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Abstract:
Introduction: This study aimed to compare the biomechanical stress at the proximal junctional aspect between the con-

ventional pedicle screw (PS) fixation (PSF) and the low PS density fixation (LPF) method.

Methods: This study involved 10 patients, half of whom have non-osteoporosis and the other half have osteoporosis. We

made two types of intact models (one is from the upper thoracic-to-pelvis model, and the other is from the lower thoracic-

to-pelvis model). From the intact models, we constructed two kinds of fusion models: (1) PSF and (2) LPF. The LPF

method was as follows: The claw hooks (the combination of the down-going transverse process hooks and facet hooks)

were set at the upper instrumented vertebra (UIV) and sublaminar wires at the thoracic spine and PSs at the lumbo-pelvis.

Results: Upper thoracic to pelvis fixation model
In non-osteoporosis, no significant difference between the PSF and LPF is found. In osteoporosis, the von Mises stresses

of the vertebra body at UIV, UIV+1, and disc were significantly lower in LPF than in PSF.

Lower thoracic-to-pelvis fixation model
In non-osteoporosis, the average von Mises stress of the vertebral body at UIV+1 and the maximum stress at UIV were

lower in LPF than in PSF; however, no significant difference was found in the others. In osteoporosis, the von Mises stress

was significantly lower in LPF than in PSF.

Conclusions: The claw hooks stabilized the vertebra body at UIV firmly, and sublaminar wires reduced load translation

from the fixed spine.
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Introduction

In the aging population, adult spinal deformity (ASD) has

become one of the most common spinal disorders. It has a

possibility of low back pain and interferes with daily activi-

ties. The quality of life of patients with ASD has been en-

hanced through surgical treatments, but these are complex

because of the complex nature of several types of complica-

tions. At the present time, proximal junctional kyphosis

(PJK) has become a common problem after spinal fusion

surgery1). Reportedly, the incidence of PJK is high2-4). This

pathology is derived from degenerative changes at the proxi-
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Figure　1.　A 68-year-old female underwent spinopelvic fusion surgery for kyphoscoliosis using multiple hooks (a, b). Three years 

later, the alignments were preserved, and no implant failure was observed (c, d). The upper foundation of this case was claw hooks 

(down-going transverse process hooks and facet hooks) at T9 and facet hooks at T10 (e, f).

a b c d e
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mal aspect adjacent to the fused segments5,6). PJK is still a

challenging problem that decreases patients’ functional out-

comes and leads to further surgical interventions7-9). Hence,

to maintain good radiological and clinical outcomes, me-

chanical complications must be resolved.

Based on previous literature, PJK is likely to be a multi-

factorial phenomenon that includes advanced age at surgery,

female sex, the presence of osteoporosis, spinal alignment,

and excessive deformity correction10-12). The placement of

transverse process hooks (TPHs) in the uppermost instru-

mented vertebra (UIV) has often been discussed to be one

of the techniques for the prevention of PJK/proximal junc-

tional failure (PJF) and support pedicle screws (PSs)13-15), but

this method has not fully achieved the goal. A biomechani-

cal study revealed that a less rigid fixation at the proximal

aspect reduces the risk of PJK by allowing less load trans-

mission from the fused spine to the next mobile seg-

ments16,17). Conversely, recent clinical studies reported that

TPHs were associated with a significantly higher incidence

of PJK than PSs during fusion surgery from the lower tho-

racic spine to the pelvis18,19). This is because the lower part

of the thoracic spine, which is only supported by false or

floating ribs, is biomechanically more vulnerable than the

upper and middle parts20).

Despite that the placement of down-going TPHs in UIV

has often been discussed to be one of the techniques to pre-

vent PJK/PJF or to support PSs, we believed that this was

insufficient in terms of mechanical strength21). Thus, we have

considered the following method as the uppermost founda-

tion: claw hooks in UIV and facet hooks in UIV-1 (Fig.

1)22). No mechanical studies on this upper foundation model

in long stabilization from the thoracic spine to the pelvis

were found. This study aimed to compare the biomechanical

stress at the proximal junctional aspect between all pedicle

screw construct and the uppermost claw hooks fixation

method.

