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Arnaud Ribesse a, Karim Ismail a, Maïté Croonenborghs a, Nadia Irda b, Lotfi Miladi c, 
Pascal J. Jacques a, Maryline Mousny d, Thomas Pardoen a,* 

a Institute of Mechanics, Materials and Civil Engineering, UCLouvain, Place Sainte Barbe 2 L5.02.02, 1348, Louvain-la-Neuve, Belgium 
b Department of Orthopedics, Cliniques Universitaires Saint-Luc, Avenue Hippocrate 10, 1200, Bruxelles, Belgium 
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A B S T R A C T   

The widely used treatment of early onset scoliosis based on fusionless spinal instrumentation with growing rods 
suffers from severe complications due to premature rod failure. Only few studies have explored the fracture 
mechanisms in single rod constructs, while clinical practice urgently needs guidance. The objectives of this study 
are (i) to determine the failure mechanisms in Ti–6Al–4V alloy, Ti Cp 2 and Co–Cr alloy rods, and (ii) to propose 
strategies to reduce the risk of rod fracture. For this purpose, seven rods from three patients treated for early 
onset scoliosis were characterized by preoperative, pre-fracture X-rays and after-fracture X-rays. Fracture surface 
analysis, performed using scanning electron microscopy, revealed similar failure mechanisms for all rods, in
dependent of composition and diameter. Fracture is caused by fatigue, associated to repeated bending action in 
the anteroposterior direction. Cracking initiates at multiple sites. Three-point bending fatigue tests on Ti–6Al–4V 
bent rods confirmed the fracture scenario. A beam bending model indicates that the failure process is controlled 
by the combination of cyclic vertical and horizontal forces with amplitudes from 200 N to 400 N and from 70 N 
to 150 N, respectively. Strategies to minimize fracture involve adaptations of material properties and rod ge
ometry to scoliosis characteristics, including sagittal alignment, and spine behavior.   

1. Introduction 

The management of progressive early onset scoliosis (EOS) is a 
challenging medical issue. The treatment should produce and maintain a 
correction without interfering with the spinal growth and lung devel
opment (Akbarnia and Emans, 2010). A surgical treatment is considered 
in case of brace/cast treatment failure or of contraindication (Patterson 
et al., 1990; Thompson et al., 2007). Growth-friendly techniques were 
progressively developed and nonfusion procedures (growing rod based 
techniques) are now commonly used for the management of evolutive 
EOS, unresponsive to conservative treatment (Akbarnia et al., 2005; 
Hickey et al., 2014; Thompson et al., 2007; Yazici and Olgun, 2013). 

Fusionless surgeries exhibit high complication rates, whatever 
treatment modality, as reported by (Akbarnia and Emans, 2010; Bess 

et al., 2010; Sankar et al., 2010; Watanabe et al., 2013). Fig. 1 shows an 
example of a growing rod fracture through a comparison of X-rays at the 
time of insertion and after fracture. The consequences of a growth-rod 
failure are quite dramatic. They lead to severe pain, to a loss of the 
scoliosis correction and to the need for a new invasive surgery. Such 
failure events have been described by different authors (e.g. Bess et al., 
2010; Yang et al., 2011), but the underlying failure mechanisms are still 
poorly understood. Yang et al. studied 86 stainless steel or titanium alloy 
broken rods from both single-rod and dual-rod constructs in 49 patients 
and determined the fracture location based on X-ray images (Yang et al., 
2011). The most common fracture locations were above or below the 
tandem connectors (34 out of 86) and near the thoracolumbar junction 
(35 out of 86). Standard dual growing rods, hybrid growing rods with rib 
anchors proximally and spine anchors distally, and vertical expandable 
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prosthetic titanium rib are the most commonly used techniques. Single 
growing rod techniques exhibit a higher complication rate compared to 
dual-rod constructs (Akgül et al., 2014). Regarding the failure of 
dual-rod constructs, Yamanaka et al. observed fatigue crack patterns and 
suggested that these fatigue cracks occurred during rod use, whereas the 
application of a large external stress, during falling or twisting move
ments, was responsible for final rod fracture (Yamanaka et al., 2015). 
According to Agarwal et al. studies (Agarwal et al., 2017, 2019), the 
stress distribution and stress amplitude depends on various factors 
including the scoliotic curvature and the loading conditions during the 
distraction events. According to their model, the stress in the rod reaches 
from 85 up to 810 MPa depending on the frequency and amplitude of the 
distractions and on the spine curvature. In a very recent study, Agarwal 
et al. discussed the link between high stress regions and fracture loca
tions in dual-rod constructs (Agarwal et al., 2021). Based on finite 
element analysis (FEA), it was concluded that these regions coincide and 
are located on the posterior surface of the rods, close to the distal an
chors and at mid construct level (Agarwal et al., 2021). 

In the present study, we investigated broken growing rods removed 
after diagnosis of fracture. These rods are made of three different ma
terials: Ti–6Al–4V alloy, pure Ti grade 2 (Ti Cp 2) and Co–Cr alloy. The 
specific construct used by our team is composed of a single-rod and is 
called the “3-hook & 2-screw” (H3S2) construct (Miladi and Mousny, 
2014; Miladi et al., 2013). This construct is often selected for progressive 
scoliosis in skeletally immature patients. It involves no connector and a 
reserve located distally for future lengthening. 

