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Correcting B0 Field Distortions 
in MRI Caused by Stainless Steel 
Orthodontic Appliances at 1.5 T 
Using Permanent Magnets – A Head 
Phantom Study
Zhiyue J. Wang  1,4, Yong Jong Park2, Michael C. Morriss1,4, Youngseob Seo  1,4,7,  
Trung Nguyen4, Rami R. Hallac3,5, Ana Nava3, Rajiv Chopra  4,6, Yonatan Chatzinoff  4, 
Khyana Price1,4 & Nancy K. Rollins1,4

Susceptibility artifacts caused by stainless steel orthodontic appliances (braces) pose significant 
challenges in clinical brain MRI examinations. We introduced field correction device (FCD) utilizing 
permanent magnets to cancel the induced B0 inhomogeneity and mitigate geometric distortions in 
MRI. We evaluated a prototype FCD using a 3D-printed head phantom in this proof of concept study. 
The phantom was compartmented into anterior frontal lobe, temporal lobe, fronto-parieto-occipital 
lobe, basal ganglia and thalami, brain stem, and cerebellum and had built-in orthogonal gridlines to 
facilitate the quantification of geometric distortions and volume obliterations. Stainless steel braces 
were mounted on dental models of three different sizes with total induced magnetic moment 0.15 
to 0.17 A·m2. With braces B0 standard deviation (SD) ranged from 2.8 to 3.7 ppm in the temporal 
and anterior frontal lobes vs. 0.2 to 0.3 ppm without braces. The volume of brain regions in diffusion 
weighted imaging was obliterated by 32–38% with braces vs. 0% without braces in the cerebellum. 
With the FCD the SD of B0 ranged from 0.3 to 1.2 ppm, and obliterated volume ranged from 0 to 6% in 
the corresponding brain areas. These results showed that FCD can effectively decrease susceptibility 
artifacts from orthodontic appliances.

A large portion of the general population undergoes orthodontic treatment at some point in life, especially during 
adolescence. In this treatment, orthodontic appliances (commonly known as braces) are used to induce changes 
in teeth positions. The braces consist of orthodontic brackets that are affixed to teeth and arch wires engaging 
brackets to exert forces. The treatment improves oral function, occlusion and self-esteem and lasts from 6 months 
to over 2 years. Stainless steel orthodontic brackets and wires are most commonly used due to their effectiveness, 
durability and lower cost. Different types of stainless steel alloys are used in orthodontic appliances, depending 
on the mechanical property requirements.

Brain magnetic resonance imaging (MRI) is often acquired while orthodontic appliances are in place for a 
wide variety of medical conditions. Different MR sequences have differential sensitivity to susceptibility artifact. 
Diffusion imaging sequences used to screen for cytotoxic brain injury such as seen in stroke, MR angiography 
which provide non-invasive imaging of arteries, and MR spectroscopy which evaluates brain metabolites are 
particularly degraded by orthodontia-related artifacts. MRI relies on a highly uniform magnetic field to acquire 
images with diagnostic quality, but most stainless steel orthodontic appliances have large magnetic susceptibility 
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that destroys field homogeneity and may render MR images non-diagnostic1–3. These artifacts pose significant 
challenges for diagnoses in clinical examinations. Emergent removal of orthodontic appliances is inconvenient, 
expensive, and not always possible and may delay MRI scanning. Repeatedly removing and replacing of ortho-
dontia for serial surveillance MR imaging of chronic condition is impractical, leading to premature termination 
of orthodontic treatment.

The susceptibility artifacts manifest in MR imaging and spectroscopy in many different ways, including severe 
geometric distortions and obliteration of tissue volumes especially in techniques using EPI readout, excessive 
line broadening in MR spectroscopy, failure of chemical shift selective excitation or saturations, etc4. All of these 
problems can be addressed by restoring B0 field homogeneity.

Previously, intra-oral diamagnetic block or active shim coil were used to improve B0 homogeneity for brain 
fMRI in normal subjects5,6. Artifacts from orthodontia were too severe for these methods to be effective. We 
have developed a prototype field correction device (FCD) to restore the B0 field homogeneity with orthodontic 
appliances intact inside the mouth of patients. The FCD places small permanent magnets near the dental brackets 
with their magnetic moment in the opposite direction of that induced in the braces. If the magnetic moment of 
the device matches that in braces both in amplitude and spatial distribution, the field homogeneity theoretically 
could be restored to a level that enables MRI of diagnostic quality. In this report, we present quantitative results 
on the improvement of B0 homogeneity and geometric distortions using a FCD prototype on a head phantom.

