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ABSTRACT

Nesmtalustraetive Jovw=lood experiments dre offen wsed o determine sefffness properiies of hinlogical
spocimens. After regressing this fow-load belavior to determine a representafive properiy’ curmg,
exirapolation of the property curve I8 reguived to define. ehavidr bevond the: regressed region.
The vesulting model is asswmed 1o represent behavior of the system fo fuffure. However, an
exirapelated fimetion may incorvectly predier hehavior antside the regressed range, and no data on
the vadidiny of the exrapolarion are weally avanlable. To study this problem for cervical spine
spectmens, three types of functions were evalugred, (1) nonlinear extrapelarion of the hesefir
exponential function, (2} linear extrapolation, and (3) nenlinear extrapolation of the besi-fit
polmomial function,  Nenlinear stiffuess curves from nordestructive festing in two modes of
lnading, pure tension and pare bording, were extrapolated to predice failtere,  These predictions
were then compared to known falltre responses and appropriate extrapolation functions were
recommerided,

INTRODUCTION

E]’i[‘lﬂ‘ﬂ]‘l‘lﬁ'ﬂtﬂ] studies of biologic structural properties are often limited by specimen availability
and specimen degradation in vitro, As such, an experimental study can only investigate a
limited number of physiological and e¢ven more limited number of injurious responses.
Mondestruetive testing typically describes mechanical testing at low-load levels, within the elastic
range, that determines structural propertics. Destructive testing involves biomechanical {ailure and
mjury to quantify tolerance, Unfortunately, the high-load behavior located hetween the low-load
behavior quantified with nondestruetive testing and failure is rarely described. As a resull, low-
lvad structural property research frequently forms the basis for models that are expected w respond
to physiological exposures, tarely injunous, und injurious levels of loading.  Consequently,
modelers often must guess at how best to represent the high load structural behavior, This study
explores the wse of some extrapolation functions for bridging the gap between low-level behavior
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and failure dats using nondestructive and destructive test data derived from cervical spine pure
tension and pure bending lests,

METHODS

Twao cervical spine studies, pure tension and pure bending (Nightingale et al, 2002), including
experimental nondestructive low-load stiffiness testing and failure testing. provided datn for this
studdy,

Tension Experimental Study

Specimen Prepavatton: Unembalmed male human cadaver specimens from the head theough T
were obtnined. Eight specimens, 45 to 68 vears old (average age 59 £ 8 yrs], were tested after their
structiral integrity was aasured by physical éxamination and review of medical records and pretest
radiographs of the specamens. To bepm, the musculature and mandible were removed 1o better
visualize the cervical spine motions and injury mechanisms. The removal of the mandible also
allowed spplication of load 1o the maxilly, The skull was coupled 1o the head moumt plalform
nsing bone scrows und polymethyimethaerylate (PMMAY, so that the head mount platform was
parallel to the Frankfort plane, Care was taken to allow full mvotion ot the Oceiput-C1 level. In
addition, the mount points of the skall were chosen remote from the base of the skull 1o mitigate
any  stress concentrations in the regions where basilar skull injurics commonly  originate
(McElhaney et al., 1995), TI was cast into an aluminom cup with molded PMMA and reinforced
polvester resin.  The cast allowed free motion at the C7-T1 level and oriented the Tl vertebra 257
down from the horizontal -23° pitch) w preserve normal cervical lordosis (Matsushiia et al,, 1994,

Test Protocol: The head und neck were placed in the experimental test frame (Van Ee et al,, 2000)
(Figure 1), The head mount platform was adjusted within the experimental frume to ensure the
Frankfort plane horizontal for the reference position.  The test fixture applied a pure vertical load
ibased on the global coordinate system) at the center of the rotational bearing aligned with an
pnatomical pointsof-interest. Pure tensile loading was obtained by use of the linear and rotational
bewrings coupling the hend carriage, containing the head mount platform, to the est frame. An
RVDT located at a rotational bearing quantified head rotation. Two LVDTs were used o monitor
the hydraulic actuator position amd the linear bearing position. A six axis Denton load cell coupled
the lower portion of the spine to the MTS hydraulic actuator. Data were collected using a digital
data gequisition system ( National [nstruments; Austn, TX).

