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Abstract: Polymeric sublaminar cables have a number of advan-

tages over metal cables in the field of spinal deformity surgery,

with decreased risk of neurological injury and potential for

higher correction forces as the two most predominant. However,

currently available polymer cables are radiolucent, precluding

postoperative radiological assessment of instrumentation stabil-

ity and integrity. This study provides a preclinical assessment of

a woven UHMWPE cable made with radiopaque UHMWPE

fibers. Our primary goal was to determine if the addition of a

radiopacifier negatively affects the mechanical properties of

UHMWPE woven cables. Tensile mechanical properties were

determined and compared to suitable controls. Radiopacity was

evaluated and radiopacifier leaching was assessed in vitro and

in vivo. Finally, in vivo bismuth organ content was quantified

after a 24-week implantation period in sheep. Results show that

the mechanical properties of woven UHMWPE cables were not

deleteriously affected by the addition of homogenously dis-

persed bismuth oxide particles within each fiber. Limited

amounts of bismuth oxide were released in vitro, well below the

toxicological threshold. Tissue concentrations lower than gener-

ally accepted therapeutic dosages for use against gastrointesti-

nal disorders, well below toxic levels, were discovered in vivo.

These results substantiate controlled clinical introduction of

these radiopaque UHMWPE cables. VC 2017 Wiley Periodicals, Inc. J

Biomed Mater Res Part B: Appl Biomater, 106B: 771–779, 2018.
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INTRODUCTION

Pedicle screw usage has become increasingly widespread in
the surgical treatment of thoracolumbar spinal disorders.
However, there are cases in which pedicle screw usage may
be problematic and alternative techniques like sublaminar
wiring may be preferred. The insertion of thoracic pedicle
screws may be technically demanding when vertebral anato-
my is distorted, for example, in scoliosis patients,1 which
may preclude the placement of thoracic pedicle screws.2

Misplaced pedicle screws may lead to serious neurological
injury, vascular injury or dural sac tears.3 Sublaminar wiring
is generally faster than pedicle screw placement,4 which
may be a reason to favor this technique in the fragile neuro-
muscular scoliosis patient group4 as longer operative time
is associated with increased complication rates. Gradually
applying tension intraoperatively to the sublaminar wires
allows for gradual curve correction. Unlike hooks,5

sublaminar wires do not impinge on the spinal canal and
are not prone to laminar dislodgement.6 Sublaminar wiring
may also be a valuable technique in osteoporotic adult spi-
nal deformity patients. Whereas the pull-out strength of
pedicle screws decreases dramatically with decreasing bone
mineral density, the failure strength using sublaminar wir-
ing remains constant with decreasing bone mineral density.7

Pedicle screw augmentation with sublaminar wires has
been shown to provide firmer and stiffer fixation in compar-
ison to pedicle screw fixation alone.8 Sublaminar wires may
therefore also be of great value as a supplementary fixation
method.

Drawbacks and concerns related to the use of (metal)
sublaminar wires have mainly focused on higher overall
neurological complication rates,9 which are most often
attributed to repeated contusions to the spinal cord during
insertion of the rods and tightening of the wires.10
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Multistrand cables were introduced in the early 1990s and
offer significant advantages over monofilament wires: the
braided cables offer higher static tensile and fatigue
strengths.10,11 Furthermore, their intrinsic flexibility and pli-
ability allow for greater ease of insertion and tension
adjustment.12 The penetration of multi-stranded cables into
the spinal canal is less than that of monofilament wires.13

The improved cable conformance to the shape of the lamina
is believed to lead to lower neurological injury rates,
although evidence is still lacking.

Soft, flat polymeric sublaminar cable systems have been
introduced in the last decade as a further improvement in
sublaminar wiring technique. The Universal Clamp system
(Zimmer Spine, SAS, Bordeaux, France) consists of a polyes-
ter cable and a metallic clamp.14,15 The Nesplon cable
system (Alfresa Pharma, Osaka, Japan) is an ultra-high
molecular weight polyethylene (UHMWPE) cable which is
secured using a double-loop sliding knot.16 The flat, wide
profile of these cable systems distributes contact forces
over a greater area, thereby increasing possible corrective
forces and lowering the risk of cable pull-out in comparison
to metal cables. Both cable systems have been used clinical-
ly to treat scoliosis with satisfactory results in both the
coronal and sagittal planes.17–19 The expected substantially
greater fatigue strength of UHMWPE cables in comparison
to metal cables has significant clinical importance, as it
allows for application in nonsegmental constructs.20 Knotted
locking allows for sliding of the cable along a spinal rod,
and can thereby accompany spinal growth, as evidenced
in vivo.21 These two properties may potentially allow for
the application of UHMWPE cables in a growth-guidance
construct for early onset scoliosis patients. However,
currently available polymer cable systems are radiolucent,
precluding radiologic assessment of instrumentation stability
during follow-up.