Results
In this study, the effectiveness of FCD was evaluated using a 3D-printed head phantom. The prototype FCD con-
sists of permanent magnets and plastic materials providing structural support. In order to minimize the suscep-
tibility artifact, the magnetic moment of the FCD should approximate that of the braces both in amplitude and 
spatial distribution. The device has two main components, an intra-oral mouth-guard and an external face mask 
(Fig. 1). The intra-oral mouth-guard has permanent magnets embedded between two layers of acrylic thermo-
plastics. The external face-mask has strips of acrylic plastic embedded with magnets, which are mounted on the 
mouth-band of the face mask. Intra-oral mouth-guard provides close proximity between the correction magnets 
and the dental brackets but requires patient cooperation with biting to keep the device in place. The external 

Figure 1. Field correction device. (A) Intra-oral device fitting on a dental model with braces. (B) External 
device fitting on the head. (C) Back view of the external device showing plastic strips mounted on the device. 
(D) Zoom-in back view on the right half of mouth-band showing 2 rows × 2 columns of plastic strips 
embedded with permanent magnets. The left half of mouth-band with other 2 rows × 2 columns of plastic strips 
is outside the view.
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device requires no effort from the patient since the device is attached to the head and immobilized using Velcro 
strips. Both intra-oral and external components have multiple exchangeable parts with different magnetic strengths 
in order to match orthodontic appliances of different vendors and models that have variable induced magnetic 
moment inside MRI scanners (Fig. 2). The intra-oral and external devices can be used together and match the total 
magnetic moment of common orthodontic appliances with an error of 10−2 A·m2 or less, as was done in this study.

Head phantom and dental models were 3D printed (Fig. 3). The head phantom has the size of an average 
15 years old. It included 9 compartments and had gridlines with 15 mm spacing along 3 orthogonal directions. 
Dental models with 28 teeth were made in 3 different sizes (small, medium and large). Stainless steel orthodontic 
brackets were bonded to each tooth and full length stainless steel arch-wires were engaged on the brackets. The 
measured magnetic moments of the 3 dental models and corresponding FCD configurations are listed in Table 1  
where the intra-oral and external devices were used together. Experimental results using these configurations are 
reported.

MRI scans included 3D B0 mapping, axial spin-echo images as geometric reference and diffusion weighted 
imaging (DWI) using EPI readout. DWI is very important for evaluating stroke but sensitive to B0 inhomogeneity. 
These scans were acquired from the phantom under 4 conditions: (1) without braces and FCD; (2) with braces 
without FCD; (3) with braces and the FCD (intra-oral and external devices were used together); (4) same as (3) 
but tilting the chin up at 9 degrees.

We use ΔB0 to denote the inhomogeneous part of the B0 field. Results of the B0 homogeneity are shown 
in Figure 4. Fig. 4A–D show ΔB0 map in a sagittal slice. A baseline ΔB0 map is shown in Fig. 4A. Fig. 4B–D 
show ΔB0 map associated with the small dental model. Fig. 4E summarizes the results of all B0 measurements. 
Orthodontic appliances caused severe degradation in the anterior frontal lobe and temporal lobe without the 
FCD. The standard deviation of B0 ranging from 2.8 to 3.7 ppm in temporal and anterior frontal lobes vs. 0.2 to 
0.3 ppm when the braces were absent. When the FCD was used, the standard deviation (SD) of B0 ranged from 
0.3 to 1.2 ppm and improved by 84% on average in these regions.

