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INFLUENCES OF METALLIC BIOMATERIAL DESIGN AND IMAGING SEQUENCES 

ON MRI INTERPRETATION CHALLENGES DUE TO IMAGE ARTEFACT 

 

Abstract 

Bio-metals cause signal loss and susceptibility artifact at the surrounding tissue resulting in deterioration in the Magnetic 

Resonance (MR) images. This metal-artifact effect may lead to interpretation challenges for MR images. Therefore, reducing 

the artifact is required to obtain higher-quality images. This paper aims to analyze the effects of imaging sequence and metallic 

biomaterial design on MR-image artifacts. With this respect, implant specimens were designed in thin, thick, and pointed forms, 

manufactured using 316LVM, 316L, CoCr-alloy, and Ti-alloy which are common materials in the biomaterials field. Specimens 

were placed in a phantom which simulates average human anatomy separately, scanned in a 1.5T MRI under four imaging 

conditions, “Axial-T1-Gradient-Echo (GRE)”, “Sagittal-T1-GRE”, “Axial-T2-Spin-Echo (SE)” and “Sagittal-T2-SE”. Images 
were analyzed regarding image artifact amount. It was concluded that the higher magnetic susceptibility of 316LVM SS caused 

%87 more deterioration than Ti-alloy specimens in the obtained MR images with the mean image artifact to specimen size ratio 

of 2.77. Thinner designs provided better performance regarding the metal artifact by reducing the artifact to specimen size ratio 

down to 0.66. T2SE provided obtaining 1.77 times better image quality than T1GRE for clinical interpretation. It can be 

concluded that image artifact directly depends on material content, geometry, and imaging sequence selection. Minor artifact 

effect of T2SE provide obtaining more accurate MR images than T1GRE regarding the interpretation of the images of the 

patients with bio-metal. The higher magnetic susceptibility of bio-metal causes more deterioration of the images. 

Keywords: Magnetic Resonance Imaging; Imaging Sequence; Metallic Biomaterials, Magnetic Susceptibility; Image 

Artefact

1. Introduction 1 

Magnetic Resonance Imaging (MRI) technology provides a non-ionizing imaging approach and well-detailed medical images 2 
especially for soft tissue imaging with a high resolution. The improved signal-to-noise ratio of MRI technology and obtaining 3 
higher quality signal data lead them to be utilized in applications for clinical medicine and practical research [1–3]. MRI 4 
technology uses a strong static magnetic field, Radiofrequency (RF) pulses, and gradient magnetic fields to induce MR signals 5 
from the body and to generate the images [4, 5]. However, when a metallic material such as a pacemaker, dental or orthopedic 6 
implant, vascular stent, or a hip joint existed in the MRI environment, data loss and deterioration occur in the MRI signals 7 
during image generation due to the susceptibility differences between the biological tissue and the material [6–8]. Within this 8 
regard, Carter et al., Sinclair and Scoffings indicate that despite its unique advantages over other imaging modalities, MRI can 9 
be useless for the interpretation of the images nearby the metallic structures such as an implant because of the electromagnetic 10 
interaction process at metallic implants and consequences [9, 10]. This interaction depends on both material content, type, 11 
geometry, and MRI sequence type. Magnetic susceptibility of the material directly affects the data loss and image artefact 12 
amount [11, 12]. Therefore, it is crucial to analyze the electromagnetic influence area of a metallic structure used in the body 13 
for orthopedic aspects regarding image artefact to prevent MRI interpretation issues. 14 

1.1. MRI Technology and Imaging Sequences  15 

The abundance of the hydrogen atom allows it to be utilized for obtaining the MR images by the magnetization signals coming 16 
from the body [13–15]. The strong static magnetic field and gradient magnetic fields utilized in MRI technology lead hydrogen 17 
atoms to align around the magnetic field vector with a resonant frequency [16, 17]. Applying an RF pulse to the region of 18 
interest of the body, where aimed to be imaged, causes the magnetic vector to be altered resulting in an electrical signal 19 
induction [18]. Sampling and demodulation of the induced electrical signals form a digital matrix which is called k-space. 20 
Applying the inverse Fourier transform to the k-space matrix allow obtaining an MR image [19].  21 