For this reason, a radiopaque woven UHMWPE cable has
been developed using a radiopaque UHMWPE fiber, contain-
ing bismuth oxide (Bi2O3) as a radiopacifier (Dyneema
PurityVR Radiopaque fiber). We have previously assessed
these radiopaque UHMWPE cables for biocompatibility and
overall instrumentation stability in a large animal model.21

In the current study, we aim to determine if the addition of
a radiopacifier negatively affects the mechanical properties
of UHMWPE woven cables by comparing the mechanical
properties of the radiopaque UHMWPE cable to an analog
UHMWPE cable without the added radiopacifier (control) in
a clinically relevant test setup. A comparison to data pub-
lished by Dickman et al.22 for different sublaminar wire and
cable systems is also made. The mechanical properties eval-
uated for the looped cables (including the knotted locking
mechanism) are tensile strength and stiffness, fatigue
strength, and creep elongation. Furthermore, we evaluate
the radiopacity and assess the in vitro and in vivo leaching
of the bismuth oxide radiopacifier. First, in vitro leaching
using three different extraction liquids (cyclohexane, etha-
nol, and saline) for 72 h at 508C is evaluated. In relation to
in vivo leaching, the bismuth oxide content found in

different organs after a 24-week implantation period in
sheep21 is also reported.

MATERIALS AND METHODS

Material specification
Two UHMWPE sublaminar cables were used in this study:
(1) a radiopaque 4-mm wide woven UHMWPE sublaminar
cable made with Dyneema PurityVR Radiopaque fibers [Fig-
ure 1(A), will be referred to as DPR cable] and (2) a 4-mm
radiolucent analog UHMWPE sublaminar cable made with
natural white Dyneema PurityVR fibers [Figure 1(B), will be
referred to as DP cable]. The thickness of both cables is
approximately 0.4 mm and the effective cross sectional area
is approximately 0.64 mm2. To introduce radiopacity, submi-
cron sized bismuth oxide (Bi2O3) particles are physically
incorporated and homogeneously distributed in Dyneema
PurityVR fibers during the gel spinning process [Figure
1(G)].21 The diameter and number of fibers in both the nat-
ural white Dyneema PurityVR cables and Dyneema PurityVR

Radiopaque cables are the same, as is the woven structure
of both cables, shown in Figure 1(E,F), respectively.
UHMWPE sublaminar cables were manufactured by DSM
Biomedical (Geleen, the Netherlands), and sterilized by eth-
ylene oxide treatment before all tests.

A titanium sublaminar cable (AtlasVR cable system,
Medtronic Sofamor Danek, Memphis) was used as a control
in static tensile tests [Figure 1(C)]. Data published by
Dickman et al.22 for the AtlasVR titanium sublaminar cable,
and the SecureStrandTM cable system (Smith & Nephew,
Memphis TN) will be used as a comparison for creep
elongation and fatigue strength values. The SecureStrandTM

is a 1-mm diameter braided UHMWPE cable with 120 fila-
ments/fiber and 8 fibers braided in diamond cable fashion.
The titanium Atlas cableVR is a twisted 1-mm diameter cable,
consisting of 49 filaments (7 3 7) with an effective cross
sectional area of approximately 0.38 mm2.

Mechanical tests were performed using looped samples
including the locking mechanism, which closely resembles
the clinical application as a sublaminar wire [Figure 1(D)].
A modified double-looped sliding knot is used to secure the
tested UHMWPE cables.21 The double-looped sliding knot is
tied off using a single square knot throw, tensioned using a
custom tensioning device to 500 N, and finally tied-off using
six additional square knot throws. The titanium sublaminar
cable was tightened and secured using a metal crimp,
according to the manufacturer’s recommendations.

