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SUMMARY

This report reviews the results obtainced under this

contract prior to this reporting period to set the back-

ground for the aualitalive and quantitative documentation

of" the role of the arlicular facets during + Gz acceleration.
] Experimentnl evidence, based on nearly 400 cadaver

runs made on a vertlceal accelerator, is presented to prove

the existence 21 dual load paths in the human spine - one

throusl: the Intervertebral disce and oneg through the posterior

structuras iu the artvicular fucets., Utilizing the above

fict, & metnod is shewn and verified experinentally to

increwss the thre:i o0 ol spinal fracture due to + GZ
accelaravion ol the splilac.,

k78 deprec-of-freedum mathomstliceal model and its
experinchtel verificaticn on three cadaverice spinces is
present cd to simulate the dynamic response of the human
spine during + GZ acceleration. The design and use of an
intervertebral load cell to measure axial {orce and moment
developed within the spine during + GZ accel»ration 1s

alsc presented.

(iv)
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CHAPTER 1

INTRODUCTION

Several hypotheses have been advanced to explain the
anterior wedging fracturesg of vertebrae during ejections of
pllots from jet aircraft. Most of the proposed explanations
consider the peak acceleration values, the rate of onset of
acceieration, and consider the vertebral column as a single
structure or a series of single structures having failure
stress levels which when exceeded result in vertebral body
fracture., These theories consider basically a symmetrical
welght distribution in the mid-sagittal plane of the human
body, and hence do not take Into account the rotation of the
vertebral column. Vulcan and King [20] showed that the
vartebral column was subjected £o significantly high bending
strains due to the eccentricity of the location of the center
of gravity of head and torso, with respect to that of the
vertebral column, resulting in a forward rotation of head
and torso during + GZ acceleration. Due to this bending of
the vertebral column, the strains developed in the vertebral
column during + GZ acceleration were the highest along the
anterior aspects of the vertebral bodies. Orne and Liu {15]
studied the phenomenon with a multi degree-of-freedom
mathematical model of the human spine.

Using the bending theory of the vertebral column it

would be possible, by altering the initial configurationa of

H
i
;
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the spine with respect to the acceleration vector, to decrease
the bending moments on the anterior aspects of the vertebral
bodles, hence increasing the threshold of fracfture. Hence,
depending on whether the acceleration vector is before or
behind the center of mass, un‘erior or posterior wedge com-
pression fractures respectively would ocecur if the failure
limit in anterior or pnsterior bending iz exceeded. After
studying elghty ejection vertebral fracture cases, Ewing [ 4 ]
noted that almost all were anterior compression fractures;
only one was a posterior compression fracture. Hence, he
advanced the following hypothesis [ 5 ]:

"Posterior compression of the vertebral column in the

thoraco-lumbar area is limlted by the articular facets

of the vertebrae while anterior compression 1s not

limited.™

This suggested a way of preventing anterior vertebral

compression fracture. By proper hyperextension of the spine
a conflguration between ardjacent vertebrae would be achieved
that would allow anterior wedpglng fracture to occur only if
the spirnous processes connecting the articular facets to the
vertebral bodies are fractured or if the ligaments binding
the articular facets together are torn. Also, by hyper-
extending the spine it would be possible to induce a pre-
tansion in the anterior aspects of the vertebral bodies
hence increasing the bending moment and axial force required
to cause fallure of the anterior surfaces. Moreover, by

hyperextension of the spine, it would be possible to reduce
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the strains developed on the anterior aspects of the vertebral
bcedles by shifting the center of gravity of the torso with
respect to the acceleration vector, hence allowing lesser
relative angular rotation of adjacent vertebrae as compared
to a normally erect spine.

Experiments were carried cut to ver’fy the hypothesis

and 1lts corollaries. The following chapters describe the

experiments carried out.
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CHAPTER II
DETERMINATION OF THE OPTIMUM SHAPE AND

OPTIMUM LOCATION OF A HYPEREXTENSION DEVICE

1. Introduction

The first phase of the study was to obtain the best loca-
tiorn and shape of a hyperextension device which will reduce the
reax strains experienced by the vertebrae when the device 1is
not used. The criteria used to determine the optimum location
and geometry of the hyperextension blnck were as follows:

(a) The block and its location should cause the greatest
overall reduction iIn compressive strain levels in
the vertebrae.

(b) Tensile strains in any of the vertebra were con-
sidered unacceptable, because tension in the
verteporal body implies severe compressive loading
on the posterior structures and may cause hyper-

extension fractures.

¢. Experimental Procedurcco

A total of six cadavers were Instrumented and subjected
Lo caudocephalad aceceleration. Table 1 provides a list of
the cadavers used and the number of :i1‘uns carried out on each
specimen. Selectlon of the cadavers were made on the basis
of age, cause o death, and body welght. Those over 70 years

of age were rejected and 1f the cause of death appeared to
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have a considerable effect on the strength of the vertebral
column, the cadaver was not used. Roentgenographic examination
of the column was carried out on suitable specimens. Lateral
and A-P views were examined for pre-existing fractures or

other abnormalitiles. Spines with abhnormal curvatures and

those which showed a high depree of calelum depletion or

were arthritic were rejlected.

{a) Geometry of the hyperextensicn devices:

The hyperextension devices consisted of wooden blocks
“hich were fastened to the seat back with two countersunk
carriage bolts. The height of the blocks from the seat pan
was adjustable from 5" - 20" above the seat. Four of the
hlocks used were 6" wide with different heigh®t and thickness.
"ne block was semi-circular, 3" in diameter and 6" wide.

