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Study Design: Biomechanical study.
Purpose: To quantitatively investigate the effect of screw size on screw fixation in osteoporotic vertebrae with finite element analysis (FEA)
Overview of Literature: Osteoporosis poses a challenge in spinal instrumentation; however, the selection of screw size is directly
related to fixation and is closely dependent on each surgeon’s experience and preference.
Methods: Total 1,200 nonlinear FEA with various screw diameters (4.5–7.5 mm) and lengths (30–50 mm) were performed on 25 patients (seven men and 18 women; mean age, 75.2±10.8 years) with osteoporosis. The axial pullout strength, and the vertebral fixation
strength of a paired-screw construct against flexion, extension, lateral bending, and axial rotation were examined. Thereafter, we
calculated the equivalent stress of the bone-screw interface during nondestructive loading. Then, using diameter parameters (screw
diameter or screw fitness in the pedicle [%fill]), and length parameters (screw length or screw depth in the vertebral body [%length]),
multiple regression analyses were performed in order to evaluate the factors affecting various fixations.
Results: Larger diameter and longer screws significantly increased the pullout strength and vertebral fixation strength; further, they
decreased the equivalent stress around the screws. Multiple regression analyses showed that the actual screw diameter and %length
were factors that had a stronger effect on the fixation strength than %fill and the actual screw length. Screw diameter had a greater
effect on the resistance to screw pullout and flexion and extension loading (β =0.38–0.43, p <0.01); while the %length had a greater effect on resistance to lateral bending and axial rotation loading (β =0.25–0.36, p <0.01) as well as mechanical stress of the bone-screw
interface (β =−0.42, p <0.01).
Conclusions: The screw size should be determined based on the biomechanical behavior of the screws, type of mechanical force applied on the corresponding vertebra, and anatomical limitations.
Keywords: Finite element analysis; Pedicle screws; Osteoporosis; Screw size; Fixation strength

Introduction
Pedicle screw fixation has become the most reliable tech-

nique for managing several spinal pathologies that enable
the stabilization of spinal segments and facilitate fusion.
The anchoring ability of pedicle screws is influenced by the
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following three major factors: bone properties [1], screw
design and size [2-4], and insertion technique [5]. Among
these, the vertebral bone quality is reported to be the most
critical factor [1,6,7], indicating that osteoporosis poses
a challenge owing to fragile bone characteristics, often
resulting in screw loosening, correction loss, fusion failure, and revision surgery. In addition to intervention with
osteoporosis therapeutics, augmentation of the screw hole
with cement or hydroxyapatite is another method that can
be used to enhance the integrity of the bone-screw interface. Another method involves increasing the contact area
of the bone-screw interface via design optimization and
pedicle screw size. However, despite the development of
technologies, such as navigation systems and robotic surgeries, that enable accurate screw placement, the selection
of screw size and design, factors that are directly related to
fixation, heavily depends on each surgeon’s experience and
preference. In some cases, it may not be possible to select
the optimal screw size because of the anatomical risk of
neurovascular injuries and pedicle fracture.
Several biomechanical studies have assessed the mechanical properties of screws for improved fixation. The
quality and quantity of the bone in the screw thread play
a crucial role in withstanding the physiological load and
screw pullout; therefore, the use of a larger outer diameter,
conical core, and longer screws has been recommended
[4,6,8]. Many trials have shown that increases in the outer
diameter to enable fixation in the pedicle improved the
fixation performance [2,9,10]. However, the application of
larger diameter screws to osteoporotic vertebrae remains
controversial because of thinner and weaker cortical layer
of the pedicle, potentially resulting in less fixation [11].
Lai et al. [12] concluded that for osteoporotic vertebrae,
larger diameter screws improved fixation only immediately following implantation as compared to smaller
diameter screws; however, there was no long-term improvement. Possible reasons for these differences include
an insufficient sample size, wide individual variation in
the bone quality and the level tested, mismatched screw
properties, and differences in the evaluation method,
leading to biases in the study and misinterpretation of the
results. In order to eliminate such biases, the material and
experimental environment should be strictly controlled
for assessing the true differences among screws of various
sizes.
Finite element (FE) analysis is a useful method and
is increasingly being used in the field of spinal surgery
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[3,4,10,13-15], allowing fair comparisons via flexible
modification of various parameters under the same environmental conditions. With spinal instrumentation
surgery being performed more commonly in osteoporosis
patients, owing to population aging, the present study
aimed to quantitatively investigate the effect of screw size
on screw fixation in osteoporotic vertebrae.