Materials and Methods

The ethics committee of our institution approved this

study, in which 10 patients were involved. Half of them had

osteoporosis, and the other half had non-osteoporosis (Table

1). Patients were divided into two groups based on the T-

score of the femoral neck given that the spine lesion has

several spondylosis changes (osteophyte or bone sclerosis)

and the possibility of overestimation of bone mineral den-

sity. When (1) the T-score was −2.5 or less or (2) if patients

had a history of osteoporotic vertebral fractures, the patients

were defined as osteoporotic. The others were non-

osteoporotic. Using images generated via computed to-

mography (CT), a three-dimensional nonlinear finite element

(FE) model was established. CT was taken from the cervical

spine to the lower limb via simultaneous scanning of a cali-

bration phantom (BMAS 200; Kyoto Kagaku, Kyoto, Ja-

pan), containing hydroxyapatite rods to determine bone den-

sity.

FE models were constructed from the patients’ DICOM

CT data and analyzed using Mechanical FinderⓇ software

version 12 (RCCM, Tokyo, Japan). An FE model from the

spine to the pelvic bone was equipped with 2-mm tetrahe-

dral solid elements. Based on previous reports, the lumbar

spine23) was adopted. Young’s modulus, E, for bone in the

pelvis, femur, and lumbar spine was determined from bone

density (ρ) using the equations below, as proposed in a pre-

vious study24):

E=0.01 (if ρ=0),

E=33900ρ2.20 (if 0<ρ�0.27),

E=5307ρ+469 (if 0.27<ρ<0.6),
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Table　1.　Characteristics of the Subjects.

Non-osteoporosis Osteoporosis p-value

Age (years old) 64.0±16.4 74.8±3.1 0.60

Male/female 4/1 0/5 0.0036

Body mass index (kg/m2) 27.2±9.1 22.3±2.5 0.68

Bone mineral density (mg/cm2) 1024.8±54.1 631.2±164.8 0.016

T-score 0.080±0.69 −2.42±1.2 0.036

Table　2.　Material Properties.

Material Stiffness coefficient (N/mm) Elements

Anterior longitudinal ligament 0 (ε<0), 49.7 (ε<12), 127.4 (12<ε) Truss

Posterior longitudinal ligament 0 (ε<0), 20.0 (ε<11), 40.0 (11<ε) Truss

Ligamentum flavum 0 (ε<0), 60.0 (ε<6.2), 78.0 (6.2<ε) Truss

Transverse ligament 0 (ε<0), 1.8 (ε<18), 10.6 (18<ε) Truss

Capsular ligament 0 (ε<0), 22.5 (ε<25), 98.7 (25<ε) Truss

Interspinous ligament 0 (ε<0), 40.0 (ε<14), 46.4 (14<ε) Truss

Supraspinous ligament 0 (ε<0), 19.2 (ε<20), 48.0 (20<ε) Truss

Sacrospinous ligament 1400 Truss

Sacrotuberous ligament 1500 Truss

Interosseous ligament 2800 Truss

Sacroiliac anterior ligament 700 Truss

Sacroiliac posterior ligament (short) 400 Truss

Sacroiliac posterior ligament (long) 1000 Truss

Iliolumbar ligament 1000 Truss

Pubicum superius ligament 500 Truss

Pubis arcuate ligament 500 Truss

sublaminar wire 661 Truss

Material Elastic modulus (MPa) Poisson’s ration

Fibrous rings 450 0.45

Vertebral pulp 2.25 0.4995

Sacrum cartilage 54 0.4

Pubic symphysis 5 0.45

Implant (titanium alloy) 110000 0.3

E=10200ρ2.01 (if 0.6�ρ).

Poisson’s ratio was 0.40. To calculate bone density from

CT values (in Hounsfield units, HU), the following set of

equations was employed:

ρ (g/cm3)=(CT number+1.4246)×0.001/1.058 (if CT num-

ber>−1 HU)

ρ (g/cm3)=0 (if CT number�−1 HU)

Table 2 lists the material properties of soft tissues, liga-

ments, muscles, and sublaminar wires25-27).

FE model: validation

The lumbar spine functionally was validated based on

previous research28). The experimental study simulated mo-

tions of the following: flexion, extension, axial rotation, and

lateral bending. The sacrum was constrained, and an L1-

sacrum model was utilized. The range of motions of the

flexion, extension, axial rotation, and lateral bending were

favorably compared with that in the previous experimental

study (Fig. 2).