An MRI sequence is a group of specified RF pulses that forms the k-space matrix and the image appearance. The imaging 22 
sequences which are called Spin Echo and Gradient Echo are commonly used in MRI scans to generate T1-weighted and T2-23 
weighted images [20, 21]. While the T1-weighted image is based on the longitudinal relaxation time differences, the T2-24 
weighted image is based on the transverse relaxation time differences of the magnetic vector between the tissues and structures. 25 
All the tissues do not align back around the static magnetic field at the same time after applying the RF pulses, i.e., fat aligns 26 
back its longitudinal magnetization in a shorter time than water. This results in contrast differences for different tissues. 27 
Therefore, fat appears bright while water is dark in T1 images. This is exactly the opposite in T2 imaging [22]. Two parameters 28 
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in an imaging sequence are the repetition time (TR) and the echo time (TE). TR is the time between two RF pulses and TE 1 
refers to the time between the RF pulse and the signal peak which is induced in the MRI coil [23, 24]. By varying TR and TE 2 
times, different type of MR images can be obtained. While T1 weighting tends to have short TE and TR times, T2 weighting 3 
tends to require long TE and TR times [25, 26]. 4 

Spin-echo (SE) imaging is one of the most used pulse sequences in MRI. The timing of the pulse sequence can be set to generate 5 
both T1 and T2 weighted images. All spin-echo sequences include a 90-degree RF pulse that selects the slice followed by one 6 
or multiple 180-degree refocusing RF pulses that prevents signal loss, as shown in Fig. 1(a) [27, 28]. The gradient echo (GRE) 7 
is produced by the frequency-encoding gradient pulse in the MR device. GRE sequences consist of 90 degrees or lower RF 8 
pulses to generate transverse magnetization as shown in Fig. 1(b). At first, GRE is inverted and used to support dephasing in 9 
the transverse direction of the protons, and then afterward, it is used as a readout gradient to align back the de-phased protons 10 
and to acquire a strong signal [29]. Due to the low flip angles used in GRE, protection of the longitudinal magnetization occurs 11 
as opposed to the 90⁰ pulse used in spin echo, which extinguishes the longitudinal magnetization completely. Consequently, 12 
the time of building up for longitudinal magnetization is reduced dramatically for the succeeding pulses to allow image 13 
generation in GRE to be faster [30]. 14 

 15 
Figure 1. Spin Echo and Gradient Echo sequences used in the experiments 16 

1.2. Metallic Structure Presence in MRI Environment and the Image Artefact Phenomena 17 

Materials that are produced and used for medical purposes are called biomaterials. Biomaterials and implants used in the body 18 
are called passive implants or active implants according to their functional properties. While the passive implants provide their 19 
functions without any electrical power, the active implants need an electrical circuit system to perform their functions [31]. 20 
Biomaterials are designed as having different mechanical, chemical, or optical features because of the varying usage region in 21 
the human body such as the eye, veins, dental region, femur, or patella.  All the biomaterials to be used in the human body must 22 
be biocompatible but different physical properties are expected from varying biomaterial types [32, 33]. Metallic biomaterials 23 
called bio-metals are used thanks to their mechanical, biological, or electrical properties. A bio-metallic implant can be 24 
manufactured using different types of alloys depending on the region where the implant will be placed in. 25 

