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Abstract

Introduction: Diagnosis is the key to improving spinal surgical outcomes. Full endoscopic spinal
surgery (FESS) can create new indications when the diagnosis of radiculopathy is improved. We
assessed the finite element method (FEM) to visualize and digitize lesions not detected by
conventional diagnostic imaging.

Methods: The lumbar patient was a 67-year-old woman with a history of theumatoid arthritis, and
with osteoporosis and pulmonary fibrosis. She had left L3 radiculopathy due to an L3 vertebral
fracture. The cervical patient was a 61-year-old woman with left C6 radiculopathy due to C5-6 disc
herniation. We performed full endoscopic foraminotomy on the patient’s request. Based on CT
DICOM data of 0.5-mm slices preoperatively and postoperatively, 3D imaging data were
reproduced by Mechanical Finder®, and kinetic simulation of FEM was performed.

Results: Postoperatively, their radiculopathy disappeared, improving their activities of daily living,
and enabling them to walk and work. The total contact area and maximum contact pressure of the
nerve tissue decreased to 30%-80% and 33%-67%, respectively, postoperatively.

Conclusions: FEM can be a new method for perioperative evaluation and simulation to visualize
and digitize the conditions of the lesion causing radiculopathy. FEM that can overcome both time

and economic constraints in routine clinical practice is needed.
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1. Introduction

The finite element method(FEM) has been utilized to analyze the developmental mechanism
of the fracture of bone components which are hard materials, and to judge the effects of fixation! '°.
Additionally, preoperative simulation using a 3D printed model is now covered by the National
Health insurance!!"!2. Utilization of 3D reconstituted images for navigation based on CT DICOM
data has also been progressing in the spinal surgery field"*. However, no kinetic imaging diagnosis
method capable of sufficiently expressing the effects of less invasive nerve root decompression
such as full endoscopic spinal surgery(FESS) has been developed.

Visualization and quantification of pain are important unsolved issues in the medical field**
22 1f these are possible, pain can be accurately diagnosed, and treatment outcomes and activities of
daily living can be improved, which may reduce medical expenses. Presently, spine-related pain is
diagnosed comprehensively based on objective and subjective findings by each physician based on
their experience.

Imaging diagnosis is an objective finding-based judgement made by physicians. For spinal
disease, bone deformation, loss of the intervertebral space, presence of nonstandard movement, and
disturbance of bone arrangement can be observed on radiology and computed tomography (CT). On
magnetic resonance imaging (MRI), the relationship between the nerve system and surrounding
structures and water component abnormalities, such as hemorrhage and tissue edema, can be closely
observed. In elderly patients, degeneration is observed at multiple sites in many cases regardless of
clinical symptoms, and identification of the responsible lesion is necessary. Previously, many
physicians regarded neurological clinical findings as objective findings with the highest priority,
while shape changes on MRI and CT as reference findings, and physicians who made accurate
diagnoses through this procedure achieved favorable surgical outcomes'®!°. Based on this situation,
the priority of the current imaging findings is low as a material for making a judgment in the
diagnostic process by spinal surgeons.

Surgical medical devices of the optical system have markedly advanced, endoscopy has
rapidly spread, and spinal surgery is no exception'*!’. As endoscopy enabled minimization of tissue
invasion via the route of approach, improvement of diagnostic ability has become a proposition of
improving surgical outcomes. New imaging diagnoses serving as a qualitative material for
judgment, which are not possible by conventional imaging diagnosis that detects only changes in
the shape, are expected.

Computer-aided engineering (CAE) has helped to reduce trial manufacturing costs and
shorten the trial manufacturing period in the industrial field since 1970". In CAE, load generation

was simulated at the design stage using a specific Poisson’s ratio and Young’s modulus of each
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hard material, thereby enabling visualization and quantification of the structure at fragile sites. CAE
succeeded in visualizing and quantifying diagnostic values other than the shape through fusing
contact, constraint, and loading conditions with the characteristic value of the material, which
became the new judgement criteria.

The finite element method (FEM) has been utilized to analyze the developmental
mechanism of the fracture of bone components, which are hard materials, and to judge the effects of
fixation?!°, Additionally, preoperative investigation using a 3D printed model is now covered by
the national health insurance!!"!2. Utilization of 3D reconstituted images for navigation based on CT
DICOM data has also been progressing in the spinal surgery field'3. However, no imaging diagnosis
method capable of sufficiently expressing the effects of less invasive nerve root decompression,
such as full endoscopic spinal surgery (FESS), has been developed. On MRI of patients with
clinical improvement of nerve root symptoms after FESS, only findings of nerve root defects
similar to those in the preoperative image are acquired in the current state.

