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™ The Role of Mechanical Deformation in

Lumbar Radiculopathy
An In Vivo Model

Beth A. Winkelstein, PhD,* James N. Weinstein, DO, MS,T and Joyce A. Deleo, PhD*

Study Design. /n vivo strain techniques were used in
an animal radiculopathy model.

Objective. To quantify the severity of compressive
nerve root injury and characterize its effect on resultant
mechanical allodynia in a lumbar radiculopathy model.

Summary of Background Data. Clinical and experi-
mental work indicate many factors contributing to radic-
ular pain mechanisms, including mechanical injury. Al-
though it has been suggested that the degree of
mechanical injury to the nerve root affects the nature of
the pain response, no study has quantified local in vivo
injury biomechanics, nor have such measures been linked
with the resulting magnitude of mechanical allodynia or
other clinical symptoms.

Methods. Male Holtzman rats were divided into a
sham group with only nerve root exposure or a ligation
group in which the nerve root was tightly ligated with a
single silk suture. Using image analysis, nerve root radial
strains were calculated at the time of injury and after
surgery. The animals were grouped according to ligation
strain for analysis. Mechanical allodynia was continu-
ously assessed throughout the study.

Results. Compressive strains in the nerve root ranged
from 7.8% to 61% (mean, 30.8% = 14.5%). Animals un-
dergoing larger ligation strains exhibited heightened me-
chanical allodynia after injury. This was significant using
a 12-g von Frey filament (P = 0.05). After surgery, the
nerve roots displayed tissue swelling, which was rela-
tively uniform in the low-strain group and less so in the
high-strain group.

Conclusions. For the first time, in vivo biomechanical
analysis of tissue deformations was used to investigate
the role of mechanics in radicular pain. Overall mechan-
ical allodynia was greater for more severe nerve root
injuries (greater strains) in an animal model, suggesting
that mechanical deformation plays an important role in
the pain mechanism. Continued work is underway to un-
derstand the complex interplay between mechanics and
the physiology of radicular pain. [Key words: biomechan-
ics, lumbar radiculopathy, nerve root, pain, strain] Spine
2002;27:27-33

Low back pain affects as many as two thirds of the adult
population in Western society.* It is a tremendously
costly problem, with estimated annual costs ranging
from $38 to $50 billion (U.S.).”** However, despite its
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high incidence and large cost to society, the current un-
derstanding of this and other pain states is incomplete.

Low back pain associated with lumbar radiculopathy
results from a complicated combination of neurologic,
biochemical, vascular, structural, genetic, and mechani-
cal factors.'®?1-2%27 Although it is commonly agreed
that all of these factors play a role in the etiology of
lumbar radiculopathy, the relative contribution of the
individual components remains uncharacterized. Specif-
ically, the relation of mechanical injury and local tissue
mechanics to pain responses is unknown.

Clinically, mechanical compression of the lumbar spi-
nal nerve roots and dorsal root ganglions, either by disc
prolapse or spinal stenosis, may lead to lumbar radicu-
lopathy. As such, experimental studies imposing nerve
root compression via balloon inflation at the cauda
equina have been performed to relate mechanical com-
pression to overall in vivo neurologic function. Ol-
marker et al'”'® and Pedowitz et al*° reported that in-
creases in the magnitude and duration of tissue
compression were associated with increased edema for-
mation and decreased electrical impulse propagation.
Multilevel cauda equina compression in a dog model
also has produced transient decreases in measured con-
duction velocity." In the rat, after occlusion of the spinal
and foraminal canals, electrophysiologic recordings in-
dicated altered conduction responses, and behavior test-
ing showed decreased ambulation.'>*®

Although these studies suggest a relation between
compression and physiologic functionality, they have
not provided quantitative measurements of loading to
individual neural structures of the central nervous sys-
tem, such as the nerve root. In addition, the local me-
chanics of individual tissues have not been characterized
during the gross injuries imposed on them. Although bal-
loon inflation pressure has been reported to characterize
the load delivered to the cauda equina, the mechanical
environment of individual nerve roots and other ana-
tomic structures has not been described. Without quan-
tification of the local mechanics that may directly initiate
an injury response, the role of mechanical injury in lum-
bar radiculopathy will remain uncertain.