The first objective of the research is to unravel the mechanisms of 
fracture and to investigate the factors that control the failure process. 
The second objective is, based on the analysis of the failure mechanisms, 
to deduce strategies to guide towards novel practices that can reduce the 
risk of fracture. For this purpose, scanning electron microscopy is 
combined to X-ray analysis and to an analytical beam model to 

determine the failure mechanisms as well as to estimate the magnitude 
of the forces at the origin of the fracture process. This analysis finally 
motivates the formulation of several failure mitigation strategies. 

2. Materials and methods 

2.1. Materials 

Seven broken rods from three patients were analyzed. Patient “1” 
fractured one rod, patient “2” broke two rods and patient “3” broke four 
rods. The rods were rapidly removed after radiographic diagnosis. All 
patients were male treated for severe EOS, with mean age at first surgery 
of 8.1 years [6.2–10.9]. All three patients had a right thoracic primary 
structural curve according to Lenke classification (Lenke et al., 2001). 

No patient had thoracic hyperkyphosis as the antero-posterior cur
vature of the thoracic spine was always in the range [10◦–34◦]. A H3S2 
construct on a single sub-muscular growing rod was selected for each 
surgical procedure, as described by (Miladi and Mousny, 2014; Miladi 
et al., 2013). The CD Horizon® Legacy™ device (Medtronic, Memphis, 
TN) was used. 

The Cobb angle is used to quantify the severity of the spine de
formities. The patient is considered scoliotic when the Cobb angle ex
ceeds 10◦. The Cobb angle was corrected from 50◦ to 26◦ for patient “1”, 
from 48◦ to 43◦ for patient “2” and from 102◦ to 35◦ for patient “3”. The 
initial correction was maintained owing to rod lengthening (involving a 
surgical step) performed when a 10◦ increase of the Cobb angle was 
observed. The average number of instrumented vertebral segments was 
equal to 11 [10–13]. The mean duration between insertion and fracture 
was 13.9 months [4.8–29.6]. The mean body mass index (BMI) at sur
gery was 16.5 kg/m2 [14.8–18]. Table 1 provides all relevant data about 
the H3S2 constructs and rod characteristics. 

An additional rod made of the alloy Ti–6Al–4V with 5.5 mm 

Fig. 1. X-ray of patient “1” with EOS before surgery (left), with H3S2 construct (middle) and rod failure (right).  
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diameter, purchased from Medtronic Sofamor Danek under the trade 
name CD Horizon® Legacy™ System, was used to perform bending fa
tigue tests. 

2.2. Methods 

2.2.1. X-ray analysis 
Posteroanterior (PA) and lateral X-rays, performed using a flat panel 

sensor (Konica) and a picture archiving and communication system for 
the archiving of the images (Carestream), were analyzed to identify the 
location of the crack initiation process. Five geometrical parameters, 
identified in Fig. 2, can be extracted from the post fracture X-ray radi
ography profile of the patients to be used in the beam model. The length 
of the spine (Lspine) is defined as the distance between the apexes of the 
lumbar lordosis and the cervical lordosis. The apexes of the spine are 
measured along a curved line passing through the center of each of the 
bodies of vertebrae (Fig. 2). The sagittal sinuosity of the spine (δspine) is 
defined as the distance between two parallel lines, one line being 
tangent to the two apexes of the lumbar and cervical lordoses and the 
other line being tangent to the apex of the dorsal kyphosis. X1 is the 
distance between the apex of the lumbar lordosis and the proximal 
screw. Xfract is the distance between the proximal screw and the fracture 
location. Lrod is the distance between the proximal screw and the distal 
pedicular hook. 

The post fracture X-ray radiography profiles of the patients were 
analyzed using ImageJ v1.48 software (ImageJ v1.48, 2014, NIH Image, 
USA) in order to determine the five parameters defined above. The 
scaling reference is the diameter of the rod given in Table 1. This 

reference is used to evaluate the conversion between the pixels and the 
real length. 

2.2.2. Microstructure analysis 
The microstructure of the three rod materials was characterized 

based on metallographic cross-sections taken parallel to the rod axis. 
The preparation involved the grinding and polishing with diamond 
suspensions followed by a 20-min silica suspension step for the Ti ma
terials and by a 2-min alumina suspension step for the Co–Cr alloy. The 
titanium microstructures were revealed after etching, which consisted in 
30-s immersion in a 3 mL HF, 6 mL HNO3, and 91 mL water solution. 
The Co–Cr specimen was immersed 15 min in 40% HF, followed by a 
new 10-min alumina suspension polishing. 

Micrographs were taken using scanning electron microscopy (SEM) 
(Ultra-55 FEG SEM, Carl Zeiss, Oberkochen, Germany). The three ma
terials were characterized using backscattered electron detector (AsB) 
with an acceleration voltage of 20 kV. 

2.2.3. Fracture surface analysis 
Both pieces of in vivo fractured rod were compared to the corre

sponding PA and lateral X-rays in order to determine the orientation of 
the fracture surface with respect to the patient. All samples were cut 1 
cm away from the fracture site using a water cooled saw (RGA 
commodore 300, Meylan, France). The fracture surfaces were analyzed 
by SEM. The SEM images were compared to PA and lateral X-rays to 
correlate with the direction of the forces acting on the rod. 

