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ABSTRACT 

The safety of metallic spinal implants in magnetic resonance imaging (MRI) 

performed using ultrahigh fields has not been established. Hence, we examined whether 

the displacement forces caused by a static magnetic field and the heating induced by 

radiofrequency radiation are substantial for spinal implants in a 7 T field. We 

investigated spinal rods of various lengths and materials, a screw, and a cross-linking 

bridge in accordance with the American Society for Testing and Materials guidelines. 

The displacement forces of the metallic implants in static 7 T and 3 T static magnetic 

fields were measured and compared. The temperature changes of the implants during 

15-min-long fast spin-echo and balanced gradient-echo image acquisition sequences 

were measured in the 7 T field. The deflection angles of the metallic spinal materials in 

the 7 T field were 5.0°–21.0° [median: 6.7°], significantly larger than those in the 3 T 

field (1.0°–6.3° [2.2°]). Among the metallic rods, the cobalt–chrome rods had 

significantly larger deflection angles (17.8°–21.0° [19.8°]) than the pure titanium and 



titanium alloy rods (5.0°–7.7° [6.2°]). The temperature changes of the implants, 

including the cross-linked rods, were 0.7°C–1.0°C [0.8°C] and 0.6°C–1.0°C [0.7°C] 

during the fast spin-echo and balanced gradient-echo sequences, respectively; these 

changes were slightly larger than those of the controls (0.4°C–1.1°C [0.5°C] and 

0.3°C–0.9°C [0.6°C], respectively). All of the metallic spinal implants exhibited small 

displacement forces and minimal heating, indicating that MRI examinations using 7 T 

fields may be performed safely on patients with these implants. 
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INTRODUCTION 

   Spinal instrumentation surgery using metallic implants, such as rods and screws, 

is widely performed as an effective treatment for various disorders of the spine and 

spinal cord, such as scoliosis, spondylosis, fractures, and neoplasms, and was first 

introduced by Harrington [1]. Patients with spinal metallic implants may be examined 

using magnetic resonance imaging (MRI). The safety of spinal metallic implants and 

devices has been thoroughly investigated in MRI performed using magnetic fields of 3 

T and less [2–9]. The implants, except for those made from highly ferromagnetic 

materials, exhibited minimal attraction and heating by static magnetic fields and 

radiofrequency (RF) radiation, respectively. In accordance with these results, almost all 

spinal implants and devices are considered safe or conditionally acceptable in MRI 

examinations [10,11]. 

Recently, ultrahigh-field 7 T MRI has been introduced as a novel imaging 

process that enables doctors to obtain high-resolution images that are sensitive to 

susceptibility effects [12,13], although being still experimental and not completely 

available for clinical use at this time. For a 7 T magnetic field, the safety of various 

metallic implants must be revisited because metallic materials can experience 

unexpectedly strong attractive forces and heating due to the increased static magnetic 



field strength and RF radiation, respectively. A few reports have been published 

regarding this issue; however, the studies they described provided no information on 

spinal metallic implants in 7 T fields [14–16]. Therefore, we investigated whether the 

displacement forces and heating of various spinal metallic implants are substantial in 7 

T fields to ensure the safety of these implants during examinations using ultrahigh-field 

MRI systems. 

 

MATERIALS AND METHODS 

Metallic Spinal Implants 

 We examined 12 different metallic rods, a screw, and a cross-linking bridge 

that are frequently used for spinal surgery in clinical practice. The spinal rods were 5.5 

mm in diameter; 50 mm, 100 mm, 150 mm, and 200 mm in length; and manufactured 

from three different types of metals (pure titanium [G869H022], a titanium alloy 

[G869H021], and cobalt–chrome [1556100500]); while the screw was 6.5 mm in 

diameter, 58 mm in length, and made of a titanium alloy or cobalt–chrome 

(55740006540) (CD HORIZON SOLERA Spinal System, Medtronic, Minneapolis, MN, 

USA). The cross-linking bridge was 8 mm in diameter, 52 mm in length, and composed 

of a titanium alloy (G811H421) (Low Profile Crosslink Multi-Span Plate, Medtronic, 



Minneapolis, MN, USA) (Fig. 1). Furthermore, we examined parallel rods (200 mm in 

length and made of three types of metals) interconnected by two cross-linking bridges, 

which formed an electrically conductive loop (Fig. 1). 