Figure 5A–C show an axial slice of DWI (b = 0) comparing a baseline scan (Fig. 5A), scan with the large braces 
model (Fig. 5B) and when the FCD was added (Fig. 5C). The frontal lobe areas were obliterated and geometric dis-
tortions throughout the slice were evident in Fig. 5B. The corrective effects of the FCD are shown in Fig. 5C. Fig. 5D  
shows the quantitative length ratio (grid line spacing measured on DWI divided by that on spin echo (SE) images, 

Figure 2. Induced magnetic moment in different orthodontic brackets inside a 1.5 T MRI scanner. The 
magnetic moment of individual stand-alone bracket or bracket on dental band was measured one at a time 
(ref.13) with a precision better than 10−4 A·m2. (A) Total magnetic moment of 20 non molar brackets (upper, 
lower, right and left central incisor, lateral incisor, canine, 1st premolar, 2nd premolar) (ref.13). (B) Total magnetic 
moment of 8 molar (upper, lower, right, left 1st and 2nd molar) brackets or brackets on bands. Data for the left 3 
columns are from ref.13.
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or DWI:SE as a short hand notation) for brain areas except for brainstem. The ratio is one if there is no distortion. 
In the figure the height of the column represents the average of length ratio, and the SD is shown as the error bar. 
The length ratio was not evaluated the brainstem because the range of coordinates was too small and linear regres-
sion did not produce meaningful results. In the temporal lobe, braces caused both an increased average length 
ratio (1.52 to 1.94) and large SD of the length ratio (0.75 to 0.84). In the anterior frontal lobe, the average length 
ratio was close to one, but there was a large SD (1.00 to 1.29) in the length ratio. When the FCD was used, there 
were drastic improvements in these metrics. The length ratio’s average (0.84 to 1.26) and SD (0.32–0.26) improved 
in temporal lobe. At interior frontal lobe, the SD of the length ratio improved as well (0.14 to 0.25). When exam-
ining these results, it should be noted that the length ratio analysis excluded areas of volume obliteration, where 
some of the most distorted areas were expected when no FCD was present.

Table 2 shows quantitative assessment of the obliterated volume in DWI. Volume obliteration was not 
observed when orthodontic appliances were absent. Orthodontic appliances obliterated signals in anterior fron-
tal lobe, temporal lobe, brainstem and cerebellum but there was no loss in basal ganglia and thalami, as well as 
fronto-parieto-occipital lobes. Volume obliteration was most severe in the cerebellum (32% to 38%). When the 
FCD was used, the volume obliteration was greatly mitigated, with a worst case of 8% in the temporal lobes and 
the small model.

Discussion
Susceptibility artifacts induced by stainless steel orthodontic appliances may interfere with clinical diagnoses 
during brain MRI scans. Both software and hardware correction approaches may be used. Pulse sequences may 
be made less prone to susceptibility effects and to decrease geometric distortions7–9. For example, MRI vendors 
offers scanning features such as WARP or OMAR which combine high bandwidth signal acquisition with turbo 
spin echo utilizing VAT7 and/or SEMEC9. This approach requires modification of each individual pulse sequence, 
but not all sequence can be readily modified to overcome the artifact. In addition, trade-offs are often made 
including longer acquisition times, decreased SNR and increased SAR levels. The hardware approach presented 
here addresses the problem at its root. However, matching the device to each individual patient is crucial. A 
device kit would consist of several exchangeable intra-oral mouth-guards with different magnetic strengths, and 
exchangeable parts with different magnetic strength that can be mounted on positions on the external face mask. 
For a particular patient, the device will be assembled by choosing one device piece in each position based on an 
analysis of the B0 map from a calibration MRI scan. Usually, this can be done in about 15 minutes. In addition, 
safety concerns and risk factors for using the device need to be addressed.

Figure 3. 3D-printed head phantom. (A) Axial views of phantom design with compartments and a built-in 
grid. (B) Dental model and mouth-guard field correction device are mounted on the 3D-printed phantom. A 
rubber stopper is inserted in an opening on the forehead for filling the phantom with a solution. (C) External 
device is added, and a saline bag is added dorsal to the dental model to mimic the cervical soft tissues. The intra-
oral device and external device are separated by 5 mm of paper mimicking the upper lip.

