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Abstract

BACKGROUND CONTEXT: In vivo implant rod deformation could alter the scoliosis
sagittal correction. No previous study had investigated the influence of implant rod
deformation on the sagittal deformity correction during scoliosis surgery.

PURPOSE: To analyze the changes of implant rod angle of curvature during surgery and
establish its influence on sagittal correction of scoliosis deformity.

STUDY DESIGN: A retrospective analysis of the preoperative and postoperative implant rod
geometry and angle of curvature was conducted.

PATIENT SAMPLE: Twenty adolescent idiopathic scoliosis patients underwent surgical
operation. Average age at the time of operation was 14 years.

OUTCOME MEASURES: The preoperative and postoperative implant rod angle of
curvature expressed in degrees was obtained for each patient.

METHODS: Two implant rods were attached to the concave and convex side of the spinal
deformity. The preoperative implant rod geometry was measured before surgical implantation.
The postoperative implant rod geometry after surgery was measured by Computed
Tomography scanner. The implant rod angle of curvature at the sagittal plane was obtained
from the implant rod geometry. The angle of curvature between the implant rod extreme ends
was measured before implantation and after surgery. The sagittal curvature between the
corresponding spinal levels of healthy adolescents obtained by previous studies was compared
to the implant rod angle of curvature to evaluate the sagittal curve correction. The difference
between the postoperative implant rod angle of curvature and normal spine sagittal curvature
of the corresponding instrumented level was used to evaluate over or under correction of the

sagittal deformity.
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RESULTS: The implant rods at the concave side of deformity of all patients were
significantly deformed after surgery. The average degree of rod deformation A6 at the concave
and convex side was 15.8 deg. and 1.6 deg., respectively. The average preoperative and
postoperative implant rod angle of curvature at the concave side was 33.6 deg. and 17.8
degrees, respectively. The average preoperative and postoperative implant rod angle of
curvature at the convex side was 25.5 degrees and 23.9 degrees, respectively. A significant
relationship was found between the degree of rod deformation and preoperative implant rod
angle of curvature (r = 0.60, p < 0.005). The implant rods at the convex side of all patients did
not have significant deformation. The results indicate that the postoperative sagittal outcome
could be predicted from the initial rod shape.

CONCLUSIONS: Changes in implant rod angle of curvature may lead to over or under
correction of the sagittal curve. Rod deformation at the concave side suggests that corrective
forces acting on that side are higher than the convex side.

Keywords:

Biomechanics, Rod Deformation, Implant Rod Curvature, Spine, Sagittal Correction,

Adolescent Idiopathic Scoliosis

1. Introduction

Adolescent Idiopathic Scoliosis (AlS), a complex spinal pathology which arises from
unknown etiology, is characterized as a three-dimensional deformity of the spine with
vertebral rotation. The degree of severity of the scoliotic deformity is usually evaluated using

the Cobb angle. The Cobb angle is defined as the maximum angle between two lines drawn
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parallel to the endplates of scoliotic vertebrae at the frontal plane. Scoliosis, however, is a
complex deformity that needs to be assessed in three-dimensions. Several authors have
developed mathematical expressions in order to measure the morphology of scoliotic spines in
three dimensions as well as the rotation of vertebrae [1-3]. Since then, correction of scoliosis
deformity in frontal, sagittal and axial planes has been widely studied [4-13].