Magnetic-Field-Induced Deflection Test 

We examined the interactions between the various metallic spinal implants and 

the static magnetic fields generated by 7 T and 3 T MRI scanners (Discovery MR950 

and MR750, respectively, GE Healthcare, Milwaukee, WI, USA) with the maximum 

spatial gradient of the field strength (dB/dz) of approximately 3.1 T/m (136 cm from the 

magnet isocenter) and 2.4 T/m (89 cm), respectively, on the axis of the bore. 

The deflection angles of the metallic implants in the static magnetic fields were 

measured using the instrument shown in Fig. 2a, in accordance with the deflection angle 

testing guidelines provided by the American Society for Testing and Materials (ASTM) 

[16]. In each assessment, the material being tested was suspended by a polyester thread 

(length 4–11 cm [median: 7.25 cm]; weight 0.002–0.003 mg [0.0025 mg]), and the 

deflection angle of the thread from the vertical line was visually measured using a 

protractor. These measurements were performed three times when the center of the 

materials was on the axis of the bore (x = 0 cm, y = 0 cm) and at positions of 131 cm (7 

T) and 85 cm (3 T) from the isocenter of the scanner, at which the deflection angles of 



metallic materials were the largest in our previous study, indicating the dB/dz is nearly 

the maximum value on the axis of the bore [14]. The data obtained were then averaged. 

RF-Radiation-Induced Heating Test 

In accordance to the standard method of measuring RF-radiation-induced 

heating provided by the ASTM [17], we measured the temperature changes of the 

metallic spinal implants during image acquisition by using the 7 T scanner. Each 

metallic implant was placed on acrylic implant holders in a rectangular polypropylene 

container (13 cm × 19 cm × 26 cm) filled with a gel saline consisting of 1.32 g/L 

sodium chloride and 10 g/L polyacrylic acid. Four MRI-compatible fiber-optic 

thermometer probes with temperature resolutions of 0.1°C and accuracies of 1% full 

scale (Reflex, Neoptix, Québec, Canada) were placed on the bilateral ends and at the 

mid-point of each material, as well as 5 cm away from the material to obtain a set of 

control measurements (CTRL-1) (Fig. 2b). The phantom was left in the scanner room 

for 6 h or more before the measurements to allow it to achieve equilibrium with the 

ambient temperature, which was maintained at 19°C–20°C with a humidity of 

approximately 50%. 

Using the 7 T scanner with quadrature transmission and receiver head coils 

(size in x, y, and z directions, 29 × 29 × 28 cm), image acquisition sequences of longer 



than 15 min were performed with three-dimensional (3D) fast spin-echo (FSE) and 3D 

balanced gradient-echo (bGRE) techniques, which are among the imaging techniques 

that are the most likely to result in RF-radiation-induced heating because of having 

dense RF duty cycles with large flip angles. The scanning parameters were as follows: 

for 3D-FSE, repetition time (TR): 740 ms; echo time (TE): 15.5 ms; flip angle (FA): 

90°–140°; echo train length: 16; bandwidth (BW): 62.5 kHz; and for 3D-bGRE, TR: 8.9 

ms; TE: 4.4 ms; FA: 30°; BW: 41.7 kHz. The other parameters, which were used in 

both techniques, were as follows: field of view: 256 mm; matrix size: 512 × 224; slice 

thickness: 2 mm; number of partitions: 128; number of excitations: 1–2; acquisition 

time: 15 min (aborted just after the measurements). 

