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Longitudinal surveillance of serum 
titanium ion levels in patients 
with indigenous 3D printed 
total temporomandibular joint 
replacement
Garima Khandelwal 1, Ajoy Roychoudhury 1*, Ongkila Bhutia 1 & A. Shariff 2

The purpose of this longitudinal study was to surveil the serum titanium ion levels at various time 
intervals in patients with indigenous 3D-printed total temporomandibular joint replacement (TMJ 
TJR). The study was conducted on 11 patients (male: 8; female: 3) who had undergone unilateral or 
bilateral TMJ TJR. Blood samples were drawn preoperatively (T0), 3 months (T1), 6 months (T2), and 
1 year (T3) postoperatively. Data were analyzed and a p value of < 0.05 was considered statistically 
significant. The mean serum titanium ion levels at T0, T1, T2, and T3 was 9.34 ± 8.70 µg/L (mcg/L), 
35.97 ± 20.27 mcg/L, 31.68 ± 17.03 mcg/L, and 47.91 ± 15.47 mcg/L respectively. The mean serum 
titanium ion levels increased significantly at T1 (p = 0.009), T2 (p = 0.032), and T3 (p = 0.00) interval. 
There was no significant difference between unilateral and bilateral groups. Serum titanium ion 
continued to show increased levels till the last follow-up of 1 year. These initial serum titanium ion 
levels increase is due to the initial wear phase of the prosthesis which manifests over 1 year. Further 
studies with large sample sizes and long-term follow-ups are required to see the deleterious effect if 
any on the TMJ TJR.

Alloplastic total temporomandibular joint (TMJ) replacement (TJR) surgery has emerged as a worthwhile treat-
ment modality in end-stage TMJ disease1,2. However, in recent years, much of the concern is being engrossed in 
the biocompatibility of metals used to reconstruct the joint and its leaching in the surrounding environment3,4. 
United States Food and drug association (USFDA) approved materials are used for the manufacturing of TMJ 
TJR which include ultrahigh molecular weight polyethylene (UHMWPE), chromium alloys (Co–Cr–Mo), alloyed 
titanium (Ti6Al4V), and commercially pure titanium (cpTi). But they do wear under functional loading and lead 
to the formation of metal debris around the prosthesis and surrounding soft tissues and may lead to a condition 
known as metallosis4. Metallosis is described as a medical condition that involves metal debris build-up and 
deposition in body tissues5. The entrapped metal debris between these surfaces of the prosthesis leads to inte-
grated wear, thereby aggravating the condition6,7. This process of the buildup of metal debris due to mechanical 
friction has better described by the term tribocorrosion7,8. The study of friction, lubrication of material, and wear 
combined with the corrosion process is termed as tribocorrosion7.

Wear and tear of the joint surface leads to the accumulation of metal debris around the joint surface. This 
debris polarizes macrophages, causing release of kinases and activation of nuclear factor-kappa b and activation 
of macrophages. These activated macrophages further secrete mucopolysaccharides 1, interferons gamma, TNF 
alpha, and endotoxins which conclusively lead to activation of osteoclasts that lead to bone resorption in the joint 
area. These macrophages combine with metal particles and form complexes that are further taken to different 
organs of the body via bloodstream leading to systemic symptoms and toxicity (Fig. 1)9–11.

There is no single parameter that can be used for the diagnosis of metallosis. To reach a final diagnosis, 
detailed history, thorough clinical examination of the patient combined with radiological findings and laboratory 
investigations including C reacting protein (CRP), erythrocyte sedimentation rate (ESR), lymphocyte transfor-
mation test (LTT), and serum, whole blood, and urine metal ion levels are required. The usual presenting signs 
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and symptoms are pain, fever, skin discoloration around the prosthesis, crepitus, and tenderness in relation to 
the prosthesis. Other signs and symptoms may include variable presentation like combination of cardiovascular, 
neurological symptoms, and the endocrine symptoms which depends on the levels of the systemic metal ion. 
Radiological findings include the radiolucent area surrounding the prosthesis, dislodgement of the prosthesis 
which may indicate the osteolysis process. Correlation of all these signs and symptoms, radiological features, 
elevated CRP, ESR, LTT levels, and elevated blood, serum, and urine metal ions levels may help in diagnosing 
metallosis12.