All testing was performed under load control. The initial position with Frankfort plane horizontal
was re-established before each test with no load applied, resulting in a slightly pre-lensed
specimen.  After the nondestructive whole spine testing, the specimen was removed from the load
framye and seclioned for motion segment testing.  The spine was sectioned betwesn C3-C4 and C5-
U 1o give three imact motion segments for testing that included the adjacent vertebral bodies and
intact ligamentows structures.  The resulting segments, Oveiput-C2 (n=4), C4-C5 (n=8), und C6C7
(=), were then east to produce motion segment test specimens.  Ench single vertebra was cast
using supri-pediculur loops traveling from the casting material through the vertebral formen over
the pedicle and back through the transverse foramen. In addition, crossed k-wires were also used
to couple the specimen (o PMMA and bone screws with a fiber-reinforced resin. For the upper
cervical segment, two vertebrae (U2, C3) were cast together using i combination of bone screws
and k-wires pre-molded with PMMA into fiber-reinforced resin,
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Figure |. Test fixture for the tensile test experiments.  The fixture produces o pure vertical load at the
center of the mtational bearing ihrough the use of Bnear and rottional bearing that minimized
the shear and rotational monent respectively.

After pre-conditioning with 60 ¢yeles of & | Hz sine wave with mean and amplitude of 75N of
lepsion, a battery of nondestructive tests were performed on the whole cervicnl spime,  The
Occiput-C2 (0-C2) segment was likewise pre-conditioned and tested nondestructively, The
nondestructive testing of O-C2 included a 300 N (50 N/<) stiffness test with the load line of etion
passing through the occipital condyles. Finally the O-C2 segment was fwiled gt 1000 N5 with the
load Tine of sction through the oceipitnl condvles.  Rotation and linear anterior-posterior (A-P)
translations were allowed for the 300 N stiffness test and the failure teést. Loading through the
occipital condyles Tor both the low-load stiffness test and foilure resulted in negligible A-P
translation (<1.5 mm}) and rotation (< 1.6 dégrees) of the head. The lower motion segments, C4-C3
and Ct-C7, werg pre-conditioned snd tested nondestructively. A 300 N (50 Nig) stiffness test with
free cramal end conditions was performed before failure (1000 Nrs) with identical cranial position
and end conditions. All failure tests were imaged at 50 frames/second. Sub-catastrophic Failures,
meluding yielding (increasing specimen length. but constant load) and micro-failures (sharp
decrenses in load), prior o ultmate fatlure were 1dentified. Specimen dissecuon was performed 1o
document injuries,

Beading Experimental Study

Specimen Prepararion” Unembalmed female human cadaverie cervical spines were tested.  Paired
stiffness and failure tests were performed on 35 spinal segments from 13 unembalmed cervical
spines. Donor age ranged from 23 1o 66 yvears (average age 50+ 8 vrs), The muscular tissues were
removed while keeping all the Tigamentous structures intaet {with the exception of the ligamentum
nuehag). Al specimen handhng was performed i complumee with CDC gmdelines {Cavanaogh
and King, 1990), The cervical spines were secltioned into 4 groups: (-C2 (0=8), (3-C4 (n=8}, €5-
Ch (n=9), dnd C7-T1 {n=10) The lower cervical motion segments were eleaned and cast into
aluminum cops with lber-reinlorced polyvester resin, The cephalad end of the upper cervical sping
specimens was secured using halo fixation. The mandible and maxilla were removed in order o
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allow ummpeded range of mation;  Upper cervical specimens (O-C2) were inveried and mounted
m the test frame using halo fixation of the head and casting of the €2 vertebra,

Test Protocol:  Bending tests were performed in o pure moment test frame.  The moments were
generated using a pair of free-floating precision preumatic pistons to apply a force-couple. The
resulting angulur displacements were computed by tracking murkers on digital images (Figure 2),
Afier the specimen was mounted in the test frame, a counterweight was applied to the upper casting
assembly.  The mass of the counterweight counterbalances the mass of the assembly and applics
1.5 Newtons of tension on the vertebra, creating a repeatahle initial position in the middie of the
newtril zone. The specimen was imaged in the initial position and the load cell was weroed. This
image served as the initial veference image for all tests. Aller digitization of the centroid locutions
for markers in each image, angular displacements for cach image were determined with respect 1o
the refersnce image.

