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Keappraisal of Biodynamic Implications

of Human Ejections

Carr. Joun H. Henzer, USAF, MC, Maj. G. C. Mour, USAF, MC, and H. E. vox Gierke, Dr INc

Vertebral compresslon represents s slgnificant pescentage of
the morbldlty assoclated with upward ejection, Vertebral and
Intervertebral structure reacts to and ls sometlmes lrreversibly
altered by ejectlon acceleration, Design and materlal propertles
of the normal vertebral column are sufficlently constant that
when structural characteristics are defined and acceleratlon
profiles known, predictlon of fallure may be made. Compresslve
load analyses of vertebra-disc complexes have demonstrated that
the vertebral eadplates are the Inltlally falling structures of the
splnal column. From experimental data on vertebral breaking-
loads, acceytably accurate probablllty-of-injurr curves for static
loading have been generated. These data together wlth data
duscriblng the dynamic response characteristls of the human
body permit calculation of the probabillty-of-Injury for dynamic
loading produced by expesure to impact acceleratlons, As an
ald to the designer of ejection systems, applicatlon of these con-
cepts should refine the estimate c¢f “safe” acceleratlon profiles
and minlmize the risk of lrreversit s vertebral deformation.

SINCE THE ADVENT of aircraft ejection seat
escape systems some twenty-ﬁve years ago, it has
become apparent that injury to the spinal column
represents a significant percentage of the morbidity
associated with this mode of aircraft-pilot separation.
In our present era of high performance aircraft and
space travel, the problems of spinal injury persist and
the efforts to design escape systems which will mini-
mize trauma to the vertebral column have hecome in-
creasingly complex. As more advanced escape systems
and ]an({ing vehicles arc utilized, force orientations
upon the vertebral column become more variahle,
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However, even with the injury potential of severe body
twisting, rotation, and flaying resulting from the vary-
ing force directions, compression spinal fracture will
probably a'ways be an escape system problem. Review
of aerospace literature reveals that relatively little effort
has been expended to describe the actual sequential
anatomic altzrations which occur within the spinal
column during ejection acceleration. Similarly, there
exists little information regarding the potential long-
term sequelae of injuries incurred as a result of ex-
ceeding vertehral structural tolerance. The purpose
of this report is to describe the interrelated response
of the vertebral bodies and intervertebral discs during
static mechanical loading and during ejection accelera-
tion and also te allude to the potential implications of
unrecognized or undetected vertebral injury.

SPINAL COLUMN ANATOMY AND PHYSIOLOGY

The human spinal column is structurally comprised
of a boney, cartilaginous and ligamentous complex
(Figures 1 and 2) which flexibly supports the entire
hody and protects the spinal cord.' Thirty-three honcy
vertehral elements are separated from one another by
the fbro-cartilaginous intervertebral discs which, along
with vertebra! joint capsules and ligaments, serve to
stabilize successive vertebrac. The cephalic and caudal
surfaces of adult vertebrae contain two important heney
components, the “vertebral cndplates.” During carly
lifc these honey plates are perforated by nutrient blood
vesscls which by adulthood are no longer required.
Fibro-cartilaginous tissuc then obliterates the original
channels which, however, persist as nonosseous areas
of fundamentally osseous vertebral body components.
Structurally the osseous tissue of mature vertebral bone
is compose dof mineral apatite dispersed throughout
a protein coliagen matrix. Whereas apatite is charac-
terized by relativel: high compressive strength, protein
collagen has relativcly low stiffness. As a combined
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substance these inorganic and organic constituents yield
a material with relatively high compressive-tensile
stiffness properties. As bone ages, elasticity increases
and compressive strength decreases. As a consequence
of this fact, older vertebrae are characterized by lower
stiffness values.’® Although one is tempted to attribute
such diminished stiffness and compressive strength to
the decreased amount of compact bone present in older
specimens, we should appreciate that other more
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Fig. 1. lsolated human spinal column. The cervical and
lumbar curves of the correctly postured spine are convex an-
terlorly whereas the thoracic curve is convex posteriorly.
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Fig. 2. Anatomy of intervertebral stabilization. Each vertebra
has an anterior, weight-bearing portion, the vertebral body, and
a posterior arch which shields the spinal cord and serves as an
attacliment point for the powerful back muscles. The anterior
and posterior longitudinal ligsments are inherently atiached to
the vertebral bodies and the discs. As illustrated, the posterior
arches are also firmly attachad to one another hy specialized
elastic ligaments,
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subtle, nonapparent biochemical changes are also oc-
curring. The aitered strength characteristics of older
vertebrae is in octuality probably a result of changes
in both of these dynamic parameters.