Magnetic moments Small model Medium model Large model

Measured 
magnetic moments

On segments [0, 74, 79, 0]* [12, 65, 73, 11]* [31, 46, 49, 43]*

Total induced 153 161 169

Assembled device

Intra-oral 100 100 100

External upper row [0, 0, 0, 0]* [16, 20, 20, 16]* [0, 0, 0, 10]*

External lower row [0, 30, 30, 0]* [0, 0, 0, 0]* [30, 0, 0, 30]*

Total matching 160 172 170

Table 1. Estimated magnetic moment (10−3 A·m2) of orthodontic appliances and assembled FCD which uses 
the intra-oral and external components simultaneously. *Magnetic moment for left molars, left non-molars, 
right non-molars, right molars (see text).
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The field correction device demonstrated here works for 1.5 T MRI scanners. The NdFeB permanent magnets 
used in the devices have an intrinsic coercivity of about 2140 kA/m (corresponds to 2.7 T) at the body tempera-
ture and resist irreversible demagnetization inside 1.5 T MRI scanners. The permanent magnets are very stable. 
The magnets have 10 years of shelf life and may be remagnetized periodically by strong external magnetic field. 
During the MRI session, the magnetization was found to be stable10. Permanent magnets with higher intrinsic 
coercivity than the ones used here are now available and could be used for FCD at 3 T MRI scanners. At 3 T, the 
induced magnetic moment in orthodontic appliances will be larger than that at 1.5 T. Consequently, the FCD 
will need to have a larger total magnetic moment in order to counter the induced magnetic moment in braces. 
The FCD experience the largest net force at the entrance of the MRI magnet where the B0 gradient is large. At 
the center of the magnet the B0 gradient is very small, so the net force is approximately zero. Furthermore, at 
the center of the magnet, there is a torque on the device if the magnetic moment of the device is not perfectly 
anti-parallel to the B0 field. The torque experienced by the device will be proportional to the cross product of 
total magnetic moment and the external magnetic field, and the force on the device will be proportional to the 
dot product of total magnetic moment and field gradient. Both magnetic torque and force will be larger at 3 T. 
Therefore, working at 1.5 T is more favorable from a safety perspective.

Previous presentations at scientific conferences have shown research studies using the device in patients or 
research participants undergoing orthodontic treatment11,12, where the use of FCD effectively restored B0 homo-
geneity, removed large geometric distortions on diffusion weighted images and allowed uncompromised visuali-
zation of blood vessels on MR angiography. In addition, the device was well tolerated by subjects during the MRI 
scans. The phantom work in the current study enabled quantitative assessment of B0 homogeneity and geometric 
distortion systematically. In evaluating FCD, assessing B0 field homogeneity is important because the artifacts on 
an MR image or spectrum from a pulse sequence can be predicted, at least in principle, if the B0 field distribution 
is known. This phantom study demonstrates the effectiveness of a FCD in decreasing the severity of artifacts. The 
intra-oral mouth-guard and external face mask have one size, yet the artifacts from dental models of different 
sizes can be corrected.

Figure 4. B0 field distribution inside the head phantom. (A) Baseline ΔB0 map when braces and FCD are 
absent. (B) The small dental model with orthodontic appliances is in place. (C) The small dental model with 
orthodontic appliances and FCD are both present. (D) Same as (C) but the phantom is tilted; (E) ΔB0 in brain 
compartments for three models of different sizes. The column height is the mean value and the error bar is ±SD. 
The average ΔB0 over the whole brain is set to zero.
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This is a proof-of-concept study, so the testing was limited in scale. In patient examinations, there are many 
variables that may affect the performance of the device. The effectiveness of the device also needs to be studied for 
more MRI techniques including MR angiography, susceptibility weighted imaging, diffusion tensor imaging and 
functional MRI. The current phantom is not optimal for these studies. Ultimately the effectiveness of the device 
will need to be tested in a patient population wearing all types of orthodontic appliances on a variety of MRI 
techniques and in multicenter clinical studies.

The prototype intra-oral device built for this study was intended to be used in combination with the external 
device. The intra-oral kit has a few exchangeable pieces with different magnetic moment, but the increment of 
magnetic moment is relatively coarse. In addition, the intra-oral device presented here was not designed for 
correcting the B0 inhomogeneity caused by molar orthodontic brackets. Therefore, generally the intra-oral com-
ponent is not suitable to be used by itself. The external device may be used by itself. In this case the average dis-
tance between the orthodontic brackets and correction magnets will slightly increase. However, we do not expect 
drastic degradation of the effectiveness of field correction.

The prototype device design is currently being improved so it will be more comfortable, more user-friendly, 
and safer to use.

