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a b s t r a c t

A major limitation with current assessments of corrosion in metallic medical devices is the lack of cor-

relation between in-vitro and in-vivo corrosion performance. Therefore, the objective of this study was

to elucidate the relationship between pitting corrosion measured by breakdown potentials (Eb) in

ASTM F2129 testing and corrosion resistance in-vivo. Four groups of Nitinol stents were manufactured

using different processing methods to create unique surface properties. The stents were implanted into

iliac arteries of minipigs for six months and explanted for corrosion analysis. Scanning electron micro-

scopy and energy dispersive X-ray spectrometry analyses indicated that stents with a thick complex ther-

mal oxide (420 nm) and high corrosion resistance in-vitro (Eb = 975 ± 94 mV) were free from detectable

corrosion in-vivo and exhibited no changes in Ni/Ti ratio when compared to non-implanted controls.

This result was also found in mechanically polished stents with a thin native oxide (4 nm;

Eb = 767 ± 226 mV). In contrast, stents with a moderately thick thermal oxide (130 nm) and low corrosion

resistance in-vitro (Eb = 111 ± 63 mV) possessed corrosion with associated surface microcracks in-vivo. In

addition, Ni/Ti ratios in corroded regions were significantly lower compared to non-corroded adjacent

areas on explanted stents. When stents were minimally processed (i.e. retained native tube oxide from

the drawing process), a thick thermal oxide was present (399 nm) with low in-vitro corrosion resistance

(Eb = 68 ± 29 mV) resulting in extensive in-vivo pitting. These findings demonstrate that functional corro-

sion testing combined with a detailed understanding of the surface characteristics of a Nitinol medical

device can provide insight into in-vivo corrosion resistance.

Statement of Significance

Nitinol is a commonly used material in the medical device industry. However, correlations between sur-

face processing of nitinol and in-vivo corrosion has yet to be established. Elucidating the link between in-

vivo corrosion and pre-clinical characterization can aid in improved prediction of clinical safety and per-

formance of nitinol devices. We addressed this knowledge gap by fabricating nitinol stents to possess dis-

tinct surface properties and evaluating their corrosion susceptibility both in-vitro and after six months of

in-vivo exposure. Relationships between stent processing, surface characterization, corrosion bench test-

ing, and outcomes from explanted devices are discussed. These findings highlight the importance of sur-

face characterization in nitinol devices and provide in-vitro pitting corrosion levels that can induce in-vivo

corrosion in nitinol stents.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

The corrosion resistance of medical implant alloys has increased

over the past few decades due to advancements in manufacturing

technologies. Even with these improvements, corrosion of biomed-

ical materials has been reported for both orthopaedic and cardio-
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vascular devices. Several recent research studies found corrosion

damage in titanium and cobalt-chromium alloys from explanted

metal-on-metal hip replacement devices [1–5]. Corrosion has also

been observed in other orthopaedic implants such as screws and

wires made from stainless steel alloys [6–8]. Corrosion in cardio-

vascular devices has been documented to a lesser extent mainly

due to difficulties in obtaining explants for these life supporting

implants. Two studies reported severe pitting corrosion in first

generation Nitinol endovascular grafts in as little as 5 months of

implantation time [9,10]. Brott and colleagues recently found cor-

rosion in explanted cardiovascular stents made of Nitinol, stainless

steel, and cobalt based alloys [11–13]. However, these studies pre-

dominantly identified corrosion qualitatively through microscopy

and did not have matched controls to definitively distinguish in-

vivo corrosion from pre-existing features from the manufacturing

process.

Significant corrosion from medical implant material may not

only adversely affect the structure or function of the device, but

also provoke a biological response. Corrosion in orthopaedic metal-

lic hip replacement devices has resulted in pseudotumors and

adverse local tissue reactions [14–18]. For cardiovascular devices,

the biological consequences of corrosion byproducts are less clear

as metal ions may be transported systemically by blood flow or

remain locally within the vascular tissues. Corrosion byproducts

in cardiovascular stents can elicit an inflammatory cell response

that increases neointimal growth in the vessel that results in

restenosis [19,20]. This is especially important for Nitinol implants

because approximately half of the elemental composition is nickel

which has been shown to cause allergic reactions, nephrotoxicity,

and carcinogenicity at various doses [21–24]. It should be noted

that while hypersensitivity-related adverse events (e.g. contact

dermatitis) have been reported in cardiovascular implants [25–

32], a direct causal link between corrosion and these adverse

events has yet to be established. Research studies that can more

directly identify the ramifications of corrosion in medical implant

biomaterials, particularly those that contain nickel, would help

address this critical knowledge gap.

