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This study used numerical simulations to examine specific absorption rate (SAR) distribution and temperature

changes caused by radiofrequency (RF) exposure in 3T and 11.74T MRI environments for patients with dental

implants. Five scenarios with different implant numbers and placements were analyzed. In the 3T environ-

ment, whole-head average temperature increases stayed below 0.5°C in all cases, complying with safety guide-

lines. Local temperatures in the dental region reached approximately 43°C regardless of implant presence, with

implants producing only marginal differences in localized heating patterns. In the 11.74T environment, dental

region temperatures exceeded 46°C within 15 minutes in all cases including the implant-free baseline, primar-

ily due to the higher input power required to achieve the normalized whole-body SAR limit at ultra-high field

strength. While single-voxel peak SAR values near implants showed some elevation at 11.74T, these differences

became negligible when averaged over 1 g or 10 g tissue mass. The elevated temperatures at 11.74T were pre-

dominantly driven by the normalization-imposed input power rather than implant-induced field enhancement.

Nevertheless, implant configuration significantly influenced the spatial distribution and localization of heating,

with implications for clinical MRI safety protocols in ultra-high-field environments.
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1. Introduction

Magnetic resonance imaging (MRI) is widely used in

both research and clinical practice because it provides

high-resolution images with excellent soft tissue contrast

[1–4]. In particular, ultra-high-field MRI at 7T and above

is valuable for visualizing fine brain structures and

investigating neurological diseases, owing to its superior

signal-to-noise ratio and spatial resolution compared with

1.5T and 3T systems. However, ultra-high-field MRI may

pose safety concerns, including inhomogeneous electric-

field distributions within the human body and tissue

heating caused by radiofrequency (RF) energy deposition.

These effects result from strong static magnetic fields and

high-frequency electromagnetic fields involved [5, 6].

Because direct measurement of internal electric fields in

the human body is not feasible in practice, a common

approach is to compute electromagnetic field distributions

within high-resolution anatomical human body models

using numerical methods based on Maxwell's equations.

These simulations are then used to calculate the specific

absorption rate (SAR), a key metric for assessing human

safety with respect to RF exposure [7, 8].

As the demand for MRI examinations among patients
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with implantable medical devices has grown in recent

years, the importance of MRI safety evaluation for passive

implantable medical devices (PIMDs) has increased.

Assessing the MRI safety of PIMDs requires conside-

ration of several risk factors, including magnetically

induced mechanical hazards (force and torque), RF-

induced heating, image artifacts, and MR conditional

labeling. With respect to RF-induced heating, extensive

numerical and experimental studies have been conducted

on various PIMDs in 1.5T and 3T MRI environments. In

addition, the RF safety of small metallic devices, such as

aneurysm clips and dental implants, has been partially

reported in the context of 7T head MRI [9–12]. Metallic

PIMDs, including dental implants, can interact with strong

electromagnetic fields during MR scanning, inducing

localized power deposition and temperature elevation in

the tissue surrounding the implant. As the magnetic field

strength increases, the RF wavelength decreases, altering

resonance conditions relative to implant dimensions and

potentially resulting in wave interference and localized

power concentrations (hot spots). Furthermore, the worst-

case dimensions of implantable medical devices are

determined by the RF wavelength, with reports indicating

that maximum heating occurs in implants with lengths of

approximately half the RF wavelength, suggesting that

heating characteristics may vary with field strength [9, 13,

14].

In light of these considerations, this study analyzed the

changes in SAR and temperature elevation associated

with the presence or absence of dental implants in 3T and

11.74T MRI environments using electromagnetic field

simulations. It also evaluated the feasibility of establish-

ing MR Conditional status under ultra-high-field conditions.