Table 2 shows the dimensions of the blockes used.

(b)Y Instrumentation of vertebral bodies:

The procedure for instrumenting the cadavers consisted of
r7isceration of {he azbdominal viscera and the installation of
Foli-type strain gages on the anterlor and latcral aspects
ot the vertebral bodies. In ~very cadaver, the three vertebrae
sascd were T12, L2 and LA. The method of installation of the
strain rpages 1s described below.

The vertebral bodies to be paged were cleaned by cutting
wnd serapling off the lipaments around it, taking care that the
surface of the bones was not damaged. A minimum area of the
vone was exposed to ensure some contlnulty of the ligaments

cn the bedles. The exposed surfaces of the bones were then
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cleaned and dried using acetone and freon. Foll type strain

gages, 0.125" gage length, were then installed on the cleaned
surfaces using Eastman 910 adhesive and catalyst as bonding
agents. The installed gages were then tested for resistance
to grouna. A minimum of 500 negohms of resistance to ground
ensured long-lasting and nolse-free gages. The installed
gages were then coated with Gagekote #3 to ensure insulation
from body fluids. The leads from the gages were carefully
tied down by sutures to a disc to prevent the gages from being
ripred off during the experiment.

One gage was mounted on the anterior surface of the
vertebral body as closc as possible to the mid-sagittal plane.
The lateral gages were mounted in pairs, one on each side of
the body, placed as closely as possible in the same coronal
plane. The output of the left and right gages was summed to
eliminate the effects of lateral bending. All gages were
irnstalled with their sensitive axis parallel to the axis of
vhe vertebral body, and all leads were pre-soldered to the
gage terminals.

(z) Description of accclerator and instrumentation:

The tests were carried out on a vertical accelerator,
housed In an 8-story elevator shaft of the School of Medicine, at
Wayne State University. The sled is accelerated over a stroke
& f2et and then gradually brought to rest by air brakes over
some 30 to 40 feet. The acceleration pulse is approximately
trapezolidal in shape, the rate of onset and the magnhitude of

the plateau belng variable. Detalls of the accelerator have

been described by Faurick [107].
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‘*he restraint system consisted of an automotive lap belt

{ under a regular U.S.A.F. lap belt and shoulder harness combina-
é tion and leg straps. The wrists were tied together and anchored
3 Lo the seat base by means of a single rope golng through an eye
S bolt in the seat base and ic¢-.pine areand the U.S.A.F. lap belt.
? "iis was done so thalt no lcad was ftransmitted on the arm rest,
and to prevent the lan belt from creeping up on the cadaver
durilng pretensioning of the shoulder harness. The head was

3 unrestrained.

The electronic instrunentustion consicted of 12-channels

of bridge balance and carrier amplifier units (Heiland) and

] & 2H-channel light-beam recorder (Visicorder)., The sled was

cjulpped with a 50-g surain pave accelerometer (Statham A6-50)

and the shoulder harness load was monitored by a 1,000-1b.

strap load cell.

After the cadaver hud becn placed in the chair, the lead
wires from the strain gages were connected to form diagonally
cpposite arms of a d-arm Wheatstune bridge. The other two
arms consisted of 121-ohm high-stability precision resistors.
“nis conflguration recults in the summing of the output of

the two pages. The anterior page formed a two-arm bridge

#ith a 121-ohm resistor. The other 2 arms were provided by

Lhe bridge balance unit.
(d) Experimenrul runs:
The lap belt was always snugly tightened and restrained

{'irom being pulled upwards by the equivalent of an inverted g

J-3trap described in the prevlious section. The shoulder ;
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harness was pre-loaded to 35 1lb. tension before each run.
Althecugh the head was unrestrained, its initial position was
kept approxiwmately vertical by means of masking tape that

broke once the head started rotating.

The level of the appil=d zeeleration was 10 g at an é
~nset rate of approximately 300 g/sec. The low acceleration 1
level was used to avoid verlebral fracture and to allow
completion of a long series of runs on eacih cadaver. The 3
acceleration was reduced to 8 g for Cadaver 1471 since it
was the oldest among the ones tester.

In order to compare the reduction in vertebral strain
resulting from the use of the hyperextension device, at least

twoe runs without the block were carried cut on each cadaver.

RSN Pn o |

Tenerally the first and last runs were without the blcck. For
Cadaver 1471, a no-block run was made after eacn blork was
tested to monitor more closely the change in strain gage output
caused by a change in spinal configuration. {
For the cconvenience cf identification of gages, the %
I'oilowing symbols will be used In the subsequent sections of

Lthis vaper:

Th.- prefix A denotes a gape mounted on the anterior
cuartase of a vertebra, e.g., ATLZ 13 the gage on the anterior
curface of Tl2. The prefix D denotes gages mounted on the
buteryl surtace of Lhe vertoura. Strain values of DL
represent the average cutput of the two gages on the lateral
surface of L2 on either slde of AL2. An attempt was made to
install these gages near the neutral axis of the vertebra so

that their output Iadicated megstly axial compression. ;
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5 After each run, a lateral roentgenogram of the spine was

4 vaken. Experimentation was discontinued 1if fracture occurred.

n some cases, the x-rays wer< developed after the completion

é ot several runs. If fracture occurred in one of these runs,

f the data from all pesv-Toact i rung were discarded.