2.2.4. Fatigue tests 
Prior to the laboratory fatigue tests, a Ti–6Al–4V rod was cut into 

three specimens of 10 cm length and subsequently bent by a surgeon 
using a French rod bender following the surgical practice as closely as 
possible. Bending angles were measured with a profile projector 
(Mitutoyo PJ 300, Illinois, USA). The specimens were bent with different 
angles equal to 4◦29′, 10◦32′ and 13◦02’. 

The fatigue tests were performed on a hydraulic testing machine 
(Dartec, 15 kN) using the three-point bending setup shown in Fig. 3. The 
bending setup has three cylindrical supports with a diameter of 6.35 
mm. The span between the two lower external supports was fixed at 4 
cm. 

Force-controlled experiments were carried out at a frequency of 10 
Hz on all samples. The loading conditions were set to reach a maximum 
stress inside the rod varying from 10 to 90% of the yield stress of the 
material, i.e. 100–900 MPa, giving an R ratio equal to 1/9. The number 

Table 1 
H3S2 constructs and rods characteristics. The rod materials are made of a tita
nium alloy Ti–6Al–4V, a pure titanium grade 2 (Ti Cp 2) and of a cobalt- 
chromium (Co–Cr) alloy. The H3S2 construct extends from thoracic (T) spine 
to lumbar (L) spine. The time elapsed between rod insertion and rod fracture 
(rod survival time) is given.   

Patient 
1 

Patient 2 Patient 3 

Rod 
1 

Rod 
2 

Rod 
1 

Rod 
2 

Rod 
3 

Rod 4 

Rod material Ti Alloy Ti 
Alloy 

Ti 
Alloy 

Ti 
Alloy 

Ti 
Alloy 

Ti 
Cp 2 

Co–Cr 

Rod diameter 
(mm) 

5.5 5.5 5.5 5.5 5.5 6.35 5.5 

Instrumented 
levels 

from T5 
to L2 

from T4 to L1 from T3 to L3 

Rod survival 
time 
(months) 

17.7 22.4 29.6 4.8 8.4 7.1 7.3  

Fig. 2. Post fracture lateral X-ray radiography of patient 1 - 3th rod with the 
representation of the five characteristic lengths to be used in the beam model. 
The yellow line connects the center of vertebrae bodies. 

Fig. 3. Three-point fatigue bending setup with a sample bent at an angle α 
using a French bender prior to fatigue test. The span is equal to 40 mm. Self- 
heating was monitored to avoid variations of more than 5 ◦C in the central part. 
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of cycles to failure was determined when detecting a sudden variation in 
crosshead displacement at fracture event and was rounded to the nearest 
thousand. 

3. Results 

3.1. Microstructures of the three rod materials 

The microstructures of the three materials presented in Fig. 4 
correspond to cross-sections taken parallel to the rod axis (= horizontal 
direction in the micrographs). 

Fig. 4a shows that the Ti–6Al–4V alloy is made of two phases: an α 
matrix composed of isotropic grains with a mean grain size of 3 μm 
together with smaller elongated β grains with a mean grain size of 0.5 
μm. The volume fraction of the β phase is equal to ~5%. In the case of 
the Ti Cp 2 (Fig. 4b), the microstructure is equiaxed with a mean grain 
size of about 10 μm. Most grains at the rod surface present twins, as 
shown in Fig. 5, which indicates a plastic accommodation associated to a 
shot peening process often used to increase fatigue resistance (Almen, 

1943). Finally, the Co–Cr alloy also presents equiaxed grains with an 
average size close to 40 μm with twins present over the entire diameter 
(see Fig. 4c). The equiaxed microstructure is obtained by thermal 
treatment after wire-drawing/extrusion process. 

3.2. X-ray characterization 

Table 2 reports the location of fracture initiation for each patient 
extracted from the X-ray images. Table 3 summarizes the values of the 
characteristics lengths measured as explained in the methods section 
and of the average for all seven patients. Individual patient’s data are 
provided in Appendix. 

3.3. SEM fractography of in vivo broken rods 

3.3.1. Ti–6Al–4V 
Fig. 6 shows typical fracture surfaces of Ti–6Al–4V rods. The five 

Ti–6Al–4V rods involve similar fracture patterns. 
Fig. 7a shows that the surface is covered by curved and striated 

marks known as “clamshell marks”. These constitute the usual imprints 
of successive arrests of a propagating fatigue crack. Other lines, only 
found on the dorsal side, originate from the posterior surface and align 
perpendicular to the clamshell marks. These lines are called “ratchet 
marks” (see also Fig. 6), indicating the intersection locus of two cracks 
propagating in different planes (Otegui, 2014) and proving thus the 
existence of multiple crack initiation sites (Milella, P.P., 2012). Four out 
of the five rods exhibit a slant region, on both left and right sides. These 
so-called “shear lips”, observed in Fig. 6, develop when a crack ap
proaches a surface due to plastic localization in 45◦ inclined bands 
(Milella, 2012) and lead to a shear-type ductile mechanism. 

In the center, the clamshell profile evolves into a set of striations 
covered with small dimples as observed in Fig. 7b and known as “fatigue 
dimples”. This pattern indicates a transition of the fatigue propagation 
mechanism (Griebel, A., 2009), to a low-cycle fatigue mechanism caused 
by ductile void grow. This last mechanism involves relatively large crack 
advance at each cycle, quite similar to a static ductile failure 

Fig. 4. SEM micrographs of axial microstructures from rods made of (a) 
Ti–6Al–4V alloy, (b) Ti Cp 2 and (c) Co–Cr alloy. 