Prior to Nexibility testing. the specimens were preconditioned with 30 cveles of #1.5 Nem of
moment.  To determine their Nexibilities, each specimen was loaded with pure Mexion and
extension moments in 0.5 N-m increments.  Thirty seconds ol ereep was ollowed prioe o data
neguisition, and the load was released between Toad steps. The peak applied-moment was
approximately 3.5 N-m. A six-axis GSE load cell ot the base of the specimen was used 1o measure
the applied moment and to ensure that the moment remained pure. The foad application, 1est
duration, daty acquisition, and load release were all conmrolled by PC based sofiware (National
Instruments: Austin, TX).

For failure testing, the counterweight was removed and the specimens were failed in enther flexion
or extension.  The loading rates were dependent on the flexibility of the specimen and were
approximately 90 N-misecond. These tests were imaged at 125 frames/second.  Failures were
defined as a decrease in the measured moment with increasing rotation, and they were verified by
examination of the high-speed images. Specimen dissection was performed to document injuries.

EI

Figure 2. A schemmtic of the apparatus used o apply pure fexion and extension moments. (poeal morkers
on the couple nom were trmcked 1 caleulate angular displacements, A b-axis load cell was used to
mizasure the applicd moment. The O-C2 spinal units were inverted and were attached 1o the load
well vin halo Axation. A coumterbalance moms was ysed (o mimmize the loads impoded by the load-
drm L casting qup.
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Drata Analysis

After experimentation, force-displocement responses from the 300 N stiffness test in tension and
the approximately + 3.3 Nem flexibiliy test in bending were regressed. 1o order 1w find the best
functional relationship between the applied load and the resuliing displacement, three different
funcuions were used for dot regression.

F=Ate™ =1) (1
F=dAx +Bx+C {2)
F=dAv+ 8 (3

In these general forms, /' represents the applied load, pure tension or pure moment, and x
represents the recorded primary displacements axial deflection or angular deflection, respectively.

Because the recorded load data were not identical for all specimens, individual segment stiffness
tests were regressed for each function using a nonlinear least squares approach.  An average
response was then caleulated for each motion segment and loading mode based on each function,
The average response was the average of the computed values from the individual fits calculated at
incremental loads 1o the end of the regression rnge, defined as the lowest common load for all
specimens., For tension, 1 Newton increments were used to the maximum commaon load of 300 N,
For bending, 0.1 N-m increments were used to the maximum common moment, which was 2 N-m
for ©C2 gnd 3 Mam for the lower cervical spine (LCS) motion segments. A second Gt vy, was
performed on the average response, .. and the regressed coefficients and cocflicients of
determination, R”, (Kvalseth, 1985) were determined.

{.”l.'!q'- Fiiy ]

El Ve _:L'\F ]:

After the regression of the average responses, two types of extrapolation techniques were used: (a)
the continuation of the regressed function; and (b) the linear extrapalation of exponential regression
based on the instantaneous slope at the maximum load in the regressed region. These two
technigues resulted in four extrapolation functions. The continuations of the regressed functions
included the extrapolation of the exponential regression function, the extrapolation of the quadratic
regression function, and the extrapolation of the linear regression function.  The fourth
extrapolation function was the lincar extrapolation of the exponential regression function. For
tension, the slope for the linear extrapolation was the instantancous slope at 300 N, For bending,
the slope was the instantuneous slope ol the end of the regression range (2 N-m for O-C2 and 3 N-
m for LOS), To assess the performunce of cach extrapolation function, ¢ach Rinction by motion
segment and Joad condition was extrapolated beyvond average Tailure.