Between successive vertebral bodies o= positioned
fibro-cartilaginous intervertebral discs (Figure 3)
which constitute from X to % of total spinal column
lengtt. Each disc is made up of three distinct but
anatomically combined “parts.” The annulus fibrosis
is composed of concentrically layered fibro-elastic
tissue which is inherently attached to the adjcining
vertebral bodivs. Within the annulus lies a watery
gel, the nucleas pulposus. This component part of
the disc is not in the anatomic center of the annulus,
bt lies slightly posterior where it aligns with those
areas of adjacent vertebral endplates which represent
the centrul pressure points of their respective vertebral
bodies. The third anatomic entity of each disc is a pair
of fine hysline cartilage piates whick are derived from
the annulus and which form borders between the
nucleus of a disc and the vsseous endplates of adjacent
vertebra! bodies.

The human vertebral column provides man with pos-
tural stability, flexion, extension, latera! bending, and
rotational capability. The fcur prominent curves of a
normal adult spine are arranged in an alternating con-
vex-concave arrangemcent which contributes to the
overall spinal elasticity. This also results in superb
positional flexibility and a greater facility for dynam-
ically mairtaining the center of gravity which, in sta-
tionary upright man, lies just anterior to the sacral
promontory.

Movement between vertebrae takes place through
both the resilient intervertebral discs and the joints of
the posterior arch articular processes. Although actual
displacement between vertebrae is relatively small,
total column motion, as outlined above, is considerable.

Pressure absorbed by a normal nucleus is hydro-
statically distributed over both the adjacent endplates
and the internal aspect of the annulus. The changes
which a disc undergoes during life, however, alter its
functional properties. Whereas the raoisture content
within the nucleus of a “newborn” approximates 88
per cent, it diminishes tc around 68 per cent in an
elderly individual.® Subsequent to such change, disc
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Fig. 3. Schematic illustration of an isolated intervertebral disc.
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mobiiity is reduced and pressure tranamission to ad;.-
cent vertebra changes in the manner in which it occurs.
Another process, disc “degeneration” per se, oceurs
subsequent to hoth aecressing nuclear fluid content
and the simultaneously occurring wear and tear of
constant load stress and strain. Although “normal”
for its age, the clasticity of a degenerated disc is re-
duced. The greater the degree of nuclear dehydration
and degeneration, the greater is the proportion of the
pruessure that must be supported by the annulus, With
proper posture and sensible load-onset rates, a healthy
spine will support remarkable static and dynamic
forces. If either of these factors is ignored or poorly
respected, however, vertebral body or iutervertcbral
disc injuries can be anticipated to occur.

SPINAL STRUCTURE UNDER STATIC
MECHANICAL LOADING

The passive mechanical response of the system to
external environmental forces is manifest by the de-
velopment of internal stresses, which if of sufficient
magnitude, will alter the structure, form, and func-
tional capability of the object. More simply stated,
externally applied force results in internal structursl
forces which ultimately will cause failure. Damage to
biologic tissues resulting from mechanical forces must
take place in essentially the same manner that damage
to nonbiologic structures occurs as a result of such
forces. If the structural characteristics of a biological
material can be defined, and *he magnitude and iime
function of a particular force applied to that material
can be descrihed, one should be able to nredict whether
or not failure will occur. In the investigetion of mate-
rial strengths, different types of applied force and
different types of failure can be described. Our pri-
mary concern in this report is mechanical force directed
parallel to the spinal axis. Vertebral compression frac-
tures occurring during ejection are a direct result of
such mechanical force. efinition of the occurrence
of compressive failure is dependent upon specific char-
acteristics of stress-strain (load-deflection) curves that
are generated during compression tcsting of various
matcrials. Three characteristics of these curves are of
primary importance, These are proportional limit,
yleld point, and total failure as illustrated in Figure 4.

Statistical variability exists in the mechanical prop-
erties of all structurcs. We anticipate that strength
analysis performed or: tissues like cartilage and bone,
which arc continually undergoing dynamic biochemical
change, will present variable results. If, however,
analyses are performed on a number of particular
specimens from individuals of thc samc sex, age,
weight, general build, and degree of heslth, results
should follow a normal, bell-shaped typs of curve.
The stress-strain curves for biologic materials are non-
linear and present certain analytical diffcultics. In
order to avoid complex mathemiatical analysis in such
cascs, one usually makes linzar approximations which
may set certain limitations upon the validity of calcu-
lated results,

All of the above, of course, implies structural analysis

of human cadaveric material and indeed, structural
analyses havc been performed on human spinal col-
emns, If such data yields valid compressive breaking
load levels for the vertebrae, living humans who are
exposed to loads in excess of these leve)s can be antici-
pated to incur injury.

Tuming now to the injury modes in vivo, it is pru-
dent to make a point concering tolerance and tolerance
levels. Subjective tolerance per se and objective tissue
tolerance should be separate concepts. Here, we arc
intcrested in tissue tolerance. Human tolerance levels
for spinal axis ejection forces must be accepted as
those levels just above which irreversible damage will
occur within the structurally most susceptible com-
ponent of the spinal column.