Radiopacity assessment
Digital radiographs of the radiolucent UHMWPE cable (DP),
radiopaque UHMWPE cable (DPR) and the titanium AtlasVR

cable were acquired using a clinical computed radiography
machine (Siemens Multix Fusion Digital, Siemens Healthcare
GmbH, Erlangen, Germany). Images were acquired using an
acceleration voltage of 45 kV and a tube current–exposure
time product of 4.2 mAs. Radiopacity was quantified relative
to an aluminum step wedge (0.4–5.2 mm in 0.4-mm steps,
Artinis Medical Systems, Elst, the Netherlands), which was
placed beside the cables during image acquisition. Regional
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gray-value intensities were determined using Synedra View
Personal (Synedra Information Technologies, Innsbruck,
Austria) by two independent observers (A.R. and K.B.) per-
forming two measurements each. The radiopacity was quan-
tified for the following cables and views: (1) DP cable
lateral/side view, (2) DPR cable lateral/side view, (3) knot,
(4) DPR cable frontal view four layers, (5) titanium AtlasVR

cable, and (6) the titanium cable crimp.

Mechanical testing
Tensile strength, tensile stiffness, fatigue strength, and creep
elongation were determined for looped UHMWPE (DPR and
DP) cables using various material testing machines fitted
with Clevis grips [Figure 2(A)]. The diameter of the pins
was 10 mm and the distance between the longitudinal axes
of the two parallel pins was 40 mm. Tensile strength and
stiffness of the loops were determined at an actuator dis-
placement speed of 1 mm/s. The stiffness was determined
from the initial (linear) slope of the load-displacement curve
between 100 and 500 N. Load was divided by a factor two
when calculating the stiffness to account for load distribu-
tion among both legs of the loop. Fatigue strength, defined
as the highest peak load at which three consecutive samples
did not fail during 5 million cycles of loading, was
determined using both a servo-hydraulic material testing
machine (MTS Bionix 858, MTS, Eden Prairie, MN) and an
electrodynamic material testing machine (MTS Acumen 3,
MTS, Eden Prairie, MN). The cycle minimum load was 10%

of the peak load. Testing on the servo-hydraulic machine
was performed at a frequency of 5 Hz, while testing on the
electrodynamic machine was performed at 10 Hz.

Creep was determined at 378C and at room temperature
using double-spindle materials test machines. A Zwick Z010
(Zwick GmbH, Ulm, Germany) machine was used to perform
tests at room temperature, while a Zwick 1484 (Zwick GmbH,
Ulm, Germany) machine fitted with a climate chamber (ETE
220 LN2, Weiss Technik, Vienna, Austria) was used to perform
tests at 378C. At 378C, a load of 500 N was applied and held
for 72 h, and creep elongation was calculated from a preload
of 100 N. At room temperature, a load of 475 N was applied
and held for 24 h. Creep elongation was calculated from a pre-
load of 45 N, in order to make a comparison to data published
by Dickman et al.22 For comparative purposes, uniaxial tensile
strength of individual UHMWPE fibers and the woven
UHMWPE cables without knot was determined with a Zwick
1474 material testing machine using pneumatic fiber grips
[for fibers, Figure 2(C)] and rope grips fitted with load reduc-
tion rollers for cables without knot [Figure 2(B)]. These tests
were performed with actuator displacement speeds of 150
and 250 mm/min, respectively.

A comparison of tensile and fatigue strength, stiffness, and
creep elongation values was made using the Mann–Whitney U
test for independent samples. Statistical significance was set
at p<0.05. Statistical analyses were performed using stan-
dard software (IBM SPSS Statistics, Version 21.0; IBM,
Armonk, NY).

FIGURE 1. (A) Radiopaque UHMWPE (DPR) cable (B) radiolucent analog UHMWPE (DP) cable (C) titanium AtlasVR cable. (D) Illustration of the

application of the DPR cable as a sublaminar wire. Woven structure comparison between (E) DPR cable and (F) the DP cable. (G) Backscatter

scanning electron microscopy (SEM) image showing the homogenously distributed submicron sized bismuth oxide particles within the fiber

(acceleration voltage 25 kV).
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Radiopacifier leaching: in vitro analysis
In vitro leaching of bismuth oxide particles from the DPR
cable was evaluated in triplicate in three different extraction
solutions: cyclohexane (UvaSolV

