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Abstract

:

In this study, the radio-frequency (RF) energy exposure of patient assistants was assessed for an open magnetic resonance imaging (MRI) system based on numerical computations of the head and body RF coil. Various poses of the patient assistants were defined to see how poorly they affected the RF energy exposure. For the assessments, the peak spatial-averaged specific absorption rate (SAR) levels were carefully compared with each patient assistant pose based on the finite-difference time domain calculations of RF coil models when the patient was placed in such coils in a 0.3 Tesla open MRI system. Overall, the SAR levels of the patient assistant were much lower than those of the patient. However, significantly increased SAR levels were observed under specific conditions, including a larger loop size of the patient assistants’ arms and a closer distance to the RF coils. A comparably high level of SAR to the patient’s body was also found. More careful investigations are needed to prevent the increase of SAR in patient assistants for open MRI systems at higher field strengths.
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1. Introduction


Diagnostic medical devices based on magnetic resonance imaging (MRI) have taken a major share of the global medical device market owing to their unique features; for example, the technology provides various contrast information, particularly for soft biological tissues, has a high capability to provide 3D cross-sectional visualization of the human body, and has no associated ionizing radiation hazards. For these reasons, MRI systems are widely used for clinical and research purposes. A high magnetic field strength (B0 in Tesla) is a preferred feature, particularly for research purposes, because a higher B0 strength generally promises a better image quality and a variety of advanced imaging techniques. However, the increased amount of RF exposure and inhomogeneous MR images owing to the shortened wavelength in high-field MRI systems causes several challenges for RF engineers and researchers [1]. By contrast, budgeting for the costs of purchasing and operating an MRI system is a more important aspect for clinical purposes, and thus local or veterinary hospitals tend to favor MRI systems with a low field strength.



The magnet shape of a low-field MRI system (lower than 1.5 Tesla) is usually an open-magnet type, whereas that of high-field MRI is a closed type. A closed magnet (i.e., a long and cylindrical shape) may cause patients to experience claustrophobia, particularly for younger subjects. The magnets of an open MRI system are located on the top and bottom, and thus the four sides are open. Although a lower image quality is generally expected in a low-field MRI, the open-magnet shape provides a unique MR imaging environment. Because a patient assistant has easy access to a (young) patient during an MRI scan, the patient assistant can set the patient’s mind at rest by holding their hands or touching the patient’s body while the MRI scans are running. This assistance actually enhances the image quality and shortens the MRI scan time because of the minimized motion artifacts on the images, and consequently removes the need for repeated scans.



General guidelines for human exposure to an electromagnetic field (EMF) are provided by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [2,3,4], governmental regulations, and standards. Radio-frequency (RF) safety during MRI scans for patients is regulated by the ICNIRP, which produces and implements RF safety standards and guidelines [5]. The safety of patients and laborers related to MRI systems are also covered by the international standard IEC60601-2-33 [6].



Several studies have assessed the RF safety during MRI scans for workers [7,8,9] and patients such as adults with implanted medical devices [10,11,12], the general public [13,14,15,16], and pregnant women and their fetuses [17,18,19]. However, there have been few studies on the EMF exposure of patient assistants during MRI scans. Because open MRI systems allow patients to be examined with a patient assistant, it is necessary to analyze the EMF exposure of patient assistants when using open MRI systems. In this study, we numerically investigated the RF energy exposure of a patient assistant to an EMF using RF coil models of a 0.3 Tesla open MRI system. A couple of patient assistant poses were modeled, and an analysis of the specific absorption rate (SAR) of a patient assistant for each pose was then conducted. The results of this research provide a basis for us to inform patient assistants about the postures that lead to more exposure to EMFs from the RF coils during MRI scans.