The metallic implants were placed within the phantom parallel to the z-axis of 

the magnet at the center of the transmission head coil and at the center of the static 

magnetic field (x = 0, y = 0, z = 0). All of the scans were performed using the first-level 

controlled operating mode, and the intervals between the scans were each at least 10 

min in duration. The temperatures of the thermometer probes were recorded in 1 s 

intervals for 2 min before and 15 min during each image acquisition sequence, and the 

changes in temperature (Δ°C) from the baseline that was defined as the average 

temperature during 10 s just before the initiation of the scan were then calculated. The 



average specific absorption rates (SARs) were also monitored using the scanner console 

for 6 min during each image acquisition sequence. Furthermore, to obtain another set of 

control measurements (CTRL-2), the same test was performed at identical probe 

positions after the implants were removed from the phantoms and the spaces of the 

implants were filled by the gel. 

Statistical Analyses 

The differences between the average deflection angles of the implants in the 7 

T and 3 T fields were examined using the Wilcoxon signed-rank test, while those of the 

implants made of different materials and with different lengths were analyzed using the 

Wilcoxon signed-rank test with Bonferroni correction. To investigate the 

RF-radiation-induced heating, the largest temperature increases among the three 

locations on the implants were compared with those in CTRL-1 and CTRL-2 as well as 

between the imaging techniques and the rods of different materials and lengths by using 

the Wilcoxon signed-rank test with/without Bonferroni correction. The alpha level used 

was 0.05. 

 

RESULTS 

We successfully performed the magnetic-field-induced deflection and 



RF-radiation-induced heating measurements for all of the metallic implants. 

Magnetic-Field-Induced Deflection Results 

The deflection angles of the spinal metallic rods were 5.0°–21.0° [median: 

6.65°] in the 7 T field and 1.0°–6.3° [2.15°] in the 3 T field; the former were 

significantly greater than the latter (p = 0.002, Wilcoxon signed-rank test) (Table 1). 

Among the materials, the deflection angles of the cobalt–chrome rods (17.8°–21.0° 

[19.7°] in the 7 T field and 5.0°–6.3° [5.85°] in the 3 T field) were significantly larger 

than those of the pure titanium and titanium alloy rods in both fields (p = 0.035, 

Wilcoxon signed-rank test with Bonferroni correction) (Table 1). No significant 

differences were observed between the rods of different lengths (p = 0.83–1.00, 

Wilcoxon signed-rank test with Bonferroni correction), although the 20-cm-long rods 

exhibited the largest deflection angles in the 7 T field (6.2–21.0°). The deflection angles 

of the screw and the cross-linking bridge were 10.0° and 6.7°, respectively, in the 7 T 

field and 3.2° and 2.2°, respectively, in the 3 T field. 

RF-Radiation-Induced Heating Results 

The SAR values during the 3D-FSE and 3D-bGRE acquisition sequences were 

2.4–2.8 W/kg [median: 2.5 W/kg] and 2.4–2.6 W/kg [2.5 W/kg], respectively. 

During the 15 min 3D-FSE acquisition sequence, the maximum temperature 



increases of the metallic rods were 0.7°C–1.0°C [0.8°C], significantly larger than those 

at the same locations after implant removal (i.e., in CTRL-2), 0.4°C–1.1°C [0.6°C] (p = 

0.024, Wilcoxon signed-rank test with Bonferroni correction); however, the temperature 

increase of 0.3°C–1.1°C [0.8°C] at the location apart from the implants (i.e., in 

CTRL-1) was not significantly different (p = 0.24, Wilcoxon signed-rank test) (Table 2, 

Fig. 3). The differences between the temperature increases in the implants and in 

CTRL-1 and CTRL-2 were -0.2°C–0.6°C [0.0°C] and -0.3°C–0.5°C [0.2°C], 

respectively (Table 2). 

 During the 3D-bGRE image acquisition sequences, the temperature increases 

in the implants were 0.6°C–1.0°C [0.7°C]; these increases were not significantly 

different from those of 0.4°C–0.9°C [0.7°C] and 0.3°C–0.9°C [0.6°C] in CTRL-1 and 

CTRL-2, respectively (p = 0.36–0.44, Wilcoxon signed-rank test) (Table 3, Fig. 3). 