Limited experimental studies implicate mechanical
deformation as a mechanism of physiologic damage
measured by alterations in the electrophysiology and
structure of neural tissue after compression and unload-
ing.>%23%? Lundborg et al'* and Rydevik et al** showed
that endoneurial pressure increases in the regions of
compressed rat sciatic nerve and dorsal root ganglion.
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Figure 1. The diagram on the left

schematically illustrates the L5 lam-

inectomy exposing the cauda

equina and L5 nerve root. The nerve

root border has been digitized (small

black dots). The upper set of in vivo

images on the right shows the initial

unligated (reference) configuration P—

(Ieft) and the nerve root immediately «— y
after ligation (right). Superimposed |
on each image is the set of digitized
boundary points along the nerve
root (white dots) and the bony posi-
tional markers (black dots). The cor-
responding curve fits for the digi-
tized nerve root boundaries also are
shown in the lower set of images on
the right.
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Although it is implied that neural tissue damage results
from endoneurial pressure, tissue loading has been re-
lated to edema formation only, and its effect on other
physiologic aspects of pain has not been addressed as of
this writing. Despite limited efforts to relate mechanical
injury to physiology, the simultaneous correlation of lo-
cal tissue mechanics with an associated overall pain re-
sponse suggesting lumbar radiculopathy currently is ab-
sent in the literature.

Currently radiculopathy models are used to investi-
gate pain mechanisms, involvement of the central ner-
vous system, role of the immune system, and effect of
chemical irritants with respect to radicular pain.’?13-2*
In these models, a compressive injury to lumbar nerve
roots via ligation has been shown to produce consistent
and predictable behaviors associated with radicular pain
states. After mechanical injury of the nerve root, animals
exhibit mechanical allodynia (increased sensitivity to a
non-noxious stimulus) in the ipsilateral hind paw.” Such
behavior also is a typical clinical sign in patients with
lumbar radiculopathy, as is a positive straight-leg-raising
response, providing a gauge for nociceptive responses.
For example, it has been shown that the magnitude of the
behavioral response is altered by the application of a
loose or tight ligation or the addition of chemically irri-
tating suture material.” Although only qualitatively de-
scribing the injury magnitude, the work of Hashizume et
al” suggests a role of mechanical injury in pain.

The purpose of this study, therefore, was to quantify
the relation between local mechanical injury to the nerve
roots and a nociceptive behavioral response in the con-
text of an existing lumbar radiculopathy animal model.
The degree of mechanical injury imposed on lumbar
nerve roots at the time of injury was quantified and re-
lated to behavioral responses, as measured by the degree
of postoperative mechanical allodynia observed. Image
analysis and strain calculation techniques are presented
and discussed in the context of an existing iz vivo pain
model. Quantitative comparisons are made between the
degree of mechanical allodynia and the magnitude of
neural compression. These comparisons are discussed as
relevant to lumbar radiculopathy.
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H Methods

Experiments were performed using male Holtzman rats, each
weighing 225 to 350 g at the start of surgery. The animals were
housed individually under United States Department of Agri-
culture- and Association for Assessment and Accreditation of
Laboratory Animal Care-approved conditions with a 12- to
12-hour light—dark cycle and free access to food and water. All
the experimental procedures were approved by the Dartmouth
College Institutional Animal Care and Use Committee.

Surgical Protocol. All the surgical procedures were per-
formed with the animals under inhalation anesthesia: 4% halo-
thane for induction and 2% halothane for maintenance. This
lumbar radiculopathy model used a previously developed and
described surgical model.” Briefly, using an operating micro-
scope (LFS 200; Carl Zeiss, Thornwood, NY), a left hemilam-
inectomy was performed at LS. Facetectomy of the left L5-L6
facet joints also was performed. At the time of surgery, the
animals were divided into two groups: a sham group (n = 5) in
which the left LS dorsal and ventral roots were exposed only
and a ligation group (n = 14) in which the L5 dorsal and
ventral nerve roots were tightly ligated using a single 6-0 silk
suture (Figure 1). After surgery, the wound was closed with silk
suture and surgical staples, with the animals recovering in
room air.