2. Materials and Methods


2.1. Numerical Modeling of RF Coils for Open MRI Systems


Because the majority of the main magnetic field (B0) of open MRI systems forms vertically (z-direction), the excitation magnetic field (B1) of the imaging RF coils needs to be orthogonally formed (in the xy-plane) toward the B0 direction. These conditions affect the driving method of the imaging RF coils. By contrast, circularly polarized (CP) B1 fields enhance the signal-to-noise ratio (SNR), particularly in low-field MRI systems, and thus the configuration of two independent RF coil elements is widely used in commercial low-field open MRI systems [20]. A commercially available low-field (0.3 Tesla) open MRI system was used as a reference for the numerical electromagnetic (EM) field simulations of the overall dimensions of the magnet and the types of imaging RF coils (www.hitachi-medical-systems.eu/products/mri/airis-vento-03t.html (Accessed on 28 May 2021)). Commercial EM field simulation software, Sim4Life (Zurich Med Tech AG, Switzerland), with a finite difference time domain solver was employed to assess the RF energy exposure of the patient assistant for two different RF coils (i.e., the head and body coils).



2.1.1. RF Head Coil


As shown in Figure 1, two Helmholtz coils were numerically modeled for the head coil. Helmholtz RF coils are often used because their capacitor configurations are simpler than those of birdcage coils [21]. Helmholtz pairs 1 and 2 produce an excitation magnetic field in the y- and x-directions, respectively, and thus they eventually form a circularly polarized RF field through a 90-degree phase delay between two Helmholtz pairs. Most of all, Helmholtz coils are widely used because of the vertical B0 direction when considering the RF coil opening to the patient of an open MRI system. The dimensions of the RF coil for the head were 224 mm in width, 260 mm in height, and 280 mm in length. The RF coil was driven at 13 MHz (i.e., the resonance frequency at 0.3 Tesla MRI, 12.77 MHz) using constant-current sources. The steady state of the wave propagation in the x- and y-directions were observed at the same magnitude but with a 90-degree phase delay, indicating the correct formation of the CP B1 field in the xy-plane, as shown in Figure 2. Note that the B1 fields shown in Figure 2 are drawn under the unloaded condition; however, we also confirmed that the CP-mode is driven under a loaded condition by observing the magnitude and 90-degree phase delay (not shown here).




2.1.2. RF Body Coil


An Alderman–Grant and Helmholtz combination was modeled for the RF body coil, as shown in Figure 3. Because an Alderman–Grant coil also creates a B1 field in the x-direction, it can be combined with a Helmholtz pair, thereby creating a B1 field in the y-direction, and producing a CP B1 field. An Alderman–Grant and Helmholtz combination is known to achieve a better B1 field homogeneity within a larger imaging space, which is needed for body scans [22]. As indicated in Figure 3, the dimensions of the body coil were 444 mm in width, 260 mm in height, and 352 mm in length. The coil driving conditions, including the resonance frequency, constant current source, and wave propagation, were all the same as in the head coil. The steady-state wave propagation in the x- and y-directions were also observed at the same magnitude but with a 90-degree phase delay, indicating the correct formation of the CP B1 field in the xy-plane, as shown in Figure 4. In the figure, the B1 fields are under an unloaded condition. We also confirmed the driving of CP-mode under a loaded condition by observing the magnitude and 90-degree phase delay.





2.2. Human Body Model


Two numerical human body models representing young patients were placed on the patient table of the open MRI system. Billie, one of the patient models, is an 11-year-old female model, with 75 different biological tissues. Thelonious, the other patient model, is a 6-year-old model of a male patient with 76 different tissues with dielectric properties at 13 MHz. As the patient assistant, a posable adult model (Duke) was employed. Duke is a model of a 34-year-old male with 77 different tissues. The human body models are summarized in Table 1. Because Duke is a posable model, various poses were possible near the patients, allowing the RF exposure conditions to be examined at different poses of the patient assistant during the MRI scans. Five poses were defined using the Duke model, which are representative scenarios, as described in more detail in the next section. These three human body models are available from the Foundation for Research on Information Technologies in Society (IT’IS) [23,24]. The dielectric tissue properties at 13 MHz, provided from the IT’IS database [25], were applied to all human body models. The IT’IS database includes experimentally measured tissue properties as determined by Gabriel et al. [26].