From the intact model, we constructed two types of fixa-

tion models: (1) all PS fixation models (PSF) and (2) low

PS density fixation (LPF) models, in which multiple hooks

are placed in UIV. Three-dimensional models of the PSs (ti-

tanium alloy) and hooks (titanium alloy) were made from

micro-CT data. The rods (diameter 5.5 mm, titanium alloy)

were modeled using MetasequoiaⓇ version 4 (Tetraface, To-

kyo, Japan). The PS, hook, and rod models were then

meshed in Mechanical Finder. We created the upper

thoracic-to-pelvis fixation model (Fig. 3) and the lower

thoracic-to-pelvis fixation model (Fig. 4).

Upper thoracic-to-pelvis fixation model (Fig. 3)

In the PSF model, PSs were set from T2 to S1 with S2

alar iliac (AI) screw fixation. Each screw occupied more

than 80% of the vertebra. In the LPF model, the bilateral

claw hooks (the combination of the bilateral down-going

TPHs and facet hooks) were set at T2 (UIV), facet hooks at

T3 (UIV-1), sublaminar wires at T4-L1, and PSs at L2-S1
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Figure　2.　The range of motion of the lumbar spine of our finite element (FE) models was validated with a previous study.
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Figure 3. Upper thoracic spine to pelvis fixation model by all pedicle screw fixation (a, b) and low pedicle screw densi-

ty fixation (c, d).

a dcb

with S2 AI screw fixation. The blade of the facet hook was

inserted into the facet joint from the caudal end of the infe-

rior articular process and reached the inferior aspect of the

pedicle. The down-going TPH was placed as close to the

base of the TP as possible to avoid breaking the TP21). The

sublaminar wire was designed as truss elements divided into

two segments and attached to the lamina, as described in the

previous study28) (Fig. 5a, b).

Lower thoracic-to-pelvis fixation model (Fig. 4)

We created the lower thoracic-to-pelvis fixation model. In

the PSF method, the PSs were set from T10 to S1 with S2

AI screw fixation. In the LPF method, the claw hooks (the

combination of the bilateral down-going TPHs and facet

hooks) were set at T10 (UIV), sublaminar wires at T11-T12,

and PSs at L1-S1 with S2 AI screw fixation (Fig. 5c).

Analysis

We applied 100 N at the upper endplate of the C7 verte-

bra, followed by the 10-Nm flexion moment in the upper

thoracic-to-pelvis fixation model. We applied 400 N at the

upper endplate of the T8 vertebra, followed by the 10-Nm

flexion moment in the lower thoracic-to-pelvis fixation

model. The contact conditions were defined on the interfaces
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Figure 4. Lower thoracic spine to pelvis fixation model by pedicle screw fixation (a, b) and low pedicle screw density 

fixation (c, d).

a dcb

Figure 5. The setting of the claw hooks (the combination of the bilateral down-going transverse hooks and facet 

hooks) at T2, facet hooks at T3 (a), and sublaminar wires (b) from T4 to L1 in the upper thoracic spine to pelvis fixa-

tion model. The setting of claw hooks at T10 (c) and sublaminar wires from T11 to T12 in the lower thoracic spine to 

pelvis fixation model.

b

T2

T3

a ccc

T10

of PSs at UIV to the vertebral bone in the PSF model and

interfaces of all hooks to the vertebral bone in the LPF

model. The friction coefficient on the contact surfaces was

set to 0.0. We analyzed the von Mises stress at the ventral

half of the vertebral body at UIV, UIV+1, and the disc at

UIV/UIV+1.

Statistical analysis

All numerical data are expressed as mean±standard devia-

tion. Paired Student’s t test was employed for statistical

comparison, and the criterion for statistical significance was

p<0.05.

Results (Table 3)

Upper thoracic-to-pelvis fixation model: Non-osteoporosis

No significant difference was found between PSF and

LPF in the von Mises stress of the vertebra at UIV, UIV+1,

and disc at UIV/UIV+1.

Upper thoracic-to-pelvis fixation model: Osteoporosis

The average and maximum von Mises stress of the verte-

bra body at UIV, UIV+1, and disc were significantly lower

in LPF than in PSF.

Lower thoracic-to-pelvis fixation model: Non-osteoporosis

The average von Mises stress of the vertebral body at

UIV+1 was lower in LPF than in PSF. Moreover, the maxi-

mum von Mises stress of the vertebral body at UIV was

lower in LPF than in PSF. The maximum von Mises stress

of the vertebral body at UIV+1, and the average stress at

UIV tended to be smaller in LPF than in PSF, but no sig-

nificant differences were found. In the same condition, the

average and maximum stress at the disc (UIV/UIV+1) had a

smaller tendency in LPF than in PSF, but no significant dif-

ferences were found.