R =1- (4)

The ability of the ¢xtropolation functions to predict failure was evaluated using two methods, First,
an svernge gnd standard deviation of the failure event, load and displacement, were determined.
Each combination of average and standard deviation was used to creute a reasonable failure target
zone, an ellipse, for the extrapelations: The extrapolated curves were plotted with their respective
failure target cllipses. Target average load and displacement zones provided a visual indicator of
the performance of the extrupolation of the averape response. Second for each specimen by motion
sepment and load condition, the force error was calcolmted st each recorded displacement
throughout the entire load-displacement response to the actual failure event. The force error was
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defined as the difterence between the regressed and extrapolated force value, Fy, and the recorded
experimental force value, Fo. The force error RMS value (5) was then caleulated. This measure
of error was caleulated throughout the load range to failure, Multiple comparisons testing (Tukey)
of the maximum force error RMS values was used to determine if there was any difference
hetween the various extmpolation functions [or a given motion segment level and mode of loading,
All stadistical analysis was done at o significance level o (.05,

I3 (Fiimp = i)

'Fih-r k= \4

RESULTS

Tension

Every regressed function fit the average tension responses well (svernge R = 0.9954) for all
muortion segments {Table 1), In general, nonlinear functions it better than the linear expression, and
(-C2 responses were most nonlineor.  The failure target zones were determined {Table 2, Fipure
ih). The extent of the extrapolation was large as the nondestructive tests represent less than 20%,
of Toad to failure (Figure 3b).

Table 1, Teusion REGRESSION RESUL 5,

EXPoNENTIAL: Fy=aie™ —1)

00 | oy | oo | AVERAGER
002 229 0,506 | 268 D998s
CHCS 008 | 0251 3 oees)
Ch-CT 59 0,277 258 | (997

QuankaTIC: F,=Az '+ Bz +C

A B L o, |
| Nfmm?) Ny | N AVERAGE R
002 438 1080 | 09 (9988
(405 | 3.8 | | 1732 | 1648 | (9955
0 LHT I 58 855 | 28 09980
LiNear; F,=a 2+t by
4 hy e 1
(Ninm) Ny | AVERAOER
0472 (il | -lﬂ__i_ I _U.'ﬂﬁl}
U405 283 -1.4 ads
Co-C7 =14 -3.5 (hagss

Tﬂ bll‘.‘ 1 .-“l."n-’FR ALIE TENSILE SUBCATASTROMHIC FAILURE.
0-c2 C4-C3 CH-C7
Lo (N) INE3£32( | (1823 |55 1626+ 154

DISPLACEMERT (mm) 705 £ 164 | 716+ 118 7.74 + 0,91
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Figure 3. () At left, all three regressed functions for the average responses of the motion segments (ests.
The Jower cervical spine is stiller than upper cervical spine over the loading range of 300 N. (b)
At right, faiture lomd and displacement values and tinget zones for sub-catastrophic failures. O-C2
injurizs were vared, including Hgamentous disruplions and frociures, causing a larger ramee of

fnilure loads and displacemenis,

0-C2

C3-C4

C7-T}

Figure 4, Extrapolation through failure trget zones for tonsion. Monlinear extrapolations do not miodel
high-lond behavior to failure. Lincar extrapolations suggest more scceptable behavior paths 1o

failure.
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For 0-C2, the exponential fit with lincar extrapolation best predicted failure (Figure 4) and had the
lowest ealculated force error RMS values. For C4-CS and C6-C7, the linear fit best predicted
average failure, but it had the highest error RMS values through the regressed region. The linear
extrapolation of the exponential fit was the second best predictor of failure. It was not significantly
different than the linear fit at failure and provided a better fit to the low-load dato.

Bending

Extension (negative moment) and flexion (positive moment) low-load responses were
plotied (Figure 5), Exponential functions (average Ro=0,9986) had nominally betier fits than the
quadratic functions (average R™0.9807) through the low-load region (Table 3), and both were
significantly better than the linear function owing to the nonlinearity within the low-load responses.