d .oLunmary of Eaparimential Tkt 3
1 £oetal of 3¢ rund aere made an six cadavers.,  Of these, ;

/1 rung on 3 cadavers constitute the hulk of the data rwported. :
Suns U6-57 on Cadavers 1850 2+ 1534 repvezent incomplete

cerles due Lo fracss e Cowertenra; podlon. The raw acta

'

oL ypical runs are shoewn ir dlpurec Z.0o- 2.3, b

e

Mhe vertoebral stralne cactadred ir Lhose runs without s
Plocks show the funmlyoiore ose 0 e o oeporeed Ly Vulecan and

4

Yine [L9). An exanoale of these contre? runs is given in ;

b

) 4

SLoure Joi. wioen o 00 T oa yeind ran with oa 2-1/4" thick i

Dioeck cnposlite 1. Hoate Lhe dicappearance of the second peak 3

:

A o o wilna Flgure 2.1 Lo see the reduction in strains on ;

i ten. o Ty e =T 0o ALY e wiid malfunctioning,

™y

NWeres JL5 record s meanlingless, Flgere 2.3 is an example of

ot L

ter.sion developlng in the eariy part of the acceleration pulse.

vooek Noo Dol i x o« ) was used tn 12 runs at various

tozati~ys.,  In Cadaver 1520 and 1562, when the centerline of

s

9

e Llicie wa: plated ony,sito the L3-L4 disce (Cadaver 1580),
L3, 2-73 dlse ang Le, the aterior sirface of T12 (A712) was
in tension.

By increasing the thickness of the block to 3" (Block

do. 2, 3 <L ox 6), it was obscrved that AT12 went into tenslon

i
13
ku.-w...; e sl
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a413 observed. However, oppositbe L1,

12

when the block was opposite the L1-L2 disc, L3-LU4 disc and

1,5 1, cadaver 1580, and opposite Til and T12 in Cadaver 1471.

AL2 went into tension when the block was 2" below L5. In 3

[}

out. of 9 cases, a reduction in compressive strain, without

s

any vertebra going into (orns’ 2, was observed.
Tnere were 12 runs with *ne semi-circular block (No. 3,

¢ in. In diameter and 5" thick). For Cadaver 1580, AT12 went

Iny . Lension with the block opposite T12-0L1 disc, L1-L2 disc,

znd L3-L4 disc. There was an increase in compression in AT12

and D712 with the biocw 2 1n. below L5, but there wes a marked

reduction in compressive strain in ALY,

AlL2 went Into tension
virernn the blozk was opposite L. Hence 21l the 5 runs with
this tlock ulsplayed unucsir:tle cnaracteristices. The results

for Cadaver 1562 were silghtly better. Opposite L3 and L2-L3

T
1l

dice, tension devrleoged in 1., but there was a slight re-

artlon dn ocomprossove stroin 'or all gages with the block
crposite L2 and T12-L1 dise. In Cadaver 1471, there was an

i LITERELy b

racs peduetlon in strain when the blnck was opposite T11

1 oy ovut AT1C developed Lension with the block opposite L1.

The pectlts from Block do. B (3 « 4« 6), were also un-

zutisfactory.  Por Cadaver 1580, AT12 developed tension with
Lhe Dowzk opposite the TL2-L1 dise, L1-L2 disc and L3-L4 disc,

ied

Uli- snowed an increase in compressive strain when the

sivw LS. For Cadaver 1582, with the block

o

crpe3ive T11, an increase in compressive strain for all gages

R L there was a general re-

et o in stpain on all gapes. For Cadaver 1471, ATI1Z2

S S e e

TR OR R S R ANL L 2 L B
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; developed tension with the block oppcsite Tll. There was a g
? slight reduction in strain when 1t was opposite the T10-T11 ?
1 disc ?
i The results from Block No. 5 (2.25 x 4 x 6) were en- ?
é couraging. Ir Cadaver 1922, "Lere was an overall reduction 3
% in compressive straln for all gages when the block was placed {
( between T12 and L2. There was a minimal increase in strain %

when it was located opposite Til. Similarly, for Cadaver 1471, E
a good overall reduction in strain was obtalined with the block

opposite T11, T12 and LL. Q

4. Analiysis of Data

The data from Cadavers 1540, 1582 and 1471 were read off i
the records, ccnverted Lo L.oo:.n, corpared with the control -

runs, and the percentage chuange In strain computed in terms
of a reduction ir compressicn. The reducticn was tabulated

for each block and listed in Tables 3 through 7. The description 4

of the results in the previous section is given in quantitative g
teins in these tables. In order to evaluate the relative ;
merits of these blocks, Table 8 was prepared using the runs i
ii in which no tension was developed and no increase in compression ;.
1 was noted. This procedure reduced t{he number of runs from f
{? 50 to 21. The average percentage decrease in compressive é

é strain was coemputed for the anterior and lateral gages

K3
A L )

-E geparaft,ely and an overall average was then obtained. It

can be seen from Table 8 that the 2-1/4" blocks show a larger

. reduction than the 3" ones, and in the former group the best ]
1 E
_% location 1is opposite L1 for every cadaver. An exceptilcn is %