The mechanism of absorption of compressive forces
by the vertebra-disc complexes of the spinal column
is fascinating. Both Brown,® et al. and Roaf'* noted
that early during slow column compression there is a
decrease in disc volume which ranges between 1 and
2% cm® before one of the adjacent vertebral endplates
fractures. Recognizing the fluid-retaining capability
of the disc annulus and the structural porosity of
the endplates, these investigators believed that this
diminishing disc vclume was due to two sequentially
occurring events. Eurly during significant spinal com-
pression, sinuses, fissures, and micro spaces, normally
present in all adult discs, collapse. The diffusible intra-
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Fig. 4. Schematie load deflection curve illustraling alterations
in verlehral body structure during compressive stress.

“Proportional limit" defines clastic capability and is a rep-
resentative estimate of the poiut at which a material begins 10
fail but is ahle, upon relief of the farce, 1o recover its preload
form free of recogunizable strnctural damage.

“Yield point" defines irreversible deformation and is a rep-
resentative estimate of that painl at which a material is perman-
ently altered in form and, thangh is still capable of supporting a
load, will nat recover its original shapoe subsequent to load re-
laxatiou,

“Total failure” defines material disruption and is representative
of that point at which a malcrial crumbles or crushes to the
extent that structural integrity is completely lost,

Aerospace Medicine » March, 1968 9233




W T

REAPPRAISAL OF BIODYNAMIC IMPLICATIONS OF HUMAN EJECTIONS—IIENZEL, ET AL,

dise fluid displaced during this process is “pressured
across” the vertebral epdplates. With continued com-
pression and as endplate bulging is occurring, the finid
within the cancellons hone of the vertebral body (hnth
endogenons and that transposed from the discs) is
forced out into peravertebral sinuses and veins, Witli
spinal compression above the evergy-dissipating capa-
bility of this fluid-transfer mechanism, vertebral end-
plate bulgc increases to the point of fracture. Both
Roaf and Brown noted that only after endplate frac-
ture did compressive vertebral body damage occur.
They emphasized that whether a disc was histologically
normal or degenerated, the same sequcnce of events
occurred, Neither discs with degenerated nuclei nor
those specimens with annular bnlge secondary to early
fibrons tear, “prolapsed” prior to cndplate fracture and
vertebral body compression. Onc gains an appreciation
from these investigations that the precise mechanism
of energy dissipation across the disc will vary depend-
ing upon the age and condition of the specimen,
Brown, after testing older specimens, documented
unsymmetrical annular bulge during compression which
repaatedly occurred in the anterior (strongest) area
of the disc. If snch compressive bulge was occurring
solely as a result of intra-disc hydrostatic cffects, he
believed the bulge should have been most marked in

TARLE 1
Per cent
Body
Breaking Strength Average Average Weight
Vertebra (kg Fnrce) (ki Force) (ihy) Supported
T8 640, 30, 609 593 1315 KX]
T9 610, 720, 700 671 1493 37
T10 800, 680, 770, 730 740 1632 40
Ti1 750. 720. 860, 755 771 1700 44
182 900, 680, 800, BOO 797 1757 47
i 720, 840, 900, 800, BON 812 1790 50
1.2 990, 800, 83 873 1925 53
L3 900, M0, 1100 980 2161 5
1.4 1100, 900, 930 983 2168 58
LS 1620, 1000, 1200 1073 2366 60

TABLE 1., CALCULATED VALUES FOR A BODY WEIGNT OF 75 KG

Max Breaking  Min Breaking

Vertebra (kg Force) (k¢ Force)  Per cent Max G* Min G¥
I8 640 540 33 249 20.8
T 720 610 37 25.0 21.0
T10 800 660 40 25.7 1.0
™ 860 720 44 21 208
T12 00 60 47 4.5 18.5
1.1 9R) 720 50 23.0 18.2
1.2 990 800 53 23.9 19.1
1.3 1160 %00 56 28.2 20.4
L4 1200 900 i1 4.3 19.7
LS 1000 60 25.7 2.2

*Utilizing the lormulae.

Gmex = 100 x Pueman.,y
ExW
Gmin = 100 x Ppymin.,
TTExW
Wherein Pnemax and Puemin are the highest and the lowest breaking loads
noted i initial testing; E is the per cent of hody weight carried by individual
veriehra; W is the body weight.
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the weaker posterior ard postero-lateral areas of the
onnulus. The fact that it was most pronounced at the
strongest onterior orea would be against a primarily
bydrostatic mechanism and in favor of direct compres-
sion of the annulus itself by asymmetrical loading due
to bending. There is clinicai supporting evidence that
intcrvertebral disc ounuli are i themselves capable of
support and energy dissipation. Schmorl’'s Node is an
eponym for an X-ray evident nucleus pulposus which
has ruptured through an endplate into a vertebral body
where it became ossified. Its “cnucleated” disc, how-
ever, still naintains significant intervertebral space.
We are olso aware that aduring surgical intervention for
disc “herniation,” a fair amount of ex*ruded material
may be fonnd with a minimally altered disc space. In
each of these situations there is a loss of nneleus with-
out total loss of the intervertebral space. The obly
structurc capable of maintaining this support is the
annulus of the disrpted disc.