316L and 316LVM low carbon alloy Stainless Steel (316L SS and 316LVM SS), CoCr alloys, and Ti alloy materials are 26 
commonly used in the production of artificial hip prostheses, bone plates/screw, heart valves, stents, and dental implants due 27 
to their advantages such as ductility, impact strength and wear resistance [34, 35]. The alloy elements used in metallic implants 28 
affect the magnetic properties of the implant due to the magnetic susceptibilities of the contained elements, leading to the 29 
implant being MRI-compatible, MRI-conditional, or MRI-hazardous [36]. The implants having diamagnetic features are 30 
generally considered compatible with the MRI system because the magnetic force induction due to the external magnetic field 31 
exposure for diamagnetic materials is very low. Therefore, while the diamagnetic material is under the influence of the magnetic 32 
field, deflection is not expected for an implant which is placed in a body region [37]. However, metallic implants may also 33 
contain ferromagnetic elements such as Fe, Ni, and Co. Depending on the amount of these elements in the implant production, 34 
the implant may be ferromagnetic. Therefore, such materials with a ferromagnetic feature are not allowed to be in the MRI 35 
environment due to the MRI safety issues arise from magnetic deflection, torque or overheating [38]. 36 

In addition to the MRI safety of a metallic implant, image artefact in the tissue nearby the bio-metal may also occur for the 37 
patients with a metallic implant depending on the alloy element content and implant’s magnetic feature [39, 40]. The atoms of 38 
the tissue or metallic structure placed in a magnetic field form a magnetic moment vector due to their spin motion. The value 39 
of an atom's Magnetic Moment (µ) depends on the Larmor Constant (γ) and Spin Angular Momentum (J) of each atom. The 40 
Larmor constant is also called Gyromagnetic Ratio. This ratio is determined with Eq. (1), by the ratio of the Magnetic Dipole 41 
Moment to the Angular Momentum, and the Larmor constant is specific for each element [41]. 42 
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𝛾 = 𝜇𝐽                                                     (1) 1 

The rotation quantity of an atom in a magnetic field at a certain time is called precession frequency or the Larmor frequency 2 
which is expressed by w. The value of the frequency varies with the magnitude of the applied magnetic field and the Larmor 3 
constant [41]. The mathematical expression of Larmor frequency is given with Eq. (2). 4 𝑤 =  𝛾. 𝐵0                                              (2) 5 

There is a direct relationship between the MR image and k-space matrix data which is formed by the induced signals coming 6 
from the body region of interest. The magnetic susceptibility of a metallic structure is generally dominant to the biological 7 
tissue; therefore, it may result in signal suppression leading to the region nearby the metal becoming deteriorated and blurred 8 
in the MR images [42, 43]. Therefore, bio-metals’ compatibility with the imaging device is crucial to prevent image 9 
interpretation issues due to image deterioration.  10 

Due to the metallic biomaterials used in the body are produced using various alloys, orthopedic implant specimens made of 11 
316LVM SS, 316L SS, CoCr Alloy, and Ti-alloy (Ti6Al4V) were obtained from the manufacturers for analyzing the effects of 12 
the material content and geometry on MR image artefact in this study. With this regard, the specimens were designed and 13 
manufactured in thin, thick, and pointed forms. The specimens’ content was determined considering their common usage in 14 
orthopedics and dental applications. All the specimens were placed in a phantom that mimics the magnetic, electrical, and 15 
thermal features of an average human body. The implant-placed phantom was scanned in a 1.5T MRI device using 4 different 16 
MRI sequences which are “Axial T1 Gradient-Echo”, “Sagittal T1 Gradient-Echo”, “Axial T2 Spin-Echo” and “Sagittal T2 17 
Spin-Echo”. Related ASTM standards are used for analyzing and comparing the metal-artefact effects. 18 

2. Materials and Methods 19 

2.1. Designing and Manufacturing the Implant Specimens 20 

Considering the orthopedic and dental implants are produced in varying sizes and shapes for clinical aspects, three different 21 
implant specimens which are thin, thick, and plotted shapes were designed in CATIA® software as seen in Fig. 2. The designs 22 
were determined to provide an effective geometric comparison for MRI-image artefact analysis.  23 