We considered that by accurately setting Poisson’s ratio and Young’s modulus of soft
materials, such as the ligament and intervertebral disc, the contact areas and contact pressures of the
nerve root and dural sac can be evaluated by CAE and FEM. As CAE and FEM may be capable of
visualizing and quantifying the preoperative diagnosis, preoperative simulation, and postoperative
evaluation of surgical procedures useful for less invasive pin-point decompression, such as FESS,

we evaluated them in this study.



2. Methods

2.1. Lumbar case presentation

A 67-year-old woman was referred to our department for sharp radiating pain in the anterior
surface of the thigh due to L3 vertebral fracture-associated left L3 radiculopathy. As her pain
developed during standing up and sitting motions, she had been bedridden for 3 months before the
first examination and had difficultly moving even in a wheelchair. She had rheumatism treatment-
induced secondary osteoporosis and pulmonary fibrosis, and was mainly based on the respiratory
function test findings. Our hospital anesthesiologist deemed prolonged general anesthesia
accompanied by intubation to be inapplicable and requested us to plan less invasive surgery.

We planned percutaneous endoscopic interlaminar partial laminectomy for nerve root

1417 " and additionally planned to extend

decompression applicable under sedative local anesthesia
the bilaterally laminectomy.

The patient sat for 2 hours postoperatively, and no radiating pain was observed in the left
thigh. The following morning, the patient was able to walk for 5 m without pain while holding on to
something. The chief clinical symptoms were resolved by percutaneous endoscopic foraminotomy
and partial laminectomy. The patient underwent rehabilitation and achieved the goal of 5-m indoor
movement at 6 months postoperatively, but outdoor movement required wheelchair use and her
condition was the same as that before having the fracture. Pain did not recur throughout the 6-
month postoperative period. The patient’s satisfaction level with the surgery and referring physician
was high at 6 months postoperatively'$!°.

Bone cutting of the planned range was confirmed on CT myelography. On MRI
myelography, no change after surgery was noted, and the deficit of the dural canal and nerve root in

the fracture region remained defective. No progression of deformation or new fracture was noted on

radiology.



2.2 Cervical case presentation

A 61-year-old woman was referred to our department for sharp radiating pain in the left
neck, back, and forearm due to C5-6 herniated disc associated with left C6 radiculopathy. She
developed pain during the chin up motion for drinking. She had been receiving medication therapy
and block injection for 3 months before the first our examination. She had difficulty working in
medical education offices without many medications. She had requested less invasive surgery for
her short hospital stay.

We planned percutaneous endoscopic foraminotomy for C6 nerve root decompression'#!7.
The patient sat for 2 hours postoperatively, and no radiating pain was reproduced around the left
shoulder and forearm. Her hospital stay was 3 days long as she wished, and had no pain in the
wound. The chief clinical symptoms were resolved by percutaneous endoscopic foraminotomy. She
had left thumb numbness, but her pain during chin up motion did not recur throughout the 6-month
postoperative period. Patient satisfaction with the surgery and referring physician was high at 6
months postoperatively's1°,

Bone cutting of the planned range was confirmed on CT. On MRI myelography, no change

after surgery was noted, and the deficit of the dural canal and nerve root in the region remained

defective. No progression of deformation was noted on radiology.



2.3 FEM

First, we selected Mechanical Finder® of the Research Center of Computational Mechanics,
Inc. as the analytical tool because of its ability to evaluate a spondylosis case using FEM. We
investigated whether it is possible to reproduce loading in a lumbar standing position and a cervical
extension position, visualize reductions in the contact area and contact pressure as color changes,
and quantify the area and pressure postoperatively by FEM regarding the effects of nerve root
decompression by percutaneous endoscopic foraminotomy, which cannot be expressed by
conventional MRI.

The 3D model was reconstructed individually based on the DICOM data of two
examinations, CT after preoperative myelography, and after surgery(Fig.1). The images were
acquired using Toshiba Aquillion64 at a 0.5-mm slice width.

This study was not supported by any research funding. The study was approved by the
Institutional Review Board (No. 191126-2) and we have undertaken and that it conforms to the
provisions of the Declaration of Helsinki in 1995 ( as revised in Brazil 2013). Informed consent was

obtained by all participants in this study.