It would appear, therefore, that although the auclens
potentiates intervertebral disc snpport and probably
some energy-dissipating capability, it is not a requisite
for either of these functions which may he bandled by
the annulus. It becomes apparent that the water con-
tent of a disc micleus is related to its mechanical effi-
cicncy. In a normal disc, thercfore, internal pressnre
is hydrostatically distributcd to both annulns and ver-
tebral endplates. This sequence rcsults in an inter-
vertebral pressure transfer by a highly efficient dise
utilizing primarilv nuclcus but also the annulus, In a
degenerated disc with a depleted finid content, how-
ever, a greater proportion of the energy transmitted
must be absorbed by the annulus.

Having some understanding of the anatomic bio-
mechanics of spinal column energy transmission, we
should review the significant contributions that have
been made to esperimental spinal biomeehanics. These
began in 1940 with Ruff**> who was interested in the
determination of the breaking strength of vertebrae
under axial compression, In svbjecting fresh cada-
veric vertebral specimens to static compression loading,
Ruff calculated breaking strengths from the point of
the load-deflection curve at which the first peak oc-
curred. Recalling that this represents the “yield” (irre-
versible ueformation) type of failure, and simnltaneons-
ly appreciating the “height-maintaining” and “weight-
supporting” funetions of vertebrac, we realize that this
type of failurc documentation is both clinically and
biodynamically highly significant. After testing a num-
ber of vertebra-disc complexcs, Baff bhecame aware
(as Roaf and Brown later confirmed) that the verte-
bral body always broke bhefore the adjacent dise in-
curred discernible damoge. Bealizing that individual
vertelral body force transmission during acceleration
is ¢ependent npon the bedy weight supported by that
particnlar vertchra, Ruff ascertained the per cent of
total body weight supported by the individual vertebral
bodies. Table I prescnts Ruff's data on breaking loads
for T8 to 1.5 vertebra and also his calenlated per cent-
of-body-weight supported by these successive verte-
brae. Extending his experimental breaking strength
and per ceat-body-weight-suppo.ted data, Ruff derived
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maximal and minimal G load tolerances for individual
vertebrae by assuming that all specimens were repre-
sentative of those tested from the spinal column of a
75 kg man. These values tugether with his formula are
presented in Table !I. The &nal portion of Ruff’s in-
vestigation dealt with acceleration-time histories. He
concluded that for exposure periods of 5 milliscconds
to 1 second, structural tolerance is determincd by the
static compressive strength of the vertebrae most casily
traumatized by such loading. For acceleration pulse
durations lasting less than 5 milliseconds, structural
tolerance, Ruff also concluded, is determined by the
dynamic sirength of the most susceptible vertebra.
Figure 5 graphically iliustrates the “G-time” tolerance
levels derived by Ruff.

The sccond outstanding biomechanical investigation
of the spinal column was that which Perey'* of Sweden
published in 1957. His analyses differed from those
of Ruff in three ways: (1) he utilized “proportional
limit” instead of “yield” point, (2) he did dynamic as
well as static loading and (3) his specimens were more
exactly representative of specific anatomic entities than
were Ruff's. In utilizing proportional limit, Perey’s
estimates of vertebral strength are naturally anticipated
to be lower than Ruff's. Although they would appear
to be safer by virtue of the definition of proportional
limit, i.e., reversible “damage,” we should appreciate
that Perey noted thet fracture of the anatomically
distinet vertcbral endplate accured at levels below the
vertebral body proportional limit. By injecting radi-
apague media into discs of test complexes and then tak-
ing roentgenograms of dynamic compressive alteration,
Perey was able to document th: “weakest links” at the
moment of damage. During one graup of dynamic
loadings to the proporticnal limit, Perey identified
twenty instances of vertebral endplate iracture as com-
pared to six instances of irreversible vertcbral hody
compression. Perey warned that many of these end-
plate fractures could not be visualized on X-rays that
were experimentally analogous to the routinely obtained
views in the clinieal situation. Many of these X-.ray
“misses” were documented rather easily. however, by
discography and laminography. Subsequent to his
dynamic testing, Perey investigated static ioading of
two and three vertebrae eomplexes. In 40, two verte-
brae specimens subjected to statie compression, a defi-
nitc rciationchip between age ard “proportional limit”
was noted. For vertebrae over age 60, average “break-
ing strength” was 425 kp (935 pounds forec). End-
plate fractures in the static test of cxcised specimens
composed of two vertebral segments werc microscopi-
cally evident in 13 instances (32 per cent). Following
his preliminary dynamic and static testing, and ap-
preeiating the significance of the differenee in breaking
strength between endplates and vertebral bodies, Percy
was naturally intcrested in comparing these two sets
of values. Tables IIT and IV illustrate average results
oltained. In thic portion of his investigation Perey
also ascertained that vertebral bodies compress an
average 16 per eent of their total height hcfore the
proportional limit is reacked. Realizing that the actual
point of vertebral body damage lies closer to the yicld

point (Pcrey was testing to propartional limit), we
are able ic appreciate that in reality greater than 16
per cent 1eversible compression probably occurs priot
to vertehral body damage. Also, no matter how fresh
cadaver specimens are, there has heen some fluid loss.
Consequently, for the in-vivo case there is probably
still another added increment of reversible compres-
sion prior to fracture. Finally, Perey was able to ascer-
tain from his investigation that endplate strength is
similar in peripheral and central areas. This helps
explain the lack of any particular nniformity to the
area of endplate failure that occurred during his
testing,

