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Background and purpose — We noted several adverse
events in patients in whom the first version of the STRYDE
limb-lengthening nail (NuVasive Specialized Orthopaedics,
San Diego, CA) had been implanted. Pain, osteolysis, peri-
osteal reactions, and cortical hypertrophy at the nail junc-
tion were noted. Here, we present the analysis of 23 retrieved
STRYDE implants.

Materials and methods — We undertook visual inspec-
tion of the retrieved nails and screws, mechanical evaluation
of the junction, micro-CT analyses, microscopic inspection
of the bushing, screws, screw holes, and separated parts
of the implants. Positive material identification (PMI) and
energy-dispersive X-ray spectroscopy (EDS) were used to
analyze the chemical composition. The hardness of the mate-
rial was also investigated.

Results — 20/23 retrieved nails had visible signs of cor-
rosion, i.e., discoloration at the telescopic junction. Micro-
CT verified corrosion attacks in 12/12 scanned bushings.
Corrosion, predominantly mechanically assisted crevice
corrosion, was observed at the locking screws and screw
holes in 20/23 nails. Biological material inside the nail was
observed in addition to oozing from the junction of 2 nails
during hardware removal, which was experimentally repro-
ducible. Notably, the mechanical construction of the bushing
changed from PRECICE P2 to STRYDE nails.

Interpretation — STRYDE nails are not hermetically
sealed, and liquid can pass the bushing. Biodur 108 itself
is corrosion resistant; however, mechanically assisted crev-
ice corrosion of the bushing, locking screws, and screw
holes may be aggravated due to manufacturing aiming for
increased strength and hardness of the alloy.

Observing several adverse events, we recently published a
nationwide cross-sectional analysis of all 30 STRYDE limb-
lengthening nails (NuVasive, Specialized Orthopedics, San
Diego, CA) that were implanted in Denmark (Rolfing et al.
2021a). 27/30 STRYDE nails have now been removed and we
present data from metallurgical analysis of 23 of the retrieved
implants.

Materials and methods

We performed an analysis of all STRYDE nails, removed
either routinely, due to complications, or preemptively due
to our recent discovery of adverse events with this implant
(Rolfing et al. 2021a). STRYDE nails from the 4 centers—
Aarhus University Hospital, Aalborg University Hospital,
Odense University Hospital, and Rigshospitalet, Copenhagen,
Denmark—were visually inspected and photo documented
(Figure 1, see Supplementary data). Based on these initial
observations, the engineers (MSJ, TNL, RQH, TM) decided
together with JDR which analyses should be performed for the
individual nails. Representative samples of “worst” and “best”
cases in terms of discoloration at the telescoping nail junction
were further analyzed by either FORCE Technology (FT) and/
or the Technical University of Denmark (DTU).

Visual inspection and mechanical testing

All nails were inspected and photo documented by the sur-
geons, and after FT and DTU received these. Handling of
the implants was not uniform; some implants were wiped
with an ethanol cloth only; others were also washed in a
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surgical instrument dishwasher before photo documenta-
tion. Movement of the telescoping nail parts was assessed
with manual compression and distraction of the nail (Video
at https://youtu.be/CZigmwgl_tI).

Microscopic inspection

Microscopic inspection for signs of uniform and local corrosion
was performed with a VHX-S650E digital microscope (Key-
ence Corporation, Osaka, Japan) with 20—100x magnification
at DTU and a Leica MC 120 HD camera at FT. Microstructure
examination was performed on cut sections of selected nails,
followed by mounting in resin and subsequent grinding and
polishing down to 1 um diamond polishing. After etching in
Vogels Sparbeize etchant, the microstructure was examined
using a Leica DMI 5000 M metallographic microscope.

Micro-CT

14 nails (12 STRYDE and 2 PRECICE P2.2 nails) were micro-
CT scanned with a Nikon XT H 225 (Nikon Metrology Inc,
Brighton, MI, USA; 160 kV, 125 pA, 1.0 mm copper filter,
801 views, 0.5 s exposure). Overview images of entire nails
were recorded at 119.7 um pixel size, while detailed scans
were reconstructed at 19 or 23 um isotropic resolution at the
bushing for 12 nails, the O-rings for 5 nails and the ball bear-
ing for 4 nails (Figures 2 and 3, see Supplementary data).