Materials and Methods
1. Subjects
This study was performed after obtaining the institutional
review board approval from the Research Ethics Committee of Murayama Medical Center (ID: 12-10). Informed
consent was obtained from all individual participants included in the study.
The computed tomography (CT) scan data of 25 osteoporotic patients (seven men and 18 women; mean age,
75.2±10.8 years; mean T-score, −2.8±0.3) who underwent
surgery for lumbar degenerative disorders were analyzed.
Osteoporosis was defined as T-score ≤−2.5 at the lumbar
spine assessed using dual-energy X-ray absorptiometry
(DEXA). Patients with vertebral fracture, infection, metastasis, vertebral malformation, and a previous history of
surgery of the lower lumbar spine were excluded. There
were 18 patients with degenerative spondylolisthesis and
seven with canal stenosis. Each patient preoperatively underwent CT with a slice thickness of 1 mm and was subjected to bone mineral density (BMD) assessment using
DEXA for the femoral neck and the lumbar spine.
2. Finite element models
FE model construction and biomechanical analyses were
performed using Mechanical Finder software (ver. 6.2,
extended edition; Research Center of Computational Mechanics, Tokyo, Japan) as per a previously reported testing
protocol [14,15]. Three-dimensional FE models of the L4
vertebra were prepared as per the individual CT data. The
inhomogeneity of bone density and mechanical properties
were assessed using the corresponding Hounsfield unit
(HU) values in CT and the equations described by Keyak
et al. [16]. FE models of pedicle screws (SOLERA Spinal
System; Medtronic, Memphis, TN, USA) that were designed with the cortical thread at the proximal shaft and
cancellous thread at the screw tip, were developed using
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high-resolution micro-CT and were assigned the material properties of cobalt chromium alloy for the screw
heads and titanium alloy for the screw shaft. Each bone
model was bilaterally placed with pedicle screws with
different diameters (4.5 mm, 5.5 mm, 6.5 mm, and 7.5
mm) and lengths (30 mm, 35 mm, 40 mm, 45 mm, and
50 mm) with the technique of Weinstein et al. [17]. All
the screws were in an appropriate position without any
cortical breach or penetration into the anterior vertebral
cortex. These FE models were then divided into 800,000–
1,000,000 tetrahedral solid elements with a size of 0.5–1mm in order to simulate the smooth surface of the models. Further, the bone-screw interface characteristics were
set as contact conditions and the friction coefficient was
set to zero [3]. The computer solution time per analysis
was 12–36 hours, and total 1,200 nonlinear FE analyses
with various screw size and biomechanical testing protocols were performed on models of the 25 individuals.
3. Anatomical evaluation
The fitness of screws of each size was assessed by calculating the percent fill (%fill) and percent length (%length)
(Fig. 1). The %fill was calculated as the ratio of the outer
screw diameter to the width of the minor endosteal in the
smallest coronal section of the pedicle perpendicular to

the pedicular axis [18]. Further, the %length was defined
as the ratio of the screw length within the vertebral body
to the anteroposterior diameter of the vertebral body [14].
The regional BMD of the center of the pedicle and the
vertebral body was calculated using the HU values on CT
by setting an oval-shaped range inside the cortical shell in
the axial plane [14].
4. Boundary and loading conditions
First, in order to evaluate the pullout strength, the superior and inferior surfaces of the vertebral body were completely fixed. Thereafter, a pullout force was gradually applied to the screw head along the screw axis in increments
of 20 N. Screw head displacement was measured, and the
pullout strength was defined as the load at the inflexion
point of the load-displacement curve.
Then, to evaluate the vertebral fixation strength with
paired-screw construct, the bilateral screw heads were
fixed completely. Thereafter, an incremental loading rate
of 20 N was applied to the vertebral body surface in order
to simulate flexion, extension, lateral bending, and axial
rotation loads as per the reported methods (Fig. 2). In
destructive loading, the displacement was measured from
the average displacement of the entire vertebra; the ultimate failure loads were defined as the load at the inflexion
point of the load-displacement curve. Vertebral fixation
strength (N/mm) was defined as the slope of the line fitting the load-displacement curve till the time of ultimate
failure load.