Fig. 1: Analytical lumbar and cervical model. Left: A 3D model of the L2-4 vertebrae, intervertebral

discs, and dural canal reconstructed from CT data. For the load, 1,000 N was loaded in the gravity
direction on the cranial-side end plate of L2. Right: A 3D model of the C4-7 vertebrae,
intervertebral discs reconstructed from CT data and the dural sac from MR myelography data. 3.0

degree was loaded in extension on the disc of C5-6.



2.4 Lumbar model

The modeled range was the 2nd to 4th lumbar vertebrae, near the dural canal, intervertebral
discs, yellow ligament, facet joint cartilage, and anterior longitudinal ligament as 3-dimensional
elements and the intertransverse, supraspinous, and interspinous ligaments as trust elements (Fig. 1
left). The dural canal and intervertebral discs were handled as homogenous inner structures and
quantified (Table 1). Regarding model limitations, as analysis setting the initial pressure in the dural
canal cannot be performed, the initial pressure was handled as absent.

The loading and constraint conditions were set based on the assumption of the load in the
standing position. The inferior surface of the 4th lumbar vertebra was constrained, and 1,000 N was
vertically loaded on the superior surface of the 2nd lumbar vertebra. The upper and lower ends of
the dural canal in the model range were constrained. The characteristics of the bone and soft tissue
materials were specified as shown in Tables 1. The contact was set as follows: the dural canal
contacted the posterior vertebral surfaces of the 2nd to 4th lumbar vertebrae, intervertebral discs,
yellow ligament, and intervertebral joints preoperatively, and the contact between the bone cutting
region and left yellow ligament disappeared postoperatively. The total contact areas and changes in

the maximum contact pressure preoperatively and postoperatively were analyzed.



Table 1. Material constants of the components of the analytical model

Vertebrae p=0.0 E=0.001 0.4

0<p<027  E=33900p2.20

16

027<p<0.6 E=5307p+469

0.6=p E=10200p"2.01
Disc 4.20 0.45 218
Ligamentum flavum 15.0 0.3 218
Facet joint 20.0 20.0 18
Anterior longitudinal ligament 15.0 0.3 218
Dural sac 2.93 0.44 10,13
Nerve root 1.19 0.44 018

Transverse ligament £<0.0 T=0.0
0=¢<0.18 T=17.78¢ 18
0.18=¢ T=105.73¢-15.83
Interspinous ligament £<0.0 T=0.0
0=¢<0.14 T=400.00¢ 18
0.14<¢ T=464.00¢-8.96
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Supraspinous ligament

£<0.0

0=¢<0.20

0.20=¢

T=0.0

T=240.0¢

T=450.0¢-42.0

18
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2.5 Cervical model

The modeled range was the 4th to 7th cervical vertebrae, nearby dural canal, intervertebral
discs, yellow ligament, facet joint cartilage, and anterior longitudinal ligament as 3-dimensional
elements(Fig. 1 right). The dural canal and intervertebral discs were handled as homogenous inner
structures and quantified. Regarding model limitations, as analysis setting the initial pressure in the
dural canal cannot be performed, the initial pressure was handled as absent.

The loading and constraint conditions were set based on the assumption of the load in the
extension position. The inferior surface of the 7th cervical vertebra was constrained, and 3.0° was
loaded on the 5th to 6th disc. The lower ends of the dural canal in the model range were
constrained. The characteristics of the bone and soft tissue materials are listed in Tables 1. The
contact was set as follows: the dural canal contacted the posterior vertebral surfaces of the 4th to 7th
cervical vertebrae, intervertebral discs, yellow ligament, and intervertebral joints preoperatively,
and the contact between the bone cutting region and left yellow ligament disappeared
postoperatively. The total contact areas and changes in the maximum contact pressure

preoperatively and postoperatively were analyzed.
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3. Results

3.1 Lumbar case

The contact area between the dural canal and other regions decreased from 62.7 to 12.7 mm?
(-79.7%, Fig. 2), and the pressure decreased from 1.90 to 0.58 MPa.( -69.5%) The position loaded
with the maximum contact pressure was near the medial cranial end of the left L3 superior articular
process preoperatively, and it moved to a site near the cranial end of the L4 spinous process slightly
to the right of the midline after surgery. Regarding the equivalent stress on the dural canal,
approximately 0.2 MPa from the posterior side was observed on the left L3 nerve root bifurcation

preoperatively, but it disappeared postoperatively.
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Fig. 2: Equivalent stress on the dural canal. The white arrow indicates the left L3 nerve root

bifurcation. The left : before and right: after surgery. Before surgery, 0.2-MPa stress was
disappeared after surgery.
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3.2 Cervical case