Specifically, numerical simulations were performed to

evaluate RF-induced heating near the implant, following

ASTM F2182-19e2—a standard test method established

by the American Society for Testing and Materials (ASTM)

that specifies the experimental and computational proce-

dures for assessing RF-induced heating of passive implants

during MRI [15]. Field strength, implant presence or

absence, number of implants, and implant placement were

treated as variables, enabling a systematic assessment of

the RF safety of dental implants in ultra-high-field MRI

environments.

2. Materials and Methods

2.1. Electromagnetic Simulation Set-up

Electromagnetic field simulations were performed using

Sim4Life 7.2.3 (Zurich MedTech, Zurich, Switzerland:

https://www.zmt.swiss). Sim4Life is a comprehensive

computational life sciences simulation platform with

specialized modules for MRI implant safety assessment,

enabling evaluation of interactions between RF radiation

and medical implants within anatomical models. The

finite-difference time-domain (FDTD) method was used

for electromagnetic field analysis.

As shown in Fig. 1(a), the RF coil for the 3T MRI

system was modeled as a 16-leg high-pass birdcage coil

based on the standard bore diameter of 700 mm com-

monly used in clinical settings [16]. The coil dimensions

were 700 mm in diameter, 480 mm in height, and 40 mm

in conductor width, and it was tuned to the Larmor

frequency of 128 MHz. The conductors were set as perfect

Fig. 1. (Color online) Radiofrequency (RF) coil models used in electromagnetic field simulations. (a) 16-leg high-pass birdcage coil

for 3T magnetic resonance imaging (MRI) system; (b) 8-channel loop coil array for 11.74T MRI system.
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electric conductors (PEC), and the tuning capacitor value

was set to 25.45 pF. Phase angles of 0° and 90° were

applied to the two RF ports to enable circular polarization

(CP) mode operation. The validity of the modeled

birdcage coil was verified by comparing the |B1
+| distri-

bution with that obtained from a CP-mode Huygens-

equivalent source generated from the same coil structure.

The Larmor frequency of the 11.74T MRI system is

approximately 500 MHz. Because no standardized com-

mercial coil currently exists for this field strength, an 8-

channel loop coil array commonly employed in ultra-

high-field MRI research was modeled (Fig. 1(b)) [17].

The conductor width of each loop coil was 10 mm, and

the coils were evenly distributed at 45° intervals on the

surface of a cylindrical housing with a diameter of 300

mm and a height of 200 mm. The conductors were also

modeled as PEC, consistent with the 3T coil configu-

ration. The coil was driven in CP mode with a 45° phase

difference between adjacent channels, and a current of 4

A was applied to each channel.

The human body model used in this study was the adult

male model (Duke, 34 years old) provided by the IT'IS

Foundation Virtual Population V3.0 [18]. The brain was

defined as the region of interest, and the human body

model was positioned such that the thalamus, representing

the central region of the brain, was aligned with the

isocenter of each coil.

A MEGAGEN dental implant (diameter: 4.5 mm;

height: 10 mm) was used as the reference model for

implant design. Fig. 2(a) illustrates that the human body

model used in the electromagnetic field simulations

included 28 teeth, excluding the third molars. In this

study, the second premolar and first molar in the posterior

region were selected as implant insertion sites. As shown

in Fig. 2(b), the implant model consisted of four com-

ponents: crown, gingiva, abutment, and fixture. The

electrical properties of each component were assigned

based on the material database in Sim4Life and materials

commonly used in clinical practice. Specifically, the

crown was set as ceramic and the gingiva as mucous

Fig. 2. (Color online) Dental and implant models used in electromagnetic field simulations. (a) Intraoral tooth placement config-

uration of the IT'IS Foundation Virtual Population V3.0 Duke human body model; (b) Components of the dental implant model

(crown, gingiva, abutment, and fixture).

Fig. 3. (Color online) Five simulation cases according to implant placement conditions. (a) Baseline Duke model without implants;

(b) Single implant placed in the right mandibular molar region; (c) Two adjacent implants placed in the right mandibular molar

region; (d) One implant each placed in opposing positions in the right maxillary and mandibular molar regions; (e) Three adjacent

implants placed in the right molar region.
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membrane, whereas the abutment and fixture were set as

PEC [9–11]. Each implant was positioned in the posterior

region of the mouth based on actual clinical cases. 