14

O Nl

9883 uTBA3S JUTUOTIOUNITBW B S93BOTDPUTk

R PEATIRRY %1&.79}3 Ty A

295 * £€-L9 G 68 0" €L 0°Gy T71 -soddo 89
] T % 0" 06 €19 n€g 0Tt 2T L9
w g-ge % g e 0°Gy €16 0°g2 TTL 99
w b Lh 0" 6TT or1z 0" RET 0°€Eh 0°€0T €1 Lk
\ 2 e g6 0-ce 0zl nze € 1 °sTP TI-C1% 9f;
_W 0'2h 6°G¢ 9' L7 0°18 0° 1€ 0°60% 21 Gy
4 0°eh 6°c¢ D' T2 G g0t 2 he 0°60T SeTp £7-27 fh
w €51 i3 g ne AR Gty <r1g SsTE 17-T13 L

g < Rt G2 9 ke G 8 259 g g¢ 0STP 2T-T1 9
W 0' €€ 0r€¢ 96° L 5°6)) 0° 09 0°Get ceTP 4761 g
.W G- €6 SR e e 0°68 0°05 0°29 G f
MM 9-G¢ S hg g e 019 02z 2% ¢ moTaq ¢
, 710 IV 21a 2TV 211a 2TIV ¥o0Tg . wmw

UTBI3S MESJ UT LUOT3ONpay ¢ Jo uoTaeooT]

(W9*u0x,G2°2) T "ON MooTg woxj Baeq JO sTSLTEUY

£ 3749Yd




e TR

A

et

S A St g el

rEeO e

L )

15

#3ed uizJags JuTuSTIoUN;TBY E S33BOTDUT

B in * 02l 0°2g 3°19 0°S01 21l EL
5°1h * G*Gh 0°LG U'66 0'eot TTE R.
" TE oLt 2 TE 9Ty 0 g9 Z 1L JEIR TI-7T nT
c it g°Qe S 1In 0°gh s o] 5211 seIP 21-11 £ET
G 2g 2 En C°Zh S-a9g DGl 0°TST 28TP KI-£7 2T
0°29 S ha £°9F 0°E6 65 081l LS IT
h'eh 0-59 g °4e 0"STT 0~ 0n T°{E &7 mMoTI=2g 7 o
t1d HIY 271d 2TV 2114 2TLY ¥ooTd

UTRJI9g Mesg uUT ucTionpay ¢4

Jo uolaesoq # uny

A:mx:mx:mv Z "CN MOO0Tg woal eia=(g Jo

ol ey T

1

H1dVY 4

(9]
o]
03]




L e iR AR i O e e IR NI el

s N

16

93®3 uTeJdds FUTUCTLOUNJIBW B S99BOTDUTy

4 €41 * ¢ LT G- 12 0°€q €2y TTL )
m g 2z * £ 9¢ 2 9¢ L*09 0Tk 21l 1.
; 0°0h * S 06 6" 4G S 1L 0°90T 11 cl
9t £-g2 568 016 £-62 Gt L€ 21 €
9.2 g-ce 2 €1 €96 ¢ 61 2Lz oSTD T7-71Q 2
g 9¢ 9 €€ gLz 049 G Re 0°£0% csTP £7-¢71 T4
g 0of <96 0°€¢€ 02l 3 2¢ ¢ TO0T €1 ot
0°C heee 6" €T Lo 385 C'G0T °SsTp 17-271 12
2 gt 0°Lh 0° 05 0°L9 599 0°EhT oSTP 21-11 0e
G 05 8°9¢ 02 026 5° 65 0" 61T 0STP #T-€71 61
0°86 ¢ 53 ¢ 12 0 TET 2°9T nge %5 81T
L 6T 0" L6 ReET €-oz T°21- 2 9T~ ¢7 #oT2q ,2 LT
771a 01y o1a e etid oty oot %.m:m
UTed1s MBS4 UT UOT3onpay ¢ JO uU0T11BO0O7]

(M0TU3 & “BIP ,9 ‘¥Mo01q ABRIN2ATOTUWSS ) £ *ON HcoTg wodl eiw SISATEBUY

T I . e




17

9383 ureBJI9lS IUTUOT4OUNJTBW B S91BOTPUT

4 0°8€ * 0" Ly 0° 0 0°€9 0°80T TTL wo330q 9.
ﬁw 0'¢ * 0°8 0°6 9°GE 6°G2 °STP TIL-0TL Gl
ww 2 Rt g et 0°LT G- LE 0° ¢ 0°€0T 21 s
] 0°2h 6 L1 G2z hehE 06T €97 15 ne
M 9° 1T 2L e 529 e~ 06°05- AR 2¢€
M 9-Ge- g ch= 0°ce- 0°8e- LA 9°81- TTL ¢
w g-Ge 0°G h*6¢ 0°G¢ £°95 0°G0T USTP TT-2T4 92
m 9°09 0°GE 0°€h 9° 0§ ARV} 0°0ST 0STP 2T1-T1T Sz
M 0°19 C-Gh S 6h G €6 0° %6 0" 2hT oSTP #TI-€7T he
mm G 66 G 46 € ne 0°€21 0°1¢ 2670 G1 €z
€'gh  0°56  g'GE  0°T9  6°gT- 00 51 moTaq 22
w n1d TV e1d 2TY et ctav ®oo1g o

uTeJ4S Yead UT UOT4onpay %

JO ucTq4BO07]

A_.mx:nx:mv i

*ON ¥do0Tg wodl Bagq JO

ATV L

sTsATeUY




2385 urBJI4S JFUTUOTIOUNITEL E S33BO

Eal
o]
o
o
E 3

€ 1ly * CT08 0°toT CET

©

.
[e®]
e 0]
3
™M
(s e}

¢ (~1
o]
)
!
—
A
m
W0

9°Ch * 0°09

S}
g e
.