R

, Merck Millipore, Darmstadt,
Germany), ethanol (LiChrosolvVR, Merck Millipore, Darmstadt,
Germany), and 0.9% saline (NaCl min. 99.5%, Merck
Millipore, Darmstadt, Germany in Milli-Q water). Samples
were prepared according to ISO 10993–12:2007, which
prescribes an extraction ratio of 0.2 g of solid material per
milliliter of extraction fluid. Extraction was performed
using intact cable samples (ca. 1.0 g) in closed glass bottles
(vessels for headspace gas chromatography) in a GC oven at
50618C for 72 (6 1) h. The samples were shaken twice a day
for circulation of the extraction solutions. After extraction at
508C for 72 h and removal of the cable sample, the extraction
liquid was evaporated in the presence of sulfuric acid (H2SO4,
SuprapurVR, Merck Millipore, Darmstadt, Germany). After full
evaporation, the remaining residue was dissolved in diluted
nitric acid (HNO3, Suprapur

VR, Merck Millipore, Darmstadt,
Germany). Bismuth content was determined in these samples
using elemental analysis via inductively coupled plasma atom-
ic emission spectroscopy (ICP-AES, iCAP6500, ThermoFisher
Scientific, Waltham, MA).

Radiopacifier leaching: in vivo analysis
DPR sublaminar cables were implanted in 12 immature sheep
at 5 thoracolumbar spinal levels. A detailed description of the
operative technique has previously been published.21 All ani-
mals were sacrificed 24 weeks postoperatively. The animal
procedures were approved by the Animal Ethical Committee
of the Maastricht University Medical Center (approval num-
ber: DEC 2011–122). Liver, kidney, cerebral spinal fluid, and
muscle biopsies (adjacent to instrumentation) were taken at
random from three animals. Samples from three unoperated
control animals were also analyzed to attain natural reference

values. All samples were microwave-digested in 65% nitric
acid (HNO3, Suprapur

VR, Merck Millipore, Darmstadt, Germa-
ny). Liver and kidneys were homogenized prior to digestion.
Bismuth content was determined using inductively coupled
plasma mass spectrometry (ICP-MS, Perkin Elmer DRC-e,
Waltham, MA).

RESULTS

Radiopacity assessment
A radiograph of the DP cable, DPR cables placed at different
orientations, and the titanium AtlasVR cable along with an
aluminum (Al) step wedge is depicted in Figure 3(A). The
woven UHMWPE cables have a flat, wide profile and are
secured using a double-looped sliding knot, resulting in a
double-stranded loop at all locations. Thus, radiopacity is
dependent on the view angle and the number of stacked
cable layers. For the DPR cable, radiopacity values in the lat-
eral view (2) and for the knot (3) are similar to the titani-
um AtlasVR cable. In the frontal view, radiopacity is lower,
but increases with an increasing number of stacked layers.
All aluminum-equivalent radiopacity values are shown in
Table I. A lateral radiograph showing the in vivo radiopacity
of the DPR cables as used in a lumbar construct along with
titanium pedicle screws and 4.75-mm cobalt chromium rods
in an immature sheep model21 is given in Figure 3(B).

Mechanical testing
Results of mechanical tests are summarized in Table II. The
tensile strength and the fatigue strength of both UHMWPE
cables (DPR and DP) are substantially greater than both the
titanium AtlasVR cable and the SecureStrandTM cable. The
measured tensile stiffness of the DPR and DP cables is
greater than or at least comparable to the stiffness of the
titanium cable (p50.008, p5 0.076). The stiffness of the
SecureStrandTM cable is lower than all other cable systems,

FIGURE 2. (A) The Clevis-grips used to test looped samples. (B) The rope grips and load reduction rollers used to quantify the tensile strength

of single cable strands. (C) The pneumatic fiber grips used to test individual fibers.
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which may be attributable to a number of factors, including
different pretension levels, a different number of fibers, dif-
ferent locking techniques, and different behavior between
woven and braided constructions. Creep elongation is great-
er for all UHMWPE cables (DPR, DP, and SecureStrandTM) in

comparison to the titanium cable. Creep elongation for the
DP and DPR cables are lower than for the SecureStrandTM

cable after sustaining a 475-N load for 24 h at room
temperature.