Two facts gleaned from Perey’s wark stand ocut as
being particularly important in the problem of luman
ejection: endplate fractures occur at lower level load-
ing than is required to reach the proportional limit
and by the time 16 per cent compression of a vertebral
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Fig. 5. Ruff’'s dynamic and static vertebral column tolerance
as related to acceleration profile,

TABLE 1il. LUMBAR VERTEBRAL HODY RESISTANCE WITH
RESPECT TO AGE

U'nder 60 yi+ Over 60 yrs

Vertebra Kiloponds  Pounds Kiloponds Pounds
T ) e m
1.2 (1] 1320 260) 572
L3 635 1497 236 350
14 650 1430 270 594

L5 M 1298 W 528

TABLY 1V, MEDIAN BREAKING POINTS (KILOPONDS PER SQUARE
CENTIMETER AND POUNDS PER SQUARE INCIH) FOK 223 VERTE-
BRAL LADPLATES TAKEN FROM SPECIMENS OF L1 THROUGH L)

Age (yra) Median Breaking Poinc
kp om? p||" i
20-30 107 1530
3140 " 1400
41.50 i) 1083
51.60 " 1100
«d 4 614
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body has oeeurred, one or both endplates have usually
exceeded their breaking points. One can conclude thet
acceptance of “vield point” as being equivalent to ir-
reversible compressive deformity implies even greater
differences hetween endplate and vertebral body break-

TABLE V

Weighit Carried

Per cent Body 160lb man  Breaking Strength Breaking Load

Vertebra Weight Carried  in Pounds in Pounds inG
T1 9 144 365 25
T 12 19.2 450 25
T3 15 2.0 60 25
T4 18 .8 N 0
TS 21 1.6 84> 25
T6 23 4.0 1000 5
T 29 46 4 1160 25
T8 33 5.8 1313 4.9
™ 37 8.2 1493 25.2
TI0 40 4.0 1642 23,5
™ 44 0.4 1700 24.2
T12 47 5.2 1757 234
LI LY 80,0 179 2.4
L2 33 8.8 1925 2.7
LS 56 89.6 2161 4.1
L4 58 9248 2168 M
L5 60 96.0 2366 4.6

TABLE V1. RUFF'S DATA IN RENUCED FORM
Average Strength Standard Deviation Coefficient

Vertebra (kg Force) (kg Force) of Variatien
T8 534 16.5 2.2
T9 618 40.8 15.1
TN 647 69 5 99
T 688 49.1 4.0
T12 706 55.4 12.7
L1 72 47.7 15.1
1.2 761 73.6 10.1
Ly L e 12
14 815 -— -
L3 898 2.7 12.4

*S.ogle data point.

TABLE %1, BUFF'S DATA IN FINAL REDUCED FOEM

Average Strength Standard Deviation

Vertebra (Paunds) (Pounds)
™ 1173 9.6
™ 1363 92.2
TI0 1427 6.4
™ 1517 102.5
T 1357 105.2
Li 158 107 4
1.2 1678 13.3
L3 1901 128.3
14 1940 131.2
L3 1980 133.8

TABLE 111, PEREY'S DATA IN STECI'S FINAL RLEDUCED FORM
(FOR AGE 27.9)

Mean Breaking Standard Deviation

Vertebra Strength {Poundy) (Pounds)
11 1266 62
L2 13383 193
L3 1393 399
L4 1413 404
L3 1661 473

= - = — e
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ing points than Perev ascertained with proportional
limit criteria. We can begin to appreciate ot only
that endplate disruption occurs at levels appreciably
below irreversible vevtebral bedy  compression, bhat
also (and of greater concern) that a number of spinal
column endplates may ineur “loss of structural integ-
rity” prior to demonstrable fracture of the most sus-
ceptible vertebral body. When transposed to the live
ejection situation, this bit of knowledge takes on perti-
nent and important clinical implications.

The investigations of Ruff, Perey, Roaf and Yorra®
have led us to realize that endplate and vertebral body
damage is far morc apt to oceur during spiral axial
loading than is intervertebral dise disruption. This
appears to be substantiated hy the infrequent reports
of disc trauma contained in the ejection literature.