Although the quality control is ensured during the manufacturing of the implants, the probability of metal 
leaching in surrounding tissues is not ruled out13. Chang et al. reported approximately 5.3% incidence of the 
metallosis after total hip arthroplasty14. Ollivere et al. reported a 3.1% incidence of metallosis after cognate 
prosthesis failure used in resurfacing of the hip15. There is abundant literature evidence in orthopedics regarding 
the serum metal ion levels and their consequences in total joint replacement, but there is dearth of literature in 
TMJ TJR patients11,16. This paucity of literature has created curiosity to design a study that will give an insight 
into the serum levels of titanium in TMJ TJR patients.

Materials and methods
Study design.  This longitudinal study was initiated after getting approval from the “Institute ethical 
committee for post graduate research, All India Institute of Medical Sciences, New Delhi, India” (IECPG-
698/19.12.2019) to evaluate the serum levels of titanium ions released from the TMJ TJR prosthesis. The study 
sample was composed of all the patients undergoing TMJ replacement surgery from January 2020 to December 
2020 with age above 12 years. However, our centre mostly deals with TMJ TJR in patients having TMJ anky-
losis, so in the present study, 11 patients which were included had ankylosis as the etiology. The methods were 
carried out in accordance with the institute protocol following the relevant guidelines and regulations. Written 
and informed consent was taken from all the patients participating in the study. The patients who had another 
implanted metallic device (dental implants, metallic crowns, knee joint replacement), having parafunctional 

Figure 1.   Pathogenesis of metallosis.
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habit or underlying systemic condition, or had a history of chronic usage of certain prescriptions like multivita-
min supplements or working in a profession that leads to exposure to metal particles were excluded. However, 
11 patients which were included in this study had long-standing ankylosis and nil jaw functions.

Study variables.  The primary objective was to assay serum concentration of titanium ions at preoperative 
(T0), 3 months (T1), 6 months (T2), and 1 year (T3) postoperatively. Secondary objectives were to compare 
serum titanium levels between unilateral and bilateral TMJ TJR, to observe and document the signs and symp-
toms of metallosis, if any.

Sample size calculation.  The sample size was calculated using n-Master Software. The known metallosis 
incidence after total hip replacement and total knee arthroplasty (Known population) is around 5 ± 2%. Consid-
ering the metallosis in TMJ TJR (Study group) to be less than total hip replacement as it is not high wear joint: it 
was kept at 3%. With Alpha error of 0.05 and 90% power of study; the sample size was calculated, n = 11.

Type of joint.  In this study, indigenous custom-made 3 D printed titanium joint was used. The fossa was 
made up of ultra-high molecular weight polyethylene (Fig. 2).

Custom prosthesis was made up of titanium alloy grade 23 (Renishaw, UK, power) and prosthesis was manu-
factured using direct metal laser sintering (DMLS) (Renishaw, UK, power). The manufacturing unit has quality 
certification for patient specific implant manufacturing using titanium. ISO13485:2016.

Design process.  The siemens computed tomography machine was used to obtain the DICOM data of the face 
of the patients included in the study. The DICOM data with slice thickness of 0.625 mm was then uploaded into 
the image processing software. In the present study slicer and blender software is used. Thresholding and seg-
mentation of the desired anatomical region was done. Three-dimensional model was formulated and converted 
to a series of surface meshes and prepared for 3D printing through the addition of connectors and surface colour 
information. File was obtained in the standard triangle language (STL) format. This was further processed in 3D 
designing software. Blender software was used for implant designing.

Fabrication of implant.  The build chamber was first filled with inert gas (argon) and heated to the optimal build 
temperature. A thin layer of metal powder was spread over the build platform and a high-power laser scanned 
the cross-section of the component, melting (or fusing) of the metal particles together was done and the next 
layer was formed. The entire area of the model was scanned and the part was built fully solid. When the scan-
ning process was completed, the build platform moved down by one layer thickness and the recoater spreaded 
another thin layer of metal powder. The process is repeated until the whole part was completed.

When the build process was finished, the parts were fully encapsulated in the metal powder.

Figure 2.   Mandible component with fossa on a 3D model.
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When the bin cools to room temperature, the excess powder was manually removed and the parts were 
typically heat treated while still attached to the build platform to relieve any residual stresses. Then the compo-
nents were detached from the build plate via cutting or machining for the post processing process. After post-
processing, the finished implant was cleaned using ultrasonic cleaning and then packed in Tyvek bag. Packaged 
implants get Gamma sterilised.

Collection of specimens.  The blood samples were collected from all the patients at 4 different timelines. 
The amount of blood sample withdrawn from each patient at single point is 3 ml. Patients were instructed to 
avoid use of cosmetics, carbonated drinks, food supplements and multivitamins. A total of 44 samples (4 each for 
11 patients) were obtained and were stored at − 80 °C till the time of processing. The samples were kept outside 
the refrigerator for 2 h and allowed to attain room temperature before analysis.

