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Long-term changes in serum silver
concentrations after extremity
reconstruction with silver-coated
megaprostheses
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Silver-coated megaprostheses are considered to reduce infection rate following reconstruction of
bone defects in tumour surgery or revision arthroplasty. However, little is known about systemic silver
exposure and possible side effects. The aim of this study was to analyse serum silver concentrations

in patients with silver-coated megaprostheses over a prolonged time period. Between 2004 and

2016, 46 patients (52.2% female, mean age at surgery 47.1 +24.2 years) received silver-coated
megaprostheses for septic (n=26) or oncological (n=17; main implant since 2013) indications, or
aseptic loosening (n=3). Blood was drawn from all patients within the first few days following surgery
(without silver ion levels) and thereafter every 6 months at the outpatient department (with silver ion
levels). Inductively coupled plasma mass spectrometry was used to determine silver ion levels. Median
follow-up was 47.3 months (IQR: 16.1-78.9). Overall, 29 revision surgeries became necessary in 20
patients, equivalent to a cumulative complication rate of 63.0%. Revisions were most commonly for
periprosthetic joint infections (PJIs, n=12) and instability/soft tissue problems (n =10). Revision-free
implant survival was 81.4%, 42.3% and 35.2% at one, 5 and 10 years. Incidence of local argyria was
8.7% (n=4). Silver ion levels at two or more consecutive time points during follow-up were available
for 26 patients. An increment of silver levels within the first months (“run-in”) was observed, followed
by an unspecific undulating course. Median initial and latest follow-up (median, 49.5 months) serum
silver ion levels were 16.0 ppb (IQR: 9.1-29.1) and 7.4 ppb (IQR: 2.7-14.1), respectively. According

to the multivariate mixed linear random-effects model, development of PJI was associated with
significantly higher silver ion levels over time (p=0.002), irrespective of time from surgery (p=0.274).
In the current series, a cumulative complication rate of 63.0% was observed for patients receiving
silver-coated megaprostheses for septic of oncological indications. An overall unspecific course of
silver ion concentration was present. Development of PJI was significantly associated with increased
silver ion levels over time. Yet, no systemic complication associated to high silver levels occurred.

It can be concluded that silver-coated implants constitute a safe solution for megaprosthetic
reconstruction, but monitoring of silver concentrations is recommended.

Modular megaprostheses are usually used for extremity reconstruction in case of limb salvage surgery follow-
ing resection of malignant soft tissue or bone tumours, as well as in case of massive bone loss in the setting of
revision arthroplasty'. In the beginnings of revision surgery and orthopaedic oncology, most implants available
were custom made and very expensive. With time, however, several modular “of the shelf” devices have become
available on the market. In the literature, different complication and implant survival rates are reported after
megaprosthetic reconstruction in septic revision surgery or orthopaedic oncology, with the procedure itself
known as complication-prone!-®. Thus, whilst the rate of limb sparing surgery has steadily increased, high
infection rates (up to 50%) are one of the most common complications resulting in secondary amputation, if
uncontrolled!-*679-13,

Treatment of periprosthetic joint infections (PJI) range from DAIR (debriment, antibiotics and implant
retention) to one-stage procedures for early infections and one-stage or two-stage procedures for late infections,

!Department of Orthopaedics and Trauma, Medical University of Graz, Auenbruggerplatz 5, 8036 Graz,
Austria. 2Institute of Analytic Chemistry, Karl-Franzens University, Graz, Austria. email: susanne.scheipl@
medunigraz.at

Scientific Reports |

(2022) 12:13041 | https://doi.org/10.1038/s41598-022-16707-0 natureportfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-16707-0&domain=pdf

www.nature.com/scientificreports/

accompanied by antibiogram-adapted antibiotic regimens. Yet, secondary amputation may needed as ultimate
treatment in some patients"”!4,

