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1. INTRODUCTION

Ana tomi c (2 ,4,5,7,8,9,12 ,14), mo ti on ( 1 ,3,11 ,17,20),

a n d  biodynamic (6,10 ,25 ,27) studies of the human spine are

n u m e r o u s .  Previous investiga tors have determined in part

the response of the spine to various loading conditions

(2 1 ,33 ,34); others have sought insight into deformities

• (e.g. sco liosis) (24 ,32), and to degenerative diseases

of the sp ine .

Most biodynamic stud ies have used isolated cadaveric

spine (3 ,11 ,21 ,26) segments ,though some i n v e s t i g a t o r s  have

used radiographic techinques in living subjects (1 ,20).

Each of these approaches has met with serious drawbacks.

Ideally, biomechanical and kinematic studies should be

performed on the spines of liv ing persons with all ligamentous

an d m u s c u l a r  a tt achmen ts i n tac t , or at least on intact

po stmortem specime ns. Radiographic techniques mu st be

precisely controlled and reproducible.

We have a t tempted to combine these two essen t ia l

elements of p rec i se  rad iograph ic  techniq ue in l i v i ng

and f resh postmortem subj ec ts  (16 ,22 ,23 ,29 ,30) .  Equip-

ment has been deve loped  to perfo rm both radiographic ,

kinemat ic  and force de f lec t ion  s tud ies (15 ,30). Additional

mod ifi ca ti ons of th i s a pp ara tus a re  now i n p ro g ress an d

w i l l  increase i ts capab i l i t y . An important emphas is  of

I
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the work has been to obtain an improved understanding of

the behavior  of the sp ine  in Ai r  Force seats , as w e l l  as

to generate accu ra te input data for u t i l i za t i on  in com p u ter

models of the sp ine .  Such s tud ies  p resen t l y h ave  b een

restricted by the limited reliable static and kinematic

input data .

Our original efforts were directed towards developing

the technology for evaluating spinal mechanics in vivo

in the human. It was evident that classic studies of the 4 .

mechanical properties of vertebral motion segments were

limited because of absence of m usc leS, abdominal tone and

normal (or abnormal ) positions. The importance of such data

to realistic mathem~ tic a1 models of the spine , as we l l  as

developing an understanding of mechanical factors operational

in low back pain , was ev ident. • -

The first year of funding permitted the development

of an apparatus originally designed to evaluate standard

radiographic methodologies , and to analyze some aspects of

intervertebral motion (28). Also , biplanar radiography

was adapted for use in the spine , bony landmarks identified

and validated , and methods developed for the analysis of

vertebral motion , flexion —extension , and subsequently of

i n terver tebra l di sc space ( I V D H ) ( 30,35). Computer algo-

rlthms to describe motion were developed.

~ 

~~ -~~~~~-~~~—- • - -  ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
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During the second year of funding, th e me tho d s were

applied to analysis of vertebral motions and tI~ coupled

characteristics of each motion segm ent in the lumbar spine

more comple te ly .  Adap ta t i on  of our appara tus  was car r ied

out to measure th e load-de f lec t i cn  cha rac te r i s t i c s  of the

recumbent sp ine in l i v i ng  persons .  Hysteretic behavior

in fl ex ion -ex tens ion  and ax ia l  r o ta t i on  were demonstrated.

Similarly, the limitations of instant center analysis in

live subjects were characterized , an d some o f the fac tors

responsible for these limitations investigated (29,36 ,37,

28). These methods were directly applied to Air Force

operational needs in studies of the Air Force HAC ejection

sea t .

During the latter part of the second year it was

evident that future studies must incorporate the following:

1) Ability to measure motion and load-deflection character-

istics of the normally standing and seated individual;

2) A system free of restraint which would allow these

postures to be simulated easily, either actively or

passively; 3) A flexible system which would permit posture

to be viewed from standing to seated or recumbent; 4)

A method to impose loads both actively and passivel y on

the spine with three-dimensional analysis of input-out put

data. From a technical standpoint , two feature s of importance

were identified: 1) the ability to insure accuracy of x-rays

i

- 
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an d reduce x-ray exposure; and , 2) The ability to measure

non-radiographically some aspects of lumbar spine deflection

(39 ) .

The funding period of 1976-77 saw the development

F of a new and improved apparatus. The stereo x-ray heads

permit quasi AP roentgenographs to be made , thus increasing

the accuracy and decreasing the amount of x-ray exposure.

The Moir~ Fringe grid achieves the goal of measuring the

back topography which we can correlate to the motion

of the spine (40,41 ,42,43,44). A variety of topographic

measurement techni ques was tested or evaluated (vector-

s tereo g ra phj, holography , Moir~ Fringe , etc.). Moire

Fringe topography was evaluated in the greatest detail ,

and methods established with computer programs for the

analyses of the data. Simultaneously, Moire Fringe

topography , vectorstereography and biplanar radiography

were analyzed to determine the relationships between

internal vertebra l positions and external topographical

shape and motion (40,45,46). A relationship has been

part ly def ined in the past and data ana lys i s  is cont inuing.

T h e s e  d a t a  suggest that topographic analyses can be a

powerfu l  tool in a s s e s s i n g  mot ion  of the lumbar sp ine but

w i l l  not def ine spec i f i c  mot ion se gment beh av io r .  The

greatest benefit is that areas of the spine can be analyzed in a far

- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _~~~ - - • 
•
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greater number of positions and motions than possible with

biplanar radiography. The incorporation of both topographic

methodologies and stereoradiography into the apparatus

therefore has the benefit of allowing motion segment behavior

to be attained in a reasonable number of positions with a

greater amount of data from the entire lumbar and thoracic

spine generated from the topographic analysis.

During the 1976-77 funding period , we have applied these

methodologies to a study of normal human spine behavior in

live human subjects in a vertical position and initial

results have been presented (40-45). This work has included

the preliminary measurement of load-deflection behavior with

the musculature included and preliminar y isometric load

tests. Other work has included the measurement of motion

at the sacroiliac joint.

The clinical ramifications of these studies are numerous.

We have presented data demonstrating the motion of lumbar

segments under known force inputs , as well as force-deflection

relationships (29). Radiograph ir and kinematic studies com-

pleted to date have resulted in an improved method of deter-

mining vertebra l rotation (22 ,23). The difficulties in

assessing intervertebral disc space height have been clan-

fled (18). Techniques developed in this project have been

applied in long-term follow up studies of patients with

l o w  b a c k  d i s o r d e r s  (16). Currently, kinematic analyses of

-
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the lumbar spine in these patients is in progre ss. The

Mo i r~ Fringe techniques have been utilized in the assess-

ment of sco liosis patients .

i
2. OBJECTIVES

Objectives of the research project were as follows:

1) To determine the kinematics of the

thoracic and lumbar spine of intact subjects

manipulated through flexion .-exte nsion ranges

in the USAF seats .

2) To measure the motion and load-deflection

char~~-.teristics of the spine of both living

and cadaveric subjects in normal planes of

movement (flexjon— ex tens jon , lateral bend ,

and axial rotation).

3) To determine the relationships between external

(input) motion and resultant motion of given

vertebral bodies.

4) To refine the techniques of localization of

vertebral bony landmarks in space.

5) To study the interactions of the pelvis with

respect to the overall biomechanics of the

spine.

•—~-~~ ~~~~~~~~~~~~~ :h~ — —--
~~~~~~~ A. ~~~~~~ -.
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6)  To develop an apparatus as ~ clinical tool

• in the evaluation of degenerative and

traumatic disease of the spine.

7) To study the changes of back topography as a

F function of various external loads and postural

changes.

8) To ascertain the isometric and isotonic strength

of the back in various postures.

9) To develop improved radiographic methodology

• to:

a) Assess whether stereo -radiogra phy

would provide a method of improved accuracy

and reduced x-ray exposure. This is

* particularly desirable in living human

subjects such that a greater number of

observations can be made through various

spine motions.

b) Further develop and apply digitizing tech-

niques to insure the efficiency of data

• collection and analysis.

10) To further develop the radiographic identifi-

cation of pelvic bony landmarks for the purpose s

of assessing spinal pelvic interactions in axial

rotation , flexion -extension and lateral bend.

~~~~~~~~~~~~ -•~~~~ •~~~~~~~ -•~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~Jj• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1 1 ) To describe the anthropometry of the pelvis

so as to permit the incor poration of this

in computer models of the spine.

3. RESEARCH REPORTS

3.1 Ori ginal Spine Machine (Supine Tests )

METHODS

Apparatus.

An apparatus has been constructed which allows evaluatio n

of the mechanical and biplane radio graphic characteristics

of the spine in the intact , fresh , human cadaver as well as

living subjects (15 ,30). This apparatus has the capability

rtf imparting controlled degrees of flexion-extension ,

lateral flexion and axial rotation singularly or in combination. H
(Figures 20 and 21) Freedom of upper and lower table segments

reduces restraint on experimental subject s and allows cephalo-

caudad translation. This has allowed a study of the effects

of motion and force loads on the lumbar spine. Developed •

biplanar radiographic studies permit evaluation of output of

these motions and forces.