Contrary to the frontal plane, sagittal plane deformity correction involves complex analysis of
spine segments. Normally, the spine has thoracic kyphosis and lumbar lordosis curves.
Neglecting to correct these curves could produce pain, intervertebral disc degeneration, bone-
implant fracture, flat back and joint degeneration [14,15]. Many studies have investigated how
to evaluate the sagittal correction. Generally, sagittal correction is measured using the thoracic
sagittal kyphosis from the superior endplate of T4 to the inferior endplate of T12 while lumbar
lordosis is measured from L1 to L5 [7]. In addition, more complex evaluation involves
determination of sagittal balance. Although several authors proposed various indicators for
measurement of sagittal balance, the Scoliosis Research Society (SRS) defined that normal
sagittal alignment is achieved when the plumb line drawn at the center of the cervical vertebra
C7 lies within £2 cm of the sacral promontory [16-20]. These methods advanced the
evaluation of the sagittal plane correction. However, the fundamental limitation of visualizing
the key anatomical landmarks still exists. Some studies reported inter and intra observer
differences during measurements of sagittal spine curvatures [21-23]. The differences are due
to the inherent anatomical variants that alters the normal spine symmetry from side-to-side
[24,25]. In idiopathic scoliosis, asymmetry is primarily demonstrated by vertebral wedging.
Failure to visualize the anatomical variants could lead to measurement errors. The
postoperative lateral radiographs of previous studies show that the implant rod shape or
curvature constitutes also the postoperative sagittal curve of the spine within the rod length,
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similar to Fig. 1(a) [26-32]. Hence, this indicates that the implant rod curvature could be also
used for evaluation of the sagittal curve correction.

Until now, there is no consensus on what possible initial shape of rod could lead to a certain
sagittal outcome. Optimal scoliosis surgical treatment is not always achieved due to the
variability of surgeons’ preferences, choice of approach, choice of instrumented level, surgeon
experience and different correction objectives [33-34]. Several studies conducted
biomechanical modeling to simulate various correction objectives, surgical steps and
strategies. They estimated suitable surgical strategies for scoliosis patients. However, the
results might be unrealistic because rod deformation was not considered in their analyses [35-
37]. The preoperative implant rod geometry was obtained only from postoperative data.
Apparently, the reported magnitude of forces (in several hundred or even thousand Newtons)
were high that should have deformed the implant rod during the surgical treatment [38].
Implant rod deformation could alter the sagittal alignment and consequently the clinical
outcome. Thus, careful investigation of the changes of implant rod geometry is important to
fully understand the biomechanics of scoliosis correction.

The objective of this study was to measure the preoperative and postoperative implant rod
angle of curvature before surgical implantation and after surgery. The degree of rod
deformation was evaluated as the difference of preoperative and postoperative implant rod
angle of curvature. Relationship between the degree of rod deformation and preoperative
implant rod angle of curvature was sought to establish whether it is possible to predict the
postoperative outcome from the initial rod shape. Furthermore, the postoperative implant rod
angle of curvature was used to evaluate the scoliosis sagittal correction, i.e. being over or

under corrected.
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2. Materials and Methods

2.1 Patients

Twenty (20) scoliosis patients (average age: 14 years, range: 10-20 years) diagnosed as severe
Adolescent Idiopathic Scoliosis (AIS) underwent surgical operation. A proper informed
consent was obtained from all patients. All patients were operated after the approval of the
university hospital research ethics committee on the use of human subjects. Six mm diameter
(@6 mm) titanium implant rods and polyaxial pedicle screws (USS Il Polyaxial, Synthes
GmbH, Switzerland) were used to correct the scoliosis deformity. The implant rod curvature
and length vary with each patient. All rods were pre-bent only at a single plane. Rods and
screws were surgically implanted following the double rod rotation technique procedure [32].
In this technique, two implant rods (i.e. for the concave and convex side of the deformity, Fig.
1(a)) were inserted into the polyaxial screw heads. The polyaxial screw heads remained
unfastened until the completion of rod rotation allowing the rods to rotate and translate freely
inside the screw head. A torque was applied to the rod rotating device to rotate simultaneously
the rods (about 90 degrees); transferring the previous curvature of rod at the coronal plane to

the sagittal plane.

2.2 Implant Rod Deformation

The implant rod angle of curvature was used to evaluate implant rod deformation. The implant
rod angle of curvature at the corresponding extreme ends was measured using the preoperative
and postoperative geometry of implant rod during the surgical operation, in Fig. 1(b). The

