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Three-Dimensional Simulation of

Harrington Distraction Instrumentation
for Surgical Correction of Scoliosis

[, A. F, Stokes, PhD, and M. Gardner-Morse, MSME

Harrington distraction rod surgery on six female patients
with idiopathic scoliosis was simulated in three-dimen-
sional osseoligamentous finite element models with indi-
vidual geometry taken from preoperative sterec roent-
genographic reconstructions of the spine and ribcage
and compared with the measured outcome. Boundary
conditions at the ends of the spine were used to
maintain pelvis and head alignment. Published material
and flexibility properties were used. The amount of hook
distraction was calculated from measured changes in
the distance between the hook sites {range, 13-27 mm).
Initial simulations undarestimated the Cobb angle cor-
rection by an average 6%. They underestimated the spi-
nal elongation by 36% and predicted an average 12°
increase in kyphosis angle compared with an actual 10°
average decrease. Agreement for sagittal plane changes
improved in five cases when the beams representing
the motion segments were displaced postetiorly. In the
sixth case (with the rod applied over a lordotic spinal re-’
gion}, agreement was improved with the motion seg-
ment beams displaced anteriorly. The amount of the
beam displacement that gave the best agreement was
variable, and we were not able to predict it for each indi-
vidual. Both measured and simulated changes in verte-
bral transverse planeg retations and in rib angulations
ware small. The greatest source of errors in these simu-
lations appeared to be inadequate representation of in
vivo motion segment behavior by in vitro measured stiff-
ness properties. [Key words: spine, scoliosis,
biomeachanics, surgery, Harrington instrumentation, finite
elements]

A surgeon planning individualized surgical treatment of
spinal deformity must decide which instrumentation to
use and the vertebrae to which it will be applied, but the
relationship between these variables and the final
outcome is not well defined. The information that can be
used in this decision-making process consists of clinical
studies, laboratory testing of implants, animal testing,
and preoperative studies of an individual patient. This
report is concerned with the possibility of using preop-
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erative simulations of the surgery to augment this
process, Such a model could be used to simulate
variations of surgery such as the selection of hook levels,
and predict the three-dimensional outcome in terms of
deformity correction and flexibility of the construct,

Existing sources of information provide incomplete
information for preoperative planning. Clinical studies
with large groups of patients compare the relative value
of competing surgical procedures. Although the effect of
Harrington instrumentation on the frontal plane shape of
the spine has been well described,*818:2036 it5 effect
on the three-dimensional shape of the spine and ribcage
and the mechanism of action are poorly understood.
Clinical studies in humans undergoing surgery can be
inconclusive, especially because of variation in spinal
shape and flexibility, and difficulties in documenting
postoperative changes. Mechanical testing of spinal
instrumentation in the [aboratory relies on animal
spines®1%2! or undeformed cadaver spines®? with ques-
tionable relevance to in vivo use. These tests also need
large statistical samples of animals or spinal specimens to
deal with biologic variability. Live animal studies are
required to assess the long-term results after implan-
tation of instrumentation,

These problems expose the need for analytic methods
to explain the relationships between surgical choices,
individual variations, and the outcome of surgery. Of
several previous attempts to develop biomechanical
models of scoliosis surgery,!® !4 192426273437 4nly
Schultz and Hirsch*®?7 investigated differing preoper-
ative spinal shapes in three-dimensional models, but
these models did not include the individual sagittal plane
spinal shape nor the individual amount of hook dis-
traction, and they omitted the rib cage.

This article reports on finite element simulations of
Harrington rod distraction surgery used to correct
idiopathic scoliosis in six patients. These models used
individualized geometry from three-dimensional sterco
roentgenographic measurements”>>* of each patient. The
predicted changes were compared with stereo roentgen-
ographic measurements that documented the postoper-
ative changes. The objectives of this work are to develop
and validate a mode!} of the biomechanical behavior of
the spine and ribcage that could be used before surgery
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Table 1. Precperative Patient Details