2.3. Assessment Scenarios


The RF EMF exposure was assessed according to the following five representative scenarios for different patient assistant poses using the previously defined head and body coils. Scenario 1 is a posture in which the patient assistant is standing next to the patient. Scenario 2 is a posture in which the patient assistant is sitting next to the patient. Scenario 3 is a posture in which the patient assistant’s hands are placed on the patient’s hand. As previously mentioned regarding the head and body RF coils in this study, scenarios 1–3 assess both RF coils equally. However, scenario 4 is for the head RF coil only, with a posture in which the patient assistant’s right hand holds the patient’s left hand, and the patient assistant’s left hand is on the patient’s chest. Finally, scenario 5 is for the body RF coil only, under a posture in which the patient assistant’s right hand holds the patient’s hand, and the patient assistant’s left hand is on the patient’s head. Compared to scenario 4, scenario 5 creates a larger electrical current loop owing to the patient assistant’s posture. The scenarios are summarized in Figure 5. The magnet and patient table were placed under each scenario to mimic realistic distances between the patient assistant and patient. Because the dielectric properties of the magnet and the patient table were considered to be those found in air, the presence of the magnet and patient table did not affect the SAR assessments. Additionally, the patient assistant is absent in scenario Sab. For the SAR assessments of each scenario, 1 and 10 g averaged SARs were calculated using 1 W of scaled input power. The numerical simulations of each scenario were conducted on a 64-bit PC with 192 GB of RAM and an Intel Xeon 6226 CPU equipped with an NVIDIA Quadro RTX 8000 GPU. The grid size of the human body models was 2 × 2 × 2 mm3. The computation time of each of the five scenarios took approximately 12–20 h, depending on the total number of grids used in each scenario.





3. Results and Discussion


The conditions and amount of RF exposure are dependent on the desired image contrast, RF coils used, and target body parts. In an MRI system, the image contrast can be adjusted by applying different RF powers (resulting different flip angle) to the subject [27]. The RF exposure levels are also dependent on the loaded body parts because more loading in a RF coil requires additional RF power to flip the spins at a specific angle for the desired MRI scans [28]. In this study, 1 W normalized RF power was applied to all SAR computations for each scenario, which is a commonly applied method for the numerical assessment of RF energy deposition in an MRI system [29,30,31]. This helps with analytical comparisons of SAR computations under different MRI scan protocols requiring different levels of RF power.



Meanwhile, there are a few factors that can affect the RF exposure of the patient assistant during MRI scans: (1) the distance of the patient assistant from the RF coils or patients, (2) the poses of patient assistant, (3) the dielectric tissue properties of the patient assistant and patients, and (4) the different conditions of the electrical current flow within the patient assistant, which is induced by the EMF of the RF coils.



The maximum values (so-called ‘hot-spots’) of 1 g peak averaged SARs in the Billie and Thelonious heads were 1.67 and 1.62 W/kg, respectively, when loaded in the head RF coil. The maximum SAR values were observed at the nose. For the body RF coil, the maximum values of 1 g peak averaged SARs in Billie and Thelonious were 0.87 and 1.16 W/kg respectively, found at the center of the back. The existence and poses of the patient assistant did not notably affect the SAR levels of the patient because the patient assistant was located outside of the RF coils. The difference in the SARs of the patient’s head/body was below 1.5% when the patient assistant was involved, as summarized in Table 2, Table 3, Table 4 and Table 5. In addition to scenarios 1–5, note that Sab was defined in Table 2, Table 3, Table 4 and Table 5 for the absence of a patient assistant.



Figure 6a–d shows the 1 g averaged SAR distribution in the patient assistant when the patient (Billie) was loaded in the head RF coil, whereas Figure 6e shows the 1 g SAR distribution when the body RF coil was used. The patient did not notably affect the hot-spot locations of the patient assistant in this study. The hot-spots in each scenario were observed at different locations on the patient assistant. The levels of the hot-spots also depended on the patient assistant’s location and pose. For scenario 1, the hot spot was found at the abdomen, which is close to the head/body RF coils. For a similar reason, the hot-spot in scenario 2 was found at the thigh. The levels of scenarios 1 or 2 were relatively lower than those of scenarios 3–5 mainly because of (1) the physical distance from the RF coils to the patient assistant and (2) the lack of electrical contact points between the patient assistant and patient.