Mechanical sectioning

5 STRYDE nails were mechanically sectioned at either FT or
DTU.

Hardness analysis

Hardness measurements were performed according to Vickers
hardness test method described in DS/EN ISO 6507-1:2018
using a Struers Durascan 80A with a load of 2 kg (HV2).

Positive materials identification (PMI)

The element weight percentage (wt.%) of the different compo-
nents of the nail was assessed with X-ray fluorescence using a
X-MET 8000 Optimum (Oxford Instruments, Abingdon, UK).

Scanning electron microscopy (SEM)

SEM was performed using a ZEISS EVO MIK-015 BRUKER
X-Flash DET—O011 with 15 kV (Karl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany). Suspected bio-
logical material was evaluated with energy-dispersive X-ray
spectroscopy (EDS) to verify high-levels of oxygen.

Data are presented as median (range).
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Figure 4. Digital microscopy of the junctional discoloration, i.e., corro-
sion products.
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Results

30 STRYDE limb-lengthening nails (19 femoral and 11 tibial
nails) were eligible for the study. The median lengthening of
30 bone segments of 27 patients, median age 20 (11-65) years
was 35 (15-80) mm. For further details, please see Rolfing et
al. (2021a).

3 nails are still implanted. Median time from implantation
to hardware removal of the 27 retrieved nails was 12 (3.5-20)
months. 23/27 nails were available for analysis, because 1
implant was lost to sonication and 3 nails were removed and
discarded before we became aware of the observed adverse
events. 1 of the 23 nails was returned to the manufacturer for
further analysis after visual inspection and photo documenta-
tion had been performed.

2 surgeons observed “oozing” of a brown substance from
the telescopic nail junction during hardware removal in addi-
tion to the observation of junctional discoloration (Figure 4).

Moreover, 4 of the 27 retrieved STRYDE nails fractured,
3 before and 1 during hardware removal. All 4 patients were
within the weight limit of the applied nail (Robbins and Paley
2020, Rolfing et al. 2021a, 2021b). Notably, the bone regener-
ate was deemed to be sufficiently healed in | patient, while 3
regenerates were insufficient. 2 PRECICE titanium nails (P2.2)
were also analyzed to compare these with the STRYDE nails.

Macroscopic inspection and photo documentation

Macroscopic inspection and photo documentation revealed
discoloration at the telescoping junction in 20/23 implants
(Figure 4) and 20/23 had corrosion at the locking screw holes
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Table 1. Symptoms, radiographic changes, and
metallurgical characteristics of the 30 STRYDE-
lengthened bone segments

Symptoms
Late onset of pain 2 8/30
Swelling 2 3/30
Radiographic changes
Junctional osteolysis 2 19/30
Periosteal reaction 2 12/30
Cortical hypertrophy 2 12/30
Blood samples
Elevated Cr blood levels P 1/15

Metallurgical features
Naked eye visible junctional corrosion  20/23
Micro-CT verified junctional corrosion ~ 12/12
Corrosion of screw hole/screws 20/23

Not all nails were available for all analyses, there-

fore n/N varies.

2 Data previously reported (Rélfing et al. 2021a).

b Chromium (Cr) levels at the time of nail removal.
The wt.% of Cr and Mn are approximately the
same in Biodur 108. However, Mn (and Mo) blood
samples are not readily available in Denmark.

(Table 1). Corrosion near the telescopic junc-
tion was seen as corrosion products leaking
from the nail. The distraction rod itself did
not show signs of uniform or pitting corrosion
when inspected with light optical microscopy at
200x magnification. Attacks on the rod within
the bushing were noted. Likewise empty screw
holes were unaffected, whereas most screw
holes in contact with screws suffered from
material degradation. Degradation happened
predominantly inside and on the load-bear-
ing side of the hole with a smooth and hemi-
spherical corrosion morphology. Screws thus
showed indications of mechanically assisted
crevice corrosion primarily on one side of the
screw, but degradation on both sides was also
observed (Figure 1, see Supplementary data).

Manual compression and distraction
Manual compression and distraction of the
devices showed that 13/20 nails could be tele-
scoped several millimeters with little force
(Figure 5, see Supplementary data).