Controlled loading of ax ial rotation has been incor-

porated by motorization of the apparatus in axia l rotation

with introduction of load and de flection on chart recorders. 

—
~~~~~~A~~~~ SL:~~~~ 1•--— ~~
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A calibration device has been devised to improve the

accuracy of biplanar radiographs. This device was found to

be necessary to loca l ize accurately the source of the x-ray

beam in space. Calibration rings placed in the unit allow

these sources to be ~ietermined in both the AP and lateral

planes as shown diagrammatically in Figure 1 . The calibra-

tion jig is constructed of radiotransparent aluminum and

• locates on the machine via steel dowels (Fig. 2).

t Radiographic techniques also have been developed to

• establish clearly known bony landmarks in space. We have

found , in common with Rab and Chao (31), that the superior

articular facet , the inferior articular facet , and the base

of the pedicles are reliable bony landmarks in the thoraco-

lumbar spine (22,23). These chosen bony landmarks may be

• identified and their three -dimensional positions in space

established by means of X ,Y and Z coordinates taken from a

reference coordinate system (Fig. 3). Magnification errors

introduced on these bony landmarks are corrected for by

means of the information derived from the calibration device ,

and calculated on a computer program. A plane in space con-

si st ing of these bony landmarks is generated by intersections

of vectors. The centroid of the triangular plane determines

motion of that body (Figure 4). In the case illustrated

