Mechanical Thresholds for
Initiation and Persistence of Pain
Following Nerve Root Injury:
Mechanical and Chemical
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Ph.D
Department of Bioengineering There is much evidence supporting the hypothesis that magnitude of nerve root mechani-
University of Pennsylvania cal injury affects the nature of the physiological responses which can contribute to pain in
Philadelphia, PA 19104 lumbar radiculopathy. Specifically, injury magnitude has been shown to modulate behav-
Jovce A. DeLeo ioral hy_persensitivity responses in ani_mal models of radi_Cl_JI_op_athy. However, no study has
y . determined the mechanical deformation thresholds for initiation and maintenance of the
, Ph.D behavioral sensitivity in these models. Therefore, it was the purpose of this study to
Departments of Anesthesiology & Pharmacology quantify the effects of mechanical and chemical contributions at injury on behavioral
, & Toxicology outcomes and to determine mechanical thresholds for pain onset and persistence. Male
Dartmouth-Hitchcock Medical Center Holtzman rats received either a silk or chromic gut ligation of the L5 nerve roots, a sham
Lebanon, NH 03756 exposure of the nerve roots, or a chromic exposure in which no mechanical deformation
was applied but chromic gut material was placed on the roots. Using image analysis,
nerve root radial strains were estimated at the time of injury. Behavioral hypersensitivity
was assessed by measuring mechanical allodynia continuously throughout the study.
Chromic gut ligations produced allodynia responses for nerve root strains at two-thirds of
the magnitudes of those strains which produced the corresponding behaviors for silk
ligation. Thresholds for nerve root compression producing the onset (8.4%) and persis-
tence of pain (17.4%22.2%) were determined for silk ligation in this lumbar radicul-
opathy model. Such mechanical thresholds for behavioral sensitivity in a painful radicu-
lopathy model begin to provide biomechanical data which may have utility in broader
experimental and computational models for relating injury biomechanics and physiologic
responses of paif.DOI: 10.1115/1.1695571
Introduction effects of extruded disc materifl1,13 and these models have

Low back pain affects as many as two-thirds of the adult popB—e?n pr(_avi_ously validated for prod_ucing_ behavio_ral s_ensitivity
lation in Western Society and has an estimated annual cost of %Q'Ch mimics that produced by placing disc material directly on

- s ; : nerve roots[16]. Differential persistent pain behaviors are pro-
billion—-50 billion [1-3]. Painful lumbar radiculopath¢t R) com- - . . .
monly results frE)m gnechanical compressionp of sltmbar ner\%uced depending on the nature of the insult. A typical behavioral

: . - : .~ résponse includes mechanical allodyf@a increased sensitivit
roots, either by disc prolapse or spinal stenggis7]. A compli- 0 gnon-noxious stimulgisand is obsyemd in the affected hir):d
cated combination of neurologic, electrophysiological, biochem‘i- w[11]. In animal models, allodynia is often measured by the
cal_, st_ructural, and mechf_inical contributions p_roducing persist requenc.y of paw Withdrawr;lls elicited by stimulation with other-
fpam’ Illéely act;lone adn_d n couce{fﬁ,r?,g]. Ongom_gC;_es_c(iear(l:lh hasp{\gse non-noxious von Frey filamenft$1,17). Allodynia is also a
ocused on understanding each of these areas individually as t X > . = ;

: : . : .~ _representative clinical sign observed in LR patients and provides a
contribute to palr_lful -I‘R[lo]' However, while the relationships ng of nociceptive regponses It has begn shown qugntitatively
bet_ween mechanical injury and pain responses are currently be t the more severe the mechaﬁical injury, the greater the result-
delineated, no work to date has defined mechanical thresholds . . e Jury, the grez .
pain-related behaviors in these models. ing behavioral hypgrsengﬂwtﬁ&O,ll,lL}. Thl; is ponsgtent WI'[h.