 24 
Figure 2. Implant specimen modelling in CATIA software 25 
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Modelled specimens were manufactured using 316L SS, 316LVM SS, CoCr alloy and Ti-alloy (Ti-6Al-4V) which are 1 
commonly used bio-metals in orthopedics and dental applications to analyze the influences of material contents on obtained 2 
MR images. A total number of 12 specimens having 3 geometries using 4 alloy materials were obtained for performing the 3 
experiments. Chemical analysis of the manufactured specimens was applied with XRF Analyzer (X-Ray Fluorescence) as 4 
shown in Table-1.  5 

Table 1. Chemical composition and XRF analysis results of four orthopedic implant test specimens 6 

Specimen 

Name 

Content Specimen 

Name 

Content 

Element Ratio Element Ratio 

Titanium           

Alloy 

Ti 96.77 316LVM            

Stainless 

Steel 

Fe 63.838 

Fe 2.74 Cr 18.620 

Cu 0.38 Ni 13.201 

Si 0.06 Mo 2.689 

Al 0.06 Mn 1.652 

316L 

Stainless 

Steel 

Fe 67.916 CoCr                  

Alloy 

Co 63.0 

Cr 17.062 Cr 27.86 

Ni 10.358 Mo 6.20 

Mo 2.019 Mn 0.52 

Mn 1.478 Si 0.63 

Cu 0.505 Fe 0.37 

Si 0.325 C 0.37 

Co 0.143 Ni 0.32 

C 0.065 N 0.29 

Nb 0.031 W 0.20 

V 0.028 Al 0.10 

S 0.025 Ti 0.10 

P 0.023 P 0.02 

Al 0.012 B 0.01 

Ti 0.010 S 0.01 

The XRF analyses were performed at Erciyes University Technology 

Research and Application Centre 

2.2. Analysis Conditions and Imaging Sequences 7 

All twelve specimens were placed separately in a phantom that simulates the average human body’s thermal and electrical 8 
properties. Phantom-implant system was scanned in 1.5T MRI device (Magnetom, Siemens) using four imaging sequences 9 
which are “Axial T1 Gradient-Echo”, “Sagittal T1 Gradient-Echo”, “Axial T2 Spin-Echo” and “Sagittal T2 Spin-Echo”. All 10 
the obtained images were analyzed in terms of image artefact quantity. ASTM F-2119 standard was used as a reference in 11 
evaluating how material content, shape, and size of an implanted material affects MR image artefact. First, test specimens that 12 
are safe to use in the MR environment were distinguished [44]. For this purpose, the magnetic force measurement analysis 13 
which is specified in ASTM F 2052 standard has been applied to all test specimens [45]. 316L SS and CoCr alloy specimens 14 
were found to be unsafe due to the presence of magnetic force and deflection occurrence when placed in an MRI environment. 15 
There was no magnetic force formation for the specimens made of 316LVM and Ti-alloy, therefore these specimens were 16 
placed in the phantom and scanned using 4 different MRI sequences during the 10-minute period, respectively. Phantom without 17 
any metallic implant was also scanned in the same conditions for comparison of the image artefact amount. Gradient Echo 18 
(T1GRE) and T2 Spin Echo (T2SE) sequences are used in most of the MRI scan in clinical applications. For this reason, these 19 
imaging sequences with ten-minutes duration in the axial and sagittal plane were chosen during the analyses. The Time of 20 
Repetition (TR) and Time of Echo (TE) values of the sequences used during analysis are shown in Table 2. 21 

Table 2. Time of Repetition (TR), Time of Echo (TE), and Specific Absorption Rate (SAR) values of MRI sequences 22 

Sequence Slice 
TR  

(ms) 

TE  

(ms) 

SAR 

(W/kg) 