There were no significant differences among the rods made of different materials and 

with different lengths, including the cross-linked rods (p = 0.18–1.00, Wilcoxon 

signed-rank test with Bonferroni correction). Furthermore, the temperature increases in 

the screw and cross-linking bridge were 0.5°C–0.7°C [0.65°C], and the differences from 

the controls were -0.3°C–0.2°C [-0.1°C]. 

 



DISCUSSION 

In this study, that deflection angles of the spinal implants made from pure 

titanium or the titanium alloy in the 7 T field were less than 8°. The measurements 

correspond well with those obtained in previous studies for dental and orthopedic 

implants made from the same materials [14,15]. These results indicate that the 

displacement forces on these implants in a 7 T field are minimal compared to gravity, 

although they are significantly larger than the displacement forces in a 3 T field. Hence, 

the titanium/titanium alloy implants are considered to be safe in terms of their magnetic 

field interactions, even in a 7 T field. In contrast, the deflection angles of the 

cobalt–chrome spinal rods were 18°–21°, significantly greater than those of the 

titanium/titanium alloy implants. However, these angles are less than 45°, which 

indicates that the deflection force is weaker than gravity, so cobalt–chrome implants are 

also considered to be safe in 7 T fields according to the ASTM standards [16]. 

Regarding RF-radiation-induced heating, the temperature increases in the 

spinal metallic implants were 1.0°C or less, even in the worst-case conditions during the 

15-min-long, high-SAR image acquisition sequences performed using the 3D-FSE or 

3D-bGRE techniques. These results indicate that the RF-radiation-induced heating of 

spinal implants is negligible because temperature increases of ≤1°C are considered not 



to induce biological effects in human subjects [17]. In addition, the differences between 

the temperature increases in the implants and the controls were only 0°C–0.2°C, 

indicating that the heating that resulted from the presence of the metallic implants was 

minimal even in the 7 T field. Unlike conventional MRI scanners, 7 T scanners lack RF 

transmission coils for body/spine imaging and only have coils dedicated to head 

imaging. Hence, many patients’ spinal implants cannot receive any RF radiation, 

provided that the implants are located sufficiently far from the RF transmission coil. 

Implants in the upper cervical spine may experience RF-radiation-induced heating; 

however, our results indicate that spinal implants are safe in terms of heating in 7 T 

fields. 

In general, conditions in which electrically closed conductive loops can be 

formed can cause RF-radiation-induced burn even during acquisition sequences 

performed within the SAR limits [18,19]. This issue cannot be excluded from spinal 

implant analysis because cross-linked rods usually form conductive loops. Therefore, in 

the present study, we examined cross-linked parallel spinal rods that formed conductive 

loops and were made of three different types of materials, in addition to considering the 

individual implants. We found that the temperature increase was within 1.0°C for all of 

the cross-linked rods and that there were no significant differences from the temperature 



increases of the individual rods. Hence, cross-linked spinal rods forming conductive 

loops may be safe in terms of RF-radiation-induced heating in 7 T fields. 

This study has several limitations. First, we did not assess the torque exerted on 

the spinal implants by the static magnetic field. However, spinal implants are always 

firmly fixed to the spine; thus, there are no substantial torque-related risks, since the 

implants were minimally deflected by the 7 T field. Second, we did not examine the 

temperature changes of spinal rods longer than 20 cm because longer rods would have 

extended beyond the range of the RF transmission head coil. Third, some of the 

experimental conditions in this study were hardly follow the ASTIM guidelines and did 

not fully cover the worst case scenarios mainly because the size and shape of the 

materials considerably varied. Thus, our results are considered conditionally limited. In 

addition, we did not evaluate artifacts induced by the implants on the images, because 

neither spine nor body coils have been provided for 7 T systems. Furthermore, we did 

not examine other orthopedic implants and devices, which have been thoroughly 

investigated in fields of 3 T or less [4–8,20,21], because these materials were beyond 

the scope of this study. A previous study showed that certain orthopedic implants, such 

as femoral/hip joint implants, may involve possible risks [15]. These issues should be 

investigated in further studies when spine or body coils are available. The scanner in 



this study has not yet approved for the clinical use and is composed of conventional 

quadrature RF transmit coils and a passive shielding magnet. Future clinically available 

scanners with novel multichannel transmit coils and active shielding magnet may 

provide different results from those in this study. Finally, the test method alone appears 

not sufficient for determining if a device is safe in the clinical MRI environment 

because the displacement forces and heating effects depend on various factors such as 

location and direction of materials as well as spatial relationships among materials, 

human tissues, and transmit coils. 