Comparing the DPR cable to the DP cable, only slight dif-
ferences are observed. The tensile strength of the DP cable
is greater than the strength of the DPR cable (p5 0.016),
while there are no significant differences in tensile stiffness
(p50.917), in strength of single strands (p50.307), or in
strength of individual fibers (p5 0.917). Representative
force–displacement curves are shown in Figure 4(A). The
fatigue strength of the DPR cable (run-out at 5 million
cycles) is slightly higher than for the DP cable, although this
difference is negligible. Different overall fatigue behavior is
observed, which is best illustrated on a load-cycle number
curve plotted on a log-scale [Figure 4(B)]. Creep elongation
after 24 h at room temperature (p50.009) and after 72 h
at 378C (p50.047) are both slightly lower for the DPR

TABLE I. Aluminum Equivalent Radiopacity Values for the

Regions Shown in Figure 3(A)

DP cable 1. Lateral view 0.9 6 0.0 mm Al
DPR cable 1. Lateral view 7.0 6 0.2 mm Al

1. Knot 6.5 6 0.2 mm Al
1. Frontal view

(four layers)
1.8 6 0.0 mm Al

Titanium
AtlasVR cable

1. Lateral/frontal view 7.1 6 0.3 mm Al

1. Cable crimp 12.6 6 0.1 mm Al

Values were determined by two independent observers performing

two measurements each.

FIGURE 3. (A) Radiograph (45 kV 4.2 mAs) comparing the radiopacity

of the DP cable (view 1) to different views of DPR cable (views 2–4),

and the titanium AtlasVR cable (views 5–6) relative to a 0.4:0.4:5.2-mm

aluminum step wedge. (B) In vivo lateral radiograph (90 kV 80 mAs)

of DPR cables (T12-L3) in a lumbar spinal construct along with dual

pedicle screws (L5) and dual 4.75-mm cobalt chromium rods in an

immature sheep model.

TABLE II. Summary of the Results of All Performed Mechanical Tests

UHMWPE Sublaminar
Cable Made With
Dyneema PurityVR

Radiopaque Fibers
(DPR Cable)

UHMWPE Sublaminar
Cable Made With
Dyneema PurityVR

Fibers (DP Cable)

AtlasVR Titanium
Cable (Medtronic,

Memphis, TN)

SecureStrandTM

(Smith & Nephew
Richards, Memphis, TN)

Tensile Strength
Loop

2232 6 105 Na,b

(n55)
2493 6 143 Na,c

(n55)
1100 6 54 Nb,c

(n55)
1005 6 49 Nd

1565 6 71 Nd

Tensile Stiffness Loop 503 6 39 N/mmb

(n55)
492 6 47 N/mm

(n55)
428 6 28 N/mmb

(n55)
497 6 32 N/mmd

322 6 51 N/mmd

Fatigue strength (runout
at 5 million cycles)

1559 N
(n53)

1500 N
(n53)

<45 Nd 578 Nd

(3 million cycles)

Creep elongation (475N
static load, 24h, 208C)

2.23 6 0.20%a

(n55)
2.69 6 0.20%a

(n55)
0.74%d

(356N)
3.22%d

Creep elongation (500N
static load, 24h, 378C)

2.67 6 0.29%a

(n55)
3.01 6 0.25%a

(n55)
n/a n/a

Creep elongation (500N
static load, 72h, 378C)

3.03 6 0.32%a

(n55)
3.39 6 0.28%a

(n55)
n/a n/a

Tensile strength
single fiber

40.5 6 1.2 N
(n55)

40.7 6 0.4 N
(n55)

n/a n/a

Tensile strength
single strand

1146 6 60 N
(n510)

1170 6 50 N
(n510)

n/a n/a

a A statistically significant difference (p< 0.05) between the DPR and DP cable.
b A statistically significant difference (p< 0.05) between the DPR and titanium cable.
c A statistically significant difference (p< 0.05) between the DP and the titanium cable.
d A value taken from Dickman et al.22; hence, no statistical calculations were performed. Missing data was not available (n/a) in literature.
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cable in comparison to the DP cable. Creep elongation after
24 h at 378C is only marginally higher than at room temper-
ature for both the DP and DPR cable. Differences between
the two cables and the majority of the elongation occur pri-
marily in the first hour of testing, as is illustrated in log–log
scale load–time curves [Figure 4(C,D)].