To evaluate the effects of implant position and quantity

on RF-induced heating, a total of five simulation cases

were configured (Fig. 3): (1) the baseline Duke model

without implants (Fig. 3(a)); (2) a single implant placed in

the right mandibular molar region (Fig. 3(b)); (3) two

adjacent implants placed in the right mandibular molar

region (Fig. 3(c)); (4) one implant each placed in opposing

positions in the right maxillary and mandibular molar

regions (Fig. 3(d)); and (5) three adjacent implants placed

in the right molar region (Fig. 3(e)).

For accurate electromagnetic field and thermal analysis,

the maximum voxel size of the Duke human body model

was set to 2 × 2 × 2 mm³. In the implant region, finer

discretization was applied to accurately preserve the sub-

millimeter structural features of the metallic components:

the abutment and fixture were refined to a resolution of

0.1 × 0.1 × 0.1 mm³, while the crown and gingiva were

set to 0.3 × 0.3 × 0.3 mm³. This multi-resolution configu-

ration was selected to preserve the fine geometric features

of the dental implant components without staircasing

distortion, while maintaining computational tractability.

This refinement is critical not only for spatial resolution

but also for the accurate computation of local SAR, as

electromagnetic field enhancements near metallic implant

surfaces are highly sensitive to voxel discretization.

Further refinement of the voxel size would lead to an

exponential increase in computational time, particularly

for the thermal simulations, making such simulations

impractical with available resources. The total number of

voxels in the computational grid, depending on implant

presence, quantity, and position, ranged from approxi-

mately 89.35 to 142.64 mega-cells for the 3T simulations

and from approximately 51.86 to 136.84 mega-cells for

the 11.74T simulations.

2.2. Specific Absorption Rate Analysis

For RF safety evaluation, the local SAR within the

human body and the SAR averaged over 1 g or 10 g of

tissue (SAR1g, SAR10g) were calculated using Equations

(1) and (2), respectively.

 (1)

 (2)

In Eq. (1), r denotes an arbitrary spatial coordinate (x,

y, z), E represents the induced electric field, and 

denotes tissue density. In Eq. (2), M represents the mass

within the integration region R, and V denotes the

corresponding volume. To limit SAR in accordance with

the International Electrotechnical Commission (IEC)

guidelines (Table 1), the head average SAR (hdSAR),

peak-spatial 1 g-averaged SAR (psSAR1g), peak-spatial

10 g-averaged SAR (psSAR10g), and whole-body average

SAR (wbSAR) were calculated to evaluate RF safety

[19].

To quantitatively compare the simulation results between

3T and 11.74T, the RF coil configurations were selected

to reflect the most widely adopted designs at each field

strength: a birdcage body coil at 3T and an 8-channel

transmit loop coil array at 11.74T. Because these coil

architectures exhibit fundamentally different |B1
+| gene-

ration efficiencies, comparing SAR at an identical input

power would not constitute a physically equitable com-

parison. Therefore, we adopted the following peak |B1
+|

value normalization procedure to enable a fair compari-

son: (i) Simulations were conducted at a normalized input

power of 1 W for both field strengths, yielding a

maximum |B1
+| of 1.74 μT at 3T and 0.32 μT at 11.74T.

The 3T maximum |B1
+| (approximately 1.7 μT) was

defined as the reference level. (ii) Given the linear

relationship between |B1
+| and , the input power at

11.74T was scaled to 28.5 W to match this reference

level. (iii) Under the matched peak |B1
+| values, wbSAR,

hdSAR, psSAR1g, and psSAR10g were computed for both

field strengths. (iv) The resulting SAR values were then

compared against the IEC guideline normal operating

mode limits, across field strengths (3T versus 11.74T),

and within each field strength between implant-free and

implant-included conditions.
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Table 1. IEC SAR limitation criteria for MRI scanning.