Metal ion analysis.  Inductively coupled plasma mass spectrometry (ICP-MS) was used as an analytical 
method to detect metal ions in blood samples (Aligent technologies, 7800 ICP-MS, USA). Quantification of the 
metal ion levels was done by this machine based on their mass:charge ratio after generating metal ions and atoms 
by plasma. After analysing, the data obtained was formulated in tabular form.

Data analysis.  Data were analyzed by IBM SPSS version 21 (IBM Corp, Armonk, NY). The normality of 
data was checked by the Shapiro Wilk W test. Parametric tests were used to analyze the data. Paired t was used 
to compare various timelines. Mann Whitney test was used for comparison between two groups at different time 
intervals. A level of p < 0.05 was considered as statistically significant. Pearson correlation test was used to cor-
relate the surface area of the joint with serum titanium ion levels.

Ethical approval.  This study was initiated after obtaining ethical clearance from the Institute Ethical Com-
mittee under the registration number: IECPG-698/19.12.2019.

Results
The study sample comprised 11 patients (8 males, 3 females). The mean age of included patients is 24.73 ± 10.43. 
The number of unilateral cases was 6 and bilateral cases was 5. (Table 1) The mean surface of the TMJ TJR is 
2724.14 square mm.

The mean serum titanium ion levels at T0, T1, T2, and T3 were 9.34 ± 8.70 mcg/L, 35.97 ± 20.27 mcg/L, 
31.68 ± 17.03 mcg/L, and 47.91 ± 15.47 mcg/L respectively (Table 1, Fig. 3). The mean serum titanium ion levels 
increased significantly at T1 (p = 0.009), T2 (p = 0.032), and T3 (p = 0.00) interval. Intergroup comparison between 
unilateral and bilateral groups was done (Table 2). In unilateral cases, mean serum titanium ion levels at T0, 
T1, T2, and T3 were 10.96 ± 9.08 mcg/L, 53.22 ± 10.21 mcg/L, 28.18 ± 21.28 mcg/L, and 50.93 ± 13.43 mcg/L. 
In bilateral cases, mean serum titanium ion levels at T0, T1, T2, and T3 were 7.40 ± 8.81 mcg/L, 31.03 ± 21.64 
mcg/L, 35.31 ± 15.51 mcg/L, and 45.28 ± 19.92 mcg/L. No significant difference was observed in serum titanium 
levels between the unilateral and bilateral groups. The correlation of the surface area of the TMJ TJR with serum 
titanium ion levels is mentioned in Table 3. No significant difference was observed. None of the patients showed 
any signs and symptoms of metallosis like pain, fever, tenderness, crepitus, loosening of the prosthesis, skin 
discoloration around the prosthesis, and systemic complications.

Table 1.   Serum titanium ion levels of individual patients. Data is presented as mean (standard deviation) or as 
frequency. M male, F female, U/L unilateral, B/L bilateral, SD standard deviation.

Sex Age Side of ankylosis
Surface area of alloplastic joint in square 
mm T0 T1 T2 T3

1 M 31 Bilateral 3532 0.1 25 34.33 14.4

2 M 23 Right 1722.35 0.87 5.6 8.5 32.49

3 M 14 Right 1585.64 0.23 38.92 40.29 41.759

4 M 20 Bilateral 3105.34 4.9 42.97 27.9 42.9

5 M 21 Bilateral 4596.4 3.7 9 14.65 43.22

6 F 19 Bilateral 2596.4 5.6 55.145 55.193 62.506

7 F 20 Right 1468.66 20.18 53.415 15.01 54.959

8 M 36 Left 2235.15 11.9 28 31 46

9 F 50 Bilateral 3244.33 22.7 17.04 44.525 63.375

10 M 17 Right 2345.51 21.45 62.37 17.46 63.931

11 M 21 Right 3533.79 11.145 58.182 59.641 61.551

Mean (SD) M = 8 (72.7%)
F = 3 (27.3%) 24.73 (10.43) U/L = 6 (54.5%)

B/L = 5 (45.5%) 2724.14 9.343 (8.70) 35.97 (20.27) 31.68 (17.03) 47.91 (15.47)

P value 0.009 0.032 0.000



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7275  | https://doi.org/10.1038/s41598-023-33229-5

www.nature.com/scientificreports/

Discussion
Total temporomandibular joint replacement (TMJ TJR) is a successful surgical treatment for irreparably dam-
aged, ankylosed joints, end-stage temporomandibular joint disorders and is associated with high rates of patient 
satisfaction and improvement in quality of life and overall physical function17. In an ideal scenario, prostheses 
made up of biocompatible materials should not wear with either function or time, yet there is increasing rec-
ognition that the metal debris of the prosthetic material may be associated with untoward local tissue reactions 
and systemic complications10,18. These complications are well researched and described in the details in the 
orthopedic literature18.