Lower thoracic-to-pelvis fixation model: Osteoporosis

The average and maximum von Mises stress of the verte-

bra body at UIV, UIV+1, and disc were significantly lower

in LPF than in PSF.

Representative case

In the upper thoracic-to-pelvis model without osteoporo-

sis, the stress was concentrated around the pedicle and little

at the vertebra side of UIV in PSF. Likewise, the stress

worked at the hook sites and less at the vertebra side at T2
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Table　3.　The Von Mises Stress.

PSF LPF p-value

Non-osteoporosis (upper thoracic to pelvis fixation model) 

average von Mises stress at UIV+1 3.6±1.5 3.3±1.2 0.085

maximum von Mises stress at UIV+1 44.3±26.3 25.2±7.1 0.080

average von Mises stress at UIV 2.2±0.75 2.0±0.70 0.23

maximum von Mises stress at UIV 26.4±11.9 16.7±7.7 0.12

average von Mises stress at disc 2.2±1.5 2.8±2.3 0.65

maximum von Mises stress at disc 12.0±8.8 9.3±5.4 0.32

Osteoporosis (upper thoracic to pelvis fixation model) 

average von Mises stress at UIV+1 5.3±0.80 3.7±1.3 0.01

maximum von Mises stress at UIV+1 39.2±10.2 26.8±8.6 0.047

average von Mises stress at UIV 3.8±0.43 2.3±0.51 0.0034

maximum von Mises stress at UIV 87.1±19.8 23.8±7.9 0.0006

average von Mises stress at disc 3.1±0.58 1.8±0.49 0.013

maximum von Mises stress at disc 18.2±10.3 8.6±2.9 0.049

Non-Osteoporosis (lower thoracic to pelvis fixation model) 

average von Mises stress at UIV+1 2.4±0.29 1.9±0.26 0.0014

maximum von Mises stress at UIV+1 16.8±7.9 11.8±2.6 0.15

average von Mises stress at UIV 1.4±0.52 1.4±0.57 0.57

maximum von Mises stress at UIV 22.2±13.8 8.4±3.4 0.024

average von Mises stress at disc 0.89±0.33 0.69±0.24 0.071

maximum von Mises stress at disc 5.3±4.1 3.0±0.83 0.17

Osteoporosis (lower thoracic to pelvis fixation model) 

average von Mises stress at UIV+1 2.7±0.56 1.7±0.35 0.014

maximum von Mises stress at UIV+1 38.5±18.2 21.5±3.7 0.042

average von Mises stress at UIV 2.2±0.56 1.4±0.36 0.043

maximum von Mises stress at UIV 49.0±10.5 18.5±8.6 0.0037

average von Mises stress at disc 1.5±0.65 0.92±0.51 0.013

maximum von Mises stress at disc 7.4±3.9 4.0±2.6 0.046

UIV, upper instrumented vertebra

in LPF. In the osteoporosis model, the stress worked both

around the pedicle and the vertebra side at T2 around the

PSs in PSF, but the main stress was focused only on the

hook sites and less on the vertebra side at T2 in LPF (Fig.

6).

Discussion

We examined the stress around the proximal junctional

aspect in spinopelvic fusion and compared the conventional

all PS fixation method and the combination of claw hooks

at UIV, facet hooks at UIV-1, and sublaminar wire at the

thoracic lesion. In the non-osteoporosis model, the stress

around the PSs at UIV did not significantly differ from that

around the LPF. However, in the osteoporosis model, the

stress was increased more in the PSF than in the LPF. Any

mechanical studies on this upper foundation model in long

stabilization from the thoracic spine to the pelvis have not

been found.