Fig. 5. SEM micrograph of twins at rod surface of Ti Cp 2.  

Table 2 
Fracture location expressed as spine level, including thoracic (T), lumbar (L) and 
intervertebral disk (IV disk).   

Patient 1 Patient 2 Patient 3 

Rod 
1 

Rod 
2 

Rod 
1 

Rod 
2 

Rod 3 Rod 4 

Fracture 
location 

T12-T13 
IV disk 

T12 T12 L2 L1 T11- 
T12 IV 
disk 

T12-L1 
IV disk  
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mechanism. On the ventral side, the curvature of the clamshell marks 
progressively changes, leading to the final fracture zone, see Fig. 7c. 

3.3.2. Ti Cp 2 
The fracture surface corresponding to a Ti Cp 2 rod shown in Fig. 8 

exhibits ratchet marks on the dorsal side as well as clamshell marks. 
Lines perpendicular to clamshell marks were also observed, originating 
from the crack initiation site. These so-called “river marks”, similar to 
ratchet marks, indicate the confluence of different crack propagation 
planes (Otegui, 2014). The final fracture zone exhibits a small shear lip 
between the ventral side and the left side. 

3.3.3. Co–Cr 
A long ratchet mark can be observed on fracture surface of the Co–Cr 

shown in Fig. 9, starting in the middle of the dorsal region and ending 
near the rod center. 

As indicated in Fig. 10a, river marks can be found on both sides of the 
ratchet marks with small striations. The rest of the fracture surface ex
hibits a flat topography suggesting that the propagation direction was 
repeatedly deviated. The intermediate magnification of Fig. 10b reveals 
transverse cracks and higher magnification (Fig. 10c) shows striations 
parallel to each other, with direction varying from one grain to another. 
This indicates a relatively brittle transgranular fatigue mechanism. 

The comparison between the SEM micrographs with the corre
sponding PA and lateral X-rays shows that, in all investigated rods, 
cracking initiates on the dorsal side and propagates towards the ventral 
side, with a tendency to deviate along the left side (bottom images in 
Figs. 6, 8 and 9). 

3.4. Laboratory fatigue tests 

The number of cycles to fracture was extracted from laboratory fa
tigue bending tests performed on Ti–6Al–4V rod specimens under a 
maximum stress equal to 90% of the yield stress. Fracture occurs after 
369,000, 162,000, and 163,000 cycles for bending angles equal to 4◦, 
10◦ and 13◦, respectively. 

Table 3 
Average values with standard deviations of the five characteristic lengths (see 
Fig. 3) extracted from X-ray for the 7 patients. All distances are given in 
centimeters.  

δspine (cm)  Lspine (cm)  X1(cm)  Lrod(cm)  Xfract(cm)  

5.5 ± 1.1 35.9 ± 2.1 9.0 ± 1.0 14.3 ± 1.7 1.9 ± 1.8  

Fig. 6. Top image: SEM micrographs of the fracture surfaces of a broken Ti–6Al–4V rod. The lower part of the broken rods is on the left, the mating counterpart is on 
the right. Bottom image: schematic representation of the spreading of the fatigue cracks along the two corresponding fracture surfaces. 
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Fractographies of the broken 10◦ bent rod are presented in Fig. 11. 
No ratchet marks are observed close to the initiation site. The fracture 
surface involves an area covered with beachmarks (Fig. 11c), expressing 
a relatively brittle mechanism of initiation during the first stage of the 
fatigue process, followed by larger striations covered with dimples 
(Fig. 11d), indicating a transition to a more ductile low-cycle fatigue 
failure mechanism. Finally, shear lips are present on both sides. The 
mechanisms are quite similar to the one observed in the in vivo rods, 
especially for the low-cycle fatigue part. 

4. Analytical beam bending model of the spine 

The model considers a healthy spine with no scoliosis. The shape of 
the spine between the apex of the lumbar lordosis and the cervical 
lordosis is approximated, as shown in Fig. 12, by a perfect sinusoidal 
function with a periodicity equal to Lspine and an amplitude equal to 
δspine/2: 

δ(x)=
δspine

2
cos

(
2π

Lspine
(x+X1)

)

. (1) 

The rod is approximated by a beam with a circular section of radius 
Rrod. The rod follows the sinusoidal shape of the spine between the upper 
proximal screw and the distal hook. The lower fixation of the rod in the 
lumbar vertebra is approximated by an embedment acting with a ver
tical force Fv1, a horizontal force Fh1 and a bending moment M1. In the 
same way, the upper fixation imposes a vertical force Fv2, a horizontal 
force Fh2 and a bending moment M2. Due to the mobility of the hooks in 
the upper fixation, M2 is considered negligible and taken equal to zero. 
The rod is assumed defect free with no stress concentrator. 