~~~~~~~~L. •~~~~ -- ~~~~~~~~~~~~~ - -—_—~~~~~ ~~~~~~~~~ • • • •~~~:~~~~~• 
•
~~

L••
~~~~~~~~ -.~~~~ ----~~_. ~~--~~--~~~~ L
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(Fig. 4), a triangular plane is formed by the inferior bases

of the left and right pedic les and the cephalad -most pro-

jection of the right superior articular facet.

A polynomial in cartesian coordinates is used to des-

• cribe the motion of the centroid , as well as outputs in

• terms of X , V and 2 translation and axial rotation. The

instant centers of rotation for sequential motions are

computed from intersections of these planes and planar

instant centers for bony landmarks of vertebral pairs.

The accuracy of these bony landmarks has previously

been determined by Rab and Chao (31). We have confirmed

these observations by inputting known rotations into

isolated spine segments (22), and measuring output vertebral

rotation from biplanar radiographs (22,23). A mathematical

technique was used to compute the angle of rotation and

yielded an average error of 2.5% (Fig. 5).

The procedures described have been carried out in

1 r 
chosen ver tebra l  l e v e l s  in both the lumbar and thoracic spine.

Our initial tests were done in cadaveric subjects, with

the remaining tests carried out in l iving human volunteers.

Tests were carried out in flexion (with and without articula-

tion of the knee), lateral bend and axial rotation.

As an inherent part of this study , load -deflection

i n forma ti on i s re por ted . S i mu lt a n e o u s  loa d m e a s u r em en ts
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are  ma de us i n g force tra nsducers with load -deflection

curves displayed on chart recorders. Thus we can generate

data about load-deflection not only in terms of the overall

movement of the spine in space but also as a function of

indiv idual  l eve l s .

MATER I AL S

All studies carried out to date have been reviewed and

accepted by the Human Experimentation Committee of the

University of Vermont and the Medical Center Hospital of

Vermont .

The cadaveric material is chosen from the subjects

H available to the Pathology Department of the Medical

Cen ter Hos pit a l o f Vermo n t . We h ave  res tr i c te d ca d aver i c

mater ia l  to male subj ec ts , ages 18-40 , wi th  in tact  thorac ic

an d lumbar spine and pelves, in whom material can be obtained

wi th in  th i r ty [30] minute s postmortem .

Live subj ec ts  are chosen from norma l male vo lun teers

ranging from 18-35 years .  Pr imar i ly ,  subj ec ts  have been

students  and s ta f f  of the Medica l  School and Hospi ta l  who

rece i ve a s m a l l  r emune ra ti on for th e i r serv i ce.  Perm i ss i on

of the subj ec ts  is documented and the p ro toco ls  are estab-

l i shed  in l ine w i t h  those agreed upon by the Human Experi-

men tat i on Comm itt ee.

--
__~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •__ • • _~~~~~ : 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~: ____________________
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R E S U L T S

L o a d — D e f l e c t i o n  T e s t s .

The f l e x i on -ex tens ion  curves under cond i t ions  of
• load ing of a cadaver ic  sp ine  is shown in Figure 6. This

shows the hysteret ic  behavior as the cadaver is moved from

a starting position to maximal extension , and back to the

( star t ing  pos i t ion.  Ax ia l  ro tat ion , l i k e w i s e , exh ib i t ed

t hysteres is  as i l l us t ra ted  in Figure 7. Figure 7 a l so

i l l us t ra tes  the d i f fe rences between a c a d a v e r f c  sub ject

wh ich  has been f i xed to a table w i th  me ta l l i c  rods , and

a l ive subject in axial rotation. The average angular

stiffness in vivo was found to be 46.5 Nm /radia n.

Motion Studies.

A study of the motion of various vertebnJ bodies

has been carried out. The movement of the three -point

triangular reference system in space is illustrated by

f igures 8 ,9 ,10 ,11. These shows r espec t i ve l y  a v iew of

L2 , L3 a n d  L 4 in v ivo  in the neutral pos i t i on  w i t h  the

head to the right , fo l l owed  by the add i t ion  of 100 of clock-

wise  ax ia l  ro ta t ion , 00 of ax ia l  ro ta t ion  and 20 0 of r i g h t

l a t e ral  b e n d , a n d  10 ° of c l o c k w i s e  ax ia l  ro ta t ion  and 20 0

of la teral bend.

I.

• •
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F i gure  12 i l l u s tra tes add iti onal  test s on ax i al

rotation. We have found , confirming the work of others (26),

that vertebral motion is coupled and is always

assoc ia ted  w i t h  la tera l  bend. Figure 12 i l l u s t r a t e s  that

la teral  b en d a n d  ax i a l ro ta ti on r e s u l t i n the summa ti on

of the two e f f ec t s .  Figure 13 demonstrates la tera l  trans-

lation associated with the input motions. Again , no te

the coupling effect of axial rotation and lateral bend.

This concept of coupled motion is further illustrated in

Figure 14. Input axial rotation of 10° r e su l ted i n ven tra l

trans la ti on , cepha lad translation , and right lateral trans-

lation , as well as the inputted axial rotation.

Ins tant Center Studies.

A n a l y s i s  of these data a l l o w s  c a l c u l a t i o n  of the

instant centers of rotation. Figure 15 illustrates on

the ventral aspect the pathway of the instant center of

L4 when that vertebra moves from neutral to 10° of ex tens i on ,

to 3Q0 of relative extension , to 20° of flexion to neutral

I , and back to 50 of lateral bend. Figure 16 shows the instant

center pathway visualized from the superior aspect of the

vertebral body .

Figure 17 is the compilation of instant centers on

the superior aspect of the lumbar vertebra. Althoug h there

i s cons id era b le  sca tter , the instant centers in pure

~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~ -~ ~~~~~ ~~~~~~~~~~~~~~ - - •---•
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rotat ion and bending a re most l y  loca ted  w i th i n  the

posterior disc region , confirming Farfan t s observations (13).

We have found that the instant center moves towards the

side towards which rotation is forced. Right lateral bend

instant centers were mostly confined to the left posterior

disc space. Under conditions of combined loading, the

instant centers showed no consistent pattern ,with many such

• cen ters located outside the vertebral body . Thus , the

position of the instant center vari ed with both loading

magnitude and muscle activity , which has important

implications to the interpretation of such data . Figure 18

illustrates additional instant center analyses for the

latera l aspect of vertebral bodies ,as w e l l  as se en fro m

the ventral aspect (Fig. 19).

C O N C L U S I O N S

1) The protocol and equipment have been devised

to take accurate bip lanar roentgenographs of

both live subjects and cadavers in various

positions of flexion -extension , lateral bend ,

axial rotation and in combinations of these

positions.

2) Some of the in vivo load-deflection characteristics

of the lumbar spine have been established in

both l i ve  and cadaver i c  spec imens .  Input

• 
_—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :: :•=~~J:Ti:i —.i -- 
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motion has been imparted in flexion — extens ion ,

ax ia l  ro ta t ion , la tera l  bend and combinat ions

thereof .

• 3)  The lumbar sp ine  exh ib i t s  coupled mot ion

(motion in one d i rect ion is not independent

of motion in the other directions).

• 4) The motion segments exhibit hysteretic

behavior  in v i vo  in al l  d i rec t ions  of mot ion.

5) The instantaneous center varies in position

depending upon:

a )  The pro per ti es o f th e mo ti on se gmen t .

b) The direction of the load.

c)  Load comb i na t ions .

d) Magnitude of load.

e)  M u s c l e  ac ti v ity .

[This has clinical significance in terms

of the ability to use the instant center

as a diagnostic tool.]

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
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3. RESEARCH REPORTS

3.2 Multiorientation Spine Machine.

I N T R O D U C T I O N

In our ear ly  s tud ies , we used a biplanar radiographic

system which permit ted fa i r ly  accura te  measurements of
• segmental  ver tebra l  mot ion in prone human sub jec t s .  The

coup led c h a r a c t e r i s t i c s  of sp ina l  mot ion , instant  center

behavior of vertebral motion segments , muscle strength in

resisting torsion , and hysteretic behavior of the spine

were ana lyzed .  Th is  report w i l l  detai l  a new a p p ara tus

desi gne d to eva l ua te more  com p l e te ly m u s c l e  s tren gth an d

spinal  k inemat ics  in l i v ing  humans in a var iety of standing

postures. The results of preliminary studies of norma l

subjects will be described.

M A T E R I A L S  A N D  MET HOD

The apparatus (Fig. 22) consists of a frame fixed

to an x-ray table which can be tilted from the horizontal

to the vertical position. Subjects are fixed by means of a

strap around the pelvis wh ich  is secured by ropes to the pe lv i c

holder .  The p e l v i c  holder is suspended by four w i res  set

at 1200 to each other in s p a c e , e a c h  containing a load

cell in a known position whereby reaction forces at the

• hip can be monitored. Reaction axial rotational torque

about the long axis of the body is monitored within the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —‘-- — A



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • 

•~~~~~~~~~~~~~~~~~~
— -‘ --

~~ 
• --••--.- • •.•

~
----

17

pe lv ic  r ing v ia  three beam load c e l l s  (F ig .  2 3 ) .  T h e

apparatus is designed so that subject may contract iso-

tonically or isometrically. The subject may actually move

isotonically, or resist motion imparted by a thoracic

holder attached by a speciall y-designed harness. This

thoracic  ring is a c t i v a t e d  by ca b les  to an inner r ing

to impart ax ia l  rotat ion , or can be moved in other p lanes ,

for exa mp l e , flexion -ext ension , lateral bend. The thoracic

ring can be suspended by load ce l l s  so reaction forces at

the thorax (the load application point) can be monitored.

All the load cells are oriented in such a way that their

ax es , were they to continue , would intersect at a point

approximately corresponding to the subject’ s cen ter o f

• g rav i ty .

Measurement of imparted mot ion can be obta ined by

ei ther a stereo x- ray system (F ig .  24) or by analysis of

surface topography by the Moi r~ Fringe inferometry technique.

The radiographic method depends upon locating x-ray

sources by means of a calibration device. The position of

each vertebra in space is defined from identif i able bony

l a n d m a r ks , ususally inferior bases of the right and left

pedicles, and the cepha lad-most projection of the right

superior articular facet. The centroid of the tria ngle created

by these bony landmarks is used as the reference plane for

segmenta l vertebral motion. In the studies presented here,

~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~ ‘T.’ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — ----
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gross displacements usually have been measured by topo-

graphic analysis, with radiograp hs used for confirmation

in selected postures. Motion segment behavior has been

attained from the roentgenographs.

The Moi re Fringe technique e s s e n t i a l l y  c reates  a

topographic “c o n t o u r  m a p ” on the subj ec t ’ s b a c k  w h i c h  c a n

be photographed or v ideo taped and subsequent l y  an a lyzed .

Various digitizing and graphical analysis algorithms have

been developed to evaluate this data. Transverse and

ver ti cal prof il es a t spec ifi c l eve l s can b e use d to com par e

the subject’ s positions and displacements . Currentl y,

studies are in progress to define the relationship between

the vertebral body positions in space , and the positions

of the spine as determined by the topographic method.

Analog data acquisition techniques are being auto-

mated currently so that up to sixteen channels of information

can be monitored and stored in a digitize d form , read y for

computer processing.

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~
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Eleven male su bjects , ages twenty to thirty — seven ,

with no evidence of  low back disease were studi ed. The

subjects performed the following tests: 1) Lateral bend

isometrically against an infinite resistance ; 2) Lateral

bend against a 4.5 Kg resistance to a known displacement;

3) Isometric forward flexion; 4) Isotonic forward flexion;

5) Isometric axial rotation; 6) Axial rotation against

8 Nm; 7) Passive axial rotation applied via the thoracic

ring, and; 8) Active resistanc e of axial rotation imparted

• by the thoracic ring at a constant rate.

R E S U L T S

Table I lists the mean reaction forces and torques

measured from the load cells fixed to the pelvic ring. In

this table , the conventions are as follows: F = Force in

Newtons , 0 = torque in Newton -meters , +X = superior (cephalad)

direction , -x  = inferior (caudad) direction , +Y = right bend ,

-Y = left bend , +Z = posterio r , -z  = anterior (i.e. flexion).

Figure 25 shows the regression line and 85% confidence

intervals in lateral bend for all the data , both isometric

and limited deflection , -F~ represents a force in a direction

opposite to that of lateral bend and -F~ represents the

anterior direction. This apparent linear relationship

between reactive forces (Fig.26 ) is also seen between the

reactive moments. O
~ 

is the lateral bend (or scoliotic)

torque and 9 x is the axial rotation.

- _
• :~~~~
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TABLE I : L I M I T E D  D E F L E C T I O N  TES TS ( I S O T O N I C ) ,
11 SUBJECT S. (Mean Reaction Forces
in Newtons and Torques in Newton -Meters)

Right Lateral Bend Forward Flexion Ri ght Axial Rotation

Fy = 53.95 Fz = 56.14 Fz = 22.64
Fz = 6.61 Fx = 3.07 Fy = 12.91
6z = 49.46 Gy = 7.76 9x = 5.87

= 7.17

LIMITED DEFLECTIO N TESTS (ISOMETRIC),
11 SUBJECTS. (Mean Reaction Forces
in Newtons and Toruqes in Newto n-Meters)

Right Lateral Bend Forward Flex ion Ri ght Axial Rotatio n

Fy = -80.10 Fz -187.84 Fz = 34.47
Fz = 4.64 Fx 145.15 Fy = 43.94

= 74.46 Gy 0143.76 Qx = 20.33
= 336.43 Gy = -27.96

__________________________________________________________________________ 

_______________________ 
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Likewise (Fig. 27), in axial rotation we see a similar

• relationship between the reactive forces and the

reactive torques (Fig. 28). This raises the qu estion as

to whether the body is using some postura l mechanism to

optimize the resisting forces and torques. A gain ,

in flex ion a similar phenomena exists (Fig. 29).

Figure 30 gives the results of the tests using the

thoracic ring in axial rotation. The passive torque

k averages 500 in lb or 56 NM , and the active about 1500

in lb (170 (Mm ). This is nearly twice the average iso-

metric torque that was found.

The displacements of the vertebral bodies in space ,

as obtained from the .stereo radi ographs , are given in

Figures 31-33. Axial rotation is depicted in Figure 31.

* Note that there is considerable axial rotation associated

with lateral bend. Note the relative increase in the

thoracic region. In Figure 32 we can see anterior

translation at the various vertebral levels in forward

• flexion , axial rotation and lateral bend. Figure 33 shows

the lateral translation associated with the input motions

depicted in Figures 30—32 . Note the coupling effect of

axial rotation and lateral bend. Forward flexion on the

other hand is far less sensitive.

The Moire Fringe topography technique was foun d to be a

rapid non-invasive method of quantifying body shap e . This

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~• .



technique also lend s itself to analysis via digitizer and

computer. Figures34 -37 are examples of computer -produced

“ contour maps ” of the back of a low back pain (LBP) patient

in various positions. In addition , the patie n t’ s

“cross-section ” is shown at various levels in both the

vertical a horizontal directions. Motion analysis was
-

performed using the Moire Fringe technique in conjunction

with video equipment. Figures 38-47 give examples of the

“ contour map ” of the patient’ s back as he moves . This has

shown differences between LBP and controls.

Analysis of the Moire topographs showed that rib

hump height ,which was the highest contour , was about

1. 4 cm in the neutral position. In axial rotation the

• highest contour was found to be an average of 2.3 cm. Its

displacement in feriorl y is indicative of the fact that this

represents the mass of the paraspina l muscles , rather than

the rib hump (Figure 48). The Moir & photographs also

enabled us to assess axial rotation. This was minimal in

the neutral position , an average of 3° in iatera l bend ,

and 9° with a rotation input (Fig. 49 ) .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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D I S C U SS I O N

The relevance of these data is two-fold: First , it

gives semiquantitative , controlled estimates of muscle

force in both isometric and isotonic motion performed in

the usual directions of spinal mobility . Since the subjects

were healthy , athletic males , these generated forces can

be viewed as rather maximal for humans. Secondly, these

preliminary data suggest a postural mechanism may exist to

optimize resistance to forces and torques imparted to the

spine, either isometrically or isotonically, irregardless

of the position of the thorax.

These data are viewed as preliminary. Methodo logic

problems remain in achieving a reliable interface between

the subject and the thoracic and pelvic holders. This is

undoubtedly reflected in these data which contain some

element of friction and soft tissue elasticities and dis-

placements . Similarly, the forces represent both disp lace -
-• ments and attempts to maintain the center of gravity .

The displacements in these studies have been measured

l a rge ly  by sur face  topography , w i t h  l im i ted  rad iograph ic

ex po s u r e , primarily for confirmation. Although preliminary

analyses suggest a reproducible relationship between topo-

graphic and radiographic displacement measurements , this

has yet to be precisel y quantitated. Thus , the displacement

~t • • •  •~~~~~~~~~~ _~~~~~~ ~. •
••- • 
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data should be viewed as an approximation.

Ou r lon g range plans are to develop these methodolo-

gies , and to analyze the variations between subjects with

and without lumbar spine disease. By electromyographic

analysis , the muscle groups responsible for displacements

~ n be evaluated more precisely. In the long term , such

analyses may give valuable insights into the normal be-

havior of the lumbar spine , as well as serve as important

data for mathematical modeling.

I.
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3 . RESEARC H REPORTS

3.3 Pelvi c A nthropometry

I N T R O D UC T I O N :

Following the work of Hoaglund , et al. (47), it became

apparent that there were considerable racial differences

between the onset of osteoarthr itis. This was complementary

to the study of C ha l mers an d Ho (48 ) ,  who showed the rela-

tionship between racial groups and senile osteoporosis.