Conclusions
The study provides quantitative evidence that a field correction device can effectively improve B0 homogeneity 
and geometric distortions in MRI caused by stainless steel orthodontic appliances.

Materials and Methods
This study did not involve human or animals. No biological materials were used. The study was performed within 
the privilege of the authors granted by Children’s Medical Center Dallas and/or University of Texas Southwestern 
Medical Center. The study protocol was not subject to institutional review.

Figure 5. Quantitative assessment of geometric distortions in diffusion weighted imaging and quantitative 
assessment of distortions. An axial slice DWI of phantom (b = 0 image) is shown in (A–C). (A) Baseline image 
when dental braces were absent. F: frontal lobe; T: temporal lobe; BS: brainstem; C: cerebellum and O: occipital 
lobe. (B) Large dental braces model induced severe geometric distortions in the image and volume obliteration 
in frontal lobe. (C) Large dental braces model and correction device were both present. The geometric 
distortions were drastically decreased compared with (B) and the frontal lobe was visualized. (D) Length ratio 
(DWI: SE, mean (column height) + SD (error bar)) along AP direction in anterior frontal lobe, temporal lobe, 
fronto-parieto-occipital lobe, basal ganglia and thalami, and cerebellum are plotted for three model sizes under 
different conditions.
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Induced magnetic moment in orthodontic appliances. The numerous vendors of orthodontic appli-
ances offer ever changing diverse products. Stand-alone orthodontic brackets are used for incisor, canine and 
premolar teeth. For molars, brackets may be stand alone as on non-molar teeth or attached to an orthodontic 
band which in turn is mounted on teeth. Arch wires also possess induced magnetic moment although dominant 
contributions come from orthodontic brackets and bands. The orthodontic brackets and bands from different 
vendors differ in weight, shape, material composition, and induced magnetic moment inside the MRI scanner13. 
Fig. 2 shows the magnetic moment of non-molar and molar brackets made by several vendors. As can be seen 
from Fig. 2A, there is a factor of 1.6 variability of the total magnetic moment for commonly used brackets on 
non-molar teeth. The variability of the magnetic moment on the molar brackets or bands is larger, and the mag-
netic moment can be weak or strong compared with non-molar brackets.

Permanent magnet employed in field correction device. We used commercial NdFeB14 permanent 
magnets (grade N38EH, Dexter Magnetics) which have a strong intrinsic coercivity of 2140 kA/m (corresponding 
to 2.7 T B field in vacuum) at body temperature and resist irreversible demagnetization at 1.5 T. The maximum 
energy product is sufficiently high, so small magnets can cancel out the induced magnetic moments in braces.

The magnets were coated with a thin layer of nickel and were custom made to specified sizes (Table 3). For 
each size, the magnetic moment of several samples was measured inside 1.5 T MRI scanner using method 
described previously13. The magnetic moment was anti-parallel to the B0 field during the measurement. The mean 
and standard deviation (SD) measured in 4 magnets of each size is also included in Table 3.

Design of field correction device. In order to minimize the susceptibility artifact, the magnetic moment 
of the FCD should approximate that of the braces both in amplitude and spatial distribution. The intra-oral device 
was constructed with FDA approved commercial dental acrylic thermoplastics (Great Lake Orthodontics) using a 
vacuum former. A layer of plastic (1 mm thickness) was molded on a dental upper arch template. Permanent mag-
nets (grade N38EH, Dexter Magnetics) were glued (Triad Gel, Densply) to the plastic in locations corresponding 
to incisor, canine and premolar teeth. Another layer of plastic (2 mm thickness) was molded over the first layer. 
The device was magnetized using a 9.4 T MRI scanner. Acrylic welding solvent (Weld-On 4, IPS Corporation) 
was applied at the exposed interface of the two plastic layers at the edge of the device, resulting in strong bonding 
between the two layers.