Radiopacifier leaching: in vitro analysis
The bismuth content in extraction liquids is shown in Table
III. No significant difference was observed in bismuth con-
tent between the cyclohexane and ethanol extraction liquid
groups. The bismuth content found in the saline samples
was significantly lower than both the cyclohexane and etha-
nol conditions.

Radiopacifier leaching: in vivo analysis
The bismuth content in tissue biopsies revealed that the
highest concentration of bismuth was found in the kidneys,
with considerably lower amounts found in the liver and
muscle biopsies, as is expected based on literature23 (Table
IV). Bismuth levels below the limit of detection (<5 mg/kg)
were found in all biopsies taken from unoperated control
animals. The bismuth levels detected in the kidneys in this
study are below levels found after therapeutic dosages of
orally administered bismuth compounds in rats (15–30 mg/
g)24,25 and far below toxic levels.26

DISCUSSION

In this study, we compared the mechanical properties of
radiopaque UHMWPE cables to a radiolucent analog
UHMWPE cable, a titanium cable and to available literature
values for another UHMWPE cable. Furthermore, we
assessed their radiopacity, and evaluated the in vitro and in
vivo leaching of the bismuth oxide radiopacifier.

The functional mechanical properties tested of both
UHMWPE cables (DPR and DP cables) are superior to metal
cables in terms of tensile and fatigue strength, and compa-
rable in terms of tensile stiffness. The mechanical properties
of the DPR cable have not been deleteriously affected by the
addition of homogenously dispersed bismuth oxide particles
within each fiber, as was shown by the comparison to the
DP cable. The DPR cable, DP cable, and the Secure StrandTM

cable (all UHMWPE cables) exhibit higher creep elongation

FIGURE 4. (A) Representative load-displacement curves for the compared cables in quasi-static tension, (B) Load-cycle to failure curve illustrating

the results of the dynamic fatigue tests. Log–log strain–time curves illustrating the results of creep tests at 378C (C) and at room temperature

(D).

TABLE III. Bismuth Content (Average of 3 Samples) in Vari-

ous Extraction Liquids After 72 h at 508C, as Determined by

ICP-AES, Expressed Quantitatively and as a Percentage of

the Total Bismuth Content Within the Fiber

In Vitro Analysis

Leaked Bismuth
Content

[mg/g Fiber]

Leaked Bismuth
Percentage

[%]

Cyclohexane Blank <0.005
Test 6.8 6 2.8 0.0034

Ethanol Blank <0.005
Test 5.9 6 1.5 0.0030

Saline Blank <0.005
Test 1.7 6 0.6 0.00085
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than the currently most commonly used metal cables. Possi-
ble clinical implications, in the specific context of spinal
deformity correction, would be difficult to extrapolate from
these results without a better understanding of actual in
situ forces present. In this respect, it should be mentioned
that no loss of function was observed during the related
large animal model study in which the DPR cables were
used.21 Moreover, relevant literature also reports that no
loss of correction was observed after 2 years in adolescent
idiopathic scoliosis patients treated with hybrid constructs
consisting of both pedicle screws and UHMWPE sublaminar
cables, as reported by Imagama et al.17 All in all, both the
DPR and DP cables are deemed suitable for clinical
application.

Some slight differences in the mechanical properties of
the radiopaque UHMWPE (DPR) cable and its radiolucent
analog (DP cable) were observed, which we attribute to dif-
ferent behavior occurring within the knot rather than the
materials’ intrinsic properties. The knot appears to play a
crucial role in the failure mechanism and during creep
behavior. During loading, the knot is gradually tightened. As
a result, compression of the cable strands passing through
the sliding knot occurs, which consistently leads to stress
concentration and failure in this region. As there was no dif-
ference in tensile strength of individual fibers or cables
without knot, we therefore conclude that the difference in
knotted samples arises due to slightly different knot-
tightening behavior. This theory is further substantiated by
evaluating creep behavior; the measured elongation is a
combination of two factors: macroscopic elongation through
tightening of the knot and microscopic creep occurring
within each fiber. In this context, the observed slight differ-
ence between the DPR and DP cables occurs primarily dur-
ing the first hour of testing, which again points toward the
macroscopic knot tightening behavior as the biggest
influencing factor. Nonetheless, the most important observa-
tion is that the mechanical properties of both DPR and DP
cables are within the same range and higher than the
controls.