The surgical operating scope was equipped with a digital
camera (Model DP10; Olympus Optical, Melville, NY), having
a 1024 X 1280 pixel resolution, to image the surgical prepara-
tion and neural tissue 72 vivo. During surgery, a minimum of
two marks were made on the exposed bony surfaces using
acrylic black paint (Figure 1). Preliminary studies had deter-
mined that the paint had no deleterious effects in vivo. The
bony markers provided positional data defining a local origin
and orientation for each image of an animal’s surgical expo-
sure. Geometric calibration for each image eliminated magni-
fication issues. For each surgery, images of the initial unde-
formed nerve root tissue configuration and the immediate
postligation deformed configuration of the nerve root structure
were acquired (Figure 1). For sham procedures, the nerve root
exposure simply was reimaged for the deformed configuration
images.

After surgery, the animals were followed for 7 days. When
the animals were killed, the wound was reopened and the ex-
posure area cleared of tissue regrowth. The wound area was
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Figure 2. The schematic on the
left illustrates the geometric def- - .
initions for calculating radial N 4
strains along the nerve root. The b S
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imaged again to measure a postsurgical deformed tissue
configuration.

Behavior Testing. The degree of mechanical allodynia in the
ipsilateral hind paw of each animal was monitored on days 1,
3, 5, and 7 after surgery. Mechanical allodynia was measured
as the number of hind paw withdrawals elicited by a defined
non-noxious mechanical stimulus.® This technique is a com-
mon method for quantifying mechanical allodynia in rodent
models.'*%'° The animals were acclimated previously to the
testing environment and the tester. Baseline measurements
were determined for each animal before the initial surgical pro-
cedure. All behavior testing was performed by the same tester.

In each testing session, the rats were subjected to three
rounds of 10 tactile stimulations to the plantar surface of the
hind paw using 2- and 12-g von Frey filaments (Stoelting,
Wood Dale, IL). These von Frey filaments are monofilament
fibers approximately 3.8 cm long. When pressed at right angles
to the skin surface, the filaments bend at a given applied force,
in this case at either 2 or 12 g. For the behavior assessments
used in this study and others, such pressure on the hind paw
normally elicits no response from the animals. However, after
surgery, the animals exhibit a paw withdrawal reflex when
touched with the filament.

Image and Strain Analysis. Using the bony marker locations
and calibration images, each set of images for a given animal
was transformed into the coordinate system defined by the
initial reference image, allowing comparative geometric mea-
surements to be made immediately after injury and after sur-
gery. Locations of the bony landmarks were digitized using
ImageTool Software (UTHSCSA, San Antonio, TX). Point lo-
cations and the orientation of the line defined by their end-
points were used to transform image orientations to that of the
reference coordinate system. The boundary of the nerve root
also was digitized along the outermost edges of its structure for
each image set (Figures 1 and 2), providing a set of contours
describing the “face-on” view of the nerve root in its in vivo
unligated, immediately ligated, and postsurgical ligated geom-
etries. For sham surgeries, the sets of contours consisted of
unligated and postsurgical unligated geometries.

Cubic polynomials were used to provide close fits for the
digitized boundary points of each specimen for each of its load-
ing scenarios (Figure 2). Three regions along the nerve root
structure were defined as the area of the ligation, directly adja-
cent to this site and more remote from the ligation (Figure 2).
Such regional divisions allowed assessment of any anatomic

variation in strain over the postsurgical follow-up period. For
purposes of evaluating radial strain, the nerve root was approx-
imated as a cylinder having a circular cross section with a vari-
able diameter along its length. Under such an assumption, the
diameter of the circular cross section was calculated by deter-
mining the difference between the two contours in the radial
direction (Figure 2). Customized Fortran code was used to de-
termine the center line and corresponding radius from each set
of boundaries. Radial strain (eg) was calculated along the
length for the exposed nerve root using the initial unligated
(r,.;) measurements as a reference,” where

T Tref
ER &

(1)
Tref

This calculation was performed along the nerve root for initial
ligation and on postsurgical day 7. Radial strain was calculated
also for the sham surgery cases. To assess the utility of this in
vivo strain method, error quantification was performed to cal-
culate the error in imaging, digitization, curve fitting, and strain
analysis for the ligation and sham approaches.