Using classical beam bending theory and applying the equilibrium 
conditions (the complete derivation is given in Supplementary mate
rial), the tensile stress on the dorsal side of the rod is equal to 

σsurf (x)=
Fv2Rrod

Irod

[
M2

Fv2
+ δ(Lrod) − δ(x)+

Fh2

Fv2
(Lrod − x)

]

−
Fv2

Arod
, (2)  

where Irod is the second moment of inertia of the rod equal to π R4
rod /4 ,

and the cross-section area of the rod Arod is given by Arod = π R2
rod . By 

differentiating Equation (2) with respect to x, the position of the 
maximum tensile stress (xσ max), is found by solving 

Fh2

Fv2
=

δspine

2
2π

Lspine
sin

(
2π

Lspine
(xσmax +X1)

)

. (3) 

As a first lower bound approximation, we assume that fracture occurs 
at the position corresponding to the maximum tensile stress (xfract =

xσ max) when the tensile stress along the dorsal part of the rod reaches the 
fatigue endurance limit σend of the rod material (i.e. when σmax = σend). 
Equation (3) gives the ratio of the two critical forces (Fh2 and Fv2) that 
would potentially lead to fracture of the rod. From this ratio, one can 
estimate their intensities from (with M2 = 0) 

Fv2 =
σend

Rrod
Irod

(

δ(Lrod) − δ
(
xfract

)
+ Fh2

Fv2

(
Lrod − xfract

)
)

− 1
Arod

. (4) 

The endurance limit is a material property that depends on a large 
number of parameters related, among others, to the processing condi
tions and to the resulting microstructure, surface state, temperature, 
and/or presence of internal stresses. The endurance limit defined at 107 

cycles is equal to 655 ± 136 MPa for Ti–6Al–4V (Akahori and Niinomi, 
1998; CES Selector, 2016; Chao and López, 2007; Costa et al., 2006; Lin 
et al., 2005; Niinomi, 1998; Oguma and Nakamura, 2013; Okazaki, 
2012; Rack and Oazi, 2006), to 286 ± 39 MPa for Ti Cp grade 2 (CES 
Selector, 2016; Donachie, 2000; Lin et al., 2005; Rack and Oazi, 2006), 
and to 462 ± 231 MPa for Co–Cr (Bayrak et al., 2010; CES Selector, 
2016; Marrey et al., 2006; Niinomi, 1998; Okazaki, 2012; Rivard et al., 
2013; Teoh, 2000). The uncertainty in the measurements and the 
dispersion on the values of σend have been taken into account through an 
error propagation analysis. 

Knowing xfract from post-fracture X-ray radiographies, Fv2 and Fh2 
can be calculated for each patient by solving Eqns (3) and (4): Fv2 varies 
from 171 to 424 N, and Fh2 varies from 79 to 152 N. The mean value and 
the standard deviation of Fv2 and Fh2 are presented in Fig. 13. 

An interesting outcome of the model is the possibility to predict the 
risk of failure of a construct and the position of the maximum stress in a 
rod directly from the geometrical data extracted on a X-ray radiography 
(δspine, Lspine, X1, Lrod) and on the forces acting on the rod (Fv2 and Fh2). If 
Fv2 and Fh2 are known, the location of the point of maximum stress in the 
rod (xσ max) can be calculated using Eqn (3). Due to the periodicity of the 
sinus function, solving Eqn (3) leads to a multiplicity of solutions for 
xσ max and one should carefully select the appropriate one. 

This approach was used to predict the position of the maximum stress 
in a rod and the amplitude of the maximum stress for a hypothetical 
patient with geometrical dimensions taken as an average of the 3 pa

Fig. 7. SEM micrographs of the fracture surface of a broken Ti–6Al–4V alloy 
rod; (a) clamshell marks in the dorsal side of the surface of the rod; (b) fatigue 
ductile dimples between the two shear lips; (c) inversion of the clamshell marks 
curvature surrounding the final fractured zone in the ventral side of the rod. 
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tients of this study (δspine = 5.5 cm, Lspine = 36 cm, X1 = 9 cm and Lrod =

14 cm). The variation of the maximum stress on the dorsal side of the rod 
as a function of Fv2 and Fh2 is shown in Fig. 14 along with the endurance 
limit of the three materials investigated in this study. 

The horizontal forces have a larger influence on the attainment of a 
critical stress state in the rod compared to the vertical force. This phe
nomenon is due to a lever effect and is proportional to the lever ratio 
Lrod/δrod− 0, δrod− 0 being defined as δ(Lrod) − δ(0), which is roughly 
equivalent to the ratio Lspine/δspine. 

The model addressed above aimed at representing the mechanical 
response of a rod in a H3S2 construct in the sagittal plane. The estimates 
are based on X-ray measurements and fractography analysis. The model 
has several limitations such as: (i) the residual stress field and the 
indentation marks coming from the contouring process are not taken 
into account, neither stress concentrations close to anchorages; (ii) M2 is 
neglected because hooks are used at the top fixation systems, while this 
hypothesis would become incorrect if only screws were used; (iii) tor
sion motions were not considered but fractographies indicate that fail
ures were dominated by anteroposterior bending; (iv) the spine curve 
between the apex of the lumbar lordosis and the cervical lordosis in the 
sagittal plane is approximated by a perfect sinusoidal function; (v) the 
spine deformation in the frontal plane, i.e. Cobb angle, is not considered 
because the model only represents the rod geometry, and the rods are 

mainly bent in the sagittal plane, being straight in the frontal plane; (vi) 
stresses resulting from spine growth are not taken into account. 
Considering these limitations, the predictions should only be taken as 
semi-quantitative. Nevertheless, even though the considered constructs 
were not identical, the predicted critical forces are in agreement with 
results from previous studies (Agarwal et al., 2019; Noorden et al., 2011; 
Serhan et al., 2013; Teli et al., 2012). 