Mode
Whole body SAR

(W/kg)

Partial SAR

(W/kg)

head SAR

(W/kg)

local SAR (W/kg)

head abdomen extreme

Normal 2 2–10 3.2 10 10 20

First control 4 4–10 3.2 20 20 40

Second control > 4 > (4–10) > 3.2 > 20 > 20 > 40

Abbreviations: IEC, International Electrotechnical Commission; SAR, specific absorption rate; MRI, magnetic resonance imaging.
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2.3. Temperature Analysis 

In the thermal simulation, temperature changes in the

human body model due to RF power exposure were

calculated using the thermal analysis solver in Sim4Life,

based on the Pennes bioheat equation (Eq. (3)).

 (3)

Here, k denotes thermal conductivity,  denotes tissue

density, Q represents the metabolic heat generation rate,

and  represents the blood perfusion rate, whereas ρb, cb,

and Tb denote the density, specific heat capacity, and

temperature of blood, respectively. Since blood circulating

rapidly throughout the body is assumed to maintain a

uniform temperature via thermoregulatory mechanisms,

blood temperature was set to a fixed value in the Pennes

bioheat equation calculations.

The initial temperature of all tissues in the human body

model was set to 37 °C, and after reaching a stable

thermal equilibrium through heat exchange with the

external environment (temperature: 22 °C, heat transfer

coefficient: 8 W/(m²·K)), a simulation was performed in

which RF power was applied for a total of 15 minutes

[20].

The RF power applied during the thermal simulation

was normalized to the maximum power satisfying the

wbSAR limit of 2 W/kg under the Normal Operating

Mode of the IEC guidelines. Accordingly, a power of

22.6 W was applied across all cases in the 3T environ-

ment, regardless of implant presence or quantity, whereas

in the 11.74T environment, the applicable power differed

by case (Table 2).

The thermal properties of the implant components

(abutment and fixture) used in the thermal simulation

were set as follows: mass density of 4400 kg/m³, specific

heat capacity of 550 J/(kg·K), and thermal conductivity of

7.2 W/(m·K) [9].

The thermal simulation results were used to evaluate

temperature changes in the head region of the human

body model based on the temperature safety criteria for

the Normal Operating Mode specified in IEC 60601-2-33.

These criteria include a maximum core body temperature

increase of 0.5 °C and local tissue temperature limits

(head: 38 °C; torso: 39 °C; extremities: 40 °C). Addition-

ally, to analyze the implant sub-regions in detail, the

maximum temperature values across the entire dental

region of the Duke model were extracted, and temporal

temperature variations were analyzed.

3. Results

3.1. Electromagnetic Simulation 

Table 3 presents the SAR results for each case,

normalized to a comparable maximum |B1
+|-field value

(approximately 1.7 μT). In the field-strength comparison,

the SAR values at 11.74T were higher than those at 3T

across all cases, regardless of implant presence. Com-

pared with 3T, wbSAR, hdSAR, psSAR1g, and psSAR10g

   ·

b b b

T
c k T Q SAR c T T

t


    


      


Table 2. Maximum applicable input power for each case satisfying the wbSAR limit of 2 W/kg for MRI scanning.

Case 1 Case 2 Case 3 Case 4 Case 5

3T Total Power (W) 22.6 22.6 22.6 22.6 22.6

11.74T Total Power (W) 430.2 429.6 429.1 427.3 426.8

Abbreviations: wbSAR, whole-body specific absorption rate; SAR, specific absorption rate; MRI, magnetic resonance imaging.

Table 3. SAR simulation results for each case in the 3T (normalized to 1 W) and 11.74T (normalized to 28.5 W) environments.