Thoracic Curve

Lumbar Curve

Age at Cobb Angle Upper-Apex-Lower Apex Axial Cobb Angle Upper-Apex-Lower Apex Axial
Patient No.  Surgery (Years) King Type* (Degrees) Levels Rotation {Degrees) {Degrees) Levels Rotation {Degrees)
1 134 It 44 T7-T11-L2 20 - - —
2 12.9 I 50 T6-T8-T11 8 58 T11.L2:L5 19
3 15.7 It 33 T6-T8-T12 2 a5 T12-L2-L5 5
4 14.8 It 45 T5-18-T11 14 35 T13-L3-L8 2
5 14,3 l 43 T7.T10-L1 13 — - —
6 125 I 54 T6-T9-T12 12 37 Ti2L2-14 4
Mean 13.9 - 45 - 12 44 - 8

From reference 18,

to predict the effects of spinal surgery on scoliosis
deformity, taking into account different instrumentations
and differences between individuals. The purpose of this
report is to test the application of this model to
simulation of Harrington distraction rod surgery. We
chose to study this instrumentation first because of its
relative simplicity compared with the newer, more
complex designs of instrumentation.

W Methods

Six female adolescent patients with idioparthic scoliosis who
had spinal arthrodesis with Harrington rods were studied
{Table 1). The three-dimensional shape of cach patient’s spine
and ribcage was measured by stereo radiography” 3! before and

i1/

/

Figure 1. Preoperative posteroanterior and lateral view {right
side} of model of Patient 6. The geametry was obtained from
three-dimensional stereo roentgenographic measurements’ of
this patient. Each straight line represents a beam finite element,
Thin lines represent the ribs, motion segyments, and sternum, and
thick lines represent the Harringlon rod and hooks. Intercostal
ligaments and the left hemithorax in the lateral view were cmitted
for clarity.

after surgery. The measured preoperative shape was used to
define the geometry of the finite element model for each
patient, The models consisted of the osseoligamentous com-
ponents of the thorax and spine (Figure 1). The model, and its
validation against published flexibility measurements, was
reported by Stokes and Laible.** The motion segments were
represented by beam clements!! matched to experimentally
derived stiffness matrix data.®?

The Harrington rod was represented by up to three straight
beam elements, depending on its curvature. The rod had a
diameter of 7 mm, with material properties corresponding to
stainless steel. The hook-to-vertebra connections allowed
rotation around the local x and y axes of the hook (Figure 2),
but not around the z axis, for model stability. The upper hook
was free to rotate around the Harrington rod, and the lower
hook was attached rigidly to the rod, also for reasons of
stability.

“Righting forces”**?* maintain the alignment of the head
above the pelvis, withour axial rotation. To simulate these
reflex muscle contractions, model boundary conditions were
used to constrain motion at the end vertebrae {C7 and the
sacrum). The sacrum could only rotate in flexion—extension
and C7 could only translate vertically and rotate in flexion—
extension.

To simulate the surgery, a displacement was applied to
hooks connected to the vertebrae selected for the acrual
surgery. The relative displacement of the hooks was calculated
from the preoperative and postoperative stereo roentgeno-
graphic reconstructions. The amount of hook distraction was
the difference between the predistraction and the postdis-
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Figure 2. Local axis system for hooks.
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Figure 3. Geometry used to calculate hook distraction during
surgery. The problem was to measure the distance D, both before
and after surgery, Peints V|, and V, were measured both before
and after surgery, together with the angulation of the corre-
sponding vertebrae. Points R, and R, were measured after
surgery. These measurements allowed calculation of the position
of points Hy and H.

traction positions of the hooks. The postdistraction positions
were measured from the postoperative radiographs (Figure 3).

The preoperative positions of the points H; and H, (Figure
3) were calculated from the measured preoperative positions of
the wvertebral centers, together with measurements of the
changes in the frontal and sagittal plane vertebral angulations
(Figure 4}. Changes in the transverse plane angulations (axial
rotations} of these vertebrae were small and were ignored. The
calculated hook distraction had a mean of 20.4 mm (range,
13--27 mm, Table 2).

The input to the finite element model was the calculared
hook distraction represented as a thermal expansion of the rod,
A finite element program (HyperSap, Algor Interactive Systems
Inc., Pitrsburgh, PA 15238) was used to calculate the resulting
changes in model geometry and the forces generated in the rod,
using a single linear stiffness calculation. The lincar model
appeared justified because only small geometric differences (less
than 2° Cobb) were found when a large displacement (geo-
metric nonlinearity) analysis was compared with the linear
model. The greatest difference was that the nonlinear analysis
predicted larger Harrington rod forces.