9]
\O
G

£ 1 17

gV}
O

6°5¢ * £ 84 0" LS 20 2°8H 2Tl Jo dog TS
g1k % 11t G nt SR TEh TTL ¢

0°L- p°E= hee— ST ¢ S &<

(&)
f—'
—
(!
[
LAY
[

9 gl C°C 9°nl 0-0¢ &

[~
~4
(e 0]
N
7_4
[aV]
1
E+4
)
o

D°2h 9 e g he 005

\
(@2
O
(@Y}
L]
(o]
o
4
v
-
(a0}

0 nh 2 6t 66T 9°0% L°9¢

[Sa
+
(e}
~
o
-
O
™M

t71a hIv c'1d c'Iv ¢Tad ¢TIV A

o)
:un
UTBI1S B34 UT UCTLoNDay ¢ JOo uoTamoO] F d




Syl ddhidssdusbioi et o

st e e £ AL A T R R R Gl R B

Tension Was Not Developed

TABLE 8

Analysis of Data for Runs in Which

19

Location of

Bluck  Run B1ock drepage Strain Reduction (%)
No. No. Centerline Ant. Gages Lat. Gages Overall
1 3 2" below L5 51.00 27.46 39.23

4 L5 69.53 42.73 56.13

6 L1-L2 disc Ly, 26 41.20 h2.73

7 Tl2-0L1 disc 25.8¢C 29.73 29.76

e Tl2-1.1 disc 57.26 27.20 h2.23

66 T1l1l 36.50 bo.30 38.40

67 T12 54,15 49.60 51.87

65 L1 65.25 65.50 65.37

2 14 T12-L1 cisc 43.20 b3.73 43.50
2 4> T12-L1 disc 3, 30 18.75 26.80
by L2 39.93 34.30 37.12

Ti T1e 38.60 40.00 39.30

72 T11 31.90 25.00 28,45

] 34 Ll 22,86 27.70 25.28
e Ti0-Til dise 1605 15.53 15.49

y 36 L2 30.10 30.06 30.08
37 L1 36.26 27.30 31.81

38 Ti2 23.26 11.64 17.54

60 T11 38.85 34.96 36.91

bl Top of Tl2 52.80 51.26 52.03

62 Ll 59.90 51.26 55.58
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found in Cadaver 1580 using Block No. 1. In this case, a

lurge decrease of 89% in ALZ2 in Run No. 4, with the block

cpposite L5, indlicated that the LY location was better than

1 L1, However, the other cacavers show definitely that Ll is

the optimum location. TFurin.r conslderation of the overall

r>duction at Ll for Blocks | and Y shows that the decrease

is 50.1% fcr Block No. i (Runs 6, 46, and 63) and 43.7% four

jlock wo. % (Runs 37 and 62). The differenece is quite small

censidering the large biological variations ameng cadavers
znia the small sample sive. The consistent indications that

1 13 the best location usine elther Blozk Mo, 1 or 5 is the

miajor conclusion of this phasce of the study.

. Lisczus3lon and Coneigsic v

The primary objective ¢ sclecting the shape of the

hypercexiension device and 1o opvimum 1 onation has been
achizved. The data repcrted frocm the three cadavers used
siow what the bloek should be about 2 in. thick, 4 to 6 in.
CooLadpnt oand that roocenseridne sheould be opposite L.
Before the start of this ceries of experiments, it was

wxpected that the lateral gages would show an increase in

@ sLeson when the anterior gapns chowed a decrease. This was i
é Lase2d on the hypothesis of a more evenly dlistributed loading i
ﬁ% " Lhe vertebral bodles when the hyperoxtension device was :
é used,  However, in ali cases Lhe lateral papges, too, showed :
.i o marked decrease in strains. This brings up the question ;
;‘ »I" whether the vertical force 1s being transmitted through é
Ti the block or through the pasterior structures of the vertebrae. %
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The segments of vertebrae from the cadavers tested were ex-
cised and examined radiologically to detect fractures of any
posterior structures. However, none was found.

The development of tension on the anterior surface of
tne vertebrae is another prcbiem which requires further in-
vestigation. An examination of the primary and secondary
curvatures of the vertebral column, shown in Figure 2.4,
reveals that, if the block 1s placed belween L2 and L5, it
forces the lumbar vertebrae forward of the center of gravity
nf the torso which is located about 1/4 to 1/2" in front of
the anterior surface of T9 (see Ref. [19]). It can be seen
from the data that the tensile stresses occur at the beginning
cf the acceleration pulse, befecre the upper torso has had a
chance to tegin ite forward rotation. Also, the strap load
droppel from its initial pretension (see ¥igure 2.3) during the
carly port of the acceleration pulse. This suggests a slight
brackward rotation of the upper torso during that period.
Forward flexion of the torso Immedlately causes the gages to
o into compression. By placing ihe biock opposite L1, the
forwird displacement of the sepment from T12 to LU 1s just
~neugh to reduce the compressive strain on the anterior
surface wlthout the development of tensicn. With the block
opposite the lower thoraclc vertebrae, the center of gravity
off the upper torsc is pushed rarther forward, causing a

greater eccentric loading of the spine, which results in an

increase 1n compressive struain. The question of whether the

§rew

s aan

NLr



ungzaged vertebrae above T12 would go into tension when the
block 1g at 1its optimum location for the T12 to L4 segment

fc stilll unanswered. However, the primary thoracic curve

;5 would tend to prevent tension of the anterior surfaces.