Experimental studies using lumbar nerve root compressi%g;ded electrophysiologic responses by injury intensity described

have demonstrated relationships between tissue compression é’edqwnz et al[1_8]_, and suggests one possible mechanism by
behavioral hypersensitivity responsgkL—15. In these animal which differential clinical symptoms may be produced. However,

models, lumbar nerve root compression is produced by Iigatio'f‘]? thresholds have been provided for mechanical loading which

with or without chromic gut suture material providing a simultaP’oduces behavioral sensitivity in this context.

neous chemical irritation due to disc herniation. Models of chronic Th_erefqre, it 'ﬁ t_he purpose OT thﬁ preser_lg s_tudy t? um'ﬁe n
pain have used chromic gut material to simulate the inflammato\‘&y0 Imaging techniques to qugntlfyt e contributions of mechani-
cal nerve root tissue compression in the presence and absence of a
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thresholds for pain initiation and persistence are defined for nerve
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Fig. 1 The upper set of in vivo images on the left shows the initial unligated (reference ) configuration (left) and the nerve root

immediately following ligation  (right ). Superimposed on each image are the set of digitized boundary points along the nerve root
(white dots ) and the bony positional markers  (black dots ). The corresponding curve fits for the digitized nerve root boundaries are
also shown in the set of images below them. The schematic on the right illustrates the geometric definitions for calculating radial
strains along the nerve root. The radial strain magnitudes reported in this work were calculated in the region of maximal com-
pression, indicated in this figure by the “ligation” region.

Methods and estimating nerve root radial strains in this model have been
g eviously describefi14,15. At the time of surgery, images were
|

Experiments were performed using male Holtzman rats, ea . . . . ; h
weighing 225—275 grams at surgery. Animals were housed in Iso acquired to provide geometric calibration. Using the bony

vidually under USDA and AAALAC-approved conditions with amarker locations and calibration images, each image for a given

) imal was transformed into the coordinate system defined by its
12-12 hour light-dark cycle and free access to food and water. %i_tial reference image, allowing consistent definitions and com-

ﬁ;;peeTh@ﬁp&%ﬁ;ﬁ;ﬁ%;%ﬁgiﬁg r:)rg(\a/eg om/rrfirt]ti eF)artmouth C:B_arison of geometric measurements. Bony landmarks were digi-
tized using ImageTool Softwar@)THSCSA, San Antonio, TX
Surgical Protocol. Surgical procedures were performed unThese locations and the line defined by their endpoints were used
der inhalation halothane anesthe$#%6 induction, 2% mainte- to transform image orientations to the reference coordinate sys-
nance. Surgical methods for this LR model have been previouskgm. The nerve root boundary was digitized along its outer-most
described[14,15. Briefly, using an operating microscogeFS edges, providing a set of contours for the nerve root in its in vivo
200, Carl Zeiss Ing, a left hemilaminectomy was performed atunligated and ligated geometriéSig. 1). For shams, contour sets
L5. At the time of surgery, animals were divided into four groupszonsisted of two unligated geometries.
(1) silk ligations (1= 18) in which the L5 dorsal and ventral nerve Cubic polynomials were fit to the digitized boundaries. To es-
roots were tightly ligated using a single 6-0 silk sutui®, chro- timate radial strain, nerve roots were approximated as cylindrical
mic ligations (0=7) in which the L5 dorsal and ventral nervewith a circular cross-section and variable diameter along the
roots were tightly ligated using a single 6-0 chromic gut suturégngth. The diameter was calculated from the two contour bound-
(3) shams(n=4) in which the L5 roots were exposed only, andaries in the radial direction. Customized Fortran code determined
(4) chromic exposure$én=2) in which the L5 nerve roots were the centerline and corresponding radius from each set of bound-
exposed and 3 pieces of 1.5 mm 6-0 chromic gut were placed afies. Radial strain ) was calculated along the nerve root
them, approximating the total length of chromic suture used in thength using the initial unligated () measurements as reference
chromic ligations. Following surgery, wounds were closed withl9], where:
3-0 polyester suture and surgical staples. Animals were recovered
in room air. = Tres
The operating scope was equipped with a digital camera ERT
(Model DP10, Olympus Optical Cp(1024x 1280 pixel resolu-
tion) to image neural tissue in vivo during surgery. At least tw&alculations were performed in the region of maximal compres-
marks were made on the L5/L6 bony facet surfaces using acrysion. All digitization was performed by a single digitizer, blinded
black paint to provide positional data defining a local origin antb all other measurements of this study.
orientation for each image of an animal’s surgéfig. 1). Images . . . .
were acquired for initially undeformed and immediately post. Behavioral Testing. All animals undergoing surgery were

