (kp-cm;rad) (kp-cm/rad} {kprem)
Inf. CV N 50 — — -
Sup. CV 5 50 — — —
cT 5 30 70 100 125
e 20 20 — —
cC 75 75 25 100 8

BM.- Vol. ™. No. 6--C
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shows the experimental and computed changes in
lateral diameters at the level of the xiphoid process.
which are in good agreement.

The change in lateral diameter computed by the
mode! was due primarily to a rotation of the calcified
ribs about an axis in the anteroposterior direction. For
example, the lateral diameter at the level of Rib 10
changed by 2:5 cm while the displacement at the rib
head was only 0-2 cm.

As shown in Fig. 4 the model underestimated the
corresponding changes in frontal diameter due to the
lateral squeezing forces. This discrepancy may be par-
tially due to the effects of the intra-thoracic cavity pres-
sure and the thoracic viscera not represented in the
model.

Posterior loading of the sternum

To test the response to sagittal plane loading, the ex-
periments reported by Nahum er al. and Patrick et al.
were simulated with the model. With T1 and 79 fixed
in the sagittal plane a compressive load in the antero-
posterior direction was applied to the sternum. Antero-
posterior displacements were computed for loads up
to 12 kp. As can be seen from Fig. 5, the predicted re-
sponse of the model is in good agreement with exper-
imental results. The following factors contributed to
the sternal deflections: deformation of costal cartilage:
a 2-5 degree rotation of the rib heads about an axis in
the frontal plane at the costo-vertebral articulations:
and a 01 cm dorsal displacement of the rib head in the
sagittal plane.
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Fig. 4. Model validation study. Computed and experimen-

tal changes in lateral and frontal diameters of the rib cage

at the level of the xiphoid process in response to a lateral
squeezing force applied to lower ribs.

Experimental data concerning the mechanics of the
thoracic cage are quite limited. More data are needed
in order to {ully validate the model. However. based on
the results of these two studies. the model appears to
be representative. As with any model. it can be only
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Fig. 5. Model validation study. Computed and experimental deflections of the sternum in response to

compressive loading.



Table 3. Siiffening effect of various elements of the rib cage on overall bending suffness ol spinal column.

Stiffness deter-

mined by dividing applied moment by resviting rotation at il

Bending stiffness (kp-cm deg)

Description Lateral Fiexion Extension Torsion

Isolated spine 098 1-69 114 P25
Spine and ribs P4z 24 264 i-04
Spine and ribs

Intercostals removed 1-31 —
Spine and ribs

Sternum remorved 097 - -
Spine and ribs

Sternum and intercostals removed r97 1-76 1-35 125
Spine and ribs

Rib 5 resected I-35 — —

partially represcniative of reality and this limitation
should be kept in mind when considering specific
applicavions and results. For example, Lobdell ¢t al.
(1973) have shown the response to sternal loading of
volunteer subjects in a relaxed state differs markedh

from their response when the trunk musculature 1s

rom el response Wil ture

tensed. The present model does not vet consider muscle
forces. and so would not reflect this difference in re-
sponse. Moreover. although the computational tech-
mque allows large displacements and large rotations of
}t‘ Wwou 11d he unr

realistic 10 use this initial model
Miu U ul

to study situations in which individual ribs experience
large loads. At large loads. the calcified portions of in-
dividual ribs would deform significantly. and the
cmumptlon that the calcified portion of the rib behaves
ri | SN AU 3 R P on o~

o o gar Anmetitiite o walid da
das d l lU U\'U\ WwWOouia 1o 10 ngel \-Ull)iliulc a vdlid uc-

scription of rib behavior,

4. INITIAL STUDIES

Using the model. a series of studies of rib cage
mechanics was conducted. The first examined the role
of the rib cage in the bending response of the spine.
The second investigated the stabilizing effect of the rib

cage on the vertebral column. and the third consi-
dered the use of the mode! for study of scoliosis.

Bending response studies

To study the effects of the model rib cage on the
bending response of the veriebral column severai types
of loading were applied 1o both the isolated spine and
the spine with ribs attached. Moments were applied to
T1 to produce lateral bending. flexion. extension and
longitudinal twist. The rotational response at each ver-
tebral level was computed. The overall and ievel by
level responses were then compared.

The results reported in Table 5 show the applied
moment at T divided by the rotational displacement

of T1 in the direction of that moment. which is indica-
tive of overall stiffness. In each case the rib cage had
the effect of increasing this parameter. To illustrate the
cage's effect on the bending response of the vertebral
column on a level by level basis. the results for the case
of lateral bending are shown in Fig. 6. The data were
compiled by dividing the relative rotation at euch ver-
tebral level by the 1otal applied moment at Ti. The
lateral bending results illustrated in Fig. 6 are repre-

sentative of the findings for torsion, flexion and exten-
cinn The had the

G S .o aal uiv

offact of
< ol s

fenine the
nect S the

L= 8318524

rib cage £
motion segments at each level of the thoracic spine.