To aid medical device manufacturers in non-clinical corrosion

assessment of cardiovascular metallic stents, the US Food and Drug

Administration recently published an update to the guidance doc-

ument (Select Updates for Non-Clinical Engineering Tests and Rec-

ommended Labeling for Intravascular Stents and Associated

Delivery Systems: Guidance for Industry and Food and Drug

Administration Staff). The in-vitro testing paradigm outlined in

the guidance document recommends cyclic potentiodynamic

polarization testing per ASTM F2129 (Standard Test Method for

Conducting Cyclic Potentiodynamic Polarization Measurements

to Determine the Corrosion Susceptibility of Small Implant

Devices). This bench test method evaluates the voltage required

to initiate pitting on the device surface (i.e. breakdown potential).

If the pre-specified acceptance criterion is not met, additional in-

vitro testing such as nickel leach testing or surface characterization

is recommended. In 2007, acceptance criteria for ASTM F2129 test-

ing were proposed by Rosenbloom and Corbett, suggesting that

implants with a breakdown potential exceeding 600 mV have

acceptable performance, potentials below 300 mV are unaccept-

able, and potentials between 300 and 600 mV may be acceptable

if certain conditions are met [33]. These criteria were based pri-

marily on previous studies that found rest potentials varied for

stainless steel alloys (�380 to 290 mV) [34,35], Nitinol (�400 to

�100 mV) [35,36] and cobalt-chromium alloys (�100 to 150 mV)

[37] in various anatomic locations. Although rest and breakdown

potentials from ASTM F2129 are used to assess pitting corrosion

resistance during regulatory review of medical device applications,

there is considerable debate within the medical device community

regarding the relevance of the proposed acceptance criteria

[38,39]. In fact, members of the cardiovascular implant community

cited the lack of in-vivo performance correlation with current

bench corrosion testing (e.g. ASTM F2129 testing) as a major limi-

tation [40]. This is especially important for Nitinol implants

because the corrosion resistance of Nitinol is highly dependent

on the manufacturing processes. Therefore, the objective of this

study was to characterize the relationship between in-vitro perfor-

mance and in-vivo corrosion for Nitinol stents manufactured to

span the full range of ASTM F2129 breakdown potentials. The

selected stent groups included contrasting in-vitro performance

to elucidate potential disparities in-vivo.

2. Methods

2.1. Stent manufacturing and characterization

Nitinol stents (8 mm � 30 mm length) were manufactured

using a generic design by Confluent Medical Technologies. To

investigate the effects of surface finish on in-vitro and in-vivo cor-

rosion, four unique surface conditions were created using different

processing methods: Salt Pot (SP), Mechanical Polish (MP), Air Fur-

nace (AF), and Oxidized Tube (OT). Table 1 provides a summary of

these methods that have been previously described in detail [41].

Depth profiles of surface constituents (n = 1 stent/group) were cap-

tured through Auger Electron Spectroscopy (PHI 680, Physical Elec-

tronics, East Chanhassen, MN) by alternating an acquisition cycle

with a sputter cycle. The oxide layer thickness was determined

by using the full width at half maximum method.

2.2. Potentiodynamic polarization testing

In-vitro pitting corrosion resistance of stents (n = 14 for SP, MP,

and AF stent groups and n = 8 for OT stents) was characterized per

ASTM F2129. Gamry (Interface 1000, Warminister, PA) or Princeton

Applied Research (Model 263A, Oak Ridge, TN) potentiostats were

used for all corrosion susceptibility assessments. Saturated Calo-

mel Electrode (SCE) was used as a reference electrode and graphitic

carbon was used as an counter electrode. Stents were tested in

phosphate buffered saline (PBS, deaerated with nitrogen gas at

150 cm3/min for 30 min) at a temperature of 37 ± 2 �C. The rest

potential (Er) was recorded after the stents had been submerged

in PBS for one hour and then the potentiodynamic scan was initi-

ated in the positive direction at a scan rate of 1 mV/s. The potential

at which the current rapidly increases by 100� was established as

the breakdown potential (Eb). If the stent did not experience break-

down during testing, the Eb was considered to be the vertex poten-

tial (1000 mV). The scan was reversed at 1000 mV or if the current

densities exceeded 25 mA. The over potential was calculated as the

difference between the breakdown potential and the rest potential

(Eb–Er).