Various antimicrobial coatings on the surface of endoprosthetic devices have been tested, attempting to reduce
PJls rates, whereupon silver coating showed the best results"*”!2. It has been applied as surface coating, as small
flat plates or as powder. Nowadays, silver molecules are incorporated in several medical devices like catheters,
grafts, suture materials and endoprostheses®. Silver coating enables the continuous release of silver ions from
the implants’ surface by dissolution, thus providing an antibacterial environment. However, after long term use,
silver molecules can accumulate in various tissues including skin, cornea, mucous membranes, upper abdominal
organs and nails, leading to the so called silver disease*>*!>. Furthermore, known adverse side effects of high
silver ion levels are neurological symptoms'® and local argyria, although Glehr et al.’ reported no direct correla-
tion between local discoloration and systemic silver concentrations. Several studies have reported on outcome
and implant survival rate of silver-coated megaprostheses but little is known about systemic silver exposure and
long-term effects'~*1”. The aim of this study was to report longitudinal blood silver ion concentration changes
in patients undergoing megaprosthetic reconstruction with silver-coated implants. Furthermore, complications,
revision-free survival rates and factors associated with altered silver ion levels over time, were assessed.

Materials and methods

For this retrospective study, 46 patients (24 females [52.2%], mean age 47.1 +24.2 years) treated between 2004
and 2016 with modular megaprostheses for septic indications (n=26), oncological reconstructions (n=17), or
aseptic loosening (n = 3) were included. Notably, 9 out of the 26 patients treated for septic indications had previ-
ously received an endoprosthetic reconstruction for tumour surgery. In all but 4 cases, the modular megapros-
thetic device MUTARS (Implantcast GmbH, Buxtehude, Germany) with a galvanised silver coating, was used
for reconstruction. In the remaining 4 cases, a silver-coated arthrodesis implant by the same manufacturer had
been used. Additionally, 5 selected oncological cases had been treated with silver-coated megaprostheses from
2007 onwards. Since 2013, silver-coated megaprostheses have become the main reconstruction system at the
authors’ institution. Median postoperative follow-up was 47.3 months [interquartile range: 16.1-78.9 months]. At
latest follow-up, 31 patients were alive (67.4%) and 11 had died (23.9%), whilst 4 patients were lost to follow-up
(8.7%). According to the manufacturer (Implantcast, Buxtehude, Germany), thickness of the silver coating on each
modular component was 20 um, containing 0.172 pg silver particles per square centimeters. This composition
had not changed over the inclusion period. Thus, the amount of silver implanted was calculated by the length of
resection multiplied with the components’ silver content.

Determination of serum silver concentration was done within several days post-surgery, and subsequently
every 6 months at the outpatient department. Serum silver concentration measurement was done using induc-
tively coupled plasma mass spectrometry (ICP-MS, Agilent 7500ce; Agilent, Waldbronn, Germany) after micro-
wave-assisted digestion with nitric acid in a microwave-heated autoclave (MLS ultraClave III; MLS-Mikrowellen-
laborsysteme, Leutkirch, Germany). The exact method has been described in the series by Glehr et al.’.

Liver and kidney parameters were obtained in light of potential organ failure upon systemic accumulation of
silver ions. Signs of systemic silver-associated side effects and local argyria were evaluated in all patients upon
routine postoperative clinical check-ups by means of thorough history taking and physical examination. In case
of local argyria, neurological assessment was performed, as previously described’.

Notably, baseline silver ion concentrations were available in 33, and at least two measurements in 26 patients
of the entire cohort. Statistical analyses regarding changes in silver ion concentrations were thus performed
including 26 patients only. Of these, 25 had a lower-limb megaprosthesis, and one a proximal humeral megapros-
thesis. None of the patients with a knee arthrodesis implant had more than one measurement of silver ion levels
available.

Implant-associated complications were classified into five categories, as proposed by Henderson et a
The diagnosis of PJI was provided on the basis of international consensus for the diagnosis of periprosthetic
infection®. As reinfection, we defined a clinically and microbiologically recurrence of local PJI after an antibiotic-
free period and the absence of clinical symptoms for at least 6 weeks.