-
~~~ The pathogenesis of both secondary osteoarthritis and

os teoporosis involves biochemical processes which are in-

fluenced by the mechanical loading. The loading of a

specific joint is influenced by such factors as the

anthropometry , posture , joint congruity and the activity

of the subject. The following study resulted from a spe-

cific interest in the hip joint and in variations in the

anthropometry in different racial groups.

In addition , the specific works of Pope , et al. (28,29 ,30),

have demonstrated a need to study the anthropometry of the

hip joint and pelvis, so as to establish interrelationship

b e t w e e n  t h e  f e m u r , p e l v i s  and sp ine .

T h us , the emphasis on this study has been on me asuring

those anthropometric variables important in determining

the contact stresses in the femoral head and acetabu la , and

the in terac t ions between the p e l v i s  and sp ine.

~ -1
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Previous investigations of the angles of inclination and

declination of the acetabula and femoral head include

roentgenographic studies ( 49,50,51 ,52 ), and physical

measurem ents (53-62). None of these , however , i n v o l v e d

a comprehensive study of all important variables.

M A T E R I A L S :

Skeletal material was obtained from the Anatomy Departments

of the following institutions: The University of Vermont ,

The Un ivers i ty  of Rochester , Johns Hopkins School  of

Medicine, and Kobe University (Japan). The material was

obtained from cadavers donated for medical research purposes.

The pelves and femora were prepared according to standard

p ro toco l .  For eac h s p ec i men , a re ference  num ber was

given and its source , cause of death , age , sex , and weight

( i f  known) were recorded.

APPARATU S & METHOD: 
-

For accurate measurement of the pe l v i s , it was necessary

to construct a standardized positioning jig capable of

holding the pelve s repeatedly in their anatomica l position.

The jig was similar to that used by Schmldt (6l&62) and was

constructed of plexiglas (fi gure 5~~. D i mens i ona l

me a su remen ts were ma de w ith a v e r n i er cal ipe r an d an gl es 

• • 1’
-__

~
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• m e a s u r e d  by means of a specially designed goniometer.

Figure 51 shows the s tandard ized  o r i €n ta t i on  of the p e l v i s

with the anterosuperior iliac spines and the upper end of

-t the symphysis pubis descr ib ing a ve r t i ca l  p lane.  The t ip

of the coccyx was generally on a level with the upper half

• of the body of the pubis.

Th e i n ternal  di ame ters o f the l e s se r  p e l v i s were m e a s u r e d ,

as shown in Figure 52. These included the following

diameters of the superior aperture : ante~-o poster ior ,

tr a n s v e r s e , left oblique (positive slope), and right

ob l ique (negat ive  s l o p e ) .  S im i la r l y ,  on the in fer ior

a p e r t u r e , the anteroposter io r  and t ransverse diameters were

measured. Figure 56 shows the ca l ipe r  measurements made

between the i l iac  sp ines and between the ace tabu lae .

On both sides of the pelvis , a l a r ge num be r of measuremen ts

were made. This included the diameter of the acetabula

(normal to the p l a n e  o f th e f o s s a ) ,Figure 53 , the depth of

the acetab lua and fossa (made with a vernier depth gauge).

Para f i lm rep l i cas  of the sur faces were used to determine

the sur face area of the fossa and the areas of

attachement of the gluteus medius and minimus. Figure 57

shows the measurements that were made of the d is tance from

-1
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• the t ip of the ace tabu la  to the t ransve rse  p lane from the

centre of the acetabula , to the iliac crest and from the

ASIS and the PSIS is also measured in the cepha lo-cauda l

direction. Other measurements included the width of the

ischium at t h e  f u s i o n  l i n e , a n d  the goniometric measure-

ments (figure 54 & 55 ) of the saggital and transverse

inclination of the acetabula and of the lumbosacral angle.

R E S U L T S :

T hes e are g i ven i n Ta bl e I I .

CONCLUSIONS:

These data should be inva luab le  in developing mathemat ical

models to s imula te  fo rces  ac ross  the hip jo in t  and spine-

pe l v i c  i n te rac t i ons .  There do appear to be d i f fe rences

between the rac ia l  groups , but presently the numbers are

too small for statistical validit y . Work in this area is

continuing.
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3. RESEARCH REPORTS

3 . 4  Pelvic-Spine Interactions

a )  ~~T I O N  S P E C I F I C  TO THE S A C R O I L I A C J O I N T

INTROD UCTION :

The allowable movement of the sacroiliac joints has always

been con trovers ia l .  T h e de nse  l ig amen tous a tt ac hmen ts

of these joints , their complex , irregular topography , and

the magnitude of forces necessary for its disruption have

been cited as evidence against any clinically significant

motion. The diarthroidal nature of the joint , histologic

and radiographic evidence of age related degenerative

changes , and the w iden ing  of the pe lv i c  out le t  in pregnanc y

are c i ted as ev idence  for c l i n i c a l l y  s ign i f i can t  mot ion.

Attempts to measure sacroiliac joint motion in living

human subjects has been difficult. Colachis (78) implanted

steel w i res  into the pos ter io r  super ior  i l i ac  cres ts  of

human vo lunteers , ages 22 to 45. The measured deflect ions

of the wires was interpreted as sacroiliac motion. Small

para l le l  and angular d i sp lacemen ts  were observed , b u t  t r u e

rotatory mot ion did not occur .  Rad iograph ic  measurements

have Included analysis of the true or diagonal conjugates

of the pelvis. Conflicting data has resulte d b t h  to the

amount and type of allowable motion that occurs at the

sacroiliac joints. Most recently, biplanar ortho gonal

-
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radiographic techniques have been used in cadaveric

specimens , and one l i v i ng  human s u bj e c t .  Those invest -

igators concluded that significant motions of the sacro-

iliac joints do occur , as well as significant deflections

of bones of the pelvis during various static mani pu l ations

Our interest has been stimulated by the role of the sacro-

iliac joints in low back syndromes , and particularly

persistent symptoms observed at graft donor sites in

patients undergoing spinal fusion. Furthermore , the

importance of these joints in the development of meaning-

ful mathematical models of the lumbar spine is apparent.

This report deals with the analysis of biplanar and stereo-

radiographic measurements of sacroiliac motion in living

and cadaveric subjects.

METHODS AND M A T E R I A L S :

Cadaveric specimens which inc luded the pelvic ring, sacrum ,

and lower lumbar vertebrae were affixed to the upper table

of our original spine machine by means of two threaded

steel rods , 9.5 mm in diameter. This apparatus has been

described in detail previously and has the capabilit y of

imparting movements of flexion -extension , axial rotation ,

and la tera l  bend s ingu la r l y or in combination to the

specimen. A second jig was affixed to the sacrum and to

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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fixation rods (Figure 58) which enabled us to wedge the

sacroiliac joint into a new position and to pre cisely measure

the relative motion between the sacrum and iliac crests.