2.3. Stent implantations

Stent implantations and animal husbandry were conducted at

MedStar Health Research Institute (MHRI) under an approved

Institutional Animal Care and Use Committee (IACUC) protocol

(#2012-022) in accordance with the principles of the Animal Wel-

fare Act and the NIH guidelines established for the Care and Use of

Laboratory Animals. Female Yucatan miniature swine (minipigs,

Sinclair BioResources, Auxvasse, MO) approximately 1 year of age

and 50 kg were chosen for use in this study due to their established

suitability as a long term animal model for cardiovascular device

implantation [42–45]. All stents used for implantation were steril-

ized using Ethylene Oxide (EtO) as it is commonly used to sterilize

stents and has been shown not to impact the corrosion resistance
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of nitinol [46]. Prior to implantation, contrast enhanced angiogra-

phy (Integris, Phillips, Andover, MA) was performed in orthogonal

views (left anterior oblique and/or right anterior oblique) to select

the target location within the iliac artery based on adequate diam-

eter and length. Stents were implanted under fluoroscopic guid-

ance into the iliac arteries in 12 minipigs (n = 3 per stent group:

SP, MP, AF, and OT). A second angiogram was taken after stent

deployment to confirm appropriate placement (Fig. S1). The stent

oversizing (deployed diameter/native diameter) for this cohort

was 1.12 ± 0.09, which is similar to clinical oversizing of Nitinol

stents and has been previously shown not to elicit adverse biolog-

ical responses in minipigs [47]. During the implantation period,

animals were fed a commercial pelleted chow diet (Teklad Mini

Swine Diet 8753C, Envigo, Indianapolis, IN) and tap water ad libi-

tum. All animals were given 81 mg aspirin and 75 mg clopidogrel

bisulfate daily for the duration of the study.

After a 6-month implantation period, minipigs were euthanized

with potassium chloride administered by intravenous infusion. A

veterinarian performed a comprehensive necropsy and found that

stented vessels and adjacent tissue did not have visible trauma

(e.g. perforation, bruising, tearing, discoloration, or hemorrhage)

for any animal. In addition, examination of orifices, thoracic and

abdominal cavities revealed that minipigs were healthy (no

inflammation, infection, infarction or other systemic abnormali-

ties) with the exception of one MP and SP animal, which were

noted to have an enlarged inguinal lymph node with the contralat-

eral lymph node normal in appearance. The treated vessels were

removed intact and a suture was tied to the proximal end of the

stent to maintain orientation. The vessels were gravity flushed

with heparinized Lactated Ringer’s Solution (2 mL heparin in 1 L

of Lactated Ringer’s Solution) to remove blood residues, and then

perfusion fixed with 10% neutral buffered formalin (NBF). All tools

and containers used during the handling of the explants and tissue

removal process were non-metallic and acid washed to avoid

metal ion contamination. Vascular tissue surrounding explanted

stents was removed by digestion under gentle agitation at

60 ± 2 �C with a papain based tissue digestion solution. Papain

was chosen to digest tissue from the explanted stented arteries

based on previous results demonstrating papain does not signifi-

cantly alter Nitinol stent surfaces [48]. When no visible tissue

remained, the stent was transferred to a new container and rinsed

for one hour in ultra-pure DI water. Stents were then air dried and

stored in individually labeled tubes for subsequent corrosion

analysis.

2.4. Explanted stent analysis

The entire length of each explanted stent was inspected using

scanning electron microscopy (SEM) (JSM-6390LV, JOEL USA, Inc.,

Peabody, MA) to characterize and compare stent morphology and

features of explanted stents to as-received non-implanted stents

(baseline). Baseline stents were from the same manufacturing lot

as implanted stents and also EtO sterilized. The abluminal (outer

surface of stent), laser cut side wall, and luminal (inner surface of

the stent) surface of stents were inspected for corrosion and sur-

face damage. As a complimentary means to identify areas of local-

ized corrosion, energy dispersive X-ray spectrometry (EDS)

(NORAN System SIX v1.8, Thermo Electron, Waltham, MA) was

used to identify constituents on the abluminal surface in visually

corroded regions and non-corroded regions (parameter settings:

600�, 20 kV, 10–12 mm working distance, 15–25 s dead time).