*
△
☆
Axial rotation

Flexion

Lateral bending

Extension
Fig. 1. Percent fill and percent length. Percent fill was defined as the ratio of
the outer screw diameter to the minor endosteal width in the smallest coronal
section of the pedicle which is perpendicular to the pedicular axis (*). Percent
length was defined as the ratio of the screw length within the vertebral body (☆)
to the anteroposterior diameter of the vertebral body (△) in the axial plane.

Fig. 2. Evaluation of vertebral fixation strength by paired pedicle screws. Illustration of loading conditions for flexion, extension, lateral bending, and axial
rotation.
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Finally, under the same boundary condition as that
used for vertebral fixation strength, a 200-N downward
force was applied on the superior surface of the vertebral
body after the nondestructive testing protocol that was
described by Chen et al. [13]. We evaluated the mean
Drucker-Prager equivalent stress of the bone-screw interface.

screws, 72.8%±13.4% and 2.1±1.4 mm using 5.5-mm diameter screws, 86.1%±15.9% and 1.1±1.4 mm using 6.5mm diameter screws, and 99.3%±18.3% and 0.1±1.4 mm
using 7.5-mm diameter screws.

5. Statistical analyses

Among the BMD parameters, femoral neck BMD, measured using DEXA, showed the strongest correlation with
the fixation parameters except for the vertebral fixation
strength against axial rotation and the equivalent stress of
the bone-screw interface (Table 2).

All the results are presented as mean±standard deviation values. Pearson’s correlation coefficient, repeatedmeasures analysis of variance, and Turkey’s significant
difference multiple comparison tests were used for the
statistical analyses. The BMD parameters (measured with
DEXA or HU values on CT), diameter parameters (screw
diameter or %fill), and length parameters (screw length or
%length) were used for multiple regression analyses with
a best-subset selection procedure to evaluate the factors
that affected the various fixation strengths. JMP ver. 13.0
(SAS Institute Inc., Cary, NC, USA) was used for all the
analyses; the significance was set at p<0.05.

Results
1. Anatomical evaluation

2. Correlation between bone mineral density and the
fixation parameters

3. Pullout strength
Compared to screws with a length of 40 mm, the pullout
Table 1. Anatomical parameters
Variable

Value

Screw diameter (mm)
4.5

59.6±10.9

5.5

72.8±13.4

6.5

86.1±15.9

7.5

99.3±18.3

Screw length (mm)

There were significant positive correlations between the
screw diameter and %fill (r=0.69, p<0.01) and screw
length and %length (r=0.84, p<0.01) (Table 1). The
value of %fill as well as the difference between the minor endosteal width and the outer screw diameter were
59.6%±10.9% and 3.1±1.4 mm with 4.5-mm diameter

30

29.2±5.5

35

41.7±5.6

40

55.7±5.2

45

68.1±6.2

50

81.1±5.9

Values are presented as mean±standard deviation.

Table 2. Correlation coefficient between bone mineral density and fixation parameters
Variable

Dual-energy X-ray absorptiometry
Femoral neck

Mean lumbar

0.47**

0.07

Flexion

0.39**

Extension

0.38**

Lateral bending

Hounsfield units
Pedicle

Vertebral body

0.28**

0.42**

0.30**

0.02

0.13

0.23*

0.23*

0.02

0.17

0.25**

0.19*

0.49**

0.31**

0.04

0.48**

0.39**

Axial rotation

0.36**

0.18

0.25**

0.11

0.41**

Equivalent stress

0.38**

0.22*

0.05

0.63**

0.46**

Pullout strength

L4

Vertebral fixation strength

*

**

p <0.05. p <0.05.
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**

Pullout strength (N)

1,200

**

*

**

**

*

1,000
800
600
400
200
0

4.5 × 40 5.5 × 40 6.5 × 40 7.5 × 40 6.5 × 30 6.5 × 35 6.5 × 40 6.5 × 45 6.5 × 50
Screw diameter × length (mm)
Fig. 3. Comparison of the mean pullout strength. The pullout strength increases
significantly with increasing screw diameter (left) and length (right). Significant
at *p <0.05. Significant at **p <0.01.