A typical chart record is gi ven in Fi gure 59. U sing our

biplanar x-ray system , we then measured radiographically

the displacements between the neutral and the deflected ,

i.e., wed ged position.

The biplanar radiographic method and apparatus have been

described previously. This system allows the source loca-

tion of radiographic beams to be accurately established.

Identification of bony landmarks or implanted steel markers

allows deflections and translations to be measured with an

ac cu r a c y o f ÷/- 10 . Data collection and analysis is facili -

tated by developed computer programs , outputting motions

in a Cartesian Coordinate System .

Once the best bony landmarks had been established , these

techniques were applied to live subjects. For these purposes ,

we u t i l i z e d  a se r i es  of b ip lanar  rad io graphs  of pa t ien ts  up

to 10 years post disc surgery . These were taken in

f l e x i o n - e x t e n s i o n  and neut ra l .  W i t h i n  the range of reso lu -

tio n of our techniques , we did not detect any statistically

significant motion in this joint in vivo.

— 
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FUTURE WORK:

The specimens will be manipulated in the following

positions: sacrum anatomic position , pelvis at 50 incre-

ments of flexion extension , ov er 20 0 , 50 increments of

axial rotation over an arc of 200 , pelvis neutral , sacrum

manipulated at 5° increments of flexion extension , and

a xi al ro ta ti on over  an ar c o f 200 ; and combinations of

pelvic rotation or flexion extension , combined with flexion

extension movements or axial rotation of the sacrum.

Measurements will be carried out using the stereoradiographic

method. This will be accomplished by incorporation of the

table top of the original spine machine into the improved

spine apparatus. 
-

The stereoradiographic system is similar in its principle

to the biplanar radiogra phic m ethod. However , the radio-

graphic sources are relocated at an angle of 16 to 200

relative to one another rather than at 900 . This system

has particular advantage in study of the pelvis where bony

landmarks are widely separated , and are obscured by other

bone densities particularly on the lateral radiograph. The

same experiments will be carried out in th is radiographic

configuration , as were done in the biplanar technique.

To assess the repeatabilit y and reliablility of bony

landmarks , 1 mm steel balls will be implanted into the

______________________________________________________ 
__________________
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sacrum and pelvis of the cadaveric specimens. At least 4

steel balls were implanted in locations in the pelvis and

sacrum. The accuracy of the bon y landmarks will therefore ,

be compared to e a s i l y  i den t i f i ed  s tee l  ba l l  landmarks ,

as well as to the known inputs of sacral and pelvic motion.

The stereoradiographic method will be applied to human

volunteers , ages 20 to 35. Gonadal sh ie lding will be

carried out in male subjects and each subject will be
F t

subjected to no more than 3 radiographic stereo pairs.

Post-partum females , 3 to 5 days after delivery and tubal

ligation will be used to measure pelvic mobility using the

same techniques. The followin g positions will be assigned

to each subject:

1 . Position 1: Neutral prone position , recumbent

with hips a neutral abduction-adductio n , 20

external rotation.

2. P o s i t i o n  2: R ight  hip in frog leg pos i t i on

(Patrick ’ s test).

L 3. Position 3: Left hip in frog leg position

(Patrick’ s test left).

4. P o s i t i o n  4:  Pa t i en t  s i de  ly ing ,  neut ra l

position , legs in neutral position with bolste r

between legs  to m i n i m i z e  adduc t i o n  of the h ip .

5. Position 5: Patient side lying with right hip

~ , ~~~~~~~~~~~~~~~~~~~~~
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flexed and left hip extended.

6. Position 6: Patient side lying with right leg

• flexed 30° , trunk axia l ly rotated to right.

7. Position 17 :  Patient standing in normal posture ,

hips abducted 20°.

8. Position 8: Patient standing on either right or

left leg with opposite leg flexed 200 at hip.

9. Position _ 9: SLR

The sequence of radiographs will be taken such that a sin gle

patient had either the recumbent prone , recumbent side lying,

or standing position as the neutral position (three patients

each group), or the recumbent , side lying, recumbent prone

• position followed by either one of the side lying or recum-

bent postures (3 patients), or the recumbent , followed by

the standing posture and one other position (3 patients).

The bony landmarks will be identifi ed on the stereoradiographi c

pairs , digitized , and treated according to computer programs ,

previously described for anal y sis of lumbar spine motion.

b) GROSS MOTION OE THE PELVIS WIT H RESPECT TO

THE R EST OF THE SKELETAL SYSTEM.

METHODS & MATERIALS:

Blinking Light Emitting Dio des are placed over the ankle ,

---
~~~
---- . ,
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knee , and hip joints , and the thorax of a subject prior to

the straight leg raising exam. The exam is performed in a

darkened room while being viewed by a camera set on “ time ”

exposure. When the limit of motion , due to tightness or

pain , is reached , the subject indicates this verbally and by

pushing a button which activates another “LED” thereby pro-

viding evidence on film of this limit.

t 
RESULTS :

- : - 

We have analyzed 40 subjects , and it appears there are

two different responses to the test. In one group, the

femoral instant center of rotation remains stationary

(i.e., single ax -is), (Figure 60), whereas the other group

demonstrates a variation in position of the center of rota-

tion (anteroceph ~ lo translation). The latter grou p appears

to have tight hamstrings and preliminar y analysis suggests

the presence of accentuated lumbar lordosi s (Figure 61).

-~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . . - .  
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3 . R E S E A R C H  R E P O R TS

3.5 Measurement of Intervertebra l Disc Space Height.

Following the work of Hampton and Robinson (63),

the value of roentgenography to assess the disc is well

accepted. Herniated nucleus pulposus is the result of a

continuing degenerative process within the disc (13 ,14 ,

64-67) and thus , the frequent clinical measurement of

disc dimensions is of particular interest. However ,

radiologists often fail to agree in their assessment of

lateral lumbar roentgenographs (68) and frequently a

single observer is unable to make repeatable measurements.

This is partly because of the difficulty of repeatably

picking up bony landmarks , particularly if the tube-

vertebra -film plane relationships are not identical in all

planes in successive roentgenographs , and partly because there

is no general agreement on the measurement method (land-

marks and treatment of data) to be employed. Thus ,

there is a very real risk that a given patient may have his

disc degeneration misread due to measurement error or diff-

eren t m e a s u r e m en t , or roentgenographic techniques. The

present study is a comparison of some of the methods of

disc space height (IVD) (13 ,69) an assessment of some new

techniques and a study of potential errors.
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METHODS

A. Isolated Vertebrae.

Isolated vertebrae were drilled in an

axial direction and fixed on a radiotransparent rod into

a jig previously described (22). This permitted lateral ,

axial and transverse translation and rotation of the

vertebrae to take p lace. As each new position AP and

lateral roentgenograms were taken.

B. Cadaveric Studies.

;4 Cadavers were fixed into a machine capable

of obtaining roentgenograms by means of transfixation rods

through the iliac crests and a thoracic vertebra . As

described elsewhere (36), this machine permits lateral

ben d , fl exion — extension , axial rotation and axial trans-

lation to occur relative to the fixed x-ray sources and

orthogonal film planes.

C. Live Subjects.

Roentgenographs were taken of 137 patients

who underwent lumbar disc surgery at the Medical Center

Hospital of Vermont, between 1952 and 1962 (132 roent-

genograms were usable). The AP and lateral x-rays were

taken utilizing a special apparatus designed specifically

for this purpose (18~~. These tests enabled us to check our

previous findings over a large clinical population. 
- 
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D. M e a s u r e m e n t Met h ods :

T h e roen tg eno g ra ph s were  m e a s u r e d us i n g a

4 
Summagraphics digitizer. This was used in conjunction with ‘I

an Infoton teletype terminal with CRT display which was

remotely on line with the Sigma 6 computer at the Univer-

sity of Vermont computation center. This enabled us to

m a k e  r apid me a s u r e m e n ts a n d  to com p u te s i mu lt a n e o u s ly

t ratios , areas and heights.

The first method used was that suggested

by Hurxthal (69). This involved the measurement of the

~
t . greatest midline distances between the two distal rims

and the two proximal rims and then averaging them. Measure-

ment in this system merely involves the touching of the

digitizer pen to the appropriate points on the x-rays.

H Also , on each roentgenograph we used Hurxtha l ‘ s (69) al-

ternate method , the distance between the bisection points

between the lower ring of one vertebra to the bisection

between the upper ring of the vertebra below.

A l s o , on each vertebra , we use d Far fan ’ s

(13) suggestion and established the ratio between the

posterior height/mean diameter , and the anterior height/

diameter .  Three measurements were made also (Fig. 62-A )

of mid -intervertebral disc space height (A), mid -inter-

vertebral height of the superior body (B), and AP diameter

of the disc (C). In order to correct for magnification or

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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distortion of the image , disc space heights are e x p r e s s e d

-
~~ i n  r a t i o s  of the mid -intervertebral disc space measure-

ment to the adjacent measurable structures mentioned

above .

R’ = A = mid-intervertebra l disc space height (mm)
B mi d—vertebral body height (mm )

R” = A = mid-intervertebral disc space height (m)
C Diameter of the disc (mm)

A further measurement method which we attem pted (Fig.62B)

was to measure the projected area of the two end plates 11
and subtract one-ha if of their sun from the total pro-

jected area of the disc. This is then divided by the

width of the disc to give the ave rage height. Areas were

simply measured by touching the pen to as many points as

were necessary to define the area.

It was also attempted to compensate for lateral

bend by using the simple tri n inometric relationships given

in f igure 63.

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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• R E S U L T S

Table III gives the results of the tests done on the

isolated vertebrae. For comparison , all are referred to

the IVD computed using Farfan ’s recommendation (13), i.e.

the average posterior height. Using the standard

deviation as a measure , it was established that the

average posterior height and the mim- IVD were much better

than Hurxtha l ‘ 5 ( 69 ) a v e r a g e I V D , or IVD at estimated end

plate centers. The area method allowed no improvement of

the former two. The trigonometric method showed no

significant improvement when small angles were involved.

Generally speaking, measurements coincided within 0.5mm , L

except above 40° or rotation and at 20° of lateral bend

where it became impossible to make accurate measurements.

All of the ratios showed an improvement over the simple

IVD m e a s u r e m e n t w ith Far fan ’s (13) method slightly superior.

The cadaveric studies showed the same findings. An

additional finding was that the error in IVD increased as

the x-ray beam was centered further from the disc of

interest (Tabletv ) .  A wide range and extreme variation s

were found to exist in measured disc space heights at

each level of t h e  lumbar spines of the live subjects.

R’ (ratio of mid-intervertebral disc space height over

mid -ve rtebral body height) and R° (ratio of mid-inter-

vertebral disc space height over diameter of the disc)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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were found to give similar results , although R” was

always slightly smaller than r & (p < 0.01); as a function

of the disc diameter being greater than the axial height

of the vertebral body . For convenience , R’ was selected

as a measure of disc space height in the evaluation of

our data.

Figure 64 graphically illustrates the mean disc

space height at each level for all fused and non -fused

patients. At each level there is essentially no differ-

ence in mean R’ , regardless of the type or result of

• surgery (p > 0.05). Further subdivision of the data

reveals that this finding does not vary, with one ex-

ception: Patients with documented disc excision at

L4.5 and L 5_ S 1 have significantly smaller disc spaces

at the previously operated level (p < 0.01).

Analysis of intervertebral disc space height

reveals extreme variation in the ratio of mid -inter-

vertebral disc space over mid -v ertebral body height (R’).

We also found the mean R’ is smallest at the L 5-S 1 and

L4_ 5 levels. We report a mean R’ of less than 0.25 at

L 5— S 1 only and approximately 0.25 and L4_5 . Although

anatomic variation of the disc thickness at these levels

must be considered a factor , these findings are con-

sistent with documen ted disc herniation and surgery at

either one or both of these interspaces.
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3. R E S E A R C H  R E P O R T S

3.6  MAST Sui t .

The medical anti — shock trouser (MAST or G—suit)

is an important addition to the initial management of

the patient in shock. The inflatable suit encompasses

the legs and abdomen. Commonly, thi s suit is ap plied to

the traumatized patient by ambulance personnel , as one

method of restoring intravascular volume. This use of

this suit to date has met with enthusiastic approval.

(See photo of patient in suit on “back board” , Fig. 65.)

METHOD A MD MA T E R I A L S

In an attempt to determine the effect of the suit

on spine fractures , spine motion was evaluated by bi-

planar x-rays in normal subjects manipulated on our

apparatus which permits quantitative analysis of spine

kinematics. Radiographs were taken with a suit deflated ,

and inflated , and the intrasegmenta l motion of thoracic

an d lumbar vertebrae were determined for flexion-extension ,

axial rotation , lateral bend , and lateral encepha lo-

caudad translations. Additionally, these studies were

car r ied  out a f resh cadave r i c  subj ec t  w i t h  comp le te

transection of the spine.
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RE SULTS

I n seven normal subjects , anterior -posterior motion

of up to 0.5” was observed as the suit was inflated and

deflated (Fig• 66 ). The cadaveric subject , the posterior

elements of L 1— L 2 having been transected , demonstrated

AP and Cepha l o— caudad instability at that segment (Fig. 67 ).

By appropriate modifications of the inflation and

deflation technique , these variations in force can be

reduced. These biomechanica l studies will be complemented

- by a rev iew of patients with spine injuries seen at the

-• Medical Center Hospital of Vermont in the past five years.
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3. R E S E A R C H  R E P O R T S

3.7 USAF Ejection Seats.

A model of the USAF HAC seat (Figs. 68, 69)

(adjustable) has been constructed to fit on our original

experimental apparatus. This allows bip l anar radiographic

study of the orientation changes in the sp ine as the seat

position is changed from the normal (ejection) to combat

positions and returns to normal. The importance of

such studies are to allow optimal seating configurations

to be designed , to reduce injury to the pilots during

ejection. The apparatus was used with the side arms

removed. Axial rotation was locked such that the cephalad

portion of the table was flat relative to the caudal

portion. With the x-ray machine in place , the system

was calibrated using the jig (Fg. 70), and the Air
F Force seat then affixed (Fig. 71).

Subjects were belted into the seat which was in the

normal seating position (Figs. 72 , 73). Care was taken

to assure that the ischiu rn was firmly against the bucket

of the seat.

Subj ects were conditioned to allow themselves to be

moved without muscle interaction , and this was re-emphasized

during testing procedures.
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Biplanar radio graphs were taken in the normal

position , the seat was moved to the combat position

(Figs. 74—77), and a second biplanar radiograph was

taken. The seat was then returned to the normal position

and a final biplanar radiographic set taken.

RE SULTS

Each subject (Fig. 78) dem onstrated a caudal dis-

placement (Fig. 79) of each ver tebral body of at least

4.5 cm when moved from the normal to combat position.

Anteroposterior displacement (Fig. 80) was insignificant

in this sequence and within the experimental error in

the system of .4cm to .5cm . Subject D8S had an average

posterior displacement of 1.37 cm which may have been due

to his moving involuntarily.

As each subject was moved from the normal to combat

position (Figs. 81-83), there was a shortening of the

glabella to xiphisternal junction distance on an average

of 11.86 cm. The line between those points had an average

location of 41.82° from the horizontal .

The instant centers of rotation (Figs. 84—86) appeared

to be located throughout the Y-Z plane at the level of the

centroid for each vertebral body considered in this sea ting

sequence.
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There were few final orientations of the subjects

that were significantly different from the original

posi tion in the Air Force seat. The few instances in

which alteratio rs were seen were most likely due to the

subject moving unintentionally, or due to the discomfort

of the unpadded seat. A well -padded seat , in conjunction

with a firmer fixation system, would provide more de-

finitive fixation. In the future we feel that radio-

graphic technique can be significantly improved upon by

removing the sides of the seat , or by building the

hinging apparatus into the existing apparatus which we

are using in other experiments.
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3. R E S E A R C H  R E P O R T S

3.8 Range of Motion.

-t
I N T R O D U C T I O N

Clinical methods of object ively measuring range of

-
~~~~ motion have been lacking. As a result of our radiographic

I’ work we have devised such methods which are clinically

applicable.

METHOD

A subject is restrained at the hips and a device

capable of monitoring motion (Fig. 87) is attached by

a belt over the spinous process of T-lO . The line

connected to the body can be thought of as a vector in

two-dimensional cpace , and this equipment monitors its

length and angle change relative to a fixed point and

neutral position.

R E S U L T S

Results are given in Figures 88 through 91.

D I S C U S S I O N

Although in the prototype stage , this device looks

very promisi ng.
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3. RESEARCH REPORTS

3.9 Vertebral Rotation

I N T R O D U C T I O N

The precise radiographic evaluation of vertebral

rotation in v ivo remains an enigma . Various bony land-

marks have been used in assessing this modality of

spine motion. Cobb in 1978 (70) used the tip of the

spinous process in relation to the underlying vertebral

body . Moe in 1968 (74), Nash and Moe in 1969 (75) and

Fait and Janovec in 1970 (71) estimated the position of

the convex pedicle outline on anteroposterior radio-

graphs. Most recently, Mehta (73) has used three bony

landmarks , the pedicle , the transverse process , and

the intervertebral foramen , all on the convex side.

Each author has recognized that these methods allowed

only an approximation of rotation.