i ¢
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Variation

TABLE 9

of Breaking Strength with Age

Age

(years)

20 - 30
30 - 40
4o - 50
50 - 60

over 60

Medilan Breaking Strength

*

1l kp =1 kKllogram

kp 15 a unit orf force,
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CHAPTER III

EFFECTIVENESS OF THE HYPEREXTENSION DEVICE

1. Introduction

With the determination of an optimum geometry and the
location of the hyperextension device, it was decided to
document the effectiveness of the device used. The hyper-
extension block that produced the greatest strain reduction,

1"

described in Chapter II (2E x 6" x 4"}, was used opposite

the best location, i.e., the block centerline was opposite LI1.

A total of 12 cadavers were subjected to 75 runs using three
different restraint configurations or spinal modes. In the
hyperextended mode, in which the block was used, and in the
erect mode with no block, the shoulder strap pretension was
set at 30 1lbs. For runs in the flexed mode, the harness was
loosely attached to the torso and the cadaver was restrained
essentially by the lapbelt only.
The verification of the effectiveness of the block was
carried out by the following methods of data analysis:
(a) An analysis of the acceleration levels at fracture
for each mode.
(b) A study of the mode in which fracture occurred when
two or more modes were run on the same cadaver.
(c) A comparison of strains in the flexed, erect, and

hyperextended mode.

E g, SR 55 Lyt e e T J9,
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2. Experimental Procedures

Of the 12 cadavers used in this study, 3 were run under
all three modes, 5 were tested in the erect and hyperextended
modes and 4 were run in the hyperextended mode only. Table 1
contains the pertinent data on the cadavers used. Strain
gages were installed on the lower thoracic and the lumbar
vertebrae and the runs were carried out at increasing g-levels
until fracture occurred. If more than one spinal mode was to
be run, the order in which the modes were tested at any given
g-level was picked at random for each cadaver.

The procedure for the preparation of the cadavers, the
installation of the gages, and the roentgenographic techniques
employed were as discussed in the previous chapter.

In Cadavers 1584 and 1615, an anterior gage and a pair
of lateral gages were installed on T12, L2, and LY. There
was also an anterior gage on L1 and an additional pair of
gages on the posterior aspects of L2 in Cadaver 1615. For
the next 8 cadavers, according to the order listed in Table 1,
an anterior gage was installed on each of the vertebra from
T1l to L4. It was felt that the monitoring of the strain
along the anterior aspects of all 6 vertebrae was more im-
portant than the measurement of strain along the lateral
aspects of 3 of the vertebrae. 1In the last two cadavers,
(Hos. 125 and 127), only the anterior aspect of L4 was gaged
and the abdominal cavity was not eviscerated. The principal
purpose was to maintain integrity of the anterior ligament

along the major portion of the vertebra’) column. The
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retention of the abdominal viscera can only affect the fracture
level adversely since some of this weight 1s borne by the spine.
To identify the location of the gages, the prefix A 1s used for

anterior gages and D for lateral gages. Posterior gages on the

posterior aspects of the body near the neural arch are denoted
by the prefix DD.

The input acceleration was a ramp-shaped pulse with a
rate of onset of approximately 300 to 500 g-sec. and a plateau
vary.ng from 4.5 to 24.5g. The duration of the input pulse
varied from about 150-350 msec. and was acpendent on the
acceleration level, since the total stroke length of the

accelerating piston was fixed at 8 feet.

Summary of Experimental Data

(&N

The data will be presented under three headings:
(a) Fracture g-level and spinal mode at fracture
(b) Strain historles in the various spinal modes

(¢c) Examination of spinal segments

(a) Fracture g-level and spinal mode at fracture:

The acceleration levels at fracture and the spinal mode
in which fracture occurred are listed in Table 2. The number
of modes tested and the order in which the testing was carried
out and the fractured vertebrae are also given. It can be
seen that when the cadaver was subjected to all three spinal
modes, vertebral fracture always occurred in the flexed mode.
Similarly, when the erect and hyperextended modes were tested,

fracture occurred in the erect mode. Cadavers 125 and 127

were not eviscerated and strain gages were installed only on

T e
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tie ant erlor aspect of L4. The anterior ligament was left
intact along the major portion of the vertebral column in an
ef{fort to prevent hyperexterision fractures when the block was
used. Such fractures occurred in Cadavers 062 and 095 which
were run solely in the hyperextended mode and were instrumented
with strain gages on the anterilor aspect of each of the
vertebrae from T1l to L4. Cadaver 125 sustailned 24.5g and

its spine showed no fracture. Due to an accelerator system
malfunction, a highe: g-level run was delayed for a few days.
Unfortunately, the body was claimed by relatives while repairs
Lo the accelerator were being made and no further data could

be obtained from this specimen. The same procedure was followed

R e

in the experiments on Cadaver 127. Compression fracture of
T8 occurred at 12g and there was no evidence of hyperextension §
fracture.