liaation confiqurations of the nerve root. Animals were follo edevaluated for mechanical aIIodyniq in the ipsilatgeral hind paw at
E)%stloperativleglij/ folr 14 days. v ! W W days 1,3,5,7,10 and 14, postoperatively. Mechanical allodynia was

measured as the number of hind paw withdrawals elicited by a
Image and Strain Analysis. In vivo methods for recording defined non-noxious mechanical stimu[@€]. Animals were pre-

lref
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viously acclimated to the testing environment and tester. Baselil <= = sham
measurements were acquired for each animal prior to surgery. s —e—1low
behavioral testing was performed by the same tester, blinded 20 - —o—tight

the surgical procedure. In each testing session, rats were subjec 8 chromic ligation
to three rounds of 10 tactile stimulations to the plantar surface
the hind paw using 2 and 12 gram von Frey filamd&®elting,
Wood Dale, ID).

Statistical Analysis. For the purpose of assessing changes
behavioral sensitivityallodynig, the silk group was further di-
vided according to the magnitude of applied straifow group
(n=10) consisted of those ligations which were applied “a:
loosely as possible” and fight group (0W=38) in which ligations
were applied as tightly as possible. Likewise, ttigomic group
was similarly divided according to applied strain: low chromic
(n=3) and tight chromicif=4) groups. Comparisons of applied
strains and the time-dependent allodynia curves between gl} 2 Mean mechanical sensitivity for all injury groups (low,
groups were performed using a repeated analysis of variangge, chromic , sham, and chromic exposure ) of animals. Foot
(ANOVA), with significance ap=0.05. For animals undergoing lift response frequency to stimulation with 12 gm von Frey fila-
ligations, correlations were performed between the magnitude roént is depicted over the 14 days of the study. There was a

applied ligation strain and resulting total allodynia. Significancgignificant (p<0.0005) increase in mean mechanical allodynia
was defined ap=<0.05. for the tight and chromic ligation animals compared to both

sham groups and the Jow silk ligation animals. Of note is the
Mechanical Thresholds for Pain Behaviors. Total allodynia finding that while the allodynia of the  tight and chromic animals
was determined for each animal in tiseamand silk ligation ~were not significantly different, the applied nerve root strain in
groups as the cumulative sum of the paw withdrawaking 12 the tight group was significantly higher ~ (p=0.001) than that
gram), postoperatively. For determining the threshold for pain in'r;’-‘psp“ggse'}r; tr':eesult‘fg’ O;Tr’(’)% Ig%at;?i%a':tﬁ?)ﬂ:. L?ea;?r?zlal ”V‘;;”Sbfg of
tlapon’ the hlgheSt total allodynia measu_red for any of th? sha orged and the grogup average and standarF()j error are reported
anlmals(lS withdrawal$ Was. used to deflrje or]set. of ,a pain beFlere. Behavioral responses for 2 gm von Frey filament testing
havioral response. Each animal undergoing silk ligation was agare similar and are not shown here.
signed a pain score of 1 or 0 based on having a total allodynia
score: (1) above 13 or(0) equal to or below 13. Likewise, the
mean total allodynia for thsilk group (47.6-34.6 withdrawals ) . ) ) .
was used to define a behavioral response exhibiting persistifed with only minor decreases over time. This pattern of be-
pain. In this case, a persistent pain score was assigned 1 for thpawioral hypersensitivity was observed for both 2 and 12 gram
responses above the mean and O for those below it. For eactp#nulations(Fig. 2, 2 gm data not shownAllodynia produced
these two definitions, total allodynia was plotted against the af thetight andchromicligation injuries was elevated oveham,
plied nerve root strain measured for each animal. Logistic regres-
sion was used to determine the 50th and 95th percentile threshold
values for pain behaviors due to silk ligatipa1]. Table 1 Correlation Coefficients for Imposed Injury Strain
Magnitude & Chemical Insult