To isolate the elements of the cage which contri-
buted to these changes in the bending response of the
spinal column. systematic changes were made among
the elements of the thorax as follows: inte
ments were removed: intercostals were replace and
the sternum removed: intercostals and sternum were
removed: and Rib 5 was resected on both sides.

The response for each of the above situations is com-
P&f:‘:u to the response of the isolated >‘p'lc and the
spine with rib cage intact in Table 5. The removal of
the sternum had the greatest effect on the spinal col-
umn’s bending responses. In removing the sternum the
right and left section of the cage were separated anter-
iorly. An analog can be drawn between the bending be-
havior of an open thin-walled cilinder and the re-
sponse of the thorax when the sternum is removed. In
both cases the ability to resist bending is markedly in-
creased when the continuity of the cross-section is re-
stored.

To resect Rib 5. the CV and CT elements were
removed on both left and right sides while all CC cle-
ments were left intact. Table 5 shows the resection of
Rib 3 had htle effect on the vertebral column's re-
sponse 1o lateral bending. This effect has been
observed clinically. During corrective surgery for sco-
liosis it has been found that resecting ribs at one or two
levels has little effect on the mobility of the spine.
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Fig. 6. The contributions of various elements of the thorax to the lateral bending response of each motion
segment level.

These studies indicated that:
(1) The rib cage has a significant role in all modes of
. bending of the thoracic spine;
(2) This role is clearly dependent upon the interaction
of the right and left sides of the cage:
(3) The resection of one or two ribs has little effect on

the bending response of the overall column.

Stability studies
It has been shown in the experiments of Lucas and

Bresler that the isolated spine with T1 unconstrained

will buckle laterally under a compressive load of less

than I Le Ralutenhlna o 2] (1072 cimauilatad the avnar_
tnan 2 KPp. SCIYISCNKO €7 ge. 115 /3) SHMLAWG W€ SXPar

iments of Lucas and Bresler in the model of the isq-
lated spine. For each of the constraint conditions on
T1 the buckling values computed by the model were
in good agreement with those found experimentally.

To investigate the role of the rib cage in stabilizing
the spinal column the same experiments were simu-
lated in the spine with rib cage attached. and the
results are also reported in Table 6. For each of the
constraint conditions the rib cage had the effect of in-

-creasing the buckling load of the thoraco-lumbar ver-
tebral column by a factor of three to four. So the rib
cage stabilizes the spine considerably, but still other

factors must be involved in that stabilization. Buckling
loads in rivo are still well above those found in these
model studies. An anteroposterior view of a buckled

configuration for one case is shown in Fig. 7.

Studies of scoliosis

Scoliosis is characterized by a lateral deviation of
the spine with a characteristic concurrent horizontal
plane rotation of the vertebral bodies. This complex

Table 6. Stabilizing effect of rib cage on isolated spine for various constraints

Lateral buckling loads (kp}

T1 fixed in T1 fixed in
Tl free *x-, y- and #_-directions all but -*-directions
Exp.t Computed Exp.t Computed Exp.t Computed
Isolated spine 208 214 171 210 334 330
Spine and rib
cage intact NA 80 NA 62-0 N4 101-0

* x is medial-lateral direction, y is anterior—posterior direction, and : is caudal-cranial direction, and 0. is rotation in

horizontal plane.

+ Experimental results reported by Lucas and Bresler (1961).

N A—not available.
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Frg. 7. Computer generated view of a buckled configur-
ation. T1 fixed in all but --directions.

spinal deformity 1s usually accompanied by distortion
ol the rib cage. In some cases, this distortion is of
major clinical concern.

To assess the applicability of the present model to
the study of scoliosis. several investigations were con-
ducted with the model. The first involved deforming
the normal vertebral column with attached rib cage to
4 configuration representing the deformities found in
scoliosis.

The frontal and horizontal plane rotations at each
vertebral level were read from radiographs of scoliotic
patients. A procedure equivalent to applying a set of
moments to each vertebra sufficient to produce these
prescribed rotations was carried out and the resuiting
equilibrium configuration for the spine and ribs was
computed. Two scoliotic curves were produced in this
manner. The first curve (NE 1)wasa 63" right thoraco-
lumbar curve extending from L4 to TS5 and the second
(MN}a40 right thoracic curve from L1 to T4. In each
case T1 was constrained not to move laterally or in the
sagittal plane. To attain configurations compatible
with the radiographs, it was also necessary to constrain
Rib 10 on the right and left sides from rotations about
axes in the frontal and sagitial planes.

Fig. 8. Computer generated views of NE1 and MN model
scoliotic configurations.

Anteroposterior views of the resulting configur-
ations are shown in Fig. 8. The resulting configurations
exhibit qualitatively many of the features found in a
scoliotic rib cage. In both the NE1 and M N configur-
ations the following characteristics are found: lateral
deviation of the vertebral column: frontal and horizon-
tal plane rotations of each vertebra characterizing the
deformity: rib cage hump on the convex side of curve;
chest wall deformity : and rib drooping, due to imposed
constraints on Rib 10.