We are reporting a method of more accuratel y

measuring rotation in the thoracic and lumba r spine

using biplane radio graphy of the isolated anatomic and

fresh cadaveric specimens. This method is ada ptable to

clinical materia l and utilizes standard radiographic

equipment.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —J~~~~A. ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ .
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MATERIALS & METHODS:

The apparatus for biplane radiography has been

described elsewhere (72). Its essential feature is a

fixed relationship between roentgen tube and film which

allows precise and reproducible radiography of a subject

under controlled conditions.

Three different sets of normal cadaveric vertebrae

were obtained from the lumbar , thoraco-lumbar and

thoracic spine. Each set of vertebrae was mounted on a

radiolucent rod placed just anterior to the posterior

longitudinal ligament. The rod was fixed to a rigid

support structure which allowed free axial rotation of

the vertebrae. A protractor was fixed to the support

structure to provide direct measurement of vertebral

rotation (Figure 92). Serial biplane radiographs ,

oriented at 90 degrees with respect to one another ,

were obtained of each vertebral set at 5 degree incre-

ments of axial rotation between 0 and 90 degrees. To

determine the effect of precise radiographic centering

on measurement determinations , one set of films was

obtained with the roentgen beam precisel y centered , and

a second with the beam centered by visua l alignment

alone. All radiogra ph s were analyzed and measured for

rotation using bony landmarks (vide infra) . The method
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for radiographically assessing rotation is ba sed on

fundamental principles of plane geometry ill ustrated in

Figure 93. The results obtained from measurements

between bony landmarks was then compared to the known

rotational input determined from the protractor.

R O E N T G E N O G R A P H I C  I N T E R P R E T A T I O N:

An analysis of several bony landmarks confirmed

known anatomic differences between the thoracic ,

thoraco -lumbar and lumbar spine. Difficulty was

encountered in finding landmarks which were radio -

graphically consistent at all vertebral levels when

axially rotated through a 90 degree arc. Because the

lumbar vertebrae are structurally heavier and are more

widely separated by their intervening intervertebral

discs , radiographic interpretation at this level is

easiest to perform. The tips of the inferior articular

facets proved to be reliable landmarks in the thoraco-

-
‘ 

lumbar junction and lumbar spine , but were not readily

visible in the thoracic region. The tips of the

superior articular facets could be visualized in the

thoracic spine , but could not be relied upon for the

determination of lumbar rotation. The inferior bases

of the pedicles proved to be reliable landmarks in both

the thoracic and lumbar spine. In these experiments we

have compared all three landmarks , i.e., the tip of the

~ 
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superior articular facet , the tip of the inferior

ar t i cular facet , and the inferior base of the pedicles.

The angle of vertebral rotation present at any

segmental level can be found by determining the

arcs i n e , arc cosine or arctangent of that angle. The

geometric solution for the sine and cosine of this

angle requires an initial unrotated view of the

ver te b ra , and thus are of limited clinical value when

fixed structural rotation is encountered. The geometric

solution for the arctangent of the angle of rotation

does not require an initi ~ l unrotated view and may be

calculated from the measured distance between the bon y

landmarks determined from carefully oriented antero-

posterior and true lateral radiographs.

All measurements of the three selected sets of bony

landmarks were made directly from the radiographs using

a divider which was then held next to a steel centi-

meter rule in order to obtain a numerical value. Exper-

ience is required to consistently identify these land-

mar ks.

It is helpful to have on hand an articulated spine

or an isolated vertebra corresponding to the segment to

be measured for reference the first few times rotational
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measurements are attempte d. This will aid in more

precise identificati on of these bony landmarks as they

appear in different angles of rotation. As vertebral

rotation approaches 200 to 35° and posterior elements

become superimposed , precise localization of the inferior -i

base of the pedicle on the side toward which the vertebrae

is rotating becomes somewhat difficult , particularly on

the anteroposterior radiographs. However , it is usually

marked by a readily identifiable area of increased bone

density along the lateral vertebral border on the side

toward which the vertebrae is rotating. Optimal radiographic

technique for visualizing these structures is mandatory

to overcome  i n ter fe rence  f rom so ft ti s sue , b owel  gas

and the rib cage.

RES ULTS

Lumbar Spine.

Figure 94 illustrates the typical accurac y obtain ed

in the lumbar spine using the tips of the inferior

articular facets and the inferior bases of the

pedic les as bony landmarks on three different sets of

radiographs. The mean average difference between the

calculated vertebral rotaton and actual rotation using

the arctan gent formula was 1.79 degrees for the tips of

the inferior facets and 3.02 degrees for the base of the

____________ ____________ 4 
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pedicles. When the mean of the results from the

arctangent , arc  s i ne and  a rccos i ne fo r m ul as were  u s ed ,

a mean error of 2.24 degrees was found. Rotational

calculations were not significantly influenced by

precise centering of the roentgenographic beam as com-

pared to visual alignment alone. The results were not

significantly influenced by moving the vertebra four

centimeters caudally or cephalad with respect to fixed

radiographic equipment.

Thoracic Spine

The mean average difference between calculated

vertebral rotation and actual rotation using the

arctangent formula was 3.40 degrees for the base of the

pedicles and 4.03 degrees for the tips of the superior

articular facets. While this mean differe nce is some-

what greater than that observed at the lumbar level , it

still gives a close approximation of true vertebral

ro ta t ion .  As in the lumbar sp ine , long i tud ina l  movement

of the vertebra for a distance of four centimeters in

either direction beneath the fixe d radiographic equip-

ment had little effect on results.

In our studies on the thoracic and lumbar spine , we

corrected for variatio ns that these slight degrees of

magnification had little effect on our numerical values

- 4 -
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for axial rotation.

D I S C U SS I O N :

Direct physical or kinematic analysis of the intact

human spine in vivo is notoriously difficult. Most

evaluations of spine motion or structural deformity are

based on rad iograph ic  i n te rp re ta t ion  or e x t r a p o l a t i o n  of

data obtained from isolated spine segments (3,32 ,77).

Clinical determinations of axial rotation in normal

spines and in structural scoliosis has proved particu-

larly difficult to accurately quantitate. Cobb quali-

tatively determined the progression of a spinous process

toward the concavity of a scoliotic curve , grading

rotation from zero to four plus. The method of Nash

and Moe approximates actual vertebral rotation and is

graded in 25 degree increments. They concluded that

the degree of vertebral rotation approximated the per -

centage of displacement of the convex side pedicle

toward the concavit y of the scoliotic curve. Fait and

Janovec also utilized the convex side pedicle as a bony

landmark and published a mathematical formula by which

they determined that pedicle displacement was related

to rotation up to 40 degrees. They concluded that

rotation was unmeasurable beyond 40 degrees. We

attemped to reproduce Fait and Janovec ’ s resu lt s , but

found that their idealization of the geometry was 
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inherently unreliable. Mehta evaluated radiographs of

the thoracic and lumbar spine by an image -matching

method employing three bony landmarks. He was able to

estimate vertebral rotation in 15 degree increments

through a full 90 degree arc . The method proposed

herein allows a more accurate computation of vertebral

rotation when this is desirable. The bony landmarks

used in our studies were the inferior base of the

pedicles in both the thoracic and lumbar spine , the

tips of the inferior articular facets for the lumbar

spine , and the tips of the superior articular facets for

the thoracic spine. These landmarks can be visualized

through a full 90 degrees of rotation. This agrees with

the work of Rab and Chao (76) who have found in their

three-dimensional radiogra phic studies of the lumbar

spine that these and other bony landmarks may have great

potential in radiographically determining vertebral

rotation in vivo. The inferior base of the pedicles

offers the theoreticaly advantage that it is closer to

the neutral axis of rotation and thus is less likely to

be d eforme d i n struc tura l  scol i os i s.

The technique reported is more time consuming than

most other plane radiogra phic analyses of vertebral

rotation. It requires accurate linear measurements ,

and mathematical ca lculations. Figure 95 is a nomogram

-
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which simp lifies these computations.

Experimentally, we have found that one can calculate

vertebral rotation within an accuracy of approximately

three degrees in the lumbar spine and approximately four

degrees in the thoracic spine. Although there are

additional complexities in the living scoliotic spine,

we have found close correlation between computations

from single spine segments in this deformity and the

same level spine segment analyzed experimentally. Ul-

timately, the accuracy of this method in scoliosis would

have to be compared to known physical measurements of

autopsied scoliotic spines. Clinically, one can mini-

mize errors by optimum radiographic technique for bony

detail. Strict attention must be given to the position of

the patient , the location of the roentgen beam with reference

to the patient and the film , and precise 900 orientation of

the anteroposterior and lateral radiographs. We feel that

these same considerations should be given to any of

the previously published methods of determining spinal

C rotation. It is recommended that the vertebral level to

be analyzed be marked with a felt pen in order to assist

the technician in accurately centering the roent gen beam.