Statistical Analysis. All the data obtained from the observa-
tions of mechanical allodynia were combined as the mean re-
sponse of the animals in each procedural group. The ligation
animals were further divided into two groups according to the
magnitude of the initial injury, and a Student # test was used to
compare these differences in strain for the two groups. To com-
pare the time-dependent curves between strain groups, a re-
peated analysis of variance was used. Significance was defined
at a level of 0.05 or less.

H Results

All the animals of the ligation group exhibited mechan-
ical allodynia after nerve root injury. Initially, a robust
allodynic response was observed, followed by a gradual
decrease in response magnitude for both the 2- and 12-g
von Frey filaments (Figures 3A and 3B). Allodynic re-
sponses for the ligation animal group were significantly
elevated over the corresponding baseline responses for
these animals (P < 0.001), and significantly greater than
the responses for the animals undergoing sham surgery
(P =0.001). This was the case for both von Frey filament
intensities. Moreover, the postsurgical behavioral re-
sponse values of the sham animals were not different
from their corresponding baseline values.
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Figure 3. Mean mechanical sensitivity for the sham and ligation
groups of animals. Foot-lift response frequency to stimulation with
2- and 12-g von Frey filament is depicted over the 7 days of the
study. There was a significant increase in mean mechanical allo-
dynia (P = 0.001) for testing using both 2-g (A) and 12-g (B) von
Frey filaments for the ligation animals, as compared with the sham
animals. The total number of responses resulting from 30 stimu-
lations per animal was recorded, and the group average and
standard error are reported.

The errors associated with the digitization methods
and radial strain approximation techniques used in this
study were small relative to imposed compressive strain
magnitudes. The mean errors in estimating the in vivo
radial strains were 0.5% = 0.3% and 0.9% =+ 0.9%
along the nerve root for the sham and ligation surgeries,
respectively. For the animals undergoing sham surgeries,
with only nerve root exposure, the mean magnitude of
radial strain was 1.04% = 1% (range, —2.7-1.7%).

For an applied nerve root ligation, the measured ra-
dial strains were compressive and highly variable, rang-
ing in magnitude from 7.8% to 61% (mean, 30.8% =
14.5%) (Figure 4). This variability occurred despite the
surgeon’s best effort to impose consistently “tight” liga-
tions. Not surprisingly, the degree of compression was
found to decrease remote to the site of direct ligation:
26.5% * 14.5% in the region adjacent to the ligation
and 15.8% = 18.7% in the region more remote from the
injury.

On the basis of the large variation observed for the
imposed ligation strain, two strain groups were created
to delineate the effect of ligation magnitude on behav-
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Figure 4. The ligation strain was compressive (negative) in all the
animals tested. There was a high degree of variability in applied
strain despite the surgeon’s efforts to impose a tight ligation. The
mean of all the ligations was 30.8% = 14.5%, as indicated on the
graph. The animals were grouped according to their strain mag-
nitudes as belonging to either a high- or low-strain group.

ioral responses. A high-strain group (n = 7) comprised
the animals undergoing ligations greater than the mean
strain of all the ligation animals, and a low-strain group
(n = 7) comprised animals undergoing strains less the
overall mean (Figure 4). Using a Student ¢ test, the two
groups were determined to be significantly different in
strain magnitude (P = 0.0002). The mean compressive
strain was 42.3% = 10% for the high-strain group and
19.4% = 7.1% for the low-strain group. Grouping of the
behavioral response data accordingly showed a relation be-
tween the intensity of ligation compression and the magni-
tude of mechanical allodynia observed (Figures 5A and 5B).
For both the 2- and 12-g von Frey filaments, the high-strain
group consistently exhibited a higher pain response than
the lower strain group, as measured by mechanical allo-
dynia. Overall, the behavioral responses between the strain
groups were not significantly different for the 2-g testing
despite an obvious trend (Figure SA). However, for the
12-g von Frey filament, the overall behavioral response of
the high-strain group was greater than that of the low strain
group (P = 0.05) (Figure 5B).