preoperative and postoperative implant rod geometries for the concave and convex side of the
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deformity were obtained. The preoperative geometry of implant rod was measured from the
actual implant rod used before surgical implantation. The postoperative implant rod geometry
was obtained one week (maximum) after the surgical operation using CT scanner (Aquilion 64
CT Scan, Toshiba Medical Systems Corporation, Japan). The slice thickness was 0.5 mm. The
implant rod geometry was fitted using quintic polynomial function (minimum R?value was set
to 0.99) by the proposed numerical method [39]. Arbitrary points (7 points minimum) were
selected for curve fitting. These points were obtained from the inferior to superior endpoint
along the central axis of the implant rod. Medical image processing algorithm was
programmed using computer software (MATLAB R2010b, Massachusetts, USA). The implant
rod angle of curvature, i.e. the angle between two tangent vectors was computed using the first
derivative of the quintic polynomial function evaluated at the implant rod ends [1,2].
Measurements were repeated using three trials. The average of the three trials was obtained as
the preoperative and postoperative implant rod angle of curvature, 6, or 8, of each patient,
respectively (shown in Table 1). The postoperative implant rod angle of curvature 6, was used
to evaluate the sagittal curve correction of each scoliosis patient since it constitutes the sagittal
curve of the spine after surgery. The difference between the preoperative and postoperative
implant rod angle of curvature (6, - 6;) was referred to as the degree of rod deformation AG.
The relationship between the degree of rod deformation A# and preoperative implant rod angle
of curvature 6; was also investigated to establish whether it is possible to predict the

postoperative outcome from the initial rod shape.

2.3 Spine Sagittal Curvature
The average thoracolumbar spine sagittal angle of curvature of healthy adolescents obtained
by previous study was used to evaluate the sagittal correction [40]. Since the instrumented or
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fixation level of each patient differs from each other, the corresponding sagittal angle of
curvature of each vertebra level was also determined. The angle of sagittal curvature of each
vertebra level was approximated by the ratio of each height of vertebra [41]. The spine sagittal
angle of curvature between the corresponding fixation level 8¢ (FL = most superior and
inferior fixation level) of each patient is listed in Table 2. The spine sagittal angle of curvature
of each patient is the same for the concave and convex side because the extreme fixation levels
were the same for both sides of all scoliosis patients.

Ideal correction is attained when the postoperative implant rod angle of curvature 6, equals to
the sagittal angle of curvature 0¢_ of the healthy adolescents at the corresponding fixation
level. Hence, with this approach, over or under correction of the sagittal curve could be
determined by its difference. Over correction was defined when the postoperative implant rod

angle of curvature 6, is greater than the sagittal angle of curvature 0g_and vice versa.

3. Results

The preoperative #; and postoperative 8, implant rod angle of curvatures at the concave and
convex side of the deformity were obtained, listed in Table 1 and shown in Fig. 2. It can be
noticed that the rod at the concave side was significantly deformed after the surgical treatment
of scoliosis. For all patients, the results indicate that the rod curvature at the concave side
tended to reduce. However, the rod at the convex side did not have significant deformation
after the surgical treatment of scoliosis. The average preoperative and postoperative implant
rod angle of curvature at the concave and convex side of all patients is shown in Fig. 3. The
average preoperative and postoperative implant rod angle of curvature at the concave side

were 33.6 degrees (range 15.8 - 56.6 degrees) and 17.8 degrees (range 3.3 - 36.8 degrees),
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respectively. The average preoperative and postoperative implant rod angle of curvature at the
convex side were 25.5 degrees (range 11.7 - 38.5 degrees) and 23.9 degrees (range 7.0 - 39.5
degrees), respectively.

A positive correlation was found between the degree of rod deformation A and preoperative
implant rod angle of curvature 6, at the concave side (r = 0.60,

p < 0.005), in Fig. 4. This means that the greater the implant rod was bent, the higher degree of
rod deformation could be obtained. On the other hand, there was no significant correlation on
the implant rods at the convex side (r = 0.26,

p > 0.05). Nevertheless, the implant rods at the convex side are predictable because it did not
have significant deformation during scoliosis surgery. Thus, the results suggest that the
postoperative implant rod curvature consequently the sagittal outcome can be predicted from
the initial rod shape.