(Case 1: no implant, Case 2: single implant in mandibular molar region, Case 3: two adjacent implants in mandibular molar region,

Case 4: two opposing implants in maxillary and mandibular molar regions, Case 5: three adjacent implants in molar region).

Case 1 Case 2 Case 3 Case 4 Case 5

3T (1W)

(W/kg/W)

wbSAR 0.088 0.088 0.088 0.088 0.088

hdSAR 0.591 0.593 0.593 0.593 0.593

psSAR10g 1.674 1.668 1.666 1.686 1.685

psSAR1g 2.930 2.844 2.843 2.912 2.823

11.74T (28.5W)

(W/kg/W)

wbSAR 0.133 0.133 0.133 0.133 0.134

hdSAR 1.469 1.473 1.475 1.481 1.484

psSAR10g 4.446 4.472 4.483 4.369 4.403

psSAR1g 6.962 7.005 7.029 7.047 7.081

Abbreviations: SAR, specific absorption rate.



 370  SAR and Temperature Analysis of Dental Implants for UHF-MRI RF Safety: Simulation Study
…

 Eunwoo Lee et al.

at 11.74T increased within ranges of 49.87~51.28%, 148.3

4~150.45%, 137.61~150.83%, and 159.15~169.16%,

respectively. While psSAR10g is the regulatory metric

specified by IEC 60601-2-33, psSAR1g was additionally

evaluated to capture potential localized SAR enhance-

ment near the metallic implant surfaces that may be

attenuated by 10 g tissue averaging.

In the evaluation against the IEC 60601-2-33 Normal

Operating Mode limits, the 3T environment (normalized

to 1 W) showed wbSAR at approximately 4.4% of the

limit (2 W/kg), hdSAR at approximately 18.5% of the

limit (3.2 W/kg), and psSAR10g at approximately 16.7%

of the limit (10 W/kg), all of which were confirmed to be

substantially below the limits across all cases regardless

of implant presence. In the 11.74T environment (normalized

to 28.5 W), wbSAR, hdSAR, and psSAR10g were approxi-

mately 6.6%, 46.0%, and 44.0% of their respective limits,

respectively. All values remained below the prescribed

limits across all cases; however, they were relatively

closer to the limits than those observed at 3T.

In the comparison based on implant presence, SAR

changes attributable to implants within the same field

strength were found to be negligible. In the 3T environ-

ment, wbSAR decreased by approximately 0.1%, hdSAR

increased by approximately 0.3%, and psSAR10g varied

within a range of -0.5% to 0.7% relative to the implant-

free condition. In the 11.74T environment, wbSAR increased

by approximately 0.1~0.7% and hdSAR by approximately

0.2~0.9%, while psSAR10g varied within a range of -1.0%

to 0.8%.

Figures 4 and 5 illustrate the |B1
+|-field, |E|-field, and

local SAR maps around the implants for each case in the

3T and 11.74T environments, respectively. Panel (a) in

each figure shows the distributions under the implant-free

conditions, while panels (b)–(e) show the sagittal plane

distributions centered on the implant locations.

In the 3T environment, distortion of the |B1
+|-field was

observed in regions where implants were present, and the

|E|-field in the same sagittal plane showed a locally

elevated electric field near the edges of the implants. 

In the 11.74T environment, distortion of the |B1
+|-field

and elevation of the electric field at the implant edges

were similar to those observed in the 3T case. However,

unlike in the 3T environment, the local SAR map showed

a pronounced increase in SAR values in regions with

implants. In particular, in cases involving two or more

implants, the maximum local SAR occurred at the

implant edges. Nevertheless, when SAR was evaluated by

averaging over a 1 g or 10 g volume, the localized SAR

elevation was mitigated because the implant volume was

considerably smaller than the averaging volume, and no

significant SAR changes attributable to the implants were

observed.