5. Discussion 

5.1. Lifetime of the rods 

The present investigation indicates that growth rods fail by fatigue as 
a result of everyday solicitation related to basic movements such as 
sitting, playing, or getting dressed. In order to evaluate the solicitation 
frequency, the number of cycles up to failure should be divided by the 
rod lifetime. In our study, the resistance of Ti–6Al–4V rods tested in 
kyphotic configuration was around 200,000 cycles. Piovesan et al. 
performed four-point bending fatigue tests on similar rods. In kyphotic 
configuration, rods run-out 106 cycles without failure for a maximum 
stress level of 577 MPa. In lordotic configuration, rods break after 2.4 ×
104 cycles for a maximum stress level of 944 MPa (Piovesan et al., 2019). 
Stresses acting in vivo are not as regular as in laboratory fatigue tests. 

Fig. 8. Top image: SEM micrographs of the fracture surface of a broken pure titanium rod. The lower part of the broken rod is on the left, the mating counterpart is 
on the right. Bottom image: schematic representation of the spreading of the fatigue cracks along the two corresponding fracture surfaces. 
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We may consider that fatigue solicitation is a combination of low and 
high stresses. Our fatigue tests invariably induced 900 MPa in Ti–6Al–4V 
rods, which is a high-stress level not far from the yield stress. 2 × 105 

cycles is thus probably a lower bound on the number of cycles. The 
average lifetime of the seven broken rods after implantation is 14 
months. Only seven rods have been considered for estimation of the 
average lifetime. Yang et al. found a larger average time before fracture 
after initial insertion, of 25 ± 21 months, considering eighty-six broken 
rods (Yang et al., 2011). Assuming that the forces used during fatigue 
tests are of the same order of magnitude as the one in the back of the 
child, this is equivalent to a mechanical solicitation every 3 min asso
ciated to a bending moment of 14.7 Nm applied to the rod. On this basis, 
solicitations playing a role on setting the fatigue lifetime should occur 
over a time scale of the order of a few minutes. A smaller frequency 
would have been linked to occasional high intensity events, such as 
coughing or vomiting (Waugh, T.R., 1966), whereas a higher frequency 
would depict events occurring every second such as breathing. The 
obtained frequency fits classical movements such as walking, squatting, 
jumping, which are regular movements in a child’s life. 

The four broken rods in patient “3” exhibit a survival time shorter 
than for the two other patients. This cannot be explained by a higher 
BMI, nor by severe thoracic kyphosis (i.e. excessive outward curvature 
of the spine). The high percentage of scoliosis correction could be a 

predisposing factor but this was not investigated in our study. 

5.2. Failure location 

Thoracolumbar junction is an at-risk location due to stress concen
tration. Smith et al. evaluated 30 patients with symptomatic rod fracture 
after posterior instrumented fusion for adult spine deformity, with most 
fractures occurring in the lumbar spine or thoracolumbar junction 
(Smith et al., 2012). 35 of the 86 rod fractures analyzed by Yang et al. 
occurred in that region as well (Yang et al., 2011). Agarwal et al. 
concluded, using FEA, that at-risk failure regions are close to distal an
chors and at mid construct in dual-rod constructs. From X-ray radiog
raphy analyses, it was found that all rods but one (rod 1, patient “3”) 
broke at the thoracolumbar junction. In patient “3”, rod 1 failed at the 
level of L2, close to the thoracolumbar junction. Even if the type of 
growing rod construct can influence the location of the fracture initia
tion site, thoracolumbar is certainly an at-risk location. 

The fatigue cracks always initiate from the dorsal side of the rod and 
propagate towards the ventral side, with a tendency to slightly deviate 
towards the left side. This suggests that the rods break mainly because of 
repeated action of a bending moment in the anteroposterior direction. 
Piovesan et al., compared residual stresses in kyphotic and lordotic 
conditions. At thoracolumbar junction, rods are usually bent in lordotic 

Fig. 9. Top image: SEM micrographs of the fracture surface of a broken Co–Cr alloy rod. The lower part of the broken rod is on the left, the mating counterpart is on 
the right. Bottom image: schematic representation of the spreading of the fatigue cracks along the two corresponding fracture surfaces. 
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configuration. In this configuration, the stress state along the dorsal side 
results from two tensile contributions: residual stresses induced by the 
contouring process and extra stress induced by anterior flexion loading 
(Piovesan et al., 2019). Tensile residual stresses favor crack initiation, 
reducing rod lifetime. The bending process induces residual stresses 
leading to an effective decrease of the fatigue resistance in the thor
acolumbar region. Residual stress after rod bending affects rod fatigue 
performance (Slivka et al., 2013). As the spine experiences higher and 
more frequent loads in flexion (White and Panjabi, 1990), rods con
toured in lordosis and inserted at thoracolumbar junction or in lumbar 
spine would thus be more susceptible to fatigue cracking due to residual 
stresses contribution (Piovesan et al., 2019). 