Stecli’* has recently extended Ruffs original experi-
mental data to calculations on the remaining thoracic
vertebrae. This author, appreciating that Ruff found
a relatively constant increase in per cent of hody-
weight-supported by each successive vertebral segment
from T8 through L5 vertcbra, postulated that the same
relationship exists upward from T8. Extrapolating up-
ward in a constant 3 per cent deerease per vertebrac,
Stech arrived at a 9 per cent value for T1. The head
and neck, which theoretically is all that T1 does sup-
port, has indeed heen measured as heing approximate-
ly 9 per cent of total hody weight. By making what
to us appears to he acceptable and relativcly accurate
approximatiins, Stech calculated hoth the lreaking
strengths of T1-T7 and the per cent-body-weight sup-
ported by these individual vertebrae. Table V presents
Ruffs original T&-L5 data along with Stech’s extra-
polated T1-T7 values. Having these data, Stech utilized
the concept of probability to define spinal acceleration
tolerance (injury) levels. Utiliving this concept of rela-
tive probability of injury, one can determinc levels
up to which the incidence should be very low and
above which the incidence of injury can he expected
to increase rapidly with each added increnmient of ac-
eeleration. We are in agreement with his cautioning
statemeut that, “the most important fact to be realized,
appreciated, and respected with regard to tolerance
curves and injury probability is that the levels repre-
sented are risk levels.” Duc to the variables which
he reaiized affected the data gathered by Ruff and
Perey, Stech was obligated to make certain necessary
assumptions in constructing his risk curves, As a
consequence, Stech estimated mean breaking level
values on the low side and utilized variances that are
almost assuredly higher than the actnal wnknown vari-
ances, Table VI represents Ruff's individual vertebra

TABLE 1X. DISTRIBCTION OF ENDPLATE BREAKING STRENGY
(STECI11)

Mean I eaking Standaid Deviation

Vertebra Strength (Pounds) (Pounds)
1.1 82 280
1.2 1063 305
L3 1112 36
14 1178 113
L3 1M kLX)
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data which Stech corrccted for age, location in the
spinal column, and body weight. This table also con-
tains an estimate of the standard deviations for these
vertebrae derived on the basis of the number of speci-
mens that Ruff tested. Table VII gives this same data
in pounds with the standard deviations re-esiimuted
utilizing the average coefficient of variction. Stech
then did a similar analysis on Perey’s vertebral body
and vertebral endplate breaking strength data. Tables
VIIl and 1X present vertebral body and vertebral
endplate breaking strengths for L1 through L5 together
with their respective standard deviations, corrected for
a 28.year-old specimen. Figure 6 shows Stech’s curves
for T8-T12 vertebrae describing the probahility of
damage in response to applied steady state acceleration
loads. Figure 7, whick presents simultaneously plotted
curves for L1 to L5 proportional limits, compressive
limits, and endplate limits, graphically demonstrates
one of the points that we have been striving to empha-
size. Endplate fractures occur at load levels signifi-
cantly below those required to produce compressive
vertenral body fracture. Stech recognized that his
curves are representative of the response of particular
vertebra for a specified age group and could not be
directly applied to estimate hazards in the operational
situation. In the final analysis of available data, Stech,
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appreciating the high incidencc of T12 and L1 ejection
fracture but simultaneonsly rcalizing that other verte-
brae do fracture, wished to transpose probability of
injury curves for single vertebrae to information on
the entire column. Since this total susceptibility to
injury is variable and probabilit{; of injury curves for
T12 and L1 cover the majority but not ali cases, onc
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can look at “the other side of the eoin” and examine
the probability of no injury. Utilizing the produet of
the probabilities of no injury for the entire seventeen
thoraeic and Inmbar vertebrae, Stech caleulated the
probability of injury curves for the entire dorso-lumbar
column., He then applied age specific corrections to
derive overall spinal fraeture risk figures for a popula-
tion group representative of the aircrew population.
Figures 8 and 9 illustrate these eurves for “live” spinal
columns estimated in an airerew-representative popula-
tion and for specifie populations of ages 20, 25, 30, 35
and 40,

As we mentioned prior to describing these probability
of injury curves, Steeh estimated mean values on
the low side and used variances that are probably
higher than the truc variances, We agree with his
postulate that sueh curves probably indieate a higher
probability of vertebral body fracture at a given ae-
celeration level han is true in actuality, We are also
in agreement that the curves should be used eautiously
for probabilities below 0.1 or above 0.9 and that the
age distribution of the potential ejectee population
should be utilized to generate the operational curves
for such group.
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SPINAL STRUCTURE UNDER DYNAMIC
MECHANICAL LOADING

The various types of failure of spinal structures were
discussed in the previous section for the case of statie
mechanical loading. The probability of injury curves
evaluated and presented are directly applicable only
to steady state (sustained) aceeleration loading of the
spine in the head-to-foot direction, For irunsient ae-
celeration-time patterns the dynamic loading of the
spine as part of the overall dynamic respouse of the
body mwst be considered.