Meanwhile, when the patient assistant made direct contact with the patient as in scenarios 3–5 (see Figure 5c–e), the hot-spots were clearly observed at the patient assistant’s hand because a substantially induced electrical current was driven through the patient assistant’s arms, forming electrical closed loops. For this reason, compared with scenarios 1 and 2, the overall SAR levels of the patient assistant were significantly increased in scenarios 3–5. The external magnetic field generated by the RF coils was coupled to the closed induction loop formed by the arms of the patient assistant. This therefore caused an induction current along the patient assistant’s arm, and thus a notably increased SAR in the patient assistant’s body was observed. The level of hot-spot tended to have a relationship depending on the formation of the loops formed by the body parts of the patient assistant and patient or gaps between them. According to Faraday’s law, the magnetic field induced an electromotive force in these effective conduction loops, thereby generating an electrical current proportional to the area of the loop and magnetic flux. Larger loops result in a higher induction current. Therefore, scenario 5 produced higher SAR levels in the patient assistant than scenarios 4 and 3, because the largest loop size was formed under scenario 5.



In most cases, the SAR levels of the patient assistant were much lower than those of the patient’s head or body, except under scenario 5, which had the largest loop formed by the patient assistant’s arm. In this scenario, the SAR levels of the patient assistant were close to 90.5% those of the patient, as shown Table 5. As the patient’s body size decreases, the poses or contact position of the patient assistant with the patient become located closer to the RF coils, and thus the SAR levels of the patient assistant become more similar to those of the patient. If the subject of the MRI scan is a neonate/child or pet (e.g., dog, cat), it is more likely that the MRI scan will be accompanied by a patient assistant. Therefore, in these cases, the patient assistant should be particularly careful and aware of the RF energy exposure. Furthermore, more careful attention is required if the field strength (B0) of an open MRI system is increased (up to 1.2 Tesla, www.hitachi-medical-systems.eu/products/mri/oasis-12t.html (Accessed on 28 May 2021) because the overall SAR level tends to increase in proportion to the square of the increase in B0 [32]. That is, when the field strength of the open MRI system increases, it can be predicted that the SAR level for the patient assistant having the same pose as in scenario 5 will be much higher. Therefore, although the ICNIRP guidelines for EMF protection [4] are not currently applied to patient assistants, the results of this study suggest that open MRI systems require the preparation of safety rules for them as well.




4. Conclusions


In this study, we investigated the level of RF energy exposure under various patient assistant poses using the head and body RF coils for an open MRI system. Although a lower risk of RF energy exposure is incurred in low-field MRI systems, there may be situations in which an MRI scan can be performed with a patient assistant nearby. The safety of the patient assistant with respect to EMFs in open MRI systems is an important factor, and thus the RF safety assessment needs to be carefully defined to see how significantly the SAR level will increase under specific conditions, including patient assistant poses, distance to the RF coils, and configurations of interventional treatments during MRI scans. For this reason, in this paper, different exposure scenarios for a patient assistant were derived and the assistant’s EMF exposure was analyzed. The larger the loop size between the patient and patient assistant, and the closer the contact position between the patient and patient assistant is to the RF coil, the higher the SAR levels created for the patient assistant. To protect the patient assistant during MRI scans, particularly in open MRI systems, it is necessary to consider the loop formation and contact locations for both the patient and patient assistant. Additional worst-case patient assistant poses are worth investigating.
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Figure 1. Geometry and dimensions of the numerically modeled head RF coil in a 0.3 Tesla open MRI system. 
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Figure 2. Circularly polarized (CP) excitation magnetic field (B1 in Tesla) of the head RF coil model under the unloaded condition. 
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Figure 3. Geometry and dimensions of the numerically modeled body RF coil in a 0.3 Tesla open MRI system. 
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Figure 4. Circularly polarized (CP) excitation magnetic field (B1 in Tesla) of the body RF coil model under the unloaded condition. 
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Figure 5. Assessment scenarios of RF energy exposure: The patient assistant (a) stands next to the patient (scenario 1), (b) sits by the patient (scenario 2), (c) holds the patient’s hand (scenario 3), (d) holds the patient’s hand and chest (head coil case, scenario 4), and (e) holds the patient’s hand and head (body coil case, scenario 5). 
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Figure 6. The 1 g SAR distributions of the patient assistant (Duke) when Billie was the patient for different scenarios: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 (same dB and color scale). 
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Table 1. Human body models.
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	Name
	Age
	Sex
	Height (cm)
	Mass (kg)
	BMI (kg/m2)
	Tissues (No.)