Spinal curvatures and rotation and asymmetry of the ribcage
were calculated by a method described previousty.”=! The
following measures were used to quantify preoperative, post-
operative, and simulated postoperative shape of each patient:

1. Spinal elongation. This was defined as the increase in the
three-dimensional linear distance D, (Figure §) between the
centers of the vertebrae at the hook levels.

Zg Zg
z, -
> Xy
Y, -
u /l/\
2

Sagittal plane
angulation

Frontal plane
angulation

Figure 4. Definitions of vertebra angulation measurements,
Sagittat and frontal plane angulations of vertebrae are defined as
the angles between local {x,, v,, x,} and global (Xg, Ys. Zg) axes,
when projected on to the giobal sagittal and frontal planes.

2. Changes in the relative frontal and sagittal plane
angulations of the vertebrae at hook levels (Figure 5).
3. Scoliosis analytic Cobb angle (hereafter Cobb angle). This
was defined as the angle between normals at inflection points
on the frontal plane projection of the line passing through
vertebral body centers.?!
4. Kyphosis angle and lordosis angle measured as the angles
berween normals at inflection points on the sagittal plane
projection of the line passing through verrebral body
centers,
5. Apical/vertebral axial rotation, using the method of
Stokes et al.2?*% These measurements were averaged from
available preoperative and postoperative films,
6. Posterior rib rotation was measured as the angulation to
the frontal plane of the double tangent line between the
posterior margins of the right and left ribs of the same
anatomic level.”28
7. Frontal plane rib angle was measured as the angle, as
viewed from the front, between a plane fitted though the rib
and a transverse plane. Lateral plane rib angle was measured
as the angle, as viewed from the side, berween a plane fitted
though the rib and a transverse plane.”

Simulations were made using a baseline model, and

Table 2. Harrington Hook Levels, Measured Rod
Distraction, and Baseline Model Calculated Rod
Distraction Force

Upper-tower Rod Distraction Rod Distraction

Patient No. Hook Levels {mm) Force {N)
T T4-4.2 16 306
2 T5-L4 26 573
3 T5-L4* 27 199
4 T3-L1* 18 529
5 T3-L1* 22 693
& T3-L1 13 362
Mean (SD) 204 {5.7) 444 (185)

*Cantoured {curved] Harrington rod.
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Sagittal Plane

Relative
Angulation

Frontal Plane
Relative
Anguiation

Figure 5. Definition of frontai and sagittal plane relative angu-
lation and distance between vertebrae D, Spinal elongation was
defined as change in the distance Dy. These measurements were
used to characterize the measured and simulated changes in
spinal shape between vertebrae to which distraction instrumen-
tation was attached.

variations from it, to investigate the sensitivity to motion
segment properties, boundary conditions, and ribeage flex-
ibility, Preliminary studies? using this model showed worse
agreement with postoperative measurements in the sagittal
plane than in the frontal plane, suggesting thar the motion
segment beams were incorrectly representing the in vivo
behavior of the spine. In the medels R16, R-10, R-20, and
R-30, rigid offsets in the anterior {positive) or postetior
(negative) direction were applied to motion segment beams
to translate them (Figure 6). These rigid offsets altered the
relationship between the motion segment sagittal plane
rotation and translation motion in response to forces in the
sagittal plane. The amount of the rigid offset was 10, — 10,
=20, or =30 mm, The effect of such rigid translations on
the beam stiffness matrix is given by Weaver and Gere.??

Sensitivity to model boundary conditions was investigated
by removing the end constraints in lateral bending at C7 and
the sacrum and axial rotation ar C7. This resulted in a
minimally constrained model without any forces trans-
mitted through the end constraints, To study sensitivity to
the rib cage, the intercostal connections were first removed,
then the ribs themselves were removed from the modes.

‘Equivalent’
beam

Rigid offset

Figure 6. Model representation of the motion segment by an
"equivalent” beam with a variable rigid offset.