T1GRE Axial 2070 2.9 0.15 

Sagittal 2200 2.9 0.16 

T2SE Axial 4400 95 0.17 

Sagittal 4380 95 0.17 
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3. Results 1 
T1GRE sagittal (a), T2SE sagittal (b), T1GRE axial (c), and T2SE axial (d) images were obtained from the phantom which 2 

included thin-designed implants, thick-designed implants, and pointed-designed implant specimens which were manufactured 3 
using 316LVM SS and Ti alloy are given in Fig. 3, Fig. 4, and Fig. 5, respectively. The obtained MR images of the phantom 4 
including 316LVM SS and Ti alloy implant specimens were compared with the images of the empty phantom without a metallic 5 
implant regarding image artefact amount.  6 

 7 
Figure 3. MR images of thin-designed 316LVM SS and Ti-alloy placed phantom: T1GRE sagittal (a), T2SE sagittal (b), 8 
T1GRE axial (c) and T2SE axial (d). 9 

 10 
Figure 4. MR images of thick-designed 316LVM SS and Ti-alloy placed phantom: T1GRE sagittal (a), T2SE sagittal (b), 11 
T1GRE axial (c) and T2SE axial (d). 12 

 13 
Figure 5. MR images of pointed-designed 316LVM SS and Ti-alloy placed phantom: T1GRE sagittal (a), T2SE sagittal (b), 14 
T1GRE axial (c) and T2SE axial (d). 15 
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When the images are examined, it was observed that all the specimens with metal contents caused signal loss around the 1 
specimens, which led to deterioration in the image depending on both the material content and geometry of the specimens. 2 
Image artefact quantities were calculated in MATLAB by the ratio of deterioration amount nearby the specimen and implant’s 3 
size. The calculated image artefact amounts are given in Table 3. The proportional values in the table are the ratio of the region 4 
where the signal loss in the MRI image occurred and the surface area of the implanted specimen. A comparison of image 5 
artefact to implant size depending on material type, model, and imaging sequences is given in Fig. 6.  6 

Table 3. Image artefact quantities of MR-safe implant specimens in four different imaging sequences 7 

Implant Specimen Image artefact to implant size ratio* 

Sagittal Plane Axial Plane 

Specimen 

Name 

Specimen Geometry T1GRE T2SE T1GRE T2SE 

316LVM              

Stainless 

Steel 

Thin  3.055 2.047 12.337 8.669 

Thick  2.409 0.988 17.347 6.563 

Pointed Sharp 

Region 

3.456 3.255 20.886 18.750 

Coarse 

Region 

2.160 0.465 12.820 2.637 

Titanium             

Alloy  

Thin  0.403 0.137 1.202 0.881 

Thick  0.490 0.082 4.670 0.707 

Pointed Sharp 

Region 

0.334 0.682 3.795 3.125 

Coarse 

Region 

0.197 0.149 2.233 0.389 

*  The proportional value is the ratio of the region where the signal loss occurred to the 

size of the implanted specimen. 

 8 

 9 
Figure 6. Ratio of image artefact to implant size depending on material type, shape, and imaging sequences 10 

 The increasing image artefact amount due to the influence of susceptibility effect area for the specimens having different 11 
geometries and contents can be clearly seen from the obtained figures and calculations. It was observed that 316LVM SS, 12 
which includes a very high ratio of ferromagnetic Fe element, caused more deterioration than the Ti-alloys in the MR images. 13 
When the axial and sagittal planes of the T1GRE and T2SE sequences of the same specimens were analyzed, a lower image 14 
distortion occurrence nearby the placed implant for T2SE sequence was obtained when compared to T1GRE sequence. It is 15 
considered by the usage of 180⁰ dephasing RF pulse in T2SE prevented the signal loss nearby the metallic structure. 16 
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4. Discussion 1 
In this study, implants were designed in three different forms and manufactured using four different bio-metals which are 2 

commonly used in orthopedics and dental applications. All specimens were analyzed in terms of MRI safety using ASTM F-3 
2052 standard and 316L SS and CoCr alloy specimens were found as MRI-unsafe due to the magnetic deflection formation. 4 
Implant specimens made of 316LVM SS and Ti-alloy were placed in a phantom that simulates an average human body’s 5 
thermal and electrical properties. The Implant-phantom system was scanned in a 1.5 T MRI device using 4 different imaging 6 
sequences which are commonly used in clinical applications. Obtained MRI images are analyzed in MATLAB using image 7 
processing techniques in terms of image artefact quantity as seen in Table 3. 8 