The contact area between the dural canal and other regions decreased from 0.50 to 0.35 mm?
(-30.0%, Fig. 3), and the pressure decreased from 0.15 to 0.10 MPa ( -33.3%). Regarding the
equivalent stress on the dural canal, approximately 0.2 MPa from the posterior side was observed

on the left C6 nerve root proximal foramen preoperatively, but it disappeared postoperatively.
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Fig. 3: Equivalent stress on the dural canal. The white arrow indicates the left C6 nerve root. The

left : before and right: after surgery. Before surgery, 0.2-MPa stress was disappeared after surgery.
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4. Discussion

4.1 Value of FEM as an evaluation method of less invasive surgery

There were three characteristics of less invasive surgery in the present lumbar patient. First,
the clinical symptoms were different from the imaging findings. Second, the surgery had a time
constraint due to the anesthesia method and nerve root decompression because of the minimum
necessary bone cutting region required. Third, the effects of decompression were not confirmed by
conventional postoperative imaging evaluation alone. These problems are frequently noted in less

invasive spinal surgery.
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4.2 Value of FEM for preoperative diagnosis

The clinical diagnosis of this patient was left L3 radiculopathy, and imaging diagnosis was
right side-dominant L2-3 spinal canal and foraminal stenosis. Radiology, MRI, myelography, nerve
root puncture, and CT myelography were performed. The bases for the definite preoperative
diagnosis of left L3 radiculopathy were the clinical diagnosis and pain reproduced during left L3
nerve root block therapy. The bases for performing left L3 nerve root block were clinical symptoms
and stenosis noted at the L2-3 intervertebral disc level in the axial view on MRI. The reason for the
absence of complaints on the right side despite severe stenosis being noted on the right side was
unclear?®2? but we suspect the unstable state had occurred root irritation at the left pedicle fractured
portion. We must often decide whether to take priority in clinical data or imaging findings since the
spread of less invasive surgery for pain.

The finding of preoperative equivalent stress on the dural canal investigated by FEM was
the presence of approximately 0.2-MPa stress from the posterior side at the L.2-3 disc level only on
the left side. On the right side, approximately 0.1-MPa stress from the side of the anterior dural
canal was present, but almost no stress from the posterior side was loaded (Fig. 2).

If the neurological and conventional imaging findings were combined with the FEM
findings, the preoperative diagnosis may have been left L3 radiculopathy. As FEM presents not
only the shape, but also stresses loaded on the nerve root and dural canal as colors, location, and
values based on CT data, it provides a new tool for diagnosis. Difficult cases with deviation
between the clinical symptoms and imaging diagnosis may be reduced by FEM. FEM may serve as

a judgement criterion to effectively identify the responsible lesions.
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4.3 Value of FEM for preoperative simulation

For the present lumbar patient, surgery was planned based primarily the clinical diagnosis.
Our strategy was to add laminectomy targeting dilatation of the spinal canal if time permitted after
left L3 nerve root decompression. Indeed, we performed left L3 nerve root decompression within 80
minutes and bilateral L3 laminectomy and partial excision of the yellow ligament in an additional
100 minutes; the patient’s symptoms disappeared after surgery.

Next, we discuss the changes that would have been made to the surgical strategy in this case
if preoperative simulation had been performed by FEM. Surgery for left L3 nerve root
decompression would have been divided into three procedures: foraminotomy, L3 laminectomy,
and excision of yellow ligament, and difference in the effects of foraminotomy alone,
foraminotomy and L3 laminectomy, and all three procedures would have been investigated. Then,
the effects of L3 laminectomy, including setting the range of laminectomy to the side alone and the
bilateral sides, would have been investigated. Changes in the equivalent stress on the dural canal
would have been observed to confirm the minimum extent necessary during surgery.

If data of the equivalent stress on the dural canal from the posterior side were acquired
before surgery, we would have completed surgery with left L3 nerve root decompression alone
within 80 minutes. Additionally, if foraminotomy simulation was performed in detail at 1-mm units
to investigate how small we could cut the bone, it would have been possible to complete surgery
within 60 minutes and improve the clinical symptoms.