3.2. Temperature Simulation 

Figures 6 and 7 show temperature variations for each

Fig. 4. (Color online) Sagittal distributions of |B1

+|-field, |E|-field, and local specific absorption rate (SAR) maps for each case in

the 3T environment. The sagittal plane represents the central sagittal view of each implant location within up to three individual

cases, enabling comparison of electromagnetic field distributions and local SAR variations around implants.
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case during 15 minutes of exposure at the RF power

corresponding to the wbSAR safety limit, where (a)

corresponds to the 3T environment and (b) to the 11.74T

environment. Fig. 6 shows the temperature variation at

the center of the head, and Fig. 7 shows the maximum

temperature variation in the dental region. Analysis of the

average temperature variation in the head region revealed

that, in the 3T environment, the temperature rise remained

within 0.5 °C during 15 minutes of RF exposure, regard-

less of implant presence or placement configuration, and

no temperature rise exceeding the permissible limit of the

IEC guideline Normal Operating Mode was observed. In

the 11.74T environment, however, the temperature rose

sharply within approximately 3 minutes of exposure onset

and subsequently converged to around 39 °C. No notable

temperature differences attributable to the number or

placement of implants were observed.

Analysis of the maximum temperature variation within

the dental region revealed different patterns across cases

in the 3T environment. In the absence of implants (Case

Fig. 6. (Color online) Maximum temperature variation in the dental region of the human body model according to magnetic field

strength.

Fig. 5. (Color online) Sagittal distributions of |B1

+|-field, |E|-field, and local specific absorption rate (SAR) maps for each case in

the 11.74T environment. The sagittal plane provides a central sagittal view of each implant location within up to three individual

cases, enabling comparison of electromagnetic field distributions and local SAR variations around implants.
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1), with a single implant (Case 2), and with implants

placed adjacently in the mandibular molar region (Case

3), the temperature tended to converge to approximately

43 °C over time. In contrast, in cases involving implants

placed in opposing positions in the maxillary and mandi-

bular regions (Cases 4 and 5), the temperature reached

after 15 minutes was relatively lower at approximately 41

°C; however, after 7 minutes, the temperature did not

converge to a specific value but instead showed a linearly

increasing trend over time. In the 11.74T environment,

the maximum temperature exceeded 46 °C after 15

minutes of exposure, regardless of implant presence,

quantity, or placement, and a linear increase over time

was observed across all cases.

Figure 8 shows the sagittal temperature distributions

after 15 minutes of exposure at the RF power correspond-

ing to the wbSAR safety limit for each case. The sagittal

plane position was set to a cross-section of the region

commonly included in cases with implants to compare

temperature changes by implant presence. In the 3T

environment, overall changes in temperature distribution

were minimal, and no localized temperature differences

attributable to implant presence were observed. In the

11.74T environment, a generally higher and more uniform

temperature distribution was observed compared with the

3T environment; however, no abrupt temperature rise or

localized heat concentration in the regions surrounding

the implants was evident. This is consistent with the

previously analyzed SAR results and suggests that localized

SAR elevation caused by the implants is mitigated in the

temperature distribution by thermal diffusion.

Fig. 7. (Color online) Temperature variation at the center of the head of the human body model according to magnetic field

strength.

Fig. 8. (Color online) Sagittal temperature distributions of the human body model after 15 minutes of radiofrequency (RF) exposure

according to magnetic field strength and implant placement conditions. (Top) 3T; (Bottom) 11.74T.
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4. Discussion

In this study, the SAR distribution and temperature

variations induced by RF electromagnetic field exposure

in 3T and 11.74T MRI environments were systematically

analyzed using numerical simulations in patients with

dental implants. Five simulation scenarios with varying

implant presence, quantity, and placement were defined to

quantitatively evaluate the effects of implant configuration

on the thermal response of the human body. As a

simulation-based parametric study, the primary objective

was to identify potential thermal risk patterns across

various implant configurations using a validated commercial

simulation tool; experimental validation through ASTM

F2182 phantom measurements remains a valuable next

step, particularly at 11.74T where no standardized protocol

currently exists for ultra-high-field implant safety assessment.