The vertebrae analyzed should be recorded in the patient’ s
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chart , so that future radiographs may be centered at

this same level. Ideally, the roentgen tube and cassette

should be locked in relation to one another so that only

the patient is moved relative to this fixed radiographic

equipment. An attempt should be made to keep the seg-

ment of the spine studied as nearly the same distance

F as p o s s i b l e  from the c a s s e t t e s  on both the anteroposterior

and lateral radiographs to minimize the effects of

magnification.

CONCL U S I O N :

I t  is p o s s i b l e  to accu ra te l y  c a l c u l a t e  ro ta t i on  of

isolated cadaveric vertebrae , using plane radiography

under controlled experimental conditions. Comparable

accuracy was obtained with isolated vertebral segments

when visual alingment alone was used to position the

radiographic equipment. This technique may be used

clinically for computing vertebral rotation in the lum-

bar and thoracic spine. Optimal results from clinica l

radiography require close attention to good radiograph ic

technique and careful positioning of the patient rela-

tive to the radiogra phic equipment.
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Both the arcsine and arc-cosine formulae depend on

measurements taken from the unrotated vertebra and thus

have less utility than the acrtangent formula. It should

be noted that  the tangent  f unc t i on  is rap id ly  chang ing in

the vicinity or 90° and thus would be subject to more

er r o r  a s ~ approaches 90°. This is also true , but to a

lesser extent , for the sine function in the vicinity of

90° and for the cosine function close to 0°.
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4. SUMMARY

The work included herein has , we believe , contributed

significantly to the understanding of the mechanics of the

low back. The techniques and algorithms developed are app l i—

cable both to basic research and to an improved clinical

diagnostic methodology . Much of the data have been , and

will continue to be , invaluable to those who are developing

methematical models of the back. 
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56. Horizontal Dimension s Measured.

f l ax .  d i s t a n c e  betweer ’  i , i .~ac c res t s  = a

D i st a n c es  be tween  outer edges of a c e t a b u l a e

~ax. = c , n i i d p l a n e  = h .

-4

D i s t a n c e  f r o m  t i p of acetabu la to  t r a nsv e r s e  r~~ane = a

Distance from center of a c e t a h u l a  to i l i a c  c r e s t  = b ,

A SS to PSS = c .

57.  Ho r i zon ta l  and V e r t i c a l  D imens ions  Measu red .  
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58. Jig Used for Me asuring Sacro iliac Motion.
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59. Chart of Sacroiliac M otion.
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62. A: Measu rements Used in the Analysis of Disc Space Height.

A= mid-in tervertebral disc space heig ht

B= mid ver tebral body he ight
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62 B: Projected Area of End Plates and Disc .
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- c- I T a n O = W / L
1 1< L

Ac tual IVD = Measured IVD

Sin e

= Measured IVD
Sin (Tan~~ t~J4’.. )

63. Correction for IVD Measurements.
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65 .  Subject in MAST Suit on Backboard.
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AIR FORCE SEAT SUBJECT DATA (ALL MALE )

Date Subject Age (yrs) Weight (ibs) Height (ins)

7/2/75 1 24 180 73.5

2 21 150 66.5

3 22 145 69.0

7/9/75 1 20 200 73.0

2 20 156 70.5

7/15/75 1 21 175 68.0

2 27 165 72.0

3 19 165 69.0

/17/75 1 20 160 70.0

2 16 130 70.5

4 3 33 170 72.0

F I G U R E  #78
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CAUDAL DISPLACEMENTS OF VERTEBRAL BODIES (Centimeters)*

V E R T E B R A L  L E V E L S

LUMBAR I
FILE 1.0. ~T 1 @  Tll Tl2 LI L2 L3 L4 AVERAGE

k
D5S 7.28 7.65 4.66 6.53

06S 7.11 7.34 7.30 7.25

D7S 5.88 6.01 5.98 6.25 6.03

D8S 11.02 11.16 11.27 11.46 11.59 11.30

D9S 5.33 5.67 5.92 5.89 5.85 5.73

DiGS 7.08 7.16 7.35 7.60 7.48 7.33

D11S 7.27 7.25 7.16 7.23

*pccurrfng when subjects were moved from Normal to Combat positions.

FIGURE #79

POSTERIOR DISPLACEMENTS OF VERTEBRAL BODIES (Centimeters)*

V E R T E B R A L  L E V E L S

LUMBAR
FILE I .D .  no Ill T12 Ll L2 L3 L4 AVERAGE

D5S .61 .53 .07 .40

06S - .03 - .35 - .71 - .36

07S -.64 - .44 -.34 -.18 - .40

D8S .96 1.24 1.43 1.55 1.50 1.37

D9S .31 .61 .46 .15 - .44 .22

D1 OS -.70 -.40 -.22 -.1 7 -.44 -.39

OilS .50 .09 -.37 .07

*pc~urr.jng when subjects were moved from Normal to Combat positions

FIGURE #80
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p GLABELLA TO XIPHI-S TERNAL JUNCTION DIMENSIONS

Distance (Incnes ) Angle (Degrees) Lumbar
Date Subject Normal Combat Norma l Norma l Combat Normal File I.D.

7/2/75 1 16.5 12.25 16.00 1 7 — 3 D5S

2 15 .0 10.50 15.50 -5 40 -4

3 17 .0 11.00 17.25 -l 41 -5 D6S

-t t
7/9/75 1 16 .25 12 .75 16 .25 -2 48 2

2 16 .75 13.25 16.75 -l 44 —2 D7S

7/15/75 1 16.00 10.50 15.50 -2 42 -2

2 16 .50 11.50 15.88 -3 43 -2 D8S

3 15 .75 11.25 14.50 -l 46 0 D9S

7/17/75 1 16.00 12.50 15.00 — l 39 1 D1 OS

2 17.50 12.00 17.00 3 42 4 DilS

3 16 .50 13.00 17.00 -2 38 0

TOTA L 179.75 130.50 176.63 -14 460 -11

£4EA I1 16.34 11.86 16.06 - 1 . 2 7  41 .82 - 1.0

• EYE TO HEART MEASUREMENT DIMENSION (6/18/75)

Head Trunk Angular
Height Weight Length Length A Change

Subject (Ins) (Lbs) (Ins) (Ins ) (Ins) Degrees*

A 68 132 9 26 14.5 43
- 

* 

B 69 160 9 27 16.5 48

C 68 147 9 26 15.0 45

*pivoting about heart.

FIGURE #83
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- 87. Spinal Range of Motion Measurement Apparatus.

I 



- — --—----_- -- . -- —4 .‘,~~~~—-•— •--.-----S _- .4._4--___~~
_ ______~~_ ,_______ .-_-55- _ _ _ •______, 

—--‘-4..--—_-------.—. .

p

I

- 4 -~
- t  4-4

I

h~ 
—-5,—.-- - - - 1-

- c’ii . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - •  - ~~~~• • .  ~~~~~~~~~~~~ . ~~~~~~



-T -

~~~~~~~~~~

U,

~1
‘ 4. a)

4-4 0
0

‘F C/I 5-
C/I o

C U
- • 0 •~~~

- 0
~~~

0.

J~~~~ iIIIII:I::;:?I~~i
C UI

4 C.’

- 
- .  - • . ~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~
•‘_



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ---*•-_,-- -~~~~~~~ --• ‘--5 ‘— - 5 — - -’ - 

J~~~~~~”L~~~~~~~~~~—’~ 
-

F

UI

(/1
I-F 4-4 —

U .0
I~1

‘4-

~~~~~~~~~~~~~~~~~ ~~~~~~~ _ •_,,~__ ~ _-._ 4. -
~~

-
~~~~

-:-
~~~~~~~~~~ .

‘
~~~~~

~ -



t a)
4

U
.5-
L)

5-a)
4.4

a)

4-4 -
C-I

L€)

~~ 
_ :  

I

-

~

:

~ 

c~ i~~~~~~c ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~



11 
P

~~~~~~~~~~~~~~
ydIl _ ;~ 

~~~~‘_ -5--- • 
-, ,~~~~~ ~~~~~~~~~~ — C



— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—- . ‘_— •- ,-4.----- - . ‘ .—-— ------ - - _ _

W1 AP
‘—-F

.—
’ 

Wf

LAT * ~~~~~~~~ 

d ~ df

Wi

- W~

93. V e r t e b r a l Ge omet ry  ( D i a g r a m ) .

+ 7’

6

5

2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V \ /  \ v tan2

Cl)a)
4

I I I I I I I I 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

ang le of r o t a t i o n

94. Accuracy of Vertebra l Rotation Tec hnique.

_i
~~

T .



______________________________________ —5 
~~~~~~~~ 

- - - -= .,,,: . _~~ - -

t.

d e W

40 . 1
30 88 -

20 87

2 -  

• 

::

95. Nomogram for Computing Rotati on .

~~~~~~~~~~~~~~~~~~~~~~ 

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-