The cervical case’s most stressed area was proximal point where we suspected. We had
believed distal foraminal area was responsible region from axial and sagittal MRI images. If we had
known this FEM simulation report before surgery, we planned additional margin to decompress for

proximal responsible C5 lamina area.
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4.4 Value of FEM for postoperative evaluation

When nerve root decompression was applied in the minimum bone cutting range by FESS,
the surgery was unable to be sufficiently justified by conventional evaluation by imaging. The bone
cutting region can be intuitively identified by comparison of the reconstituted 3D CT image before
and after surgery, but skills are necessary to understand it with conventional sagittal, coronal, and
axial CT bone data.

MRI was performed postoperatively, but no change from the preoperative findings was
noted in the dural canal defect at the L2 to L3 disc level on MR myelography. Although the
objective was achieved clinically, it did not serve as a material justifying the surgery because of the
absence of a change in the image. We have experienced this in many cases since we initiated FESS
and felt the necessity of developing a new evaluation method that intuitively expresses the effect.

We consider the postoperative improvement of symptoms after FESS to be insufficient.
There are too many causes, such as disorientation readily occurring due to the small surgical field,
inefficient time usage because the bone cutting tool is limited to those with a speed of 20,000 rpm
or lower and a diameter of <3.5 mm, and the clinical symptoms and imaging findings are different
in many patients. When the effects were insufficient, the case was reevaluated, but there was a limit
in evaluation by the conventional method because it is difficult to identify the lesion responsible by
investigating only shape changes, including defective shadows of the dural canal and nerve root
alone in many patients indicated for FESS.

In this study, we expressed the effects of nerve root decompression by the color, location,
and values, and acquired findings corresponding to improvement of the clinical symptoms. FEM
visualizes and quantifies the effects of FESS, and succeeds in justification, which could not be
performed by the conventional method. We considered FEM to function as a postoperative
evaluation method of surgery after FESS, and it is capable of accurately presenting the following

strategy even when decompression is insufficient.
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4.5 Study Limitations

For FEM analysis, Poisson’s ratio and Young’s modulus of each structure component are
necessary (Table 1). In this analysis, the values used in preceding studies were cited®!?. The
subjects of the preceding studies were the femur and scoliosis in middle-aged men. Analysis based
on Poisson’s ratio and Young’s modulus measured in the lumbar vertebra would have been ideal for
the present patient, and basic experiments using human degenerated lumbar vertebrae and
measurements during surgery increase the accuracy of FEM of degenerative disease of the lumbar
spine in the future. However, regarding the detection of changes postoperatively, we considered that
if relative changes can be expressed, surgical effects can be expressed and values remain as
references, being sufficient as an experimental system.

This analysis was performed for loading only in vertical postures such as sitting, standing
and extension positions. By analyzing these in rotation, lateral bending, and anteroposterior flexion,
further improvement of the treatment outcome can be expected. However, experts required 2
months to analyze one postural condition plus the corresponding costs for the analysis. Owing to
the limited research budget, only the lumbar vertical postures and the cervical extension posture
were analyzed. When the content of this analysis is generalized and the analysis can be performed
within a short time acceptable for clinical sites at a medical economically acceptable cost, analysis

may be easily performed under many specified conditions and widely accepted by spinal surgeons.
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4.6 Future study prospects

Preoperative simulation employing a 3D printed model is now covered by the National
Health insurance'!"'?. Preoperative diagnosis, surgical plan preparation, and postoperative
evaluation by computer-aided engineering(CAE) or FEM may be applied for coverage by national
health insurance if software resolving problems that are time- and cost-efficient is developed.
Analysis was performed on the lumbar and cervical spines. We plan to analyze the effects of FESS
in the thoracic spine by FEM in the next study. Additionally, to improve the accuracy, accumulation
of measured data of Poisson’s ratio and Young’s modulus of the above-mentioned spine
components cannot be avoided. Lastly, we plan to investigate the possibility of visualization and
quantification of spine-related pain by statistical analysis of neurological findings, subjective pain

symptoms, and CAE or FEM data.
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We succeeded in visualizing and quantifying the effects of nerve root decompression by
FESS in the lumbar and the cervical vertebrae using FEM. In the present patient, the contact area
and pressure of the nerve tissue decreased to 30%-80% and 33%-67%, respectively,
postoperatively, and their radiculopathy was relieved. FEM may has been develop as a new imaging
diagnostic methods useful for making a preoperative diagnosis, surgical simulation, and
postoperative evaluation required in less invasive spinal surgery such as FESS. FEM allows the

simulation of the dynamic standing or extension position condition.
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