The weight% ratio of nickel to titanium (Ni/Ti) was calculated from

EDS spectra in explanted and non-implanted stents of the same

surface treatment group. This ratio aided in understanding

whether explanted stents had altered elemental compositions

compared to non-implanted stents. After the initial inspection, aT
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single explanted stent from each processing type was sonicated for

10 min in ultra pure DI water, allowed to dry, and re-evaluated

using SEM and EDS.

2.5. Statistics

ASTM F2129 rest potentials were analyzed statistically using

one way Analysis of Variance (ANOVA). Since some stents did not

experience breakdown during ASTM F2129 testing, breakdown

potentials and over potentials were analyzed using log-rank anal-

ysis specific for right censored data. Student’s t-tests were used

to compare the Ni/Ti ratios of non-implanted and explanted stents

from the same processing group. P-values less than 0.05 were con-

sidered statistically significant.

3. Results

3.1. In-vitro oxide layer and pitting characterization

Surface processing resulted in visually different colors for each

stent group indicating unique oxide layers (Table 1). SP stents were

dark in appearance and possessed a thick oxide (420 nm) with a

nickel-rich region below the titanium oxide layer (Fig. 1). In con-

trast, MP stents had a bright, shiny metallic appearance with a thin

oxide (4 nm) and no nickel-rich layer present. AF stents were

metallic blue in appearance and possessed an approximately

130 nm thick oxide, with the slight presence of a nickel-rich layer.

OT stents were dull and dark in appearance and had a similar

Auger profile to SP stents, with a nickel-rich region below the tita-

nium oxide layer (399 nm).

Pitting corrosion testing per ASTM F2129 demonstrated the

potentiodynamic behavior was distinctly different between SP,

MP, AF, and OT stent processing groups (Fig. 2). MP and AF stents

had similar rest potentials (p = 0.747), and were approximately

100 mV more anodic compared to SP and OT stents (Fig. 3). Rest

potentials for MP stents were statistically greater compared to SP

and OT stents (p < 0.033). SP stents exhibited the highest pitting

corrosion resistance, where only 1/14 (7%) stents exhibited break-

down. MP stents had the second highest breakdown potentials

with 10/14 (71%) stents exhibiting breakdown. All AF stents

(14/14) experienced breakdown and had substantially lower

breakdown potentials than SP and MP stents. Similarly all OT

stents (8/8) experienced breakdown and had the lowest values

compared to the other groups. The breakdown and overpotentials

for each stent group were statistically different from each other

(p � 0.001), except for AF and OT stents. While the breakdown

potentials for OT stents were significantly lower than AF stents

(p = 0.026), the overpotential values were similar to each other

(p = 0.309).

3.2. In-vivo corrosion analysis

No visual or elemental evidence of pitting corrosion was

observed in explanted SP and MP stents; both stents displayed a

similar morphology to their respective non-implanted stents

(Fig. 4). All non-implanted stents had inherent manufacturing fea-

tures, such as voids. MP stents had smooth consistent surfaces

throughout. SP stents were not as smooth and contained areas of

fine surface cracks at the intrados, likely due to the crimping and

deployment process (Fig. S2). While the cracks remained in

explanted SP stents, corrosion was not evident in those cracked

areas. Ni/Ti ratios of non-implanted SP stents (1.12 ± 0.06, n = 13)

were not significantly different (p = 0.470) from explants

(1.11 ± 0.03, n = 47). Similarly, Ni/Ti ratios for MP non-implanted

stents (1.11 ± 0.01, n = 14) were not significantly different

(p = 0.878) from explants (1.13 ± 0.04, n = 36) (Fig. 5).

In contrast to SP and MP stents, explanted AF stents displayed

distinct areas of corrosion compared to their non-implanted con-

trols (Fig. 6). Non-implanted AF stents had more apparent superfi-

cial inclusions (inherent to the material) and fine cracks at the
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Fig. 1. Auger depth plots of different stent surfaces displaying oxide layer chemistry and composition. Oxide layer thickness was determined using full width at half

maximum method: SP 420 nm; MP 4 nm; AF 130 nm; OT 399 nm (n = 1 per stent type).
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intrados compared to SP stents. Corrosion was observed predomi-

nately on the abluminal surface with variable morphology.