1 18,19

Statistical analysis. Statistical analyses were performed with Stata Version 16.1 for Mac (StataCorp, Col-
lege Station, TX, USA). Means (normally distributed variables) and medians (non-normally distributed vari-
ables) were provided with corresponding standard deviations (SDs) and IQRs, respectively. Kaplan-Meier
method and log-rank test was performed to assess revision-free survival (any Henderson type), mechanical
complication-free survival (Henderson types I, IT and IIT), and infection-free survival (Henderson type IV) up to
10 years postoperatively, with any complication, mechanical complications, and periprosthetic joint infections,
as the respective endpoints. Wilcoxon matched pair signed rank test was used to assess differences between non-
normally distributed continuous paired variables. Spearman’s rank correlation coefficient (rho) was performed
to assess correlations between non-normally distributed continuous variables. The assumption that silver ion
level measurements over time were missing completely at random (MCAR) was verified with Little’s X? test
(Stata command mcartest; p=0.311)*". Thus, univariate and multivariate linear random-effects models could
be performed to assess correlations between longitudinal changes of silver ion level measurements and demo-
graphic as well as clinical variables. A p-value of <0.05 was considered statistically significant.

The study was performed in accordance with the Declaration of Helsinki, has been approved by the local
institutional review board (Ethics committee of the Medical University of Graz, Austria; EK-Nr. 21-131 ex 09/10),
and all patients gave their informed consent.
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(n; %)
Gender
Males 22 (47.8%)
Females 24 (52.2%)
Indications
Primary surgery 20 (43.5%)
Revision surgery 26 (56.5%)
Type of reconstruction
Proximal femur 16 (34.8%)
Distal femur 6 (13.0%)
Total femur 6 (13.0%)
Proximal tibia 6 (13.0%)
Proximal humerus 5(10.9%)
Arthrodesis implant 4(8.7%)
Intercalary femur 3(6.5%)
Age at surgery (in years; mean + SD) 47.1+24.2
Reconstruction length (in cm; mean + SD) 17.8+11.4
Amount of silver in coating (in pug; mean +SD) 3.1£2.0
Creatinine at time of implant (in mg/dl; median, IQR) 0.75[0.61-0.88]
GGT at time of implant (in U/l; median, IQR) 26.0 [16.0-49.0]
ALT at time of implant (in U/l; median, IQR) 20.0 [12.0-30.0]
AST at time of implant (in U/l; median, IQR) 20.0 [17.0-29.0]
Time of follow-up (in months; median, IQR) 47.3 [16.1-78.9]

Table 1. Descriptive analysis of the entire patient cohort.

Results
Sixteen proximal femoral, 6 distal femoral, 6 total femoral, and 3 intercalary femoral reconstructions were per-
formed. Furthermore, 6 and 5 reconstructions were located at the proximal tibia and humerus, respectively. In
4 additional cases, a sliver-coated arthrodesis implant was used for knee arthrodesis. Mean osseous resection
and reconstruction length was 17.8 £ 11.4 cm. Mean amount of silver implanted per patient was 3.1+2.0 pug.
At latest follow-up of 47.3 months (IQR: 16.1-78.9), 12 out of 26 patients with silver-coated megaprostheses
for septic revision were alive without evidence of infection, 5 alive without evidence of disease (oncological
patients), 7 had died of unknown causes, and two had been lost to follow-up. All three patients with mechanical
wear as the indication for implantation of a silver-coated megaprosthesis were alive without any problems. Of
the 17 patients with underlying malignancy as the reason for implantation of the silver-coated megaprosthesis
10 were alive without disease, one was alive with disease, 4 had died of disease, and two were lost to follow-up.
Median creatinine clearance of the 46 patients at time of implantation was 0.75 mg/dl (IQR: 0.61-0.88). At the
same time, the hepatic parameters (gamma-GT, ALT and AST), indicative of liver function were also within the
normal limits, except for nine patients having either received preoperative chemotherapy (n=3) or high dose
antibiotics for PJI with toxicological side effects on the liver (n=6). Further demographic data is shown in Table 1.
At a median latest follow-up of 31.0 months (IQR: 6.2-58.2), kidney and hepatic enzyme levels were available
in 37 patients. Median creatinine clearance was 0.73 mg/dl (IQR: 0.59-0.82; n=37), median ALT 18.0 U/I (IQR:
12-23; n=37), median GGT 25.5 U/l (IQR: 14.5-57.5; n=36), and median AST 22.0 U/l (IQR: 18.0-31.5; n=36).
Wilcoxon matched pair signed rank test showed no significant difference between laboratory parameters at
time of implantation and latest follow-up (creatinine clearance: p=0.368; ALT: p=0.095; GGT: p=0.280; AST:
p=0.416).