(b) Strain histories in the various spinal modes:

Some typical strain-time histories resulting from runs
i the 3 spilnal modes are given to demonstrate the difference
in levels of strain among these modes. Figures 3.1 and 3.2
are examples of two runs at 1llg on Cadaver 1584 in the hyper- f

cxtended and erect modes respectively. Fracture of T12 2

cccurred 1in the erect mode at the instant the shoulder harness

I Lo 1 A L e S

load reached a maximum and all strain gages indicated peak
values. The sharp drop-off in the T12 strain trace, shown in
Flgure 3.2, 1s a reliable indicator of fracture which was

subsequently confirmed by roentgenographic examination.
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Of particular interest 15 a record of a hyperextension
fracture of T1l2 and L2 1n Cadaver 095 at 20g. This is depicted
in Figure 3.3. The 1instant of fracture was about 120 msec.
after the end of the acceleration pulse. The cadaver was
undergoing a 6-9g deceleration when the fracture took place.
figure 3.4 is a 24.5g run in the hyperextended mode. There
was no fracture. The 2 strain gages on the anterior aspect
nr' L4 were labelled as RALY and LALY for the right and left
gages. In this cadaver the anterior ligament was intact.

A strain-time history in the flexed mode is shown in
Figure 3.5, It 1is believed to be the first of its kind to be
reported. There are the customary first and second peaks as
reported by Vulcan and King [19] although the first peak is
itot very well defined in Figure 3.5. This is due to the
relatively low rate of onsei used for this series of experi-
ments and to the extensive eoffect of bending on the strain
itage output. The phenomenon to be noted in the data is a
third strain pecak occurring at the end of the acceleration
pulse. Its magnitude is generally greater or equal to the
second peak. The strap load cell indicated that the forso
41 not rotate forward far enough to cause any significant
i'orce in the shoulder harness. However, when fracture
seeurred, there was a sharp rise in the shoulder strap load
a: shown In Figure 3.6 for a different cadaver.

The development of tension in the vertebral bodies during
the initial 60 msec. of the acceleration pulse occurred in

several runs with the spine in the hyperextended mode.
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Generally, the magnitude was less than 300up. It was impossible
to eliminate tensile strains from the vertebrae of Cadaver 062.
The block location was changed several times to no avail. At
18g, with the block opposite T12, a hyperextension fracture

of L1 occurred. The analog data are shown in Figure 3.7. 1In
the erect mode, the vertebrae were usually in compression
throughout the acceleration pulse. However, tension did
dcvelop during several runs on Cadavers 002 and 061. The
tensile strains were all below 700y,

A summary of the data for the 12 cadavers used are given
in Tables 3 through 14. For the last two cadavers, (Nos. 125
and 127), LY was the only vertebra gaged for reasons stated
previously.

(¢) Examination of spinal segments:

Some typical roentgenograms of spinal segments removed
from cadavers after fracture had occurred are shown in Figures
3.8 through 3.12. Cadavers 930 and 017 were run in all three
modes. Fractures resulted in the flexed mode. Figure 3.8 shows
an anterior wedge fracture of T11 of Cadaver 930 and Figure 3.9
shows compression fractures of L2 and L4. An anterior com-
pracslion fracture of T1l of Cadaver 061 is shown in Figure 3.10
and wedge fractures of T9 and T10 of Cadaver 1615 are shown
In Figure 3.11. These fractures resulted from runs in the erect
mode. Figure 3.12 is an example of a hyperextension fracture
resulting from an 18g run in the hyperextended mode. Cadaver
062 sustained a separatlon of the superior end plate of L1l.

Similar fractures occurred in Cadaver 095 which was also run
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solely in the hyperextended mode. There is no radiological o
cvidence of damage to the posterior structures of the vertebrae

that were run in the hyperextended mode.

L. Analysis of Data

(a) Acceleration levels and spinal modes at fracture:

Of the four cadovers run exclusively in tnhe hyperextended
mode, there were 2 hyperertension fractures zt 18 and 2Cg, one
compression fracturve at 12g and one which dia not fracture at b
2li.5g.  Since the hyperextceosion frazctures are possibly due
Lo the disruption ol the wnterior ligament. by strain gages,
It aouid be a safe estlmate vo take the average of these four

seenlepation values as the fricture leve ! in the hyperextended E

pivvdie for comparison with bt In Lhe otnor modes. This 5
averape 1s 1R.5g.  The aver .o =level .o Lhe erect mode is

lo<g T B ocadavae s, Doothe U1 xed mode, Lhe average of

tnrs o fracture levels s 6.0p. Tuble 19 is a summary of the 1

caelergricns at fracturce i the 4 nmodes.

Eosdent s C-test wns perforemed for the fracture levels i

bewvieen the various spinai modes. The roesull Lo given in
Table 160 The differcnce in p-level between the hyperextended
;f Soodeoard vhe other Ltwo medes wepo fount Lo be statistically 4
% sienificant (P < 5.0%). Tt shiould be noted that the null
3 nyLuthesis was rejected despite conservative eost.imates made ;
k- 3
f 'or the fracture level in the hyperextended mode. The %
] avirage age of the cadavers in the hyperextended mode group 3
was 61.5 years, while in the crect and flexed mode groups ,




T

L i B

&t Nas it i R 8 D g L T haliacided Ak i e
life]
TABLL 19
Fracture Levels in the 3 Spinal Modes
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18,4 i
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lexed 9.0 3

61.5
61.0

54.3
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it was 61 and 54.3 years respectively. There is thus no
significant difference in age among the groups to confuse
the data. Furthermore, when a cadaver was run in all or two
of the spinal modes, fracture always occurred in the mode in
which the cause could be avtributed to forward bending of
the vertebral column. The order of testing was randomized
so as not to bilas the dara toward any particular mode. The
result conflrms the propositicn that tne cause of fracture
is a combinatinon of axial compression and bending, resulting
in the common occurrenice of anterior fractures in pilots who
eject.