Ideal sagittal correction of scoliosis deformity is attained when the postoperative rod angle of
curvature @, equals the sagittal curvature ¢ of the corresponding curvature of the extreme
fixation level. The positive or negative difference between this parameter indicates over or
under correction of the sagittal curvature, respectively. Figure 5 shows the difference between
the postoperative rod angle of curvature 6, at the concave and convex side of deformity, and
sagittal curvature 6 of the corresponding fixation level (6, — 6r.). The upper region shows
over correction and the lower region shows under correction. As a result, eight out of twenty
patients (40%) had 5 degrees or lesser difference (i.e. Patients 2, 4, 9, 10, 12, 13, 14, 16).
Seven patients (35%) had 10 degrees or lesser difference (i.e. Patient 3, 5, 6, 8, 11, 17, 18).
Five patients had more than 10 degrees curvature difference (i.e. Patient 1, 7, 15, 19, 20). The
result indicates that the implant rod curvature greatly influenced the sagittal curve correction
because over or under correction might be obtained.
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4. Discussion

Many studies have reported the preservation of sagittal balance/alignment of the spine.
However, these studies were mainly focused on the postoperative results. The primary factor
(i.e. initial rod shape) that is influencing the postoperative or sagittal outcome is not yet well
studied. Indeed, until now, there is no consensus on what possible initial shape of rod could
result to a certain sagittal outcome. Decision-making is always based on individual surgeons’
preferences and experience [33-35]. In this study, although rod deformation occurred, we have
found a positive trend between the degree of rod deformation A@ and preoperative implant rod
angle of curvature ¢, at the concave side. The significant relationship found in this study (r =
0.60, p < 0.005) suggests that prediction on what preoperative shape of rod could result into a
certain sagittal curve is possible. Future studies involving more patients will further enhance
the relationship and likewise establish the optimal rod shape for certain scoliosis patients.
Visualizing the key anatomical landmarks and observer errors are the difficulties in assessing
the postoperative sagittal alignment using planar radiographs. Intra and inter-observer studies
were conducted to determine the accuracy and reliability of computer methods. Recently,
digital radiographs enable users to adjust contrast and brightness. In effect, the anatomical
landmarks can be highlighted which was not possible in conventional radiographs. Previous
studies were successful in increasing the accuracy and reliability of sagittal profile
measurement using computer-assisted programs [21,22]. However, the method needs many
anatomical landmarks (i.e. requiring additional information input or computational time)
which might be difficult to visualize in radiographs [42]. In addition, it is well understood that

spinal deformities have inherent anatomical variants resulting to morphological asymmetry.
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The method presented here is relatively simple because it does not require any anatomical
feature which might be obscured in digital radiographs.

The degree of rod deformation at the concave side indicates that the rods were experiencing
higher corrective forces than those at the convex side. This could be explained by the axial
rotation and displacement of vertebra during the morphological growth of AIS. Many authors
have investigated the cause of axial rotation of vertebrae [2,43,44]. They found out that the
lateral deviation of spine shifts the center of axial rotation of vertebra. The shift produces
eccentric gravitational loads and moments causing the spinous process to rotate towards the
concave side of the scoliosis deformity. As a consequence, the concave side of the deformity
tends to displace anteriorly while posteriorly at the convex side. Thus, the translational and
rotational displacement required for correction at the concave side is always higher than the
convex side which results also to higher corrective forces at that side. These findings could be
also due to the kinematics during simultaneous rotation of rods. From a mechanical point of
view, if torsion occurs in a certain body, the moments/force at the center of rotation is always
zero or minimum. It could be hypothesized that the center of rotation of vertebra during
simultaneous rotation of rods might be located at around the convex side because the
corrective forces acting on that side are negligible as indicated by the degree of rod
deformation, shown in Fig. 6. Further study is required to validate this hypothesis through
intraoperative measurement of three-dimensional spinal motion segments during scoliosis
surgery.

The average physiological sagittal curvature of healthy adolescents obtained by previous
studies was used to evaluate the sagittal correction, whether it was over and under corrected. It
is well understood that interpersonal differences such as height, weight, age, sex and etc. affect
the sagittal curvature of scoliosis or even normal subjects [40]. A more detailed analysis

Page | 11



considering the interpersonal differences will further improve the assessment, i.e. using the
implant rod curvature to evaluate the sagittal correction of scoliosis deformity.