Table 3. Multiple regression analysis of each fixation parameter
Variable

Category

Significant
independent
factors (β )

Pullout strength

R2
0.45

strength was significantly higher for screws with a larger
diameter (p<0.01) (Fig. 3). Compared to screws with a
diameter of 6.5 mm, the pullout strength was significantly
higher for longer screws (p<0.01). All size parameters
(screw diameter, %fill, screw length, and %length) were
significantly correlated with pullout strength; among
these, the screw diameter (r=0.41, p<0.01) and screw
length (r=0.53, p<0.01) affected the pullout strength significantly more than %fill (r=0.34, p<0.01) and %length
(r=0.51, p<0.01). Best-subset multiple regression analysis
showed that femoral neck BMD (standardized regression
coefficient [β]=0.47, p<0.01), screw diameter (β=0.38,
p<0.01), and screw length (β=0.29, p<0.01) were significant independent factors (R2=0.45, p<0.01) (Table 3). Residual analysis showed no violations of the assumptions of
normality, linearity, and homoscedasticity.
Table 4. Vertebral fixation strength (N/mm)
Screw size

Flexion

Extension

Lateral bending Axial rotation

Femoral BMD

0.47

Φ4.5×40 mm

457±99

441±126

1,823±724

2,774±1,866

Diameter

0.38

Φ5.5×40 mm

480±119

481±157

1,833±751

3,111±1,289

0.29

Φ6.5×40 mm

588±175

605±182

1,951±692

3,232±1,865

Φ7.5×40 mm

804±199

817±261

2,836±960

3,834±1,120

Φ6.5×30 mm

579±138

563±80

1,770±836

2,792±765

583±154

593±209

1,846±864

3,026±961

Length
Vertebral fixation strength
Flexion

0.45
Femoral BMD

0.45

Φ6.5×35 mm

Diameter

0.43

Φ6.5×45 mm

635±166

638±140

2,598±837

3,979±1,784

%Length

0.23

Φ6.5×50 mm

667±151

692±192

2,636±886

4,450±2,289

Extension

0.44
Femoral BMD

0.43

Diameter

0.42

%Length

0.26

Lateral bending

Values are presented as mean±standard deviation.

200
180
0.42

Relative to Φ6.5 × 40 mm (%)

1,400
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160

Femoral BMD

0.46

Diameter

0.17

%Length

0.25

Vertebral body CT

0.40

Diameter

0.22

40

%Length

0.36

20

Axial rotation

0.43

Equivalent stress

0.68
Pedicle CT

0.58

Diameter

-0.24

%Length

-0.42

β , standard regression coefficient; R 2, coefficient of determination; BMD, bone
mineral density; CT, computed tomography.

**
***

*

**
**
*
*

*
*

*

140
120
100
80
60

0

Flexion

Extension Lateral bendion Axial rotation
Φ5.5 × 40
Φ6.5 × 40
Φ7.5 × 40
Screw diameter×length (mm)
Fig. 4. Comparison of fixation strength among different diameters of screws.
The fixation strength of a 6.5×40-mm screw was set to 100%. The strength
increases significantly with increasing diameter. Significant at *p <0.05. Significant at **p <0.01.
Φ4.5 × 40
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180

*

**
***
**
*

160

Relative to Φ6.5 × 40 mm (%)

140
120
100

3.5

4

*
Equivalent stress (MPa)

*

Equivalent stress (MPa)

4

200

3
2.5
2
1.5
1
0.5

A

**

**

*

3
2.5
2
1.5
1
0.5

0

80

**

3.5

0
4.5 × 40 5.5 × 40 6.5 × 40 7.5 × 40

B

6.5×30 6.5×35 6.5×40 6.5×45 6.5×50

Screw diameter × length (mm)
Screw diameter × length (mm)
Fig. 6. (A, B) Comparison of mean equivalent stress of bone-screw interface
among different sizes of screws. The stress value decreases significantly with
increasing screw diameter (left) and length (right). Significant at *p <0.05. Significant at **p <0.01.