Although more infrequent, corrosion without microcracks was

detected in areas of expected low mechanical strain (Fig. 7a). Cor-

rosion in retrieved AF stents was predominantly associated with

extensive microcracks at the intrados of these stents and along

connecting struts. Some microcracks were seen with ‘‘bubbling”

of the oxide indicating potential subsurface corrosion (Fig. 7b). In

severe cases, localized corrosion resulted in oxide delamination

in areas with microcracks (Figs. 6 and 7c). In these regions, the

exposed bulk metal was readily detected using backscattered

mode during SEM imaging (Fig. 8). Average Ni/Ti ratio in regions
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Fig. 2. Potentiodynamic polarization curves for SP, MP, AF, and OT stents displaying the minimum breakdown (dotted gray line) and maximum breakdown (black line).

Fig. 3. 95% confidence interval plots for rest potential (Er), breakdown potential (Eb), and overpotential (Eb-Er) obtained from ASTM F2129 testing.
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that appeared non-corroded (1.08 ± 0.06, n = 22) was approxi-

mately 3% lower (p = 0.018) compared to non-implanted AF stents

(1.12 ± 0.02, n = 12). Ni/Ti ratios in visually corroded areas of AF

explants (0.89 ± 0.15, n = 24) was 17–20% lower than non-

implanted stents and in areas of explants that did not appear cor-

roded (p � 0.001, Fig. 5).

The surface appearance of OT non-implanted stents was sub-

stantially rougher than other stent groups with noticeable drawing

lines and scratches likely due to limited surface processing (Fig. 9).

Sonication of the explanted OT stents exposed large pits on the

abluminal surface that penetrated into the bulk Nitinol material

and were accompanied by micro-pits in the surrounding oxide

layer (Fig. 10). However, there were no significant visual or EDS

changes due to sonication for OT non-implanted stents. On some

areas of OT explants, pits had coalesced to corrode nearly the entire

width of the stent strut (Fig. 11). Ni/Ti ratios in areas without vis-

ible corrosion (1.05 ± 0.31, n = 32) were lower than corresponding

areas in non-implanted stents (1.16 ± 0.10, n = 20), but were not

significantly different (p = 0.095). Ni/Ti ratios for pitted areas

(1.14 ± 0.11, n = 59) were not significantly different than non-

corroded surfaces on explanted and non-implanted stents

(p � 0.162, Fig. 5).

4. Discussion

Cardiovascular device manufacturers commonly assess corro-

sion resistance of their metallic implants prior to clinical use. How-

ever, a major limitation during this evaluation is the lack of data to

correlate in-vitro with in-vivo corrosion performance. In particular,

it is unclear how corrosion resistance measured by breakdown

potentials in ASTM F2129 testing relates to actual corrosion resis-

tance of a device under clinical use. Our study addressed this

knowledge gap by correlating bench testing with in-vivo observa-

tions of corrosion in stents processed to have unique surface prop-

erties. The results indicate that stents manufactured to have

breakdown potentials less than approximately 200 mV (based on

95% confidence intervals) displayed evidence of localized corrosion

in-vivo. Furthermore, we found that stents with breakdown poten-

tials above approximately 600 mV (based on 95% confidence inter-

vals) were free from detectable corrosion after 6 months in-vivo.

Although these results are in good agreement with previously pub-

lished acceptance criteria [49], a clinically relevant assessment of

an implant’s corrosion resistance should include results from cor-

rosion bench testing and a thorough understanding of a device’s

surface chemistry, composition. For example, OT stents were

intentionally fabricated with minimal processing (e.g. no grind-

ing/honing of raw tubing or final polishing or passivation) as a

worst case scenario to determine if corrosion would be observed

in-vivo. These stent surfaces were very rough and had a dark

appearance similar to Nitinol wires with a black oxide. In addition,

metallographic cross sections of OT stent struts revealed substan-

tial variability of the oxide thickness (approximately 200 to

1000 nm, Fig. S3). As a result, OT stents possessed the lowest

breakdown potentials in-vitro and the oxide layer was unable to

protect the implant from the in-vivo electrochemical environment

as evidenced by extensive pitting observed on the explanted stent’s

Non-implanted Explant 

SP 

MP 

Fig. 4. Representative SEM images of (left) non-implanted control and (right) explanted salt pot (SP) and mechanically polished (MP) stents. Explanted stent surfaces

appeared similar to non-implanted stents and free from detectable corrosion.
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struts. In fact, focused ion beammilling on one of these areas found

pits to be up to 9 mm deep. Although pitting was visually evident,

Ni/Ti ratios in these areas were similar to non-implanted and visu-

ally non-corroded regions of explants suggesting deep pitting into

the bulk metal.