Complications. Within the entire cohort, there were 29 revision surgeries for implant-associated complica-
tions in 20 patients (14 with previous failed arthroplasty), of whom 6 required more than on one revision. This
amounted to a cumulative complication rate of 63.0%. According to the Henderson classification'®!?, there were
10 type I failures (instability and soft tissue problems; 34.5%), 4 type II failures (aseptic loosening, 13.8%), 2 type
III failures (periprosthetic fractures, 6.9%), 12 type IV failures (infections, 41.4%) and one type V failure (relapse
of tumour, 3.4%). The calculated implant survival for any complication needing revision was 81.4%, 42.3% and
35.2% at one, 5 and 10 years following primary implantation of the silver coated megaprosthesis, respectively
(Fig. 1).

Mechanical failures. Overall, 16 mechanical complications occurred in 13 patients, including 5 luxations
(one of which was a luxation-elongation), 4 aseptic loosenings, 2 periprosthetic fractures, one disconnection
of modular components, one haematoma formation, one perforation, one aseptic early postoperative wound
dehiscence, and one patellar impingement.
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Figure 1. Kaplan-Meier curve for overall implant revision-free implant survival (any Henderson type; solid
red line), mechanical complication-free survival (Henderson types I, II, III; dashed blue line), and periprosthetic
joint infection-free survival (Henderson type IV; dashed orange line).
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Figure 2. Argyria after distal femoral reconstruction with progressive discoloration during a follow-up period
of 7 years (2009, left; 2016, mid and right).

The calculated implant survival for mechanical failures needing revision was 88.7% at one year, 64.3% at
5 years, and 50.6% at 10 years following implantation (Fig. 1).

Infections. There were 12 cases of PJI necessitating revision surgery in 10 patients (two developed a second
PJI after successful treatment of the first), resulting in a cumulative (re)-infection rate of 26.1%. Of these 10
patients, nine had received the silver-coated megaprosthesis following previous PJI. The tenth patient devel-
oped PJI 4 months after wide resection for osteosarcoma and reconstruction with a silver-coated total humerus
implant. In patients having received the silver-coated megaprosthesis upon septic revision surgery, median time
from implantation to development of another PJI was 47.9 months (IQR: 18.9-51.6 months). Microorganisms
causing PJI included Staphylococcus epidermidis (n=5), Enterococcus faecalis (n=3), Staphylococcus aureus
(n=3), and Streptococcus agalactiae (n=1). All patients with PJI were treated with a two-stage procedure as
therapy of choice, secondary amputation became ultimately necessary in two patients. The calculated PJI-free
survival was 92.8% at 1 year, 74.4% at 5 years, and 66.1% at ten years of follow-up (Fig. 1).

Argyria. Four out of 46 patients developed idiosyncratic local argyria, resulting in an overall incidence of
8.7%. There was no difference between patients with local argyria and those without regarding implant size
(p=0.348), initial systemic silver ion concentrations (p=0.377) or those latest follow-up (p=0.696; for 26
patients with > measurements), as already discovered by Glehr et al.? in a study including some of the patients
herein analysed. Although local argyria may just constitute a cosmetic problem, we observed pronounced pro-
gression of skin discoloration in one patient, despite strict avoidance of any direct sun exposure (Fig. 2).

Serum silver concentrations. Baseline silver ion concentrations had been obtained in 33 patients,
amounting to a median of 16.0 [IQR: 9.1-29.1] ppb in the early postoperative period. In 26 of these, at least two
serum silver ion measurements over time were available, allowing for longitudinal assessment of silver ion level
change. The latest median silver ion levels in the blood stream, obtained at 49.5 months (IQR: 38.0-92.0 months),
were 7.4 ppb (IQR: 2.7-14.1). There was no significant correlation between silver ion concentrations at latest
follow-up and most recent creatinine clearance (Spearman’s rho: 0.226; p=0.299), ALT (Spearman’s rho: 0.212;
p=0.331), AST (Spearman’s rho: -0.100; p=0.649), or GGT levels (Spearman’s rho: 0.221; p=0.311).
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Figure 3. Distribution of silver ion levels over time.