B Results

Baseline Model Resufts

The frontal plane correction (Cobb angle) was slightly
underestimated by the model compared with that mea-
sured after surgery (Table 3). In the sagirtal plane, the
simulations predicted curvature changes in the opposite
direction in most cases compared with the measured
changes (Table 4). The simulations predicted no change
on average in the relative angulations of the vertebrae at
hook levels, whereas the measured values decreased by
an average of 11°. The difference between simulations
and postoperative measurements were more pronounced
at the upper hook than at the lower hook level. The
spinal elongation in the baseline simulations (mean, 13.1
mm) was less than that measured (mean, 20.5 mm) in all
six patients (Table 5). Thus, overall the agreement was
better in the frontal plane than the sagittal plane, where
the models predicted an incorrect relationship berween
spinal elongation and relative angulation of hooked
vertebrae,

Table 3. Measured and Baseline Model Simulated Changes in Frontal Piane Cobh Angles and Relative Angulation

Thoracic Curve Cobb Angle Change

Lumbar Curve Cobb Angle Change

Relative Angulation Change (Hock Levels)

AR 55 i

Measured Simulated Measured Simulated Measured Simulated
Patient No. Degrees % Degrees % Degrees % Degrees % Degrees % Degrees %
1 15 34 10 23 - - " 35 12 39
2 7 14 15 30 12 21 18 31 10 100 5 50
3 13 3% 4 12 14 Kl 8 18 1 10 3 30
4 19 42 17 38 14 40 & 17 8 30 13 48
5 22 51 2 47 — — - - 19 63 18 60
] 19 35 17 3 7 19 6 16 11 52 1% 52
Mean 18 36 14 30 12 28 10 20 10 48 10 46
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Table 4. Preoperative Conditions, Measured Changes, and Simulated Changes in Sagittal Plane Curvatures

Kyphosis Angie

Lordosis Angle

Relative Angulation

Measured Simulated
Upper-Apex-Lower Preoperative Change  Change

Upper-Apex-Lower Preoperative Change

Measured Simulated
Preoperative Change  Change

Measured Simulated
Change

Patient No. Levels*® {Degrees)  (Degrees) {Degrees) Levels* iDegrees]  {Degrees) (Degrees) {Degrees)  (Degrees) {Degrees)
1 T2-79-11 20 -6 13 L1-L4-L5 18 -1 -3 17 -10 10
2 T10-L1-L.5 AN 5 25 - - - — 30 -3 0
3 T1.T4.T10 20 -7 7 T10-L2-L5 57 -20 ~17 34t -4 ~28
4 1871213 35 -9 4 L3-L5-L5 33 - 16 -6 14 -7 7
5 T1-T6-L1 29 -9 17 L1-L3-L5 77 —-18 | 24 -1 7
8 T1-T6-T11 51 -33 5 T11-L345 45 -17 0 32 -13 4
Mean - k1| -10 12 - 46 -16 ~5 25 -11 0
*Preoperative kyphosis and lordosis levels. Postoperative apex levels shifted as much as four levals from the precperative levels,
1This patient had a lordotic relative angulation between hook levels. All other patients had kyphotic relative anguiation between the hook leveis,
Table 5. Measured and Simulated Spinal Distraction
Simulations®
Patient No. Measured (mm) Ri0 (mm) Baseline {mm) R-10 {mm) R-20 {ram}) R-30 {mmj MA {mm)
1 19.7 - 8.5 10.2 14.7 19.3* 8.8
2 26.4 - 21.7 27,1 N7 335 206
3 14.8 14.5* 125 10.4 9.1 1.5 12.9
4 18.9 - 12.3 16,2 18.7* 207 12.4
5 230 - 13.7 17.6 23.0% 25.9 13.1
& 20.2 - 101 124 14.8 16.2* 10.1
Measured and Simulated Changes in Sagittal Plane Relative Angulation
Simulations*
Measured R10 Baseline R-10 R-20 R-30 MR
Patient No. (Degrees) {Degrees) (Cegrees) {Degrees) (Degrees) {Degrees) (Degrees)
1 -10 - 10 4 ~8 - 18 b}
2 -3 - o - 18 -29 -31 2
3 —-24 - 75* -8 -23 -35 -31 -8
4 -7 — 7 -4 * -13 -17 7
5 -1 - 7 -8 * -19 -23 [
6 ~13 - 4 -3 - 10 -13* 4