4.1. Electromagnetic Simulation 

The simulation results showed that distortion of the

surrounding electromagnetic field due to the presence of

the metallic implants, modeled as a perfect electric

conductor (PEC) to represent the titanium implant, was

commonly observed in both the 3T and 11.74T MRI

environments [9]. In the 3T case, localized SAR concent-

ration in the tissues surrounding the implants was not

prominent. Specifically, analysis of the local SAR map

revealed no notable changes or distortions in SAR values,

likely due to the influence of the electrical properties of

the tissues surrounding the implants. In contrast, in the

11.74T case, a more pronounced localized SAR concent-

ration was observed. However, this localized increase in

SAR remained within regulatory limits when averaged

over 1 g or 10 g units. This finding indicates that subtle

electromagnetic field distortion around the implants does

not abruptly increase the average thermal load in the

tissue, suggesting that the practical risk of thermal

damage from localized SAR peaks is relatively low.

The implant components (abutment and fixture) were

modeled as a perfect electric conductor (PEC). Although

dental implants are physically manufactured from titanium,

the use of PEC is a standard and well-established approxi-

mation in RF electromagnetic simulations of metallic

implants. This is because the RF skin depth of titanium (σ

≈ 1.8×10⁶ S/m) is only about 33 µm at 128 MHz (3T) and

17 µm at 500 MHz (11.74T), which is far smaller than the

millimeter-scale dimensions of the implant. Consequently,

the RF currents are confined to a thin surface layer, and

the resulting surface current distribution, which governs

the surrounding field and local tissue heating, is essentially

identical to that of a PEC.

Furthermore, the localized elevation in SAR did not

directly translate into a corresponding localized temperature

concentration. This behavior can be attributed to the

combined effects of thermal diffusion within biological

tissues and the heat-dissipation effect of blood flow,

which together sufficiently dispersed heat to prevent the

formation of distinct thermal hot spots in the temperature

distribution, despite localized SAR elevations around the

implants.

4.2. Temperature Simulation 

The thermal simulation results in the 3T MRI environ-

ment showed that the average temperature rise across the

entire head region remained within 0.5 °C in all cases,

thereby satisfying the permissible temperature rise criteria

specified under the Normal Operating Mode of the IEC

guidelines. Additionally, the differences in the average

temperature rise across the entire head region according

to implant presence and quantity (Cases 1 through 3)

were small, remaining within 0.1 °C, indicating that the

implants had a limited effect on the systemic thermal load

in the 3T environment.

However, when local temperatures were analyzed

specifically within the dental region, different patterns

were observed. Notably, the 15-minute exposure adopted

in this study follows the standard reference period of the

IEC 60601-2-33 guideline, as our objective was to assess

compliance with this safety criterion rather than to

characterize the long-term asymptotic thermal behavior.

In cases 2 and 3, the maximum temperature in the dental

region tended to converge at approximately 43 °C. Since

43 °C is close to the threshold temperature at which

thermal denaturation of cellular proteins begins, the

possibility of localized tissue damage upon prolonged

exposure cannot be excluded. Notably, in cases involving

implants placed in opposing positions in the maxillary

and mandibular regions (Cases 4 and 5), the temperature

in the dental region showed a continuous linear increase

without convergence after approximately 7 minutes from

the onset of exposure. This suggests that paired implant

placement may facilitate localized RF energy concent-

ration, implying that local thermal safety may vary

depending on the structural configuration of the implants,

even in a 3T environment.