By virtue of the struetural composition of the human
body, the vertebral column is part of an elastie system
eapable of a “dynamic response.” The elastieity arises
out of the flexion, compression, and expansion proper-
ties of biologic tissue. Being part of an elastie system,
and being in itself elastic, the column in eonneetion
with the body masses eoupled te it responds to high-
onset aceelerative forees transmitted to its caudal end
by compression and bending and by subsequent ex-
pansion, Depending upon the rate of onset of accelera-
tion during the initial phase of ejection, motion of ‘the
upper torso supported by the spine may lag the forced
motion of the seat pan with aceompanying spinal com-
pression. Up to this stage, under such conditions the
seat nas a greater veloeity than the upper torso, which
afterwards requires that the upper torso undergo an
acceleration whieh execeds seat acceleration in order
(o reach terminal seat veloeity. The additional com-
ponent increases the inertial loading of the spine, re-
sulting in additional spinal compression to the point
where fracture may occur. The resulting “dynamic
response” or overshoot can result in aceelerations on
parts of the subject that are higher thau those on the
seat.” The “overshoot” ean be magnified, as has been
observed and reported by many investigators, if an
elastic seat eushion is placed between subjeet and seat
pan. Sinee Latham’s early work on the dynamie re-
sponse function of sezted kuman subjeets, considerable
progress has been made in the measurement, interpre-
tation, and analytical expression of this dynamie re-
sponse.'*™'®!" Today the injury potential of complex
aceeleration time functions, untested with respect to
their biological hazard, is probably best evaluated by
means of these analytical methods and the dynamic
mechanical model concepts on which they are based.
Special analog computers are available to calculate the
dynamic response of the seated subjects when wsing
different types of seat cushions or restratots.© It f
not the purpose of this paper to review this area of
impact research. However, assuming the generai val-
idity of the method, it ean be readily shown that for
a given spinal injury risk, the short duration impact
limit is much higher than the static load limit if the
duration of exposure is sufficiently brief. This concln-
sion is evident even from Ruff's early work as shown
in Figure 5. The injury potential of acceleration-time
patterns with long rise times is less (in a quantitatively
predictable way) than the injury potentia! of patterns
with short rise times and equal peak acceleration.
Utilizing the injury probability curves for static load-
ing discussed in this paper together with the present
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knowledge on overall body dynamics, mathematical
models have been derived by meens of which the risk
of spinal injury ean be estimated for exposures to any
particular acceleration environment produced by any
speeific ejection system.

OPERATIONAL EXPERIENCES AND
CLINICAL FINDINGS

The following brief review of the acceleration levels
that have heen suggested and ntilized during the past
25 years of ejection seat design and of injury statistics
is included to emphasize the importance of consider-
ing both the static spinal injury mechanisms as well as
the dynamic response coneept.

Although early German development was fraught
with complications, by 1945 their ejection velocities
had substantially increased above earlier 8-89 meters/
sec and they were tolerating 18-20 G peaks with rel-
atively little documented spinal trauma. Swedish-
catapults, designed between 1944-47, had a peak ac-
celeration of approximately 21 G. With their seat,
aceeleration reached peak level in approximately 70
milliseconds, during which time the onset rate didn’t
exceed 300 G/sec. The velocity change of these sys-
tems was about 17 meters/see. British experience bhe-
gan with the use of the Martin-Baker* ejection seat.
In carly 1945, after a compression fracture was in-
curred at a level below 12 G, eritieal investigation and
analyses revealed that the onset rates of some early
ejeetion tower exposures were frequently 600-800 G/see.
As a result of studying additional exposures at
substantially lower onset rates the British, in late 1945,
aceepted the following parameters for eatapult design:
peak acceleration should not exceed 21 G, the time
duration at peak acceleration should be less than 100
msec, and the onset rate should not exceed 250-300 G
per seeond. U. S. cjection catapult acceleration speci-
fieations were defined between 1945 and 1947. Ames,
aware of the dynamie overshoot that oeeurs with high
onset rates, cantioned during this period that any over-
shoot would be negligible if onset rates were held be-
low 200 G/scc. In 1947 cicetion seat equipment de-
veloped by the Army Air Forees and the Ordinance
Department provided a terminal veloeity of 60 ft/sec
with a maximum of 14-18 G on the subjeet at a rute-of-
application of 175 to 200 G per second. After 1947,
subsequent to continued investigation, further recom.
mendations were made. Although Watts' dacnmented
three instances of vertebral fracture at 16-19 G levels,
he concluded that ejeetion seats designed to peak at
18-21 G should be tolerated withcut injury by the ma-
jority of the pilot popunlation. In 1948 Ames® advised
20 G upper limit as did Glasser in 1950. In 1955, Mr.
]. Martin stated that bhoth the 60 ft/sec and 85 ft/sec
Martin-Baker seats had onset rates of 200-230 G/see
and neak levels of 18-21 G. Barach, in 190b cmipirically
stated that toleranee limit is about 20 G icr 100 msee
or 25-28 G for 10 mscc.