 

CONCLUSION 

     Our examinations using a 7 T scanner in accordance with the ASTM guidelines 

showed that metallic spinal implants, including rods of various lengths and materials, a 

screw, and a cross-linking bridge, experienced only small displacement forces and 

minimal heating. The results indicate that MRI examinations using 7 T fields may be 

performed safely on patients with these implants. 
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FIGURE LEGENDS 

 

Fig. 1. Metallic spinal implants used to examine safety issues in 7 T magnetic field. 

Magnetic-field-induced displacements and RF-radiation-induced temperature increases 

were assessed for cross-linking bridge (diameter: 8 mm; length: 52 mm; titanium alloy), 

screw (diameter: 6.5 mm; length: 57 mm; titanium alloy/cobalt–chrome), rods 

(diameter: 5.5 mm; length: 50 mm/100 mm/150 mm/200 mm; pure titanium/titanium 

alloy/cobalt–chrome), and parallel rods interconnected by cross-linking bridges (length: 

200 mm; pure titanium/titanium alloy/cobalt–chrome). 

 

Fig. 2. Schematic drawings of devices for measuring magnetic field interactions and 

RF-radiation-induced heating of metallic spinal implants. 

 a. Device used to measure deflection angles of materials in 7 T and 3 T static magnetic 

fields. b. Phantom and locations of fiber-optic thermometer probes used to measure 

temperature changes in materials during image acquisition sequences performed using 7 



T field.  

 

Fig. 3. Temperature changes of 200-mm-long metallic spinal rods during image 

acquisition sequences performed using 7 T field.  

There are no apparent differences between types of materials or between rods with and 

without cross-linking. Temperature increases of metallic rods appear similar to those of 

gel phantom separated from rods (CTRL-1) and those after rod removal (CTRL-2), 

although temperature increase of rods during 3D-FSE acquisition appear substantial 

compared to those of CTRL-2. CTRL-1 and CTRl-2 indicate averaged values of the 

temperature changes with various materials. 

 
 



Table 1. Deflection angles of spinal implants in 3 T and 7 T fields.  

  

Spinal implant 
Averaged deflection 

angle (°) 
  Material Length Weight 

7 T 3 T 
(cm) (g) 

Rod Pure titanium 5.0 5.5 5.0 2.0 
10.0 10.8 5.8 1.7 
15.0 16.2 6.2 1.0 
20.0 21.6 6.2 1.0 
20.0, 

cross-linked 
66.0 N.A. N.A. 

Titanium alloy 5.0 5.3 5.7 2.3 
10.0 10.6 6.5 2.3 
15.0 15.9 6.8 1.7 
20.0 21.1 7.7 1.0 
20.0, 

cross-linked 
65.0 N.A. N.A. 

Cobalt-chrome 5.0 9.9 17.8 6.0 
10.0 19.9 19.2 6.3 
15.0 29.8 20.3 5.7 
20.0 39.9 21.0 5.0 
20.0, 

cross-linked 
102.6 N.A. N.A. 

Range 5.0–20.0 5.0–20.0 5.0–21.0 1.0–6.3 
(median) (12.5) (12.5) (6.65) (2.15) 

Screw Titanium alloy/ 5.8 12.1 10.0 3.2 
Cobalt-chrome 

Cross-linking 
bridge 

Titanium alloy 5.2 11.4 6.7 2.2 



 
Table 2. Temperature changes during MRI sequence(3D-FSE) performed using 7 T 
field. 
 