In contrast to OT stents, AF stents incorporated common pro-

cessing methods to remove the original oxide from the raw tubing

as well as remove the heat affected zone post laser cutting. How-

ever, stents were heat treated in a box furnace in air without final

polishing and/or passivation. The resulting moderately thick ther-

mal oxide was blue in appearance, similar to a first generation

laser-cut Nitinol stent (Fig. S4). AF stents also possessed the next

lowest breakdown potentials and displayed localized corrosion

in-vivo. Corroded areas in AF explants did not have classic pitting

morphology as observed in the OT stents, rather regions of the

oxide had delaminated from the surface indicating subsurface cor-

AF Non-implanted AF Explant 

AF Explant AF Explant 

Fig. 6. Representative SEM images of (top left) non-implanted control and (top right) explant of air furnace (AF) stent. Magnification revealed cracking and corrosion exposing

the substrate (bottom right) along the stent edge and (bottom left) at the intrados.

Fig. 7. Examples of different corrosion morphologies observed in explanted air furnace (AF) stents. (a) corrosion without surrounding cracks (b) delamination initiation

where cracks allowed ‘‘bubbling” of the oxide (potential subsurface corrosion) (c) ‘‘halo” of corrosion with cracking and oxide delamination at intradose. Magnified images of

each location shown below (a.1–c.1).
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rosion. Although we found corrosion in areas without microcracks

(expected low strain), the majority of corrosion occurred in areas of

microcracking (high expected strain), which may be a result of

combined mechanical and chemical mechanisms. We hypothesize

that the mechanical damage (i.e. microcracking) may have pro-

vided a conduit for fluid to penetrate into nickel-rich regions or

the bulk metal. Here, electrochemical interactions resulted in sub-

surface corrosion and in many instances delaminated localized

areas of the oxide layer. These fully delaminated areas appeared

to have selective dissolution of nickel, indicated by significantly

lower Ni/Ti ratios compared to visually non-corroded regions on

explants. However, Ni/Ti ratios in explanted areas where cracking

was present without delamination had considerable variability

(1.11–0.65), suggesting different stages of surface degradation

Fig. 8. High magnification examples of corrosion in air furnace (AF) stents with (a) oxide layer partially intact where crack sites have allowed subsurface corrosion and (b) full

delamination of the oxide from the surface. Respective backscatter electron composite images (a.1 and b.1) show dark gray regions as oxide and brighter areas as exposed

base metal.

OT Non-implanted OT Explant 

OT Non-implanted 

OT Non-implanted 

OT Explant 

OT Explant 

Fig. 9. Representative SEM images of oxidized tubing (OT) stents (left) non-implanted control and (right) sonnicated explant.
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were present in this group. This supports a previous finding that

mechanical damage from strains exerted on the thermal oxide

layer during loading and delivery of implants may reduce corrosion

resistance [50]. If implantation duration was extended beyond

6 months, these degraded areas on the AF stent may have pro-

gressed to full delamination. In addition, definitively identifying

corrosion, particularly features that do not appear as classical

rounded pits, may require comparisons to non-implanted controls

and/or chemical assessments within and outside of corroded areas.

MP stents were the only group in this study to use polishing as

final processing steps to remove thermal oxides from previous heat

treatments. Polishing is a commonly used final surface processing

method for laser-cut stents as previous literature has shown that

proper polishing of Nitinol preferentially removes surface nickel

and produces a thin pure titanium oxide layer resulting in higher

in-vitro corrosion resistance compared to thermal oxides with

nickel-rich phases [46,51,52]. MP stents in this study had a shiny

silver metallic appearance, indicative of a thin oxide, with no

)b()a(

)1.b()1.a(

Micro-pi�ng 

Micro-pi�ng 

Fig. 11. Examples of micro-pitting (yellow circles) adjacent to areas of extensive corrosion in oxidized tubing (OT) stents (a–b). Magnified images of each location shown

below (a.1–b.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Representative images of deep pitting observed in oxidized tubing (OT) stents (a–c). Magnified images of each location shown below (a.1–c.1).
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nickel-rich regions detected from Auger depth profiles. Although

MP stents displayed a wide range of breakdown potentials

(approximately 500 mV to no breakdown), explanted devices

demonstrated good corrosion resistance for 6 months in-vivo. Elec-

tropolished stents originally considered for this study possessed

similar appearance, oxide layer depth and Auger profile as the

MP stents, and were therefore not included in this study as we

expected these stents would have similar or better corrosion resis-

tance compared to MP stents.