Various methods have also been described for early diagnosis of metallosis in the literature including analysis 
of synovial fluid, serum, whole blood, and radiographic interventions. With time and advancing technology, 
what happens to implant inside the body has become the question of interest. Here comes the role of tribocor-
rosion which can affect any implant that has been placed in the human body or inside other chemical solution 
leading to the erosion of metal surface thereby affecting its performance19. Many studies have been designed 
documenting the tirbocorrosion behavior of metallic implants. In vitro studies have also been done explaining 
the tribocorrosive behavior in TMJ TJR devices20. Inspired from the orthopedic literature, Mercuri et al. did 
studies on failed, retrieved TMJ TJR and summarized the role of wear and corrosion interactions on the failure 
of TMJ TJR8. Abundant literature is also available on dental implants documenting the metal ion levels in saliva 
and its effect on implant life16,21. However, only one cross sectional study regarding the serum metal ion levels 

Figure 3.   Linear graph showing serum titanium ion levels.

Table 2.   Serum titanium ion levels in unilateral and bilateral groups. Data is presented as mean (standard 
deviation).

Mean titanium levels (SD)

p-valueUnilateral Bilateral

Pre-operative 10.96 (9.08) 7.40 (8.81) 0.528

Post-operative 18.13 (15.20) 25.63 (17.43) 0.465

After 3 months 53.22 (10.21) 31.03 (21.64) 0.113

After 6 months 28.18 (21.28) 35.31 (15.51) 0.561

After 1 year 50.93 (13.43) 45.28 (19.92) 0.613

Table 3.   correlation of surface area with metal ion levels. Data is presented as p value (< 0.05 is considered as 
statistically significant).

Time interval Unilateral Bilateral

3 months 0.407 0.068

6 months 0.109 0.055

12 months 0.226 0.528



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7275  | https://doi.org/10.1038/s41598-023-33229-5

www.nature.com/scientificreports/

was reported in the literature for TMJ TJR patients16. No longitudinal study regarding serum metal levels in TMJ 
TJR patients exists in the English literature, as per our knowledge.

Even though Ti6AlV4 has been the major alloy used in implantable metal devices, concern over reports of 
the alloy’s aluminum and/or vanadium content leading to hypersensitivity has led to investigation of novel tita-
nium alloys with similar or improved mechanical and clinical properties by incorporation of non-toxic alloying 
elements such as niobium, molybdenum, tantalum, zirconium and tin in the formulation of the alloy22–24. So 
called beta titanium alloys (e.g. TiZrMoFe) also have the theoretical advantage of a lower elastic modulus and 
therefore lower stress-shielding at implant-bone interfaces. However, there are increasing reports of excessive 
wear of femoral stems made of such alloys compared to the Ti6Al4V gold standard25–28. These wear particles 
of titanium ions were associated with inflammatory reactions, cytotoxic reactions, lung problems, fibrosis, and 
tumors. The syndrome associated with titanium ions is yellow nail syndrome which is characterized by bronchial 
obstruction, lymphedema, and a yellow color change in nails, pleural effusion, bronchiectasis, and maxillary 
sinus inflammation29,30.

The major reason to use the 3D printed prosthesis in this study was the compromised fit and adaptability 
of the smallest available stock joint in Indian population31. This custom design also has an advantage of the 
improved fit which provides increased stability to the joint and result in reduced wear in the long run associated 
with the debris of polyethylene as seen in alloplastic knee and hip prosthesis32,33.

Various methods have been reported to diagnose tribocorrosion at an early stage including serum metal ion 
analysis, biosensors to detect metal ions in body fluids, joint fluid analysis. The most used technique is inductive 
coupled plasma- mass spectrometry (ICPMS). The whole blood level of metal ions usually indicates the cumula-
tive effect34 and the serum level of metal ions indicates the recent effect of the wear and tear process35. Thus in 
this study, serum metal ion levels were used.

In this longitudinal study, at T0, the mean serum level of titanium observed were higher than the reference 
range set by mayo laboratories (< than 1 ng/L)36. However actual numerical values cannot be compared because 
of differences in metallurgy, methods of analysis, and measurement units. The reasons for raised values may 
be attributed to dietary supplements, cosmetics, environment, water contamination due to industrial wastes, 
and occupation37. This preoperative sample gives the study a good strength and also eliminates the possibility 
of confounding factors.