R1G = rigid offset of 30 mm (anterior] in equivalent beams. R-10 = rigid offset of ~ 10 mm (posterior) in equivalent beams, R-20 = rigid offset of - 20 mm {posterior) in equivalent
beams. R-30 = rigid offset of —~30 mm {posterior} in equivalent beams. MR = model end constraints refeased. See text for model details. *Indicates the mode! having the best

agreement with the measured values, A tie is indicated by an asterisk between the two medels,

Patient 2 was an exception to these trends. She had a
loss of correction of Cobb angle after surgery in that
nonstereco roentgenograms taken 5 days after surgery
showed correction close to that in the simulation, but
subsequent stereo films showed that §6% and 60% of the
correction of the upper and lower curves, respectively,
had been lost. This implies that the hooks moved relative
to the vertebrae, thereby contradicting the assumptions
we used in calculating hook distraction. There also was
a 5° measured increase in kyphosis angle in this patient,
opposite to the change in the other five patients.

Patient 3 was the only patient whose Harrington rod
spanned alordotic part of the spine. She was also the only
patient in whom the measured change in this angle was

in the same sense as the simulated change in the baseline
model.

Changes in vertebra rotation were small (the
maximum change was a reduction of 9% in both
measurements and simulations. A similar trend was
found for the postertor rib cage rotation, These rotarions
and changes in them were comparable to measurement
precision (£7°). Changes in the rib angles were also
small. Figure 7a shows there was on average a small
increase in the downward angulation of the ribs as
viewed from the front, and Figure 7b shows a similar
trend for the baseline simulations, especially on the
patients’ left (convex side of the scoliosis). In the lateral
views, the mean downward angulation of the ribs also
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Figure 7. Representation of the frontal and lateral piane rib angles
{mean for six patients) for rib pairs T1-T11 (T2 omitted froem
mean because one patient had only 11 rib pairs) (a} before and
after surgery and (b} before surgery and according to the baseline
simulations. The angle of each line relative to the horizontal in
these diagrams corresponds to the mean of the measurements of
the rib angles. Left: Frontal plane rib angles, as seen from the
front, Center: Lateral plane rib angles (left side ribs), Right; Laterat
plane rib angles {right side ribs), {a} Dash line = postoperative
values; solid line = preoperative values, [b) Dash line =
simulfations; sofid line = preoperative values,

increased slightly according to both the measurements
and the baseline simulations.

Effects of Sagittal Plane Beam Offsets
The relationship between spinal elongation and change
in angulation in the sagittal plane was expected to depend
on the distance from the Harrington rod to the effective
centers of the motion segments, because this would alter
the ratio berween the distraction force and the moments
applied to the spine. In the R models (R10, R-10, R-20,
and R-30) the motion segment beams had their longitu-
dinal axes displaced a variable distance in the sagittal
direction to alter this ratio. The rigid offsets gave

improved agreement with measured results of surgery.
Offsets in the range 0-30 mm of posterior displacement
produced the best agreement with measured values of
spinal elongation and sagittal plane angulation for five of
the six patients (Table 5). In the case of Patient 3, the best
results were obtained with the rigid offset in an anterior
direction. This patient was different from the other five
in that the Harrington rod spanned a lordotic region of
the spine. Because an anterior offset gave the best results
for Patient 3, the relationship between the amount of
posterior displacement and the initial sagittal plane
curvature was examined, but no correlation was evident,
Thus, the amount of the motion segment beam rigid
offsct that gave the best agreement with measured values
was not consistent, and we were not able to predict it
accurately. The rigid offsets that gave the best agreement
in the sagirtal plane produced only small differences in
the frontal plane (up to 2° less correction of the Cobb
angle), but did change the rod forces (Table 6).

Sensitivity to Boundary Conditions
With the end of the spine unconstrained, there were
lowered forces in the rods (Table 6), and very similar
geometric changes in the instrumented region of the
spine (Table 5). Correction of curves beyond the range of
the instrumentation was slightly underestimated relative
to the baseline models.