SP stents were also free from detectable corrosion after

6 months of implantation. This is particularly noteworthy since

the SP stent had a complex thermal oxide that was approxi-

mately 100 times thicker than MP stents. The thick oxide layer

in SP stents was effective at deterring pitting as demonstrated

by the lack of breakdown in 93% of SP stents tested per ASTM

F2129. Interestingly, in-vivo corrosion was not observed in SP

stents even with microcracks present. This result may be because

the cracks remained in the oxide layer due to the substantially

thicker oxide. However, these cracks can expose nickel-rich

regions and lead to greater release of nickel into the bloodstream

and surrounding vasculature due to its thick complex oxide. In

fact, our previous in-vitro immersion study found SP stent had

a significantly higher nickel release than AF and MP stents

[41]. The SP’s thick oxide was beneficial in resisting pitting

corrosion, but not thin enough to withstand crimping strains

resulting in cracking and leaching of nickel from the stent. Taken

together, these results highlight the importance of oxide layer

chemistry and composition on localized and general corrosion.

Interestingly, OT stents had similarly thick thermal oxides to SP

stents; however, the in-vitro breakdown potentials and in-vivo

corrosion resistance were drastically different. We suspect that

processes to remove of the original tubing oxide and heat

affected zones in SP stents greatly improved bench and in-vivo

corrosion resistance.

There are limitations that must be considered when interpret-

ing results from this study. Processing was not inclusive of all steps

(e.g. passivation) typical for finished Nitinol stents. This was neces-

sary to intentionally manufacture stents with targeted pitting cor-

rosion resistance. Our study provided insight into the short term

(6 months) corrosion resistance of uniquely processed Nitinol

stents. However, cardiovascular stents are intended to be

implanted for a minimum of 10 years. Therefore, the longer term

corrosion susceptibility of these stent groups remains unclear, par-

ticularly for SP stents that had a thick thermal oxide. Longer expo-

sure of SP stents to the dynamic electrochemical environment may

degrade the passive layer over time. Another limitation is that we

were not able to correlate in-vivo corrosion to the full spectrum of

breakdown potentials in ASTM F2129 testing. Our attempts to pro-

duce a stent group with in-vitro breakdown potentials between

approximately 300 and 500 mV were unsuccessful due to high

variability. Nevertheless, understanding the in-vivo corrosion

performance for this range (300–500 mV) is important to fully

establish an in-vitro to in-vivo corrosion relationship. In order to

verify corroded areas, we complemented our visual analysis with

EDS to understand whether chemical changes occurred. However,

we acknowledge EDS incorporates both surface oxide and

substrate material (approximately 1 mm depth into surface for

the parameters used). In order to minimize this limitation, precau-

tions were taken to maintain consistent sample angle and param-

eter settings to create more clear comparisons between explants

and non-implanted controls. Finally, this study did not address

the biological consequences of localized corrosion observed in

explants. Future work is focused on understanding the clinical

sequelae from corrosion byproducts released into surrounding

arterial tissue and whether there is an inflammatory response

around stent struts. T
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5. Conclusions

This was the first controlled study to correlate in-vitro corrosion

testing with in-vivo corrosion performance of cardiovascular

stents. We found that Nitinol stent groups with breakdown poten-

tials lower than 200 mV displayed in-vivo corrosion after 6 months

of implantation. Conversely, Nitinol stents with pits initiating at

potentials higher than approximately 600 mV showed no signs of

in-vivo corrosion after 6 months of implantation. Table 2 provides

a summary of each stent group with bench characterization and

in-vivo corrosion performance. These findings demonstrate that

accurately predicting corrosion resistance in-vivo involves incorpo-

rating functional testing results (e.g. ASTM F2129) with a detailed

understanding of the relationship between surface processing and

the resulting oxide layer composition and chemistry.
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