60
40
20
0
Flexion

Extension
Lateral bending Axial rotation
Screw diameter × length (mm)
Φ6.5 × 30
Φ6.5 × 35
Φ6.5 × 40
Φ6.5 × 45
Φ6.5 × 50
Fig. 5. Comparison of fixation strength among different lengths of screws.
The fixation strength of a 6.5×40-mm screw was set to 100%. The strength
increases significantly with increasing length, except on flexion. Significant at
*
p <0.05. Significant at **p <0.01.

4. Vertebral fixation strength
The ultimate failure load and vertebral fixation strength
rose significantly with an increase in the screw diameter
and length in each plane of motion (Table 4 and Figs. 4,
5). As per the multiple regression analyses, screw diameter and %length had a significantly higher impact on
the vertebral fixation strength as compared to the %fill
and screw length in each plane of motion (Table 3). For
flexion and extension moments, the influence of screw
diameter (β=0.42–0.43) was greater than that of %length
(β=0.23–0.26), and for lateral bending and axial rotation,
the influence of %length (β=0.25–0.36) was greater than
that of the screw diameter (β=0.17–0.22).
5. Equivalent stress of bone-screw interface
The equivalent stress decreased significantly with an
increase in both, the screw diameter and screw length
(Fig. 6). Multiple regression analyses showed that the HU
values of the pedicle (β=0.58, p<0.01), screw diameter
(β=−0.24, p<0.05), and %length (β=−0.42, p<0.01) were
significant independent factors that influenced the equivalent stress of the bone-screw interface (R2=0.68, p<0.01)
(Table 3).