In the 11.74T ultra-high-field MRI environment, a

significantly greater temperature rise than at 3T was

observed across all cases. The thermal distribution simu-

lation results showed a rapid temperature rise immediately

after the onset of exposure in the 11.74T environment,

and the maximum temperature in the dental region

exceeded 46 °C across all cases after 15 minutes of
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exposure. Temperatures above 46 °C represent a hazardous

level at which cell necrosis and permanent tissue damage

may occur, clearly exceeding the permissible limits from

a biosafety perspective. In particular, unlike the conver-

gence trend observed in the 3T environment, a pattern of

linearly increasing temperature without convergence was

observed in the 11.74T environment, even at the end of

the 15-minute exposure period. This indicates that the rate

of heat generation exceeds the heat dissipation and

diffusion capacity of biological tissues, suggesting that

the risk of thermal damage may increase even more

sharply with increasing exposure time.

Regarding the mechanisms underlying these distinct

thermal patterns, in Cases 4 and 5 of 3T, the relatively

lower peak temperature but sustained linear increase,

compared to the logarithmic convergence observed in

Cases 1, 2, and 3, suggests a difference in the underlying

heat transfer dynamics. One possible explanation is that

the opposing implant geometry may alter the spatial

distribution of RF-induced heating from a localized point

source to a more distributed pattern within the inter-

implant region. Additionally, the presence of metallic

surfaces on both sides of the heated tissue could partially

restrict thermal dissipation pathways, potentially delaying

the establishment of thermal equilibrium beyond the 15-

minute simulation period. However, further investigation

would be needed to fully elucidate this mechanism. In the

11.74T environment, the maximum temperature in the

dental region exceeded 46 °C after 15 minutes and

exhibited a linear increase over time across all cases,

regardless of implant configuration. This may be attributed

to the substantially higher RF power required to reach the

wbSAR safety limit, resulting in a heat generation rate

that potentially exceeds the tissue's thermal dissipation

capacity throughout the entire simulation period.

Meanwhile, because the power applied in the 3T and

11.74T thermal simulations in this study was limited

based on the permissible limit of wbSAR, if the power

had been set based on the permissible limits of the local

SAR criterion psSAR10g or the hdSAR, the applied power

would be considerably lower than in this study, and the

magnitude of temperature rise would be expected to

decrease further beyond the results of this study. Neverthe-

less, the overall temperature differences among cases

according to implant location and quantity were minor

compared with the implant-free case. This indicates that,

despite the increase in field strength, the presence and

placement of dental implants do not function as

independent risk factors driving the average temperature

rise across the entire head. 

In this study, it should be noted that the findings are

limited to the specific conditions modeled herein, namely,

a single titanium dental implant geometry, a fixed implant

orientation, and the Duke human body model. The

observation that the implant did not produce a clinically

significant increase in overall SAR or thermal burden

should not be extrapolated to other implant types, sizes,

materials, orientations, or patient anatomies without further

validation. Additionally, because the RF coils used at 3T

and 11.74T differ in structure, size, and operating principle,

the absolute numerical SAR values may vary with factors

such as coil tuning and matching conditions; however, the

comparative trends observed between the two field

strengths under matched |B₁⁺| conditions are expected to

remain valid. The thermal simulations also assumed a

fixed blood perfusion rate; if thermoregulatory responses

were incorporated, different temperature elevation patterns

might be observed. Therefore, future studies should employ

multiple human body models with varying anatomies,

investigate a broader range of implant geometries, sizes,

materials, and orientations, and incorporate physiological

thermoregulation to further assess the generalizability of

the present findings.

5. Conclusion

This study systematically evaluated the RF-induced

thermal effects of dental implants in 3T and 11.74T MRI

environments through numerical simulations. In the 3T

environment, the presence of dental implants did not

significantly increase the average thermal load across the

head, although localized temperature elevations near the

implants approached biologically relevant thresholds. In

the 11.74T environment, all cases exhibited temperature

increases exceeding safety thresholds regardless of implant

configuration, indicating that RF power level, rather than

implant presence, is the dominant factor governing thermal

risk at ultra-high field strengths. These results suggest that

while dental implants may be considered MR Conditional

under current 3T safety guidelines, additional safety

measures or exposure limitations may be necessary for

ultra-high-field MRI applications.
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