5.3. Fatigue mechanisms 

Multiple initiation sites are activated due to imperfections at the rod 
surfaces. Fatigue cracks usually initiate in areas subjected to the largest 
cyclic tensile stress. In addition, defects such as surface roughness, 

indentation, pre-cracks, inclusions, or porosity favor crack initiation by 
acting as stress concentrators (Suresh, 1998). These defects mostly 
originate from the manufacturing process (Yamanaka et al., 2015; 
Yoshihara, 2013). Additional defects can be subsequently introduced 
during rod contouring and manipulation by the surgeon (Demura et al., 
2015; Yoshihara, 2013). Bending instruments such as the French rod 
bender and the in situ bender are known to introduce shallow notches, 
affecting the fatigue resistance (Dick and Bourgeault, 2001; Lindsey 
et al., 2006; Yoshihara, 2013). The connection between the rod and the 
screws or hooks also creates permanent marks (Yoshihara, 2013). The 
ratchet marks on the dorsal side of each rod denote the presence of 
multiple initiation sites. No ratchet mark was found on laboratory fa
tigue rod fractography. In the studied laboratory configuration, crack 
initiates along the convex side of the rod. The surface on that side of the 
laboratory fatigue specimens can be assumed defect-free as no inden
tation marks were induced in this area during the bending process. 

The Ti–6Al–4V rods all show evidences after initiation of striations, 
typical of a crack tip plasticity induced fatigue mechanism, followed by 
a low-cycle fatigue ductile stage and a final tearing step, independent of 
composition and diameter. In all materials, the final ductile tearing 
process occurs when the crack is sufficiently long for the stress intensity 
factor to reach the fracture toughness under a particularly severe load 
excursion. This is consistent with previous studies on different spinal 
constructs, e.g. Harrington rods (Stürz et al., 1979), Harrington rod 
cervical stent (Reitz, 2013), and posterior rods (Yamanaka et al., 2015). 
Only the Co–Cr rod does not show the same plastic void growth domi
nated failure stage. 

Leaving aside the detrimental effect of the marks and surface defects 
(that can potentially be mitigated), our calculations show that the 
observed failures cannot be attributed to particular internal materials 
defects or to non-expected microstructure problems, but are the conse
quences of the cyclic stresses generated in daily life which reach, at 
reasonable force levels, the expected endurance limit. 

5.4. Loading 

The anteroposterior forces have different origins. Distraction is used 
to maintain the correction of scoliosis, independent of the construct 
(Thompson et al., 2007; Yazici and Olgun, 2013). The force required to 
straighten the spine is transferred to the rod as a compressive and 
bending stress. The spine “pushes” on the rod with a force that depends 
on the correction amplitude. Teli et al. showed a linear relationship 
between this vertical force and the distraction needed for scoliosis 
correction (Teli et al., 2012). Waugh added the effect of vertical forces 
during day-to-day movements (20% increase while sitting and standing 
up), with peaks during involuntary movements like coughing (206% 
increase) and vomiting (490% increase) (Waugh, 1966). Day-to-day 
physical activities of a child (walking, running, jumping …) are ex
pected to increase in a cyclic way these vertical forces. These forces, 
acting in a direction parallel to the rod axis, are due to the constraint 
necessary to hold the correction of the scoliotic curve and to resist 
gravity. Associated, bending moment in the anteroposterior direction 
may also occur because of anterior flexion movement of the spine. In our 
research, all three patients had a right thoracic primary structural cur
vature without any thoracic hyperkyphosis. The vertical and horizontal 
forces, responsible for each rod failure, have the same general trend: 
vertical forces are two to three times larger than horizontal forces. 
However, the horizontal forces play a dominant role on maximum stress 
level due to a greater lever effect in the structure. 

5.5. Rod diameter 

The effect of rod diameter on their lifetime is uncertain. During the 
contouring phase, Slivka et al. explained in their study that a larger 
diameter leads to larger strains at the rod periphery for the same 
bending curvature, which negatively affects fatigue resistance as larger 

Fig. 10. SEM micrographs of the fracture surface of a broken Co–Cr alloy rod; 
(a) river marks on the dorsal side of the surface of the rod; (b) transverse cracks 
from the center of the surface to the ventral side of the rod; (c) fatigue striation 
at the scale of a single grain exhibiting a stair-step morphology. 
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diameter rods are then more prone to fatigue crack initiation (Slivka 
et al., 2013). However, the same authors (Slivka et al., 2013) also 
pointed out that higher rates of fracture were associated to smaller di
ameters. As a matter of fact, the key question is whether daily activities 
are force/moment controlled or deflection/bending angle controlled. 
Force controlled activity is typical of carrying dead loads, but a flexure 
to reach an object is closer to deflection control. In our study, the effect 
of the radius of the rods was not investigated experimentally as only one 
radius was used for each rod material. 

5.6. Materials choice 

The clinical objective when using a non-fusion growth-rod technique 
is to minimize the risks of failure, as already identified in earlier studies 
(Yang et al., 2011; Smith et al., 2012). Fracture initiation is influenced 
by the defects and residual stresses induced by the manufacturing pro
cess and preoperative handling. Before being inserted in a patient, a rod 
is exposed to a succession of contouring combined, in some case, with 
indentation marking. After insertion in the patient, the rod is subjected 
to fatigue loading. As the bending moment in anteroposterior direction 
was identified as the main component responsible for fracture, wearing 
an anti-kyphosis brace could be seen as an alternative. But, a brace will 

only decrease the bending forces due to anterior flexion movement of 
the spine. Therefore, it will, at best, delay fracture, but not prevent it. 