Discussion
The present study quantitatively determined the impact
of screw size on screw fixation in osteoporotic vertebrae
using computational simulation. Screw diameter had a
stronger impact on the resistance to screw pullout and
flexion-extension loading. Screw depth in the vertebra
(%length) had a greater impact on the resistance to lateral
bending and axial rotation loading and mechanical stress
of the bone-screw interface. Contrary to other testing
methods that use polyurethane foams, animal models,
and cadaveric spines, the FE method can facilitate fair
and reproducible comparisons in the same environmental
conditions, while lowering the expense, time, and effort
that is required for repeated mechanical tests of large
samples [3,4,10,13-15].
As per the multiple regression analyses, BMD parameters were the most critical factors that influenced various
screw fixations; this finding was in agreement with previous reports [1,6,7]. It is noteworthy that femoral neck
BMD showed the strongest correlation among the three
types of BMD parameters measured using DEXA. The
present study enrolled patients with lumbar degeneration;
the presence of osteophyte formation, facet hypertrophy,
and aortic calcification may affect the lumbar BMD data
and overestimate its true value [14,19].
In terms of the pullout strength, screw diameter and
length were identified as predictors, with the effect of
screw diameter being more remarkable than that of
screw length. Although many researchers have stressed
on the importance of a larger screw diameter to contact
denser cortical bone within the pedicle [2,9,10], our study
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showed that the actual screw diameter exerted a stronger
effect on the pullout strength as compared to screw fitness in the pedicle (%fill). This could be attributed to the
anatomical characteristics of the pedicle that is the most
important part of pedicle screw fixation. Hirano et al.
[11] investigated the detailed structure of the pedicle with
quantitative CT and showed that the cortical layer of the
pedicle in the osteoporotic vertebrae was 70% thinner and
17% weaker than that in normal vertebrae. We created FE
models of the L4 vertebra that are high demand clinically,
with a mean %fill in the pedicle of 99.3% (the mean difference between the minor endosteal width and the outer
screw diameter: 0.1 mm) using 7.5-mm-diameter screws.
The endosteal width of the L4 pedicle isthmus in this
study was 7.6±1.1 mm; this was relatively close to 5.7–7.5
mm reported in previous studies [20,21]. Li et al. [20]
recommended that the maximum screw diameter was
the pedicle isthmus endosteal width +1 mm to prevent
pedicle fracture. Thus, we assumed that a larger diameter
screw may have a different effect on screw fixation owing to increased cortical bone contact in the pedicle in a
future study. With respect to the effect of screw length on
fixation, Zindrick et al. [2] and Karami et al. [22] concluded that the pullout strength increased with longer screws,
but only improved when the screws were placed deep
enough to penetrate the anterior cortex. Weinstein et al.
[17] reported that the pullout strength of pedicle screws
in normal vertebrae was responsible for 60% of the fixation at the pedicle and 15%–20% at the cancellous bone in
the vertebral body. While the progression of osteoporosis
weakens the cancellous bone structure within the vertebrae, longer screws increase the degree of bone contact;
this may have contributed slightly to the increased pullout
strength even without engagement with the anterior cortex in the present study.
Comparisons of the vertebral fixation strength of the
paired pedicle screw construct showed that screw diameter and %length were contributing factors. There are individual differences in the vertebral morphology and size;
therefore, we considered that the depth of screw insertion
was more important to hold the vertebral body than the
actual screw length. To our knowledge, few studies have
been reported on the effect of screw insertion depth on
vertebral fixation in osteoporotic vertebrae. In normal
vertebrae, Krag et al. [23] examined the effect of screw
insertion depth under flexion and torsion loads and reported that increasing the screw depth from 50% to 80%
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increased the fixation by about 30%. Similarly, Bezer et al.
[24] compared a lateral directional bicortical screw (average screw length, 36.3 mm) with a conventional monocortical screw (average screw length, 43.1 mm) and demonstrated that the rotational stability was 23.9% more for
the conventional screw even without bicortical purchase.
With respect to the importance of screw diameter, Hirano
et al. [11] reported that the pedicular portion contributed
80% to the caudocephalad stiffness of pedicle screws. In
agreement with this result, our findings showed that the
effect of screw diameter against flexion and extension motion was more marked than the effect of the %length.
Finally, with respect to the equivalent stress of the bonescrew interface, screw diameter and %length, not the
actual screw length, were identified as significant predictive factors for effective distribution of the load applied
on the vertebrae. Although caudocephalad cyclic loading
is known to be important for the mechanism of pedicle
screw loosening [25], it was difficult to simulate the effect
of cyclic loading using the current FE models. Therefore,
we considered that the equivalent stress value of the bonescrew interface may influence long-term screw loosening
[14]. Zindrick et al. [2] stated that deeper screw insertion
caused greater resistance against cyclic loading; this report
supported our findings.
The present findings have practical implications because
few studies have quantitatively investigated the effect of
screw size on fixation in osteoporotic vertebrae, while the
pedicle screw technique has become the gold standard for
spinal arthrodesis. Screw size should be determined, not
uniformly or by surgeon’s preference, but by considering
the type of mechanical force applied to the corresponding vertebrae as well as the anatomical limitation, such as
the risks of pedicle fracture and neurovascular injury. The
proximal and distal levels of the construct are prone to
screw loosening or backout; therefore, deeper screw insertion and the use of a larger diameter screw are reasonable
for the maintenance of stability until adequate bone arthrodesis is achieved. In order to apply the rotational force
successfully for apical vertebrae located at the apex of the
curve, the screws should be placed as deep as possible
into the vertebral column, sufficiently passing the instantaneous axis of rotation. One concern regarding deeper
screw placement is a high risk of critical vascular and
visceral injuries in front of the vertebral body that warrants fluoroscopic or navigation assistance for appropriate
screw placement.
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This study used FE analysis and has intrinsic limitations. First, the testing protocol used for the FE models
of the single vertebral segment in the present study did
not perfectly reflect the physiological loads acting on the
vertebrae in vivo; further research and experimental validation is required on this subject. Although the multiplesegment construct model represents a more realistic
clinical situation, it requires complex modeling, such as
material and geometric properties of the intervertebral
elements, potentially leading to more complicated results.
In contrast, the models used in this study could provide
results that directly reflected the holding power of the
placed screws [14]. Second, the coefﬁcient of determination of the multiple regression equations were R2=0.42–
0.68 that limits the use as prediction equations for various
screw fixations. However, to our knowledge, no report has
quantitatively and comprehensively examined screw fixation in osteoporotic vertebrae; thus, we believe that the
results are useful.

Conclusions
In this study, we determined the effect of screw size on
screw fixation in osteoporotic vertebrae. The screw size
should be determined as per the biomechanical behavior
of the screws, type of mechanical force applied to the corresponding vertebra, and anatomical limitations.
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