In the second investigation into the mechanics of
a scoliotic rib cage the responses of NE1 and MN to
lateral bending and to traction were computed. The
results were compared to that of a normal rib cage and
to the response of the isolated scoliotic spine in the
NE1 and MN configurations.

For a lateral bending moment applied at T the re-
sponse of the scoliotic cage was almost identical to that
of the normal rib cage as reported in the section on
bending response. The response of the scoliotic cage.
normal cage. and isolated scoliotic spines to a tractive

Table 7. A comparison of tractive stiffness of the isolated
spine and spine with attached rib cage for normal and sco-
liotic configurations

Load at T tkpjcm)
Axial displacement pr

Configuration  lsolated spine Spine and rib cage
Normal 26:6 374
NEI 130 138
MN 12-7 15-4
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force applied at T1 were also computed. Results are
reported in Table 7. The rib cage has the effect of stiff-
ening the scoliotic spine in response to tractive force
by a factor of about two in comparison to the response
of the isolated scoliotic spine. However. the scoliotic
spine and rib cage appears only one-third as stiff in re-
sponse to tractive forces when compared to the normal
cage response. Table 7 reports the stiffness in response
to u tractive force of 4 kp for each of the normal and
scoliotic configurations.

S. DISCUSSION AND SUMMARY

Mathematical modeling employing large high-speed
computers has been found to be a useful investigative
tool in the study of complex biomechanical systems.
This paper has described such a model that can be
used to study the mechanics of the skeletal thorax.
Through the incorporation of experimental measure-
ments and geometrical data. a representative model
has been assembled which accounts for many impor-
tant mechanical aspects of the skeletal thorax. The
model accounts for kinematic and elastic behavior of
the joint capsules. cartilages and ligaments. in con-
structing this model it was found that the kinematic
characteristics of the costo-vertebral joint play a
major role in determining its mechanical behavior.

The literature was searched for experimental data
applicable to validation studies. At present the data
available are insutficient to completely validate the
model, but they enabled two studies to be conducted
which have proven useful. In both validation studies
good agreement was found between the model’s behav-
ior and experimental data. These experiments exam-
ined the various roles of the joints and skeletal ele-
ments in the overall response of the rib cage. For
example. in the lateral load simulation, the medial-
lateral motion of the mid-axillary borders of the rib
cage which results from rotation at the costo-vertebral
joints was sufficient to predict quite closely the changes
in lateral diameter found experimentally. Similarly, the
sternal loading experiment validated the costo—ver-
tebral joint and the costal-cartilage properties incor-
porated into the model.

Since the calcified portion of each rib is assumed to
displace as a rigid body. the deformation of the rib
cage found experimentally are accounted for solely by
the deformation of the costal cartilages and the rigid
body motion of the calcified ribs. It should be noted
thut this description of the rib cage deformation allows
relatively large motion of the rib without creating
excessively large stresses within the calcified portions.
Jordanoglau (1969) concluded that the major contribu-
lion to rib cage deformations during tidal breathing is
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due to a rotation about the neck-head axis. The
assumption of rigid motion to represent the major
component in the deformations of the calcified rib has
proven both useful and reasonable in this model of the
skeletal thorax. However, this assumption should not
be expected to represent all situations and its applica-
bility must be considered in light of the intended appli-
cations of the model.

In exploring the applications of the completed
model. a series of preliminary studies has been com-
pleted. The results of these studies have led to some
useful findings and additional incentives for future in-
vestigations. The model indicates that the rib cage plays
an important role in the bending response of the ver-
tebral column. For example, in extension. the rib cage
increases the bending stiffness of the spine by a factor
of two. Similarly. the load bearing capacity of the ver-
tebral column is influenced by the presence of the rib
cage. With the addition of the rib cage. the model has
shown the isolated spine can support three times as
much compressive loading before lateral instability
will occur.

The model studies of scoliosis. although preliminary
in nature. have also produced some uscful findings.
The deformities found in the scoliotic rib cage of both
NE! and MN. even with calcified portion of the rib
assumed rigid, appeared at least qualitatively to pos-
sess many of the clinically observed characteristics of
a scoliotic cage. This provides a useful starting point
for the study of the role of the rib cage in the etiology
and correction of this disease. For example. traction
applied to the vertebral column is a common correc-
tion procedure used in scoliosis. The results in Section
4 show that the rib cage increased the tractive stiffness
of the middle thoracic scoliotic spine (M.N) by 20 per
cent. but the addition of the rib cage had little effect
on the tractive stiffness of the lower level scoliotic spine
(NEN.-

As more data become available and through future
refinements. the range of the model’s applicability will
increase. The present model has permitted a first step
to be made toward assessing quantitatively the
mechanical behavior of the skeletal thorax.
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