Selecting materials with a higher fatigue endurance limit only is not 
sufficient to prevent rod failure nor does it guarantee a longer lifetime of 
the rod. Indeed, regarding patient “3”, while Ti–6Al–4V exhibits a larger 
endurance limit compared to Co–Cr rods, both were used and showed a 
similar lifetime. Some studies specifically investigated the fatigue life of 
contoured rods (Nguyen et al., 2011; Shinohara et al., 2016; Slivka et al., 
2013; Smith et al., 2012; Yoshihara, 2013). Co–Cr rods showed superior 
fatigue performance compared to Ti alloys, but both lead to failure is
sues. The optimal material should thus have a high fatigue endurance 
limit and keep it after the contouring process. 

The stiffness of the construct is also important to consider. As already 
touched upon above, there is still an uncertainty regarding the dominant 
(cyclic) loading mode of the rod by the patient. Whether it is mainly 
load-controlled (i.e: the patient applies a given force on the rod) or 
displacement controlled (i.e. the patient applies a given deflection on 
the rod) is not precisely known. If we assume that growth rods are being 
loaded in a displacement-controlled mode, the stiffness of the Co–Cr 
alloy (210–220 GPa) being larger than for the alloys Ti–6Al–4V 
(110–119 GPa) and Ti Cp 2 (100–105 GPa) (CES EduPack, 2019), the 
Co–Cr rod will undergo proportionally larger stresses (for similar 

Fig. 11. (a) SEM micrographs of the fracture surface of a 10◦ bent rod after laboratory fatigue testing (Ti–6Al–4V alloy); (b) schematic representation of the 
spreading of the fatigue cracks; (c) fatigue striations close to initiation site; (d) fatigue ductile dimples between the two shear lips. 
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diameter). 
This illustrates the complexity of material selection for a growth rod 

application. A fail-safe material should have a high fatigue endurance 
limit, which is related to a high yield stress (the endurance limit is 
typically equal to 1/3 of the yield stress). A high yield stress makes the 
contouring process more difficult as the surgeons will need more force 
for bending and may worsen the indents and thus the defects favoring 
fracture initiation. Vice versa, a high yield stress guarantees the absence 
of plastic bending induced by the movements of the patient. A moder
ately low elastic modulus is preferable to favor an elastic behavior, but it 
should not be too low, otherwise the correction cannot be maintained 
(or at the expense of a very thick rod). Future developments should thus 

focus on selecting new materials with higher strength, strong enough to 
hold the scoliosis correction, and compliant enough to allow enough 
spine mobility. This ideal material should resist marking, which means 
that no or minimum surface defect is induced by the rod contouring or 
by the connection to the screws and hooks. An option could be offered by 
new generations of metallic glasses with very high strength and large 
elastic deformation potential, but only if they can be made less brittle 
through different types of ductilization mechanisms (e.g. Pan et al., 
2018). 

In the meantime, alternative solutions exist to improve lifetime 
based on predictive patient specific models. One could adapt the rod 
geometry at the critical sites. Cui et al. (2010) indeed demonstrated 

Fig. 12. Schematic representation of the spinal column model.  

Fig. 13. Vertical and horizontal force responsible for the fatigue fracture of the rods calculated from the model at the xfractposition. The error bars represent the 
standard deviations. 
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better biomechanical performance for square cross-section rods 
compared to circular cross-section rods. A second solution would be to 
use pre-contoured rods with internal stress relaxed by adequate thermal 
treatment or, alternatively, by compressive internal stress pre-induced 
at the predicted location. Development of advanced predictive models 
to guide practice optimization is currently under study based on both 
finite element methods and fatigue tests. 

6. Conclusions 

Growing rod fracture is a major complication of fusionless surgeries 
used to treat early onset scoliosis. The fracture mechanism in seven 
growing rods from patients with early onset scoliosis and treated by 
H3S2 construct was analyzed relying on fractography, fatigue testing 
and beam theory. The main conclusions of the analysis are the following:  

• Fracture occurs through classical fatigue mechanisms caused by a 
repeated bending in the anteroposterior direction, for all diameters 
and material types.  

• Fracture generally initiates at the thoracolumbar, but various fatigue 
crack initiation sites were found on every rod, stemming from im
perfections presumably induced by the manufacturing process and 
from rod contouring.  

• The vertical and horizontal forces predicted based on the beam 
model combined to the number of cycles to failure determined from 
the laboratory fatigue tests on pre-bent specimens indicate that the 
fatigue process is controlled by daily life activities taking place at 
frequency in the minutes to a few tens of minutes range.  

• The failure risks can be decreased by wearing an anti-kyphosis brace, 
changing the intrinsic rod characteristics/materials (strength, 
compliance, resistance to marking), adapting rod geometry and/or 
inducing compressive stress at critical sites or using pre-contoured 
rods with internal stress relaxed. 
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Appendix A. Patients’ X-ray imaging characterization 

Fig. 14. Variation of the maximum stress in the dorsal side of the rod as a 
function of the imposed forces Fh2 and Fv2 at the upper hook for Rrod = 5.5 mm, 
δspine = 5.5 cm, Lspine = 36 cm, X1 = 9 cm and Lrod = 14 cm. The endurance limit 
of Ti–6Al–4V alloy, Ti Cp 2 and Co–Cr alloy is indicated in red. A positive value 
of the stress corresponds to a tensile stress. The green surface represents a safe 
zone for a rod made of pure Ti. 
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Figure A1. Geometrical characteristics of each patient.  

Appendix B Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmbbm.2021.104620. 
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