A high degree of postoperative variation was observed
along the nerve root on postoperative day 7. Postsurgically,
regardless of imposed ligation magnitude or regional posi-
tion relative to the ligation site, the nerve root underwent a
tensile strain or swelling relative to its ligated configuration
(Figure 6). The degree of swelling was more uniform across
anatomic regions in the low-strain group than in the high-
strain group. Yet the postoperative structural changes did
not differ significantly for group or region.

H Discussion

Clinical findings imply that mechanical deformation
(e.g., from disc herniation or lateral recessed stenosis) via
impingement of the lumbar nerve root likely plays a role
in the mechanism of radiculopathy.'*!%*5 However, the
specific nature of the relation to pain remains unclear.
For example, patients with similar degrees of disc herni-
ation and nerve root impingement may exhibit widely
varying pain states. Although the use of mechanical in-
juries as imposed injuries to the nerve roots and spinal
nerves has been the basis for animal models of lumbar



Biomechanics of Nerve Root Injury in the Rat © Winkelstein et al 31

18 - —e— High Strain
—&— Low Strain

16 -
&
[}
't
=
33
g
3t
0 T T T 1
A 0 2 4 6 8
postoperative day
—e— High Strain
18 - —@— Low Strain
16
14 4
] 12 4
E = 10 4
g
8L e
i
4 4
2 .
L] T T =T 1
B 0 2 4 6 8
postoperative day

Figure 5. Mechanical sensitivity is shown for the ligation group of
animals divided according to the magnitude of imposed ligation
strains. For stimulations using both 2- (A) and (B) 12-g von Frey
filaments, the high-strain group exhibited increased mechanical
allodynia, as compared with the low-strain group. This was sig-
nificant (P = 0.05) for the 12-g testing (B), and suggests a direct
relation between tissue deformation and mechanical sensitivity
after ligation injury.

radiculopathy and neuropathic pain,’*>!3** quantitative

assessment of the injury severity has not been performed.
To the authors’ knowledge, this study is the first to pro-
vide a quantitative characterization of local in vivo nerve
root deformations, and to link these measurements with
a resulting radicular nociceptive behavioral response
typically observed in humans.

The behavioral responses observed for this injury
model are consistent with those previously reported after
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Figure 6. After surgery, the mean strains in each anatomic region
were tensile (positive) in nature, which suggests tissue swelling.
This was the case along the nerve root and in both strain groups.
No significant differences in the degree of swelling were found in
comparisons by region or hy ligation strain magnitude.

use of a single silk ligation.” Moreover, postoperative
behavioral data indicate that there is indeed a relation
between deformation magnitude and measured mechan-
ical allodynia. The animals experiencing larger compres-
sive strains during ligation displayed more severe noci-
ceptive responses (Figures SA and 5B). Most simply, this
means that the greater the compression, the worse the
clinical symptoms, as measured by mechanical allodynia.
Although this relation was implied in previous work using
loose and tight ligations to produce behavioral responses of
differing intensities,” the simultaneous quantitative charac-
terization of the initial injury had not been performed be-
fore the implementation of this iz vivo technique.