Micro-CT
Micro-CT of 12 STRYDE nails documented
corrosion attacks at the telescopic junction,
primarily at the bushing, but also at the distrac-
tion rod and internal components of the nail
surrounding the bushing (Figure 6).
Comparison of the scanned STRYDE and 2
scanned PRECICE P2.2 nails showed a similar

STRYDE 310.0, PS10.0-80D280, day 310

bushing / crown O-ring ball bearing

PRECICE @9.0 mm, PR9.0-80D245

e

Figure 6. Micro-CT of 2 STRYDE and 1 PRECICE P2. Overview and detailed imaging
of the bushing/crown, O-rings and ball bearing. Corrosion is seen around the bushing/
crown in 12/12 nails scanned at this location (middle panel), corrosion at the O-ring was
observed in 1/5 nails scanned at this location (top panel). Notably, no signs of corrosion
were seen around the ball bearing in 4/4 scanned nails at this location. No corrosion was
seen in the reference PRECICE P2 nail at any location. The mechanical components
inside the housing appeared to be similar between STRYDE and PRECICE P2.

Figure 8. Examples of a sectioned STRYDE (top panel), corroded bushing (middle
panel), and presence of biological material on internal components. Biological origin
was verified with EDS analysis showing a high oxygen content (bottom panel).
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Figure 9. Corrosion attack at the bushing/crown. Digital microscopy (upper panels) and
microscopy of the microstructure (middle and lower panels).

Figure 10. Mechanically assisted crevice corrosion/fretting and crevice corrosion at a lock-
ing screw, screw hole including microscopic image of the corrosion-attacked microstruc-
ture. For SEM imaging see Figures 12 and 13 in Supplementary data.

mechanical construction; only the bushing
seemed to be constructed differently (Figure
6). Close 360° contact between the housing
and bushing were observed in PRECICE P2,
while none of the 12 STRYDE nails had that
feature (Figure 6, lower vs. top panel).

Mechanical sectioning

Mechanical sectioning of 5 STRYDE nails,
which were selected based on either visual
inspection or micro-CT findings, i.e., worst
and best cases, showed an internal titanium
actuator pin with signs of dry lubricant of
a crystalline appearance (Figure 7, see
Supplementary data). EDS analysis of the
crystalloid structure showed high contents
of fluorine 35 wt.% and aluminum 24 wt.%.
The presence of biologic material within the
nail was confirmed by visual inspection and
a high oxygen content determined by EDS
analysis (Figure 8).

The O-ring sealing within the internal
compartments of the nail appeared intact,
besides 1 nail suffering from corrosion
attack, also at this location. Interestingly,
the bushing of that nail was not severely
attacked by corrosion.

Microscopic inspection

Microscopic inspection verified the mechan-
ical damage and local corrosion of the
microstructure both at the bushing (Figure

9) and at the screw and screw holes (Figure
10).

PMI

PMI showed that the housing body, bushing,
and locking screws fulfilled the Biodur 108
alloy ASTM 2229 specifications (ASTM
2021), i.e., content of manganese (Mn),
chromium (Cr), molybdenum (Mo), and
iron (Fe) (Table 2, see Supplementary data).
Moreover, the visible discoloration, i.e.,
corrosion products, contained the same ele-
ments.

Hardness analysis

Hardness analysis of the bushing, distraction
rod, housing, and screws showed a hard-
ness in the 410—445 HV range. This means
that the manufactured nail has increased
mechanical properties compared with the
annealed conditions of the alloy (Figure 11,
see Supplementary data).
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Distraction—retraction—distraction

Distraction—retraction—distraction of 2 nails using the fast
distractor showed that the nails were not hermetically sealed.
Air was pressed out of the nail, forming bubbles during dis-
traction underwater. After subsequent retraction underwater
and drying of the nail, the nail was distracted, which led to
brown liquid leaking out of the telescoping junction (Figure 5,
see Supplementary data).

Discussion

The main findings of our study were:

1. 20/23 nails had visible signs of corrosion, i.e., discoloration
at the telescopic junction. Micro-CT verified corrosion
attacks in 12/12 scanned bushings.