Average ——— Standard error

Silver ion levels Coefficient | Standard error | 95% confidence interval | p-value
Time from surgery (per 6 months) 0.11 0.06 -0.02;0.23 0.091
Age at surgery (per 1 year increase) 0.11 0.18 —0.24;0.47 0.525
Female Gender 3.87 8.13 —12.07; 19.81 0.634
Mechanical Revision -10.19 12.35 — 34.40; 14.01 0.409
Periprosthetic joint infection 25.0 7.62 10.07; 39.9 0.001
Argyria 12.81 10.43 —7.64;33.27 0.220

Table 2. Univariate linear random effects model for change in silver ion levels over time (n=26). Significant
values are given in bold.

Change in silver ion levels over time by periprosthetic joint infection
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Figure 4. Change in silver ion levels over time, divided by patients without (blue line) and with (red line)
periprosthetic joint infection.

During follow-up, we observed an increment of systemic silver concentrations in all 26 patients, followed by
an unspecific undulating course (Fig. 3).

Univariate linear random effects model revealed no statistically significant correlation between time from
surgery and longitudinal change in silver ion levels (p =0.091; Table 2).

Likewise, age at surgery (p=0.525), female gender (p =0.634), local argyria (p = 0.220) and mechanical revi-
sion (p=0.409) were not significantly correlated with changes in silver ion levels over time. Notably, development
of periprosthetic joint infection was significantly associated with increased silver ion levels over time (p=0.001;
Table 2, Fig. 4).
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Silver ion levels Coefficient | Standard error | 95% confidence interval | p-value
Time from surgery (per 6 months) 0.06 0.05 -0.05;0.17 0.274
Periprosthetic joint infection 24.43 7.74 9.26; 39.60 0.002
Constant 11.64 2.43 20.85 0.013

Table 3. Multivariate linear random-effects model for longitudinal change in silver ions (n=26). Significant
values are given in bold.

In the multivariate linear random-effects model, development of periprosthetic joint infection remained
significantly associated with increase in silver ion levels over time (p = 0.002), irrespective of time from surgery
(p=0.274; Table 3).

Discussion

In the current study, a cumulative complication rate of 63.0% was observed in a high-risk population of patients
having undergone surgery with silver-coated megaprostheses. Silver ion levels initially increased in all patients,
followed by an undulating course. Whist factors as patient age and time from surgery were not significantly
associated with changes in silver ion levels over time, development of PJI showed a significant association with
increasing silver ion levels. Four patients developed local argyria. No systemic complications attributable to high
silver ion levels could be observed.

Shivaram et al.?? investigated the long-term silver release from the surface of porous coated titanium implants.
Comparable to the current series, they observed an initial burst release due to leaching of silver ions with gradual
stabilization over time. The stabilization times varied depending on factors such as experimental conditions,
particle size, concentration, pH gradient and aggregation kinetics. Notably, a faster release of silver ions was
observed in presence of low pH, also often present in case of joint infection*>?*,

In 2007, Hardes et al.® reported on silver ion levels in 20 patients within the first 24 months after implantation
of a silver coated MUTARS device. Their results were comparable to the results of the current series without any
systemic complications associated to the silver coating. Thus, Hardes et al.® stated that silver-coated megapros-
theses might be a sufficient tool for prevention of PJI in tumor and revision surgery.

Silver ion levels after implantation of the modified Mega System C with PorArg’ silver coating (Link GmbH,
Hamburg, Germany) in 33 patients were reported by Scoccianti et al.?%. They discovered mean silver ion con-
centrations in blood of 2.01 ppb at 36 months following primary surgery**. Furthermore, neither argyria nor
any other local or systemic side effects related to silver were observed®. Our data and the one from Hardes et al.?
demonstrate that clinically significant levels of silver ions are still measurable in blood and urine for as long as two
(Hardes’ series), and up to a median of 4.1 years (current series) following surgery. Therefore, a long-lasting local
active effect against bacteria colonisation can be supposed, without serious systemic side effects. Yet, a possible
local adverse effect of silver is argyria, with the skin becoming blue or bluish-grey. It is usually localised, but may
also occur diffusely. Data about argyria in patients bearing silver-coated megaprostheses are inhomogeneous,
with a reported incidence ranging from 0% to as high as 23%’. In the current series of 46 patients, four cases
(8.7% of patients) of idiosyncratic local argyria were observed. Glehr et al. analysed parts of the same cohort
in 2013, and discovered no correlation between systemic silver concentrations and implant size, or differences
in silver concentrations between affected and non-affected patients’. Although predominantly constituting a
cosmetic problem, we observed am enormous progression of skin discoloration with time.