= #1= chromic exposure

ithdrawals

+/S

# paw wi

postoperative day

Results Nociceptive Silk Chromic
All applied nerve root ligation strains were compressive. Nerve Measure Ligation Ligation

roots for rats used in thi_s study h_ave_ a mean (_:iiamett_er of 1455, Withdrawals 0.810 0.045

*=0.42 mm. Mean errors in estimating in vivo radial strains using (2 gram stimulation

this technique for imaging, digitization, boundary curve fitting, = Paw Withdrawals 0.776 0.151

and strain analysis have been previously reported as @ %% (12 gram stimulation

[14]. This error is small compared to strains applied in this study:
For all shamsthe mean calculated strain from image analysis wa§orrelation is significantff<0.05).
0.32+0.79%, which is within the range of analysis errors, indi-" corelations are positve.
cating no measured tissue injury. The mean applied straisilior 120 4
ligations was 19.Z10.6%. This includes thieow group with li-
gations applied as loosely as possible and tthhat group with
ligatures tightened to the nerve root. The mean applied strains
these two groups were differentp€£0.001) and were 12.4 g
+1.5% and 28.88.6% for thelow and tight groups, respec- 2
<
8
-

100 <

-]
o
A
o d

tively. In thechromicligations, mean applied strain at ligation wass
19.2+11.6%), which was significantly different from the silk liga-
tions (p=0.04). Likewise, the low chromic group had a mear
applied strain of 8.89.6% which was significantly lowerp(
=0.028) than the tight chromic group mean strain of 27.
+4.5%. o ;
All animals undergoing nerve root ligation exhibited mechani 0 5 10 15 20 %
cal allodynia following injury(Fig. 2). Despite significantly dif- Imposed Strain (%)
ferent injury strains between the two chromic groups, aIIodyn%fa

(# paw withdrawals)
& 8

3
(=3
a

30 35

A . - 1g. 3 The overall mechanical sensitivity shows no significant
patterns were not significantly different. Therefore, given the la rrelation with the applied ligation strain in the presence of

of behavioral dependence on strain in the presence of chromic, mmatory chromic gut material. Overall mechanical sensi-

insults for the chromic groups were analyzed as one injury grougiity is measured by total number of paw withdrawals when
The typical response for allodynia was observed fortijet and  tested using a 12 gram von Frey filament. The correlation coef-
chromic groups, with a robust initial response which was mairficient (r) of this relationship is 0.151.
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Fig. 4 In contrast to the chromic ligations, overall mechanical
sensitivity is significantly correlated with the applied ligation
strain in the absence of inflammatory material. Overall me-
chanical sensitivity is measured by total number of paw with-
drawals when tested using a 12 gram von Frey filament. The
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Fig. 5 This plot demonstrates the logistic regression analysis
of mechanical tissue strains required to produce persistent
pain in this ligation model. Each ligation injury was given a
pain score of 1 or 0 based on the existence (1) or absence (0) of
persistent mechanical allodynia over 14 days. Scores were pot-

correlation coefficient  (r) of this relationship is 0.776 and is
significant at p<<0.05.

ted versus the applied ligation strain. This analysis predicted

the 50th percentile strain of 20.8% applied strain and the 95th
percentile threshold for pain persistence at a strain of 22.2%.
These thresholds are indicated by dotted and straight lines on

chromic exposureand low for all testing (p<0.0005). In con- this plot. Individual animal responses are shown as squares.
trast, while both thdow andchromic exposur@nimals exhibited Thresholds for pain initiation were determined using similar ap-

elevated allodynia compared &hamresponses, these increase8raches (not shown ).