	Patient assistant
	Duke
	34 y
	M
	174
	70
	23.1
	77



	Patient
	Billie
	11 y
	F
	146
	36
	16.7
	75



	Patient
	Thelonious
	6 y
	M
	117
	20
	14.2
	76
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Table 2. Peak spatially averaged SAR (W/kg) in Billie (patient) and Duke (patient assistant) according to head RF coil (input power = 1 W).






Table 2. Peak spatially averaged SAR (W/kg) in Billie (patient) and Duke (patient assistant) according to head RF coil (input power = 1 W).





	
Scenario

	
Patient (Billie)

	
Patient assistant (Duke)






	

	
1 g

	
10 g

	
1 g

	
10 g




	
Sab

	
1.6670

	
1.0411

	
-

	
-




	
1

	
1.6960

	
1.0596

	
0.00038

	
0.00019




	
2

	
1.6888

	
1.0551

	
0.00016

	
0.00008




	
3

	
1.6614

	
1.0380

	
0.00353

	
0.00162




	
4

	
1.6583

	
1.0359

	
0.19928

	
0.09240
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Table 3. Peak spatially averaged SAR (W/kg) in Thelonious (patient) and Duke (patient assistant) according to head RF coil (input power = 1 W).






Table 3. Peak spatially averaged SAR (W/kg) in Thelonious (patient) and Duke (patient assistant) according to head RF coil (input power = 1 W).





	
Scenario

	
Patient (Thelonious)

	
Patient Assistant (Duke)






	

	
1 g

	
10 g

	
1 g

	
10 g




	
Sab

	
1.6500

	
0.8279

	
-

	
-




	
1

	
1.6663

	
0.8361

	
0.00048

	
0.00024




	
2

	
1.6263

	
0.8477

	
0.00019

	
0.00009




	
3

	
1.5992

	
0.8336

	
0.00264

	
0.00141




	
4

	
1.5811

	
0.8242

	
0.26537

	
0.082449
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Table 4. Peak spatially averaged SAR (W/kg) in Billie (patient) and Duke (patient assistant) according to body RF coil (input power = 1 W).






Table 4. Peak spatially averaged SAR (W/kg) in Billie (patient) and Duke (patient assistant) according to body RF coil (input power = 1 W).





	
Scenario

	
Patient (Billie)

	
Patient Assistant (Duke)






	

	
1 g

	
10 g

	
1 g

	
10 g




	
Sab

	
0.8649

	
0.5684

	
-

	
-




	
1

	
0.8744

	
0.5746

	
0.00017

	
0.00007




	
2

	
0.8752

	
0.5752

	
0.00007

	
0.00003




	
3

	
0.8713

	
0.5726

	
0.03635

	
0.01294




	
5

	
0.8592

	
0.5665

	
0.227301

	
0.15065
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Table 5. Peak spatially averaged SAR (W/kg) in Thelonious (patient) and Duke (patient assistant) according to RF body coil (input power = 1 W).






Table 5. Peak spatially averaged SAR (W/kg) in Thelonious (patient) and Duke (patient assistant) according to RF body coil (input power = 1 W).





	
Scenario

	
Patient (Thelonious)

	
Patient Assistant (Duke)






	

	
1 g

	
10 g

	
1 g

	
10 g




	
Sab

	
1.2795

	
0.7457

	
-

	
-




	
1

	
1.1311

	
0.7638

	
0.00029

	
0.00016




	
2

	
1.2887

	
0.7564

	
0.00012

	
0.00006




	
3

	
1.1000

	
0.6771

	
0.06978

	
0.03815




	
5

	
1.0445

	
0.6828

	
0.94568

	
0.41197
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