This study presents the deformation behavior of titanium implant rods during correction of
scoliosis deformities. Some stiffer spinal rod materials such as stainless steel and Cobalt-
Chrome rods (stiffest of the three) may exhibit lesser implant rod deformation and deliver
higher corrective forces than the titanium rods. The stiffer implant rods may provide also
greater degree of deformity correction during scoliosis surgery. However, stiffer rods could
inhibit bone formation and remodeling because they take too much of the applied loads instead
of the spine [45]. Likewise, from a mechanical point of view, stiffer rods induce higher
corrective force which might be too high and could lead to the pullout of screw from the
vertebra. Conversely, we have demonstrated in this study that the degree of deformity
correction at the sagittal plane could be also attained or predicted as a function of the
preoperative implant rod curvature not only the implant rod stiffness. A recent study has also
showed that the magnitude of corrective forces acting on the deformed titanium rods during
scoliosis surgery was within the safe level of pullout forces (i.e. 439 N max) [46].

In this study, we investigated whether we can estimate the postoperative implant rod angle of
curvature from the initial implant rod shape. This was attained by measurement of the changes
of implant rod geometry before implantation and after surgery (taken by postoperative CT).
The postoperative CT was used because the two implant rods (i.e. rod at the concave and
convex side) overlap each other at the sagittal plane, as shown in Fig. 1(a). Thus, we could not
obtain the geometry of each implant rod using just planar sagittal radiograph. Conversely, CT
scan can perform image segmentation and obtain the geometry of each rod at both sides
postoperatively (Fig. 1(b)). In order to prevent variation in the technique, the same surgeons
performed the same surgical technique in all cases.
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5. Conclusions

The present study showed the influence of implant rod curvature on sagittal correction of
scoliosis deformity. Careful planning of the preoperative implant rod curvature is necessary to
prevent over or under correction of scoliosis deformity. The positive correlation between the
degree of rod deformation and preoperative implant rod curvature implies that the
postoperative implant rod curvature or clinical outcome could be predicted. Furthermore, the
deformation of rod indicated that the corrective forces required at the concave side are higher

than the convex side of deformity.
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Table 1 Implant rod angle of curvature at the concave and convex side of deformity of each

patient.

Patient  Concave side (deg.)

Convex side (deg.)

0 0, A 6 0> A0
1 446 251 195 352 334 19
2 381 306 7.6 203 233 -3.0
3 434 197 237 347 2713 74
4 185 10.6 8.0 206 163 4.3
5 191 50 14.1 19.7 246  -4.9
6 283 136 147 26.3 235 27
7 465 97 368 262 234 29
8 56.6 353 213 344 348 -04
9 180 6.1 11.9 11.7 70 47
10 370 183 187 253 266  -1.3
11 158 33 12.5 158 198  -4.0
12 288 136 153 201 142 59
13 181 57 12.4 128 145  -1.7
14 456 368 8.8 206 284 1.2
15 223 193 3.0 221 180 4.1
16 259 125 134 205 155 5.0
17 429 181 249 365 271 94
18 486 290 196 385 330 55
19 332 202 130 242 281 -39
20 413 234 179 347 395 -4.8

0, Preoperative rod angle of curvature

6, Postoperative rod angle of curvature

AQ Degree of rod deformation
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Table 2 Normal spine sagittal curvature at the corresponding fixation level obtained from

previous studies [40,41].

Fixation Level  Spine Sagittal Curve

Patient (FL) e, (deg.)
1 T5-L2 12.3
2 T6-T12 27.7
3 T6-L1 18.4
4 T2-L3 12.5
5 T2-L3 12.5
6 T6-L2 8.9
7 T5-L1 21.8
8 T2-T12 41.1
9 T5-L3 2.6
10 T5-L1 21.8
11 T4-L3 6.0
12 T6-L2 8.9
13 T3-L3 9.4
14 T5-T12 31.1
15 T2-T11 36.6
16 T5-L2 12.3
17 T6-T12 27.7
18 T4-L1 25.3
19 T4-T12 345
20 T2-T11 36.6
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Fig. 1
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Fig. 2

Implant rod at the concave side
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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