Sensitivity to Rib Cage

The main effect of removal of the rib cage was a 22%
average reduction in the force associated with hook
distraction. Most of this change occurred with removal
of the intercostal elements, with little further change
after removal of the ribs altogether. The greatest change
in the frontal and sagittal plane relative angulations was
4°. In some patients there was minimal effect on the Cobb
angle, but one patient showed 9° greater correction after
removal of the rib cage. Changes in the transverse plane
were less than 1°

W Discussion

As has been found in previous reports,?*27 the agreement
between the simulated and measured effects of surgery
was good in the frontal plane. Our model also examined
the sagittal plane, however, and showed that the response
was very dependent on individual geometry and the

Table 6. Distraction Forces in Harrington Rods
Expressed as Percentage of Baseline Models

Patient No.
Model 1 2 3 4 5 6
R10 ra!
R-10 138 108 149 116 122 17
R-20 159 90 231 106 150 109
R-30 141 65 354 82 82 87
MR 77 86 92 82 79 84
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representation of the motion segments. In this model, the
individualized geometry of the spine, rib cage, and
instrumentation explains some of the considerable vari-
ability in the results for different patients. This empha-
sizes the benefits of using three-dimensional individu-
alized geometry in models to predict the outcome of
surgery.

Agreement between the baseline simulation and mea-
sured changes in the sagittal plane was improved by
adding rigid offsets to the motion segment beams, thus
altering the ratio berween moments and distraction
forces applied to the instrumented part of the spine. This
finding suggests that the published®?® flexibility behavior
of the motion segments does not adequately describe the
in vivo behavior. The reason for this is not clear. All the
elastic properties in this model were taken from pub-
lished reports of adult material without scoliosis. It may
be that the passive stiffness of the spinal muscles is
important in the sagittal plane and muscles were omitred
from the model. Alternatively, it may be that postoper-
ative time-dependent deformations occurred in the discs,
and these were better represented by an elastic beam
element placed posterior to the disc.

The reduction in spinal curvature in the sagittal plane
has been reported as the “flat back™ complication of the
Harrington procedure??%3% and curved rods have been
recommended for preventing it.® The forces acting on
the spine must be equal and opposite ones acting along
a single line joining the saddles of the instrumentation
hooks, however. Therefore, a curved rod would only
have an effect if it directly contacts intermediate ver-
tebrae. This was checked for by calculating the distance
from each vertebra center to the rod, and no such
contacts were found.

Both measured and simulated changes in vertebral and
ribcage rotations in the transverse plane were small and
within measurement accuracy. Several other studies have
reported minimal changes in vertebral rotation!s®3%
and back surface shape'®*® after Harrington surgery.
Intraoperative rib hump measurements'® showed small
reductions, but only after the application of a convex side
compression rod.

Changes in regions remote from the instrumentation
were dependent on the boundary conditions. Based on
the models’ predictions of the correction of “secondary”
cutves, these worked well. The boundary conditions
prevented changes in spinal “balance” (decompensation)
despite reported small improvements with the Har-
rington procedure.™ In the patients studied here,
changes in spinal “balance” were within measurement
precision,

The studies of sensitivity of the model to the removal
of the ribcage showed that model response was predom-
inantly determined by the spinal flexibility. This suggests
that operations to release the ribcage (costoplasty) should
not be expecred to change the degree of spinal cor-
rection. Other instrumentation designs intended to

produce greater axial rotation correction might be more
sensitive to ribcage stiffness.

The model validation was complicated because the
measured geometric changes as documented by stereco
roentgenograms were taken several weeks apart with the
patients standing and often wearing a brace, whereas the
model represented surgery done with the patients
anesthetized and supported on the operating table. We
assumed that postoperative shape changes were negli-
gible. Another possible limitation was that we did not
measure hook distraction directly, but instead calculated
it from preoperative and postoperative stereo roentgen-
ographic measurements. The good agreement between
model and radiographic measurements in the frontal
plane, however, suggests that these calculations were
accurate.

This work has shown the importance of using
individualized three-dimensional geometry in the simu-
lation of surgical correction of scoliosis. Further im-
provements in the model must depend on a better
understanding of the biomechanical or anatomic reasons
for the improvements produced by the rigid offsets in the
motion segment beams.
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