2. Mechanically assisted crevice corrosion was also observed
at the locking screws and screw holes in 20/23 nails.

3. STRYDE nails are not hermetically sealed. We found bio-
logical material and corrosion inside the nail and observed
oozing from the junction of 2 nails during hardware
removal, and this observation was experimentally repro-
ducible.

In agreement with our results, Vogt et al. (2021) and Ili-
adis et al. (2021a) also reported corrosion after metallurgical
analysis of retrieved STRYDE nails. While reports of implant
failures in limb-lengthening nails are rare (Frost et al. 2021),
the related magnetically controlled spinal growing rod devices
(MAGEC, NuVasive, San Diego, CA, USA) have been highly
investigated in recent years (Tang et al. 2019, Akbarnia and
Mundis 2019, Agarwal et al. 2020, Joyce et al. 2020, Rushton
et al. 2020, Tsirikos and Roberts 2020, Wei et al. 2020, Rush-
ton et al. 2021). In these spinal implants, wear debris causing
metallosis, i.e., discoloration of the surrounding soft tissue,
originally drew surgeons’ attention to the matter. Later, after
extensive analyses, increased blood levels of metal ions and
breakage of internal components as well as corrosion were
reported. Nonetheless, the lengthening process with MAGEC
growing rods is almost pain-free and may be a gentler treat-
ment option with high patient satisfaction compared with
sequential open spinal lengthening procedures (Skov et al.
2019, 2020a). Many surgeons therefore still advocate the use
of MAGEC implants, despite the call for evaluation of the
cost-effectiveness and safety of these devices (Rushton et al.
2020, Skov et al. 2020b, Tsirikos and Roberts 2020).

In contrast to spinal growing rods, limb-lengthening nails
are not surrounded by soft tissue, but surrounded by bone. Our
current working hypothesis regarding STRYDE is that inter-
nal and junctional corrosion and its products cause a toxic
environment leading to osteolysis. In an effort to protect its
mechanical integrity, the bone forms periosteal reaction (pre-
dominantly onion-skin layered) before cortical hypertrophy
occurs, which is likely the end result—unless the cortical
destruction is substantial (Rolfing et al 2021a).

Whereas MAGEC and PRECICE are made of a titanium
alloy, STRYDE is made of stainless steel Biodur 108. In
general, austenitic stainless steel (as in the AISI 300 series)
is known to offer appropriate corrosion resistance for many
applications including orthopedic implants. The resistance
to uniform corrosion is explained by the existence of a dense
chromium oxide forming a passive film on the surface. Nev-
ertheless, the passive film can locally degrade, e.g., by small-
amplitude wearing movements or due to the formation of a
local aggressive environment in occluded regions prone to
depletion of oxygen (crevice corrosion). High nitrogen con-
taining austenitic stainless steel (HNS) such as Biodur 108
maintains the austenitic structure by the addition of nitrogen
and manganese without having a major nickel content. Having
nitrogen dissolved in the austenitic stainless steel results in
higher strength compared with nickel containing austenitic
stainless steel. HNS is also reported to offer improved pitting
and crevice corrosion resistance in the solution-annealed state
compared with the AISI 300 series (Lim et al. 2001, Baba
and Katada 2006). The effect of cold-working (metalwork-
ing at ambient temperature) of HNS will further increase the
strength and hardness of the alloy; however, cold-working has
proven to have an unfavorable effect on pitting and crevice
corrosion resistance (Kamachi Mudali et al. 2002, Wang et al.
2017). The effect on corrosion behavior of having an increased
amount of manganese at the expense of nickel in the stainless-
steel alloy is lower pitting and crevice corrosion resistance as
well as a lower repassivation rate if the passive film is broken
down (Lim et al. 2001, Toor et al. 2007). Other important fac-
tors affecting the corrosion resistance of HNS alloys are the
metallurgical structure, a fine-grained austenitic structure that
is free of ferrite, chi, and sigma phases, the inclusion content,
and the risk of carbonitride formation (ASTM F2229).

A possible explanation for corrosion near the telescopic
junction is that corrosion initiates at the interfaces of the bush-
ing where small-amplitude movements can produce disrup-
tion of the passive film causing metal degradation and crevice
formation. As the environment in the crevice becomes more
aggressive it leads to further degradation of the bushing and
other parts of the telescopic junction.