1 Guadraiie (dashed)
Expananfinl (solid) |
2

e T L L
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Figure 5. Low-load bending regressions for flexion and extension of the tested motion segments. Flexion is

represented with positive values, while extension has negative values.

Unlike the tensile

responses, the bending data showed a high degree of nonlinganity within this low-load region,

Table 3. Binnme REcRESSION RESULTS,

EXPONENTIAL: M= 1B (" = 1)

. FLEXION — _EXTENSION
A B Slope a7 A H Slope i
(deg) | (IN-m) | 2oriN-m | | (deg) | (IN-m) _ 2ior3IN-m
[0z | is6i | 161|017 | 0993 | 4l | 28 | 049 | 09997
C3-C4 | 471 341 | 070 | 09974 | -396 | -3.09 | 084 8981
C5-C6 | 325 1368 095 | 00995 | 420 | -I48 | 088 | 0.89%4
C7-T1 252 6.67 | 125 | 09987 | -3y9 | 132 | 099 0.9994
QUADRATIC: M = 0F/A+ O/B
= FLEXION _ EXTENSION
ﬁ_ | B RJ A: B H.:
o Ade)) {deg) o Ade) Adeg) =t
BL2 | 33333 ) 09920 | -24390 -243.90 0.9433
| €304 | 4237 -476.16 | 0.9909 _-32.05 | 3003 0.9816
C5-Ch | 48.78 13659 | 09690 | <1869 200,66 n.9977
CETl 19.19 -125.00 09840 | -17.51 .08 09574
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The Failure tarped zones were determined (Table 4) and showed the extent of the extrapolation
(Figure 6). The low-load range was less than 10% of failure moment for O-C2 and less than 23%
of failure moment for lower motion segments.

Tahle 4. AvEgacE FUEXIoN A0 EXTERSION FAILURES,

! FLEX1O0N EXTENSION
Momagn ANGLE MosarEnt | ANGLE
(N-m) (deg) (N-m} | {deg)
002 | 5664 342 56,234 280 -39.70 4 1207 | ATR4 410172
O304 1RO & 235 16334 177 -18.23 £ f.400 | 23004 932
C3-Ch 15,68 + 254 2297 & 5.62 ~1540 4 531 658+ 332
CI-Tl 73093469 I 6384+ 600 -26.46 + 568 2091+ 707
40
a0 o2
o . O
10
To
!',,",, C5-C8
» C7-Ti
40
.ﬂ.
% -40 20 0 20 40 80
Angutar Displacement (degraes)

Filgure 6. Failure lopd and displacement values and zones for extension and flexion. Low-load bending
respogises cover no more than (0% (O-C2) (o 25% (C3-C4) of the load response o failure, but
exceed 40% (extension} and 3096 [ Aexion) of the angular displacement response,

There was no single best extrapolation function to predict the failure ellipse (Figure 7). However,
nonlinear fimetions were better than the lincar fumctions. In most cases, the stiffness decreased
from exponential 1o guadratic o lingar exirapolations. As o result, the rapid stiffening behavior to
failure of O-C2 in extension was predicted best by the exponential extrapolation (p<0.05), No

other statistically significant differences were observed.
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Figure 7. Extrapobation through bending falure tarpet zones. Exponential extrapolation stiffens quockly i
the high-low region.

DISCUSSION

Frequently, published biomechanical data do not fully characterize the low-lond, high-load, and
fatlure properties of structures 0 & given mode of loading. And vet, such data are required for
numerical study of biomechanieal sysiems.  lnvestigators are therefore compelled to extrapolate
low-load data up to failure, despite the probability of significant error. In this study we examined
twio different dat sets 1o determine which extrapolation functions best predict high-load responses
from low-load data. Unfortunately, no single function performed best with all data sets. However
by studying the low-load data, better choiees of functions became apparent.