were only slight and not significant for either group or von Frey

filament tested §>0.136). Despite having significantly greater

(p=0.001) applied tissue deformations, mechanical allodynia '6F these factors(mechanical & chemical[5,11,17,22,28 no

qunseslgridluf%(g/m tight silk (28'&§ﬁ6%) andggfg“d" study has been performed which directly quantifies the injury se-

gagon (I : b 0) groups were not |derenpd(> : | )'” d . verity magnitude and measures of nociception and pain. More-
orrefations between Injury magnituce and fotal allo ynlf?ver, while qualitative reports have implicated biomechanics in

were also performed. Separate correlations were performed jor. : : : : ' )
silk andchromicligations(Table 1. Total allodynia over 14 days tﬁ'li'atmg physiologic responses with electrophysiologic, struc

following ini h q K lati ith lied ral, immunologic and behavioral components, this study pro-
ollowing injury showed very weak correiation with applied Mey;yaq tnresholds for mechanical tissue deformation which produce
chanical compression in the presence of chromic gut matergl, o hset and maintenance of persistent pain
I('Flgt.' 3, T%b|teh12; anddV\iezre not S'ﬁJ”(;f'C‘?”‘- However,(jfpr ltbdkd . While this study is not the first to quantify mechanical nerve
Igations, both 2- and L2-gram allodynia responses displayed S, injury severity in the context of physiologically relevant no-
nificant correlation with the degree of applied compresskeg. ciceptive responses for LF5,6,11,14,15,18,22,24it is the first
4, I;l'ab|eh11- hold vsi ¢ d silk lioati f th report to determine specific thresholds for initiating and maintain-
L5 ain thres oTan|ay5|s was per olrlméa ; ﬁml(gatlon gft e ing persistent behavioral hypersensitivity as measured by me-
3 tnelr(\)ISe ro_:)kfz. OHT pos_ttrc]Jperatl\ég allo Iynla f 27r65mg¢ihdrom Ichanical allodynia. Implementation of in vivo imaging techniques
Tho " V‘r’]' i r?was, wi atm(;a flan vet1_ue o ot witharawalsy o\vs for precise quantification of tissue deformations applied via
€ threshold tor nerve root detormation initialing a pain ;g ation |n the context of this previously well-characterized ro-
Sponse, V‘.'h'le not necessarily requ_|red to maintain it, was det ent model of lumbar radiculopathy, this work defines the 50th
mined using the greatest cumulatwg allodynia response of t fid 95th percentile thresholds for persistent pain in this model at
shamanimals(13 W|thdrawal_$ AIIO(_jynla responses greater th"’.mZO.S% and 22.2%, respectively. The methods of logistic regres-
shamlevels were observed in 13 ligated animals, while only fivej " sed in this study apply a similar methodology as has been

ligated animals hf”‘d. aIIodynla_ responses comparabihamlev- reviously used to define mechanical thresholds for morphologi-
els. Based on logistic regression of these responses compared @ 71

A . . . and electrophysiological damage in axonal inji&g], further
applied injury magnitude, it was determined that at a nerve ro monstrating a utility to such an approach for defining relation-
compression of 8.4%, half of all animals will exhibit the onset o hips between mechanics and neural injury. However, given the
pain-associated behaviors. Likewise, persistent mechanical al ' :

. : : fhitations in im nalysis techni here, it m mor
dynia over the 14 days postoperatively was observed in sev, tations age analysis techniques used here, it may be more

) R . - .appropriate to suggest a range of strain val(664%—22.2%
animals and was not maintained in 11 of the animals undergoifigiin'\hich this threshold for persistence may exist. It is impor-

thes_esilk Iigations_(Fig. 5. The lowest applied strain producingt t to note that while the strain estimation techniques employed
persistent allodynia was observed at 17.4% and produced a t(?ﬁélhis study are limited by the one-dimensional nature of their
response of 60 paw withdrawals. For this analysis, the 50th p easurements, they have a precision of approximately1¥oin
cer_mle strain _of 20.'8% produqed behaworal _hypersensmw ddition, this approach for quantifying applied radial strain is ac-
which was characteristic of persistent pain. Strain of 22.2% WaS ate to 1.5% strain when compared to direct measurements of
prgdicted to produce persistent allodynia in this model for 95% ql plied nerve root compressive straj@s]. These error measure-
animals. ments further suggest that from a mechanical standpoint there
. . may not be a distinct physiologic difference between the 20.8%
Discussion and 22.2% threshold levels.