Injury data derived from operational experience with
cjection systems designed aecording to these accelera-
tion profile specifieations have slowly acenmulated. Be-

tween 1850 and the present, » number ot reports have
appeared in the aerospace literature ducumenting in-
juries received utilizing seats designed to operate within
a specified envelope cf acceleration environments. Three
of the most enlighteni 4 of these are the reports of
Laurel and Nachemson,” Fryer, and Jones® Laurel
described 23 ejection profiles in which 15-20 G peaks
were tolerated without a single case of fracture while
there werc 12 cases in 28 ejections involving 26-25 G
profiles. Fryer’s description of British experience with
the Martin-Baker seat (18-21 G peak) hetween 1949
and 1960 docimentea 41 cases of x-ray proven fracture
out of 200 ejections (20.5 per cent). In this series of
41, there was an average of two fractures per spinal
column. Jones iocumented the 1958-1983 incidence of
spinal fracture from the 18-21 G Martin-Baker seat
utilized by the British, U.S., and Swedish Air Force
during this period. Frequency of fracture was com-
parable for the British and U.S. being 20.5 and 21 per
cent, respectively. The Swedish ineidence, however,
was listed as 48 per cent.

The acceleration profile produced by most present-
day upward caiapult seats exhibit 200-300 G/sec onset,
12-22 G peak, 70 = 10 ft/sec terminal velocity, and
0.01-008 sce of pcak G exposure. Under operatinnal
conditions utilizing such systems, there iz an incidence
of spinal column compression that averages about 6
per cent,

It must be eraphasized that these reports reveal only
the incidents of demonstrable decreased vertebral
height. Although Fryer did record 28 incidences of
“minor” injury which be defined as painful spinal symp-
toms or signs in the presence of “normal” X-rays, une
has no way of knowing how many undetected endplate
fractures (some painful and others asymnptomatie) oc-
curred during these cjections.

We should realize that we have little knowledge
at present about the possible long-terin sequelae of un-
detected endplate fracture. It is significant, as Jones®
notes, that of the first seven Martin-Baker ejeetions
with vertebral fractures, five were retired for radieulo-
neuritis, degeneration of intervertebral disc with local-
ized arthritis and arthritis with muscle spasm. One can-
not help but wonder how many undetected endplate
fractures, with or without later compression, will have
similar difficulties at some future date,

When lnmman exposure to severe environmental steess
is necessary, well-defined toleranee limits for the most
suseeptible organ svstem are pecessary for design of
aptimal proteetion svstems. Because of the multiple
variables goveraing both the human response (~on-
genital vertebral defeet, restraint and posture during
cjection) and the imposed aeceleration environment
(aceelerationtime function, altitude and temperature,
aircraft orientation); preeise defimiiion of these limits
are not completely satisfactorv for the emergency
escape epvironment. The ideal solution would be to
outlive ejection tolerance curves that will he “safe”
for the average rjectee population. The word “safe,”
however, regnires qualifieation. One realizes from the
evidence outlined above that any tolerance levels de-
fined for maintaining “functional” spinal eolumn in-
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tegrity will, for the most part, be above breaking
strength levels of the “weakest link” in the column, i.e.,
the vertebral endplate. At the present time, unfortun-
ately, this injury response is not .ufficiently appreciated
by engineers and not always thought of {(xnuch less
diagnosed) by medical personnel. Realizing that ejec-
tion is usually a life-saving sitnation withont alterna-
tives, and appreeiating that endplate fracture doesu't
nsually result in aente functional disturbance, vertebrai
body tolerance curves are commonly accepted. Indeed,
they are to be recommended if property executed ejec-
tions utilizing optimally designed systems ean not other-
wise safely clear a pilot frem a disabled aircraft. Un-
fortunately, escape system performince will always be
somewhat hindered by biologic limitations. The chal-
lenge is to precisely define and utilize these end points
to their naximum benefit,

SUMMARY

In this report we have attempted to review, el
date, and extend the hody of hiodynamic information to
the point where the engineer and physician will ap-
preciate that a carefully designed ejection system can
be utilized by the air crewman, under spe-ified condi-
tions, such that a predictable spinal injury rate will
prevail. The unexpected compressive vertebral body
fractures that may occur should for the most part resuft
beesuse of factors outside of objective eontzol. Such
factors are the congenitally abnormal vertebrae and
the hyperdynamically responsive spine both of which
preclude objeetive human control, Presently accepted
ejection acceleration levels generally exceed the stric-
tural breaking levels of the vetebral endplates. The
immediate implications of such injury are usually benign
but long-term follow-up is mandatory if the occurrence
of delayed effects is to be detected. Spinal trauma dur-
ing ejection is not always a short-term affliction with
minimal sequelae. Any spinal axis injury may possibly
resulc in future physical disability, leading to mental
anguish, physical pain, and financial loss. The engineers
who design ejection: .ystems and the medical personnel
who care for the air crew share the responsibility for
understanding the pathogenesis of spinal injury and for
taking all possible precautions to minimize both the
occurrence and the potential complications of this type
of injury.
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