Mean image artefact ratios were calculated using the observed values. It was observed that the artefact ratio for was less for 9 
Ti-alloy specimens with an amount of 0.36, than the 316LVM SS specimens with a value of 2.77 in the obtained MR images 10 
using the T1GRE sequence in the sagittal plane. The image artefact size for the T2SE sequence in the sagittal plane was 11 
observed as 0.26 for Ti-alloy, and 1.69 for 316LVM SS. While the maximum image artefact ratio occurred for 316LVM SS for 12 
the images obtained using T1GRE sequence in the axial plane with a value of 20.886, the minimum image artefact ratio was 13 
observed for the Ti-alloy specimens in the MR images obtained using the T2SE sequence in the sagittal plane with a value of 14 
0.149. The findings indicate that the image artefact size depends on both material content and selected sequence type. This is 15 
because of the magnetic susceptibilities of the elements used in 316LVM production which is stronger than the Ti-alloy implant 16 
due to the dominance of ferromagnetic contents. Therefore, the precession of 316LVM SS atoms caused more signal loss and 17 
deterioration in the images than Ti-alloy specimens. 18 

When the specimen geometries were compared, it can be concluded that the mean image artefact ratios were calculated as 19 
0.66 for thin-designed,  1.49 for thick-designed, and 1.36 for pointed-designed Ti-alloy specimens. The same calculation was 20 
performed for 316LVM SS and the image artefact ratio was 6.53 for thin-designed, 6.83 for thick-designed, and 8.05 for 21 
pointed-designed specimens. As seen from the findings, specimen and implant geometry is another parameter in the image 22 
artefact effect for MR imaging for the patients with metallic biomaterials. The thinner geometries resulted in less deterioration 23 
in obtained MR images.  24 

Another result that can be concluded from Table 3 is that the imaging sequence also influences image artifacts. Mean values 25 
of image artefact ratio depending on the selected imaging sequence were calculated. The mean ratio was observed as 5.48 for 26 
the T1GRE sequence and 3.1 for the T2SE sequence. As seen from the calculations, it can be clearly seen that the deteriorations 27 
in the images of the axial and sagittal T1GRE sequences obtained from the same specimens were higher than the T2SE 28 
sequence. This is due to the 180⁰ dephasing RF pulse was utilized in the T2SE sequence which reduced the signal loss, 29 
distortion, and image artifact. Therefore, it was achieved that the scanning of patients with metallic implants by using the T2SE 30 
sequence will make the image interpretation to be more accurate than the T1GRE sequence. 31 

 32 

5. Conclusion 33 
It can be concluded that increasing implant size leads to higher total magnetic susceptibility which causes more signal loss 34 

and image artefact nearby the metallic structure leading to deterioration in the MR images. The ferromagnetic content of the 35 
metallic structure results in more artefacts than diamagnetic structures for MR images. Obtaining the MR images using the 36 
T2SE sequence decreases image artifacts of the same material type and model, thanks to the utilization of dephasing RF pulses. 37 

This study demonstrates that metallic implants which are commonly used in orthopedics affect the images generated by MRI 38 
scan. The amount of image artefact depends on both material content and imaging sequence. It can be concluded from this 39 
study that, because of the lower image artifact which occurs in the T2SE sequence from soft tissue around the implant, MRI 40 
scanning of metallic implant carrying patients with this sequence will make the image interpretation more accurate than T1GRE 41 
imaging because of minor artifact effect which occurs in this sequence. Besides, the higher magnetic susceptibility of 316LVM 42 
causes more deterioration than Ti-alloy which may lead to the difficult interpretation of MRI. 43 
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