Less clear were the radial changes observed to occur
after surgery. The mean radial changes in the nerve root
were all positive- and suggestive of swelling along the
nerve root after ligation (Figure 6). Indeed, tissue edema
has been produced after mechanical compression of the
lumbar nerve roots and nerves.'®'”? It is difficult to
compare the existence of tissue swelling in the current
study with that reported by others because previous
studies have not reported any uninjured data for refer-
ence and quantitative comparison. The large degree of
variation anatomically and with respect to injury strain
also suggests that the structural tissue response may be
quite different for different individuals. Such a finding may
explain, in part, the large degree of variation observed clin-
ically in patients exhibiting disc herniation or spinal steno-
sis and varying degrees of pain or, alternatively, pain in the
absence of a presenting disc herniation or stenosis.

Moreover, the postoperative tissue configuration data
(Figure 6) further suggest that the degree of swelling
along the nerve root length was more uniform among the
looser ligations than in the high-strain group. These re-
gional changes may provide one mechanism through
which the nociceptive response is generated and graded
for injury intensity. Perhaps the looser ligations do not
generate a profound cascade of physiologic events either
locally or centrally (downstream). In turn, this dimin-
ished response may not produce as strong a structural
reaction locally or as intense a behavioral response as
may occur in a more severe injury. However, it should be
noted that currently, only the local structural changes
and behavioral data have been investigated after surgery.

It is possible that, depending on the severity of the
initial mechanical injury, different neuroinflammatory
changes in the central nervous system may be responsible
for eliciting the graded responses observed for the differ-
ent strain groups (Figures SA and 5B). The authors cur-
rently are investigating the role of central neuroinflam-
mation in the etiology of lumbar radiculopathy.'**-1°
They also are characterizing these changes in terms of in-
jury intensity. The postsurgical local tissue changes may be
caused by a variety of other factors brought into play after
the initial injury, and thus may not provide a direct corre-
lation with the observed behavioral responses.

It should be noted also that the postoperative time
point of day 7, selected on the basis of previous studies
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using this model,"”'° provides only a snapshot of the

local tissue changes. The corresponding behavioral data
at this time point indicate that mechanical allodynia has
not resolved. Therefore, the postoperative mechanical
data likely reflect the highly complicated mechanical en-
vironment, which itself results from both mechanical and
physiologic actions. Notably, local swelling after injury
may not contribute to behavioral sensitivity as much as
the local tissue damage intensity at the time of injury
does. Clinically, patients experience various symptoms
during various periods, despite a “successful” surgical
procedure.

Use of the techniques presented for in vivo biome-
chanical analysis required a number of simple assump-
tions. These included using a two-dimensional image of
the nerve root exposure. Although it provides a prag-
matic representation of geometric changes in vivo, this
approximation does not consider any local variation in
nerve root geometry that may occur out of the plane of
imaging. Moreover, the cross section of the nerve root
geometry has been approximated as a circle, further im-
plying that any geometric changes in the radial direction
are uniform around a center. However, the current study
offered, for the first time, local iz vivo measurements at
the site of injury in a radiculopathy model. For this rea-
son, it provides both the orthopedic-neurosurgical and
engineering communities with highly relevant data link-
ing local biomechanics with a pain response.

Future studies are needed for a full delineation of the
relation between local biomechanics and the specific
physiologic pathways involved with pain onset and per-
sistence, but the current results indicate that the degree of
initial mechanical injury likely plays an important role in
the cascade of events that follow. Although the local
anatomic structure may not be largely different after the
injury, the current findings suggest that perhaps there exists
a threshold for initial mechanical deformation in the nerve
root that elicits varying pain responses. Moreover, these
results highlight the need for continued work to decipher
the specific role of mechanical deformation in lumbar ra-
diculopathy and its relation to the other physiologic factors
involved, including electrophysiologic changes, neuroin-
flammatory changes, and local edema.

B Key Points

e Biomechanical techniques can be applied to an
animal model of lumbar radiculopathy, then used
to show that mechanical injury (deformation) of
the lumbar nerve root has a role in radicular pain.
e The degree of ipsilateral mechanical allodynia
partly depends on the severity of the local mechan-
ical injury, as measured by the magnitude of radial
strain applied to the nerve root.

e Structural and anatomic changes in the nerve
root manifested after surgery suggest swelling and
are highly variable.
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