Spinal implant RF-radiation-induced heating（7T）3D-FSE(15min) 
  Material Length Weight Implant CTRL-l Diff-1 CTRL-2 Diff-2 

(cm) (g) (Δ°C) (Δ°C) (°C) (Δ°C) (°C) 
Rod Pure titanium 5 5.5 0.8 0.4 0.4 0.4 0.4 

10 10.8 0.9 1.1 -0.2 0.6 0.3 
15 16.2 0.8 1.0 -0.2 0.8 0 
20 21.6 0.9 0.9 0 0.7 0.2 
20, 

cross-linked 
66 1.0 0.9 0.1 0.5 0.5 

Titanium alloy 5 5.3 0.7 0.7 0 0.7 0 
10 10.6 0.8 0.9 -0.1 1.1 -0.3 
15 15.9 0.9 0.9 0 0.6 0.3 
20 21.1 0.7 0.9 -0.2 0.7 0 

20, 
cross-linked 

65 0.8 0.6 0.2 0.7 0.1 

Cobalt–chrome 5 9.9 0.8 0.8 0 0.4 0.4 
10 19.9 0.9 0.3 0.6 0.6 0.3 
15 29.8 0.9 0.3 0.6 0.8 0.1 
20 39.9 0.8 0.5 0.3 0.5 0.3 

20, 
cross-linked 

102.6 0.8 0.6 0.2 0.6 0.2 

Range 5–20 5–20 0.7–1.0 0.3–1.1 -0.2–0.6 0.4–1.1 -0.3–0.5 
(median) (12.5) (12.5) (0.8) (0.8) (0) (0.6) (0.2) 

Screw Titanium alloy/ 5.8 12.1 0.7 1.0 -0.3 0.5 0.2 
Cobalt–chrome 

Cross-linking 
bridge 

Titanium alloy 5.2 11.4 0.5 0.7 -0.2 0.5 0 

 

 

 



Table 3. Temperature changes during MRI sequence(3D-GRE) performed using 7 T 

field. 

 

CTRL-1: change in temperature 5 cm away from implant; CTRL-2: change in 

temperature after implant removal; Diff-1: difference of implant from CTRL-1; Diff-2: 

difference of implant from CTRL-2; Implant: change in temperature of implant. 

Spinal implant RF-radiation-induced heating（7T）3D-bGRE(15min) 
  Material Length Weight Implant CTRL-l Diff-1 CTRL-2 Diff-2 

(cm) (g) (Δ°C) (Δ°C) (°C) (Δ°C) (°C) 
Rod Pure titanium 5 5.5 0.7 0.4 0.3 0.5 0.2 

10 10.8 0.7 0.8 -0.1 0.5 0.2 
15 16.2 0.6 0.8 -0.2 0.9 -0.3 
20 21.6 0.7 0.7 0 0.8 -0.1 
20, 

cross-linked 
66 0.6 0.6 0 0.3 0.3 

Titanium alloy 5 5.3 1.0 0.6 0.4 0.5 0.5 
10 10.6 0.7 0.7 0 0.8 -0.1 
15 15.9 0.7 0.7 0 0.6 0.1 
20 21.1 0.6 0.8 -0.2 0.7 -0.1 

20, 
cross-linked 

65 0.7 0.6 0.1 0.8 -0.1 

Cobalt–chrome 5 9.9 1.0 0.9 0.1 0.5 0.5 
10 19.9 0.7 0.4 0.3 0.8 -0.1 
15 29.8 0.8 0.4 0.4 0.9 -0.1 
20 39.9 0.8 0.5 0.3 0.5 0.3 

20, 
cross-linked 

102.6 0.6 0.8 -0.2 0.4 0.2 

Range 5–20 5–20 0.6–1.0 0.4–0.9 -0.2–0.4 0.3–0.9 -0.3–0.5 
(median) (12.5) (12.5) (0.7) (0.7) (0) (0.6) (0.1) 

Screw Titanium alloy/ 5.8 12.1 0.7 0.8 -0.1 0.8 -0.1 
Cobalt–chrome 

Cross-linking 
bridge 

Titanium alloy 5.2 11.4 0.6 0.7 -0.1 0.7 -0.1 



 