(b) Reduction in strain:

The effectiveness oI' the hyperextensicn device can be
further demonstrated by the calculation of the percentage
reduction 1In compressive strain as a result of its use.
There were 32 runs on 8 cadavers in which strain data for
the erect and hyperextended modes at the same g-level were
avaliable., Tatle 17 1o =z listing of tihwe percentage reduction
ir. 3train for the variocus vertebra that were gaged anteriorly.
The overall percentage reductlon was LW4.4% with a range of
2v.1% Tor AT11 to 65.6% for AL3.

In order to assess the statistical significance of this
reductlion, a t-test was carried out for each vertebra. The
dirference in strain between the erect and hyperextended mode
was computed, from which the value of t and the probability,

F, that the null hypothesis nholds, were obtained for each

g-level. Table 18 lists this information for all six

A.’A
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vertebrae. The number of observations at each acceleration
was limited due to fracture at relatively low g-levels ~ad to
the different gaging patterns used on two of the cadavers.

The t-test was carried out only when there are 3 or more

pairs of data. In general, the differences were significant
for the lumbar vertebra (P < 5%). For T1l2, the reduction in
strain is still acceptable since P < 6%. llowever, the observed
differences for T1ll indicate that the hyperextension uevice

may be beneficial in only 4 ocut of 5 cases.

There was also a consistent reduction in strain in the
lateral gages averaging 24.7% for 1{ sets ot data from 6 pairs
of runs in the erect and hyperextended mode. A reduction of
7.9% occurred for a pair of posterior gages placed on L2 ir
Cadaver 1615.

A limited comparison could also be made for runs in the
flexed and hyperextended mode and those in the flexed and
=rect mode. Tables 19 and 20 1ist the percentage reduction
in strain in the anterlor gages for these combinations. The
overall reduction between the f'lexed and hyperextended mode

was 58.7% while that between the flexed and erect mode was

33.1%.

3. Discussion and Conclusions

The principal purpose of the experimental study was the
verification of the mechanism of vertebral fracture due to
caudocephalad acceleration. The existence of significant

bending stresses was first noted by King and Vulcan [ 8] and

L
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was reported in detail by Vulcan [21]. By altering the spinal
configuration, with a hyperextension device it was possible
to reduce vertebral body strain and raise the fracture g-level.
The results reported were found £to be statistically significant
despite the large biological variation in the strength of
:adaver vertebrae and 1n the degree of curvature of the column.

When the fracture g-levels in the various modes were
analyzed, 1t was not possible to use palred sets of data and
the appropriate values of t were obtained from the equation
for unpaired data with unequal samples. 1n particular, for
hyperextended mode, the U4 fracture levels were cbtained under
slightly different conditions. The fact that in two of the
cases the anterior ligament was left intact while it was
disrupted in the other two 1s objectlionable from the statistical
viewpoint. However, physical arguments can be used to overcome
such objections. Hyperextension fractures associated with a
disrupted anterior ligament imply that the g-level for com-
pressive fallure can only be higher than that used in the
computations, especially when one of these fractures took
place during deceleration of the sled. Similarly, when the
abdominal cavity was not eviscerated, the fracture level could
be lowered somewhat. Therefore, the actual difference and the
probability that i1t did not occur by chance can only be higher
than that given in this report.

The significant reduction in strain along the anterior
aspect of the vertebral bodles is further evidence of the role

of bending as a cause for vertebral fracture and of the
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effectiveness of the hyperextension device. It is unfortunate
that the t-test can only be carried out to 9g and that the
number of observations at each acceleration was small. How-
ever, 1in spite of this small sample size, it was still possible
to reject the null hypothesis for five of the six vertebrae
under study.

This series of experiments indicates that the reduction
in strains and hence the increase 1n acceleration level at
fracture as a result of the use of a hyperextension device,
cannot be attributed to any one factor. The initial pre-
tension induced along the anterior aspects of the vertebral
bodies due to hyperextension of the spine causes the vertebral
bodies to act as prestressed materials, hence raising the
compression level for fracture. However, this would not
decrease the anterior strains as found in the experiments.

If bending only was the cause of fracture, by changing the
eccentricity of torso, we would expect a redistribution of

the compressive load on the vertebral bodies, hence reducing
the anterior strain which 1s a combination of pure compressive
strain and pure bending strain. However, this redistribution
should not affect the lateral strains on the vertebral bodies,
as they would be a function of pure axial load only. The
fact, that a significant reduction of the lateral strains

was found due to hyperextension, suggests a decrease in the
net axial compressive load on the vertebral body. This
decrease 1n the axlal load has to be transmitted to another

structure. One possibility 1s the transmission of the load
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to the seat frame via the hyperextension device used. An
evaluation of this was made by making successive runs, one
in the erect and one in the extended mode, on the same
cadaver at the same acceleration level, using the seat pan
load cell measurement in the erect mode as a control.
Results of these runs showed a peak load cell value of

599 1lbs. fcr the erect mode and 592 1bs. for the hyper-
extended mode. This indicates that the hyperextension
device does not support appreciable vertical loads and
that the decreased portion of the vertebral body axial
load has to be transmitted through a structure in the spine

itself. This structure is the lamina via the articular

facets.
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