While nonlinear regression functions fit the low-load data best, the degree of nonlinearity n the
low-load dats helps o differentiate between extrapolation functions.  MNonlinear extrapolations
betier predicted falure tor the more nonlinear low-load data, bui linear extrapolntions betier
predicted failure for the less nonlinéar low-load date.  Low-load dat that sre more highly
nonlimenr, such as the bending data, are betier described by more nonlinear extrapolation, like the
exponential extrapolation. By contrast, if the data are only modestly nonlinear, such as the tension
data, in the low-load region, linear functions and less nonlimear Rmctions perfurm better, like the
lingar extrapolation and the linear extrapolation of the exponential regression function,
Specifically, the linear extrapolation of the exponential regression function in tension provided
good overall, low and high, load-displacenient behavior. In regard to overall performance, the
linear extrapolation of the exponential regression function appears to be the best selection if data
are |limited.
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There were several limitations of this study. Only two data sets were available for examination
with similar experimental conditions for both low-load and failure testing. However, low-load and
failure testing occurred at different loading rates. Differences also existed between the two studies
because two distinct failure criteria were used, The tension study including sub-catastrophic
failures, while the bending study only included ultimate failures. The ultimate failure criterion
shifts the average failure zone to the right with respect to the sub-catastrophic zone. Thus
decreasing the importance of nonlinear stiffening behavior of the extrapolation, For this reason,
the extrapolation of the exponential function is an even more appealing chioice for predicting high-
load behavior for the highly nonlinear bending data,

CONCLUSIONS

While numerous types of regression functions exist, these funchions must conform to the shape of
the data and be consistent with behavior past regression ranges. Even if higher loads are not
applied in the testing protocol, reasonable expectations are required of regression and extrapolation
functions for increasing loads. Without extending the experimental loading range, well-reparted
failures and the degree of nonlinearity in the low-load data can give clues as to the most suitable
extrapolation functions. As a result, different modes of loading of the same structure may be best
represented by different extrapolation functions. This work found that the linear extrapolation of
the avernge exponential regression function is best for the average tensile response of the cervical
spine to failure, and the continuation of the average exponential regression function is preferred for
bending of the cervical spine.  Absent confident supporting data, the linear extrapolation of the
exponential regression function is the best for both fitting low-load data and approximating high-
load behavior
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DISCUSSION

PAPER: Selection of Extrapolation Function for the Prediction of High-Load
Responses from Low-Load Biomechanical Data

PRESENTER: Barry Myers, Duke University

QUESTION: Erik takhounts, NHTSA
It Tooks like a bilinear fit will work preity well too with the data vou presented?

A | agree with you actually and I've been velling at my student to give me a bilinear fit of the
data. Just some sart of picce-wise linear fit is classic. The place | saw it first is in vascular studies
because you've got this deflated vessel, you inflate it with some modest pressure and it's fairly
linear as you inflate it further and you just extrapolate that line back to zeéro and then you have a
piece-wise linear fit.

Q: How about continuity condition and that’s all?

A: Yes. The downside to it is it's very tender to the domain vou choose 1o fit the second you're
sloped to and you end up making some sort of ad hoc choice which is one reason not to do it
However, | agree with you and I was bugging him to get me that data before this talk bul they were
working pretty hard already.

Q: Guy Nusholiz, Daimler Chrysler

The general form of how you're fitting that sort of requires that the intermediate values will fall
on that curve that vou're generating and that's not necessarily going to be the case either for
softening or stiffening and then softening. And it would be sort of a risk to try and do something
like that unless you had maybe i couple intermediate vitlues to make sure you're coming through to
hit vour failure criteria?

Al As a general proposition that mamies up with Jeff's comments and | agree with you, What |
can tell you, I used that as a model for this data to give me a metric that was simple and easily
illustrated. In the context of structures like ligament, inter-vertebral discs, the data are very well
behaved, it gets stiffer and then fails. So vou actually know what you got and if you look at the
extrapolation, if you look at the data through that intermediate range it follows the same
conclusions.

Q: But then you know the form of the data before you did it. So vou can almost choose that form
to fit the curve width?

A: Agreed. On the other hand, if | were testing some generic structure and | felt that it was like a
ligament | would use those models. On the other hand, if it was like & brain or like a muscle |
might have to think twice about it

Q: But then once again you already know the form. Okay. Thank you,
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