The gradual tightening of the knot also influences the
stiffness of the looped UHMWPE cables; whereas the stiff-
ness of single UHMWPE fibers is approximately 131 GPa, a
knotted loop has a stiffness of approximately 22 GPa. By
introducing the knot, the strength is also reduced from 1.8
GPa to approximately 900 MPa. These normalized values
are lower than the normalized values for the titanium cable
(stiffness 62 GPa and strength 1.4 GPa), due to the differ-
ences in the cross-sectional fiber configuration and the

difference in means of fixation (knot versus crimped sleeve).
The UHMWPE cables are envisioned to be applied as sliding
anchor members in a growth guidance system for early
onset scoliosis. This particular application precludes the use
of a clamp or crimp and necessitates the use of a knot as
the means of fixation in order to allow for free longitudinal
sliding. Although the knot has a substantial effect on the
mechanical properties, the functional mechanical properties
of the looped UHMWPE cables remain superior or at least
equal to the crimped titanium cables. Moreover, the flexibili-
ty and pliability of UHMWPE fibers allows for the produc-
tion of woven cables with a wide profile. This results in a
larger contact area and lower contact stresses, while retain-
ing sufficient functional strength for the application.

The radiopacity of the DPR cable in the lateral view is
similar to the round titanium cable. The radiopacity is
directly correlated with the thickness of the cable, which
implies that the radiopacity increases going from frontal
view, toward the lateral view and the knot. For the intended
application in EOS patients, the low-profile was the most
important requirement kept in mind during the cable design
process. This implies that radiological assessment would be
best performed using lateral radiographs for spinal applica-
tions. Lateral radiographs provide adequate potential for
assessing cable and complete construct integrity, as we have
experienced in our previously described animal studies.21

When radiopaque UHMWPE fibers are used to produce a
woven or braided cable, its radiopacity will be highly depen-
dent on the number of fibers used, their structural configu-
ration, and the amount of surrounding tissue at the specific
location.

The use of bismuth as a radiopacifying agent within bio-
medical implants is appealing due to its high atomic num-
ber (ZBi583), and its well-known biological tolerance.27

Bismuth (III) complexes are renally clearable via metallo-
thionine, a cysteine-rich protein abundant in the kidneys
which has a preferential affinity for bismuth over other ele-
ments, regardless of pH.28 Bismuth oxide is routinely used
as a radiopacifying agent in root end fillers for endodontic
surgery in a derivation of Portland cement known as miner-
al trioxide aggregate (MTA).29,30 The use of various other
bismuth compounds as radiopacifying agent in orthopedic
bone cements has also been proposed and investigated.31,32

Concerning potential toxicity, the in vitro toxicity of bismuth
oxide has been well described, with no concerning results
reported. No toxicity was observed after administration of
bismuth oxide to human peripheral lymphocytes33 and
human proximal tubular cells,34 even at the highest

TABLE IV. Bismuth Content in Various Tissues (Measured in Duplicate) After a 24-Week Implantation Period in Sheep as

Determined by ICP-MS

In Vivo Analysis
Kidney

[mg/g tissue]
CSF

[mg/g tissue]
Liver

[mg/g tissue]
Muscle

[mg/g tissue]

Animal 1 4.5 4.4 0.0085 0.0057 0.290 0.280 0.063 0.175
Animal 2 5.1 5.1 0.0054 0.0064 0.362 0.355 0.023 0.039
Animal 3 4.0 4.1 n/a n/a 0.335 0.331 0.094 0.060
Control animals <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
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administered doses [1000 mg/mL and 100 mM (�40 mg/
mL), respectively]. The highest evaluated concentrations in
literature mentioned above were substantially higher than
the maximum concentration of bismuth found in our in vivo
study (�5 mg/g of tissue, which is approximately equal to 5
mg/mL, assuming a density of 1.05 g/mL for all tissue biop-
sies). Furthermore, murine fibroblasts exposed to Portland
cement containing 15% wt bismuth oxide did not show gen-
otoxic or cytotoxic effects in comparison to a control miner-
al trioxide aggregate.35