At T1 and T2, there is a significant rise in serum titanium levels (p = 0.009) and (p = 0.032) respectively. All 
the patients included in the present study had ankylosis of the TMJ for which TMJ TJR was done. According to 
the study done by Kaban et al.38 Roychoudhury et al.39 Mercuri et al.40 aggressive physiotherapy plays a crucial 
role in preventing the heterotopic bone formation around the joint in the early postoperative period. The most 
critical period in which the highest quantity of heterotopic bone is formed is during the first 3 months after 
surgery41. The physiotherapy with acrylic Archimedean screw was judiciously followed for 6 months to stabilize 
the adequate mouth opening42. This aggressive physiotherapy and the masticatory load may be the reason for 
the raised titanium ions levels at 3 months and 6 months interval in surrounding tissues and ultimately going 
to the systemic circulation43. The above is just notional theorization as the TMJ TJR prosthesis design was not 
metal to metal but metal to UHMWPE.

At T3, increase in serum titanium ion levels is found to be statistically significant (p = 0.00). The reason may 
be the continuous cyclic loading on the prosthesis due to normal functioning. Although the bearing surface 
contact is more in bilateral prosthesis when compared to a unilateral group and the observed values are more in 
the bilateral group, but the difference is not statistically significant. Similar results have also been documented 
in the literature44,45.

The manufacturing of the prosthesis, the type of alloy used has an impact on the corrosive demeanor of the 
prosthesis. In the orthopedic literature, different metal composition of head and neck junction results in more 
serum metal ion release. The angle of the femoral head in cognation to neck also has a role in the release of 
serum cobalt, chromium, and titanium ions46. However, this categorical design is not noted with respect to the 
temporomandibular joint prosthesis.

When the time trend over 1 year was observed, the increased serum titanium ions which is 2–3 times more 
than the preoperative period may be due to the initial wear phase of the prosthesis47. As per the work done by 
Tipper et al.47 there are two phases of wear in a life of prosthesis- initial wear during the first year of life of the 
prosthesis in function, after which there is steady-state wear. The second phase of wear commences when the 
prosthesis becomes loose and there is a rise in serum metal ions levels. The initial wear phase may denote the 
running-in period of the prosthesis which states that the simulatory effect of cyclic load on the prosthesis causes 
the release of metal ions as a result of abrasion48. The second phase of wear suggests corrosive erosion of the 
prosthesis48.

In the present study, at each follow-up level, none of the patients had serum titanium ion levels that reach 
the reported high calibers of metal ions as mentioned in studies done by Bradberry et al.3 and all the patients 
enrolled in the study are having fully functional prosthesis in situ without any signs and symptoms.

Results of our study suggest that there is a positive correlation of the running-in period of TMJ TJR on the 
serum metal ion levels that is consistent with the results of a study done by Heisel et al. after hip metal resurfac-
ing arthroplasty48.

Recently Onoriobe et al.49 did a study in the United States population and concluded that there will be a 58% 
ascend in demand for total temporomandibular joint replacements by the year 2030. The present study will give 
an idea as to what is happening with metal ion release in these joints after being implanted into the patients. The 
authors will follow the patients yearly for a long period of time to look for any signs and symptoms of metallosis. 
Longitudinal study design like ours has the advantage of exploring patterns of change and dynamics of titanium 
ion levels with time, but the constraints include a small number of analyzed subjects and a short follow-up. 
The effect of potable water on the serum ion levels have also not been studied on the patients. The preoperative 
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serum ion levels however act as control. Disadvantage of this study is small sample size and less follow up. Ours 
is a preliminary study that was designed to know the trend of serum titanium ion levels in 3D printed TMJ TJR 
patients with time and whether increased serum titanium levels are associated with any signs and symptoms. 
Further research with large sample size and longer follow-ups are recommended.

Conclusion
This preliminary research concluded that serum titanium ion levels increased after TMJ TJR. Serum titanium 
ion continued to show increased levels till the last follow-up of 1 year. These initial increase in serum titanium 
ion levels is due to the initial wear phase of the prosthesis which manifests over 1 year. Though the Ti ions are 
leaching in systemic circulation but are not causing any untoward systemic or local complications. Further stud-
ies with large sample sizes and long-term follow-up are required to see the deleterious effect if any, of patient 
specific TMJ TJR on human body.

Data availability
The raw/processed data required to reproduce these findings are shared in Table 1.
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