The PJK was a multifactorial phenomenon. The trajectory

of PSs might affect the occurrence of PJK. The past study

revealed that straightforward insertion of PSs was superior

to the anatomical trajectory in the thoracic spine19). PJK

more frequently occurs in the presence of multiple cobalt-

chrome rods than in two titanium alloy rods29). Implant-

related complications, such as PS loosening or loss of the

correction under osteoporotic bone must be prevented, espe-

cially around the UIV area30). The prevention of PSs loosen-

ing has been reported in terms of screw thickness, insertion

depth, angulation, pull-out strength, insertion torque, and

bone mineral density31,32). These factors significantly in-

creased the stability of PSs in the non-osteoporotic vertebra,

but the screw size had little or no effect on osteoporotic

bone33). The stability of the PSs was mainly influenced by

the construct of the pedicle30). In healthy vertebrae, the pedi-

cle has sufficient strength to support the PSs, but osteoporo-

sis weakens the cortical and cancellous bone of the pedicle,

which cannot increase the stability of the PSs com-

pletely30,34). These structural deficits may induce the micro-

movement of the PSs and add stress to the vertebral body. It

was shown that the vertebral body, while contributing two-

thirds of the vertebral volume in the lumbar spine, only con-

tributed one-third, on average of the bone mineral density,

with the posterior elements contributing the remainder. It

might be a disadvantage in fixing the osteoporotic spine in

three dimensions35,36). Conversely, the past paper noted that

the resistance to failure in lamina hook and sublaminar wire

fixation was not related to the bone mineral density34,37). The
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Figure 6. The view of the stress distribution in all pedicle screw fixation (PSF) model and low pedicle screw fixation (LPF) model.
In osteoporosis, the stress concentration has occurred in the PSF but not in the LPF model. Conversely, in non-osteoporosis, the stress 
concentration has not made a difference between PSF and LPF.

Upper thoracic spine to pelvis fixation model

Non-Osteoporosis Osteoporosis
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combination of the PSs and facet hooks had greater resis-

tance than the PS alone in osteoporotic bone38). This might

be because the inferior articular process and lamina have

greater bone mineral density than the pedicle35). We set the

“claw hooks” as a combination of the inferior articular proc-

ess hooks and down-going TPHs (Fig. 5a, c), which can

firmly hold the posterior components of the vertebra in three

dimensions and, at the same time, decrease the stress at the

vertebral body. The multiple thoracic hooks at the end sites

of the long fusion have good surgical results even in the

fragile spine39,40). Additionally, we believe that the hooks

have less risk for additional neurological deficits via junc-

tional problems than PSs in cases with backward pull-out of

instrumentation39-41).

This study also set the sublaminar wires in the thoracic-

thoracolumbar lesion. Surgeons often apply the correction

force through the implants at these lesions to correct the

sagittal and coronal alignment, but these procedures have a

risk of screw backout or fracture in an osteoporotic vertebra.

The vertebral strength at the thoracolumbar lesion became

weaker than the lumbar lesion42), but previous studies show

that osteoporosis has less impact on the strength of the

sublaminar wiring34,37). Moreover, the sublaminar wire has a

good effect on the correction of scoliosis43,44). Good correc-

tion of the scoliosis has been reported, even in the case of

severe neurogenic scoliosis45). The use of the sublaminar

wires was less rigid fixation than all PS fixation and might

relate to lower stress at the disc (UIV/UIV+1) and vertebra

(UIV+1). Above them, the combination of the claw hooks

and sublaminar wires may induce the stability of the verte-

bra body (UIV) and reduce stress translation from the fixed

segments to the adjacent mobile disc at UIV/UIV+1 and

vertebra at UIV+1.

This study has several limitations. First is the small sam-

ple size. The female bone model had more patients in the

osteoporosis group and had smaller pedicles, which might

be related to the disadvantage of the PSs fixation. The mod-

els in this study were computed from Japanese subjects,

who might have a smaller pelvic incidence than Western

populations. The larger pelvic incidence and lumbar lordosis

were related to the mechanical complication46,47). A following

study including Western subjects with higher pelvic inci-

dence should be carried out in the future. Second, the con-

tact surface between the PS and bone surface was simulated

as completely fused except for PSs at UIV and all hooks,

because the capacity of the computer processing power was

limited. Finally, mechanical stress was applied in the for-

ward bending direction only at the UIV+2. PJK could result

from various factors, including fracture at the UIV and/or

UIV±1 and the adjacent intervertebral segments. Addition-

ally, these models did not include the rib cage. Further

biomechanical studies using FE analysis, including the

whole spine and rib cage, based on patients with ASD and/

or cadaveric bone in the laboratory, should be conducted to

reveal an ideal construct to avoid mechanical complications.
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Conclusions

This study revealed that a combination of the multiple

hooks and sublaminar wires decreased the stress at the UIV,

UIV+1, and disc at UIV/UIV+1 in the osteoporosis model.

It was believed that in this mechanism, the claw hooks sta-

bilized the vertebra at UIV in three dimensions and reduced

load transfer from the fixed spine by the combined use of

sublaminar wires. This method may have an advantage in

terms of prevention of proximal junctional problems, espe-

cially in osteoporosis cases.
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