A no-observed-adverse-effect level (NOAEL) for repeated
doses of orally administered pure bismuth has previously
been established for rats at 1000 mg/kg body weight per
day by Sano et al.36 A tolerable intake value (TI) can be cal-
culated for humans and the intended manner of administra-
tion [intramuscular implantation (IM)] by dividing the
known NOAEL by the modifying factor, which is the product
of three uncertainty factors in accordance with ISO 10993–
17. For the intended application, we herein define a first
uncertainty factor of 10 for interindividual variations, a sec-
ond uncertainty factor of 10 for interspecies variation, and
a third uncertainty factor of 10 for the different administra-
tion route (IM), so that the TI for intended application in
humans is 1 mg/kg body weight per day. A maximum con-
centration of 10 mg/g fiber was found to leach during the in
vitro study. If 5 g of cable (ca. 5 m, or dual cables at 10 spi-
nal levels) is implanted in a patient, a maximum of 50 mg of
Bi2O3 could become biologically available, based on our in
vitro leaching study. In the worst case scenario where this
amount would all leach out in 1 day, the margin-of-safety
would be 1000 for a person of 50 kg. Thus, the amount of
bismuth found to leach out of the cable during the in vitro
studies is no cause for concern.

Toxicity after acute or chronic exposure to high concen-
trations of therapeutic bismuth compounds for the treat-
ment of gastrointestinal disorders has been reported.
Prolonged exposure to high concentrations of water-
insoluble lipophilic bismuth compounds, particularly bis-
muth subgallate, has been reported to lead to toxicity in the
form of encephalopathy.23,37,38 Cerebral spinal fluid (CSF)
bismuth concentration is most reflective of the patient’s
condition, with reports of CSF concentrations of approxi-
mately 50–60 mg/L in bismuth encephalopathy patients.23

In the current study, bismuth levels below 10 mg/L were
found in the CSF after 24 weeks and all animals behaved
normally; therefore, neurotoxicity is no cause for concern.

Nephrotoxicity has been reported to occur after acute
overdose with different bismuth compounds, and is mostly
associated with water-soluble, organic bismuth compounds
such as colloidal bismuth subcitrate, bismuth sodium tri- or
thioglycollamate, bismuth subsalicylate, and bismuth sodium
tartrate.23,38 The kidney bismuth levels detected in this
study are lower than bismuth levels found after therapeutic
dosages of orally administered bismuth compounds (15–30
mg/g),24,25 and are far below toxic levels26 and the herein
established TI.

This study has a few limitations. First, all mechanical
tests were performed under dry conditions, which is not

representative of the wet conditions in the human body.
However, UHMWPE fibers are not hygroscopic and their
mechanical properties are therefore typically hardly affected.
Second, in vitro leaching experiments were performed with
no load applied to the cables; loading may increase radiopa-
cifier leaching. Furthermore, most properties were not mea-
sured at body temperature, but it is expected that the
differences at room and body temperature are only margin-
al. Creep was measured at body temperature, because it is
known to be sensitive to temperature. Testing the fatigue
strength on two different machines is also a limitation.
Creep and fatigue tests have not been performed for cables
without the knot or for individual fibers. However, we inten-
tionally focused on the clinical application and comparison
to other sublaminar cable systems rather than the funda-
mental comparison between the DPR and DP cables and
fibers per se. In that regard, both the DPR and the DP cables
perform equally well and show similar differences in com-
parison to the other assessed cables.

CONCLUSION

The mechanical properties of the DPR cable have not been
deleteriously affected by the addition of homogenously dis-
persed bismuth oxide particles within each fiber, and are
superior to the compared sublaminar wire systems in terms
of tensile and fatigue strength, while possessing a stiffness
at least comparable to metal cables. UHMWPE cables do
exhibit higher creep elongation in comparison to metal
cables, but so far no negative clinical implications have been
reported. Limited amounts of bismuth oxide are released
through leaching in vitro, which are well below established
tolerable intake. Tissue concentrations lower than therapeu-
tic dosages as used against gastrointestinal disorders, and
well below toxic levels, were found after 24 weeks of
implantation in sheep. These results suggest that the DPR
cables may safely be used as a sublaminar wire, and sub-
stantiate controlled clinical trials. The low-profile (4 3

0.75 mm for a double looped cable) and high strength of
the UHMWPE cables provide substantial benefits in compar-
ison to other materials and allows for widespread applica-
tion in the orthopedic field, for example in cerclage cable
applications.
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