Mechanically assisted crevice corrosion may also explain
the material degradation inside the screw holes. Weight-
bearing may initiate this process by causing small-amplitude
movements between the screw and screw hole, initiating fret-
ting. Subsequently, a larger crevice is formed where the dis-
traction rod inside the screw hole is attacked due to increased
aggressivity of the environment inside the crevice between
screw and screw hole. Moreover, galvanic corrosion could be
ruled out, because the housing, bushing, and screw were made
from the same metal, i.e., Biodur 108.

An analysis of retrieved PRECICE nails documented
improvements from the first version to the current version
(Panagiotopoulou et al. 2018). However, in line with our find-
ings regarding STRYDE, these authors also noted biological
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material within PRECICE nails, while internal corrosion was
confined to the early versions. They also compared their find-
ings with MAGEC spinal growing rods, highlighting that there
are fundamental differences including the planned removal
of limb-lengthening nails after bony consolidation (Panagi-
otopoulou et al. 2018, Rushton et al. 2020). They therefore
state that it is “unlikely that a corrosive process will have suf-
ficient time to cause an actuator pin fracture or other internal
mechanism damage that compromises the use of the implant.”
This notion is partially supported by Eltayeby et al. (2021)
reporting on 102 retrieved nails, whereof 57/65 PRECICE P2
and 29/37 PRECICE P1 were still functioning after a median
implantation time of 15 (4-47) months prior to hardware
removal and testing. Albeit not the primary outcome of that
study, the authors did not mention any signs of corrosion and
only excluded 1 broken nail. Neither do they mention signifi-
cant damage, or corrosion of the tested nails. Interestingly, Lee
et al. (2017) describe broken bushings of PRECICE nails, but
no corrosion. However, based on these studies and the body of
evidence, clinical application of the titanium PRECICE nail is
relatively safe (Alrabai et al. 2017, Calder et al. 2019, Horn et
al. 2019, Hammouda et al. 2020, Morrison et al. 2020, Nasto
et al. 2020, Frost et al. 2021, Iliadis et al 2021b).

To our knowledge, we have reported 4 out of 5 broken
STRYDE nails in the literature (Johnson et al. 2021, Rolfing
et al. 2021a, 2021b). The present study included analysis of
our 4 broken nails, but we were unable to determine the cause
of breakage through locking screw holes (n = 3) and where the
magnet resides (n = 1).

Limitations of our study include that we chose which nail
underwent which analyses based on an initial macroscopic
inspection. Ideally, all nails should have undergone a standard-
ized sequence of all analyses. Furthermore, handling of the
implants immediately after removal was not standardized at the
different centers, i.e., cleansing with saline water and/or etha-
nol wipes or cleaning in a surgical dishwasher. Nonetheless, all
available nails underwent visual inspection and 12 STRYDE
and 2 PRECICE P2.2 nails were analyzed with micro-CT. The
external validity of our study is therefore more substantial than
a previous micro-CT investigation of 2 P1, 1 P2.0, and 1 P2.1
PRECICE nails (Panagiotopoulou et al. 2018).

Another limitation is that we did not systematically evalu-
ate whether the retrieved nails were still functioning (Eltayeby
et al. 2021). The major strength of our study is that we can
document correlation of the metallurgical analyses with the
previously reported clinical and radiographic findings (Rolf-
ing et al. 2021a).

In conclusion, we report corrosion causing internal and
external damage to the nail, extrusion of the bushing, biologi-
cal material within the nail, and the fact that fluid is able to
pass the corroded bushing. The latter observations underline
that the STRYDE nail is not hermetically sealed. Finally, the
findings of our present study correlate with the radiographic
changes and clinical symptoms noted in our previous study

within the same cohort (Rolfing et al. 2021a). While our
observational and experimental studies may not be able to
determine a causal relation between corrosion leading to clini-
cal symptoms and radiological findings, the covariation and
temporal precedence make causality likely.

Supplementary data

Table 2 and Figures 1-3, 5, 7 and 11-13 are available as sup-
plementary data in the online version of this article, http:/
dx.doi.org/10.1080/17453674.2021.1927506
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