The frame of the external device is constructed using PVC plastic. The material becomes soft and deformable 
at an elevated temperature (about 80 °C) and is rigid at room and body temperatures. The plastic strips embed-
ding the permanent magnets were also made with a vacuum former. The strips are rigid, and mounted on the 
external device in 2 rows and 4 columns using nylon screws and nuts. Two central columns correct the induced 
magnetic moments of brackets on incisor, canine and premolar teeth, and two lateral columns correct that of 
brackets on molars. These magnetic strips can be mounted on the mouth-band of the face mask in a few minutes. 
The external device offers the flexibility for correcting artifacts from unilateral implants as well.

anterior 
frontal lobes

temporal 
lobes

fronto-parieto-
occipital lobes

Basal ganglia 
and thalami

Brain-
stem

Cere-
bellum

Baseline (no braces) 0 0 0 0 0 0

Small model braces 21 19 0 0 14 33

Medium model braces 17 19 0 0 17 38

Large model braces 18 14 0 0 17 32

Small model braces/correction 3 8 0 0 0 0

Medium model braces/correction 3 1 0 0 0 6

Large model braces/correction 0 0 0 0 0 0

Small model braces/correction/tilting 2 2 0 0 0 0

Medium model braces/correction/tilting 2 3 0 0 0 2

Large model braces/correction/tilting 0 0 0 0 0 0

Table 2. Percent volume obliteration in DWI in different regions of the head phantom.

Magnet dimensions (mm3) Magnetic moment (10−3 A·m2)

0.65 × 0.65 × 2.5 0.61 ± 0.11

1.0 × 1.0 × 3.9 2.79 ± 0.19

1.1 × 1.1 × 4.2 3.93 ± 0.06

1.2 × 1.2 × 4.6 5.00 ± 0.19

1.3 × 1.3 × 5.0 6.17 ± 0.11

1.4 × 1.4 × 5.4 7.97 ± 0.30

1.5 × 1.5 × 5.8 10.67 ± 0.17

Table 3. Magnetic moments (mean ± SD, n = 4) of N38EH magnets with magnetization opposing 1.5 T B0 field 
(H0 = −1197 kA/m).
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The intra-oral and external devices were constructed using permanent magnets listed in Table 3. Using mag-
nets with different magnetic moments, device pieces with different nominal magnetic moments were constructed. 
The magnetic moment was distributed approximately evenly across the intended length. A device kit has multiple 
pieces for intra-oral mouth-guard with total magnetic moment up to 150 × 10−3 A·m2, and there are multiple 
strips for the external facemask with different magnetic moment accommodating a total magnetic moment up 
to 366 × 10−3 A·m2.

Dental model and head phantom. Maxillary and mandibular dental models with 14 teeth were 3D 
printed (ZPrinter 650 and zp150 composite powder from Z-Corporation) from digital files (OrthoCad). The 
models were made in 3 sizes (the original size presenting the average size of the general population, and 8.5% 
smaller and 8.5% larger in linear dimension). A set of 28 orthodontic brackets (American Orthodontics, slot size 
0.022″) were bonded onto the dental models. Full length stainless steel arch-wires (Class One, 0.016″ diameter) 
were engaged on the brackets. The dental model was mounted on the head phantom using a wood spacer and a 
nylon screw.

A human head phantom equivalent in size to an average 15 years old15 was 3D printed (ZPrinter 650 and 
zp150 composite powder from Z-Corporation) (Fig. 3). The head circumference of the phantom was 54.6 cm. The 
phantom was divided into 9 compartments: left and right anterior frontal lobes (2 compartments), left and right 
temporal lobes (2 compartments), left and right fronto-parieto-occipital lobes (2 compartments), basal ganglia 
and thalami (1 compartment), brainstem (1 compartment) and cerebellum (1 compartment). It had built-in 
orthogonal gridlines along 3 directions with the nearest line distance of 15 mm. This phantom was filled with 
saline (distilled water and 0.9% NaCl by weight) and doped with an MRI contrast agent (1 mL ProHance per liter 
saline). When a dental model was mounted on the head phantom, the vertical distance between the tip of the 
upper incisor and nasion was 70 mm. A bag of saline (400 mL) was positioned inferior to the head phantom and 
posterior to the dental model to mimic the cervical soft tissues.

MRI scanning. The MRI scans were acquired on an Achieva 1.5 T MRI scanner (Software release 2.6.1, 
Philips Healthcare) using an eight channel SENSE head coil. The scans included (i) 3D B0 mapping (3D sagit-
tal T1-FFE, TR = 10 ms, acquisition voxel 