Silver coatings are recommended by several authors especially in revision surgery or patients at-risk for
PJIM671L1225 Tn our cohort of at-risk patients receiving silver-coated megaprostheses for orthopaedic oncology,
septic revision, as well as aseptic loosening, a PJI rate of 26.1% was observed, being at the upper limit reported
in literature!>%7-1-13 Notably, of 10 patients with PJI during follow-up, all but one developed it following
implantation of the silver-coated megaprosthesis for septic revision surgery. In this context, significantly higher
silver ion levels over time were observed in case patients developed PJI, wherefore close monitoring of silver ion
levels especially in these patients is reccommended.

According to an animal study by Gosheger et al.%, the type of alloy also seems to have an influence on devel-
opment of PJI, with significantly higher PJI rates found in implants made of Co-Cr alloy compared to titanium
(31% vs. 14%). They also reported a significant reduction of infection rate from 47 to 7% when using silver coated
devices compared to titanium devices®. This finding was supported by the results of Donati et al.'?, showing a
marked reduction of early and late infections in silver coated prostheses (7.9%) compared to titanium devices
(16.7%). In another study, Hardes et al.?> also reported on a reduction of PJIs from nearly 18% in uncoated tita-
nium prostheses to 6% when using silver coated implants over a period of 5 years. Wafa et al.® likewise discovered
lower PJI rates in patients with silver-coated endoprostheses compared to controls (12% vs. 22%). In their cohort,
70.6% of patients had received a silver-coated implant for septic revision surgery, explaining the higher overall
(re)-infection rate®. Streitbuerger et al.” reported on an overall infection rate of 11% for silver coated proximal
femoral MUTARS megaprostheses for proximal femoral reconstruction in tumour surgery. The calculated event
free survival was 90% at 5 and 10 years of follow-up, which is better than the 35.2% observed in the recent series
during the same period. Recently, a systematic review and meta-analysis by Fiore et al. reported on an overall
infection rate of 9.2% in silver coated megaprostheses compared with 11.2% upon use of uncoated devices'.
Furthermore, the authors observed significantly lower re-infection rates in case the silver-coated implants had
been used upon revision surgery (13.7%) in comparison to uncoated devices (29.2%)"". Thus, they reached the
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conclusion that silver-coated endoprostheses can effectively reduce risk for another PJI in patients after two-
stage septic revision surgery'”. However, most studies available for inclusion were developer publications and
potentially biased due to treatment assignment or patient selection'’.

Limitations. There are several limitations of the current study: first, the number of patients included is
small, with varying indications for the use of silver-coated megaprostheses, eventually limiting the interpretation
of complication- and PJI-rates observed due to heterogeneity. Second, discontinuous follow-up of patients was
a limiting factor, with long-term silver ion levels available in 26 out of 46 patients only. This may have biased the
results obtained. Third, confounding factors as use of another silver coated implant upon PJI were not consid-
ered in the current analysis. Fourth, it could not be clarified whether differences in silver ion concentrations are
present between megaprostheses in non-weight-bearing and weight-bearing areas. On the other hand, advan-
tages of the study include the fact that only one implant system was used over many years, and silver ion levels
up to a median of 49.5 months were available.

Conclusion

To the best of the authors’ knowledge, this is the first series reporting on long-term silver ion levels in patients
treated with silver-coated megaprostheses. Silver may not be the ‘final solution’ to prevent development PJI in
megaprosthetic reconstructions, but it may well constitute a useful weapon in patients at risk for PJI due to previ-
ous septic complications, or orthopaedic oncological surgery. Based on the herein observed silver ion levels with
time, corroborating previous findings, silver-coated devices seem to be safe without serious side effects. However,
continuous monitoring of silver concentrations is still recommended, especially in case patients have developed
PJI. Further long-term studies will be necessary to prove the effectiveness and secureness of silver coatings.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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