This study demonstrates that both the magnitude of mechanicaComparing the mechanical tolerances for persistent sensitivity
tissue deformatioifstrain and the chemical environment at nerveollowing nerve root impingement determined in this study to
root injury play distinct roles in producing behavioral sensitivityneural foramen occlusion values determined for human cadaveric
associated with lumbar radiculopathy. While many in vivo invesand volunteer studies provides useful context for their interpreta-
tigations have suggested that persistent pain is modulated by bwtn. For example, lumbar foraminal space occlusion has been
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reported to be as high as 33% for sagittal bendi2®,27. Like- the chromic group was half that in thsilk group. The range of
wise, using magnetic resonance imaging, asymptomatic volugpplied strains in this group was smaller than that in sie
teers have demonstrated changes in foraminal cross-sectional dgggions. With greater numbers over a broader range of applied
o a2 mch s 20%, wih o mprgeT e e AU, NSt orlaions g b avseneddonicte
S.tUd'eS do not _dlrectly p_rowde measures of nerve ro‘?t.defor"@ﬁitaﬁon in applied strains comes from the fact that chromic gut
tions, they begin to provide a potential link to neural injury angsyre material is much less flexible than silk suture of the same
suggest that such a mechanism for pain due to nerve root impinggre, making it difficult to apply tighter ligations than those re-
ment is indeed possible in humans. In addition, while compressigerted here with the chromic gut suture. Moreover, while the me-
strains are presented in this study for applied radial deformatio$ianical contribution at injury is quantified in this study, the
there is no direct measurement of the coupled strains along #fggmical component is not, adding uncertainty to a quantitative

long axis of the nerve root. While loading along the longitudinafnderstanding of the relationship between injury and behavioral
utcomes. Of particular interest with clinical relevance, ¢hro-

Q|rect_|o_n of the_nerve root may con_trlbute to the mechanlcal ”ﬁ']ic exposurén the absence of mechanical deformation, mechani-
jury, it is also likely that local tensile and shear loading at they| 5j10dynia was not different fromhamssuggesting mechanical
ligation site may impose greater insults to neuronal projectiongjury may be a requisite for allodynia development in this model.
Indeed, these measurements were not made in this study, but B is in contrast to previously reported work producing postural
undoubtedly important for understanding the specific nature ahd gait alterations for chromic gut placed near the sciatic nerve
painful nerve root injuries. in a rat model of neuropathjg1]. _ _ _
While this work suggests compressive tissue tolerances for elic-Together, the findings of this study offer information which
iting mechanical allodynia for nerve root compression, they regontributes to an evolving understanding which is necessary for
resent only one aspect of the nociceptive responses of pain, raiective prevention and treatment of spinal pain syndromes, es-
chanical allodynia. For example, this work does not describe thoggcially in the context of mechanical loading and thresholds. The
thresholds for loading above which specific physiological rénechanical thresholds demonstrate that separate tolerances exist
sponse are initiated. The thresholds defined here do not indiciE the initiation and maintenance of behavioral sensitivéijo-

when production and/or release of spinal cytokines is elevatéyNid observed in this painful lumbar radiculopathy model. Con-

when glial activation occurs, or when electrophysiologic changd8ued efforts to quantify and control injury mechanitmth de-

occur. These physiologic responses have been shown to contrif@f@ation and force are necessary to fully understand the
echanical nature of this injury. This work indicates that the bio-

to central sensitization and mechanical allodynia in models bt . . ) - :
persistent pairf11,17,29,30 While tactile hypersensitivity is an mechanics apd chemical environment of the injury event pontnb-
important measure for pain since it relates directly to clinic te to behawo_ral hypers_,en§|t|V|ty. In a_broader context, th'TQ'.StL.’dy
symptoms reported by pain patients, it is likely a manifestation gins to prowde.quantltatlv_e data V\.’h'c.h offer potential u'.““ty in
many physiologic cascades which are interconnelctfl Biome- other blomechanlcal modeling qppllcatlons \_Nht_ere any link be-
chanics at injury have a role in modulating behavioral respons een r_nechanlcs and the physiology of pain is currently only
and their associated central neuroimmune cascades. For exanfB g’rentlal.

in this radiculopathy model, spinal cytokine mRNA levels at day 7

are correlated with the magnitude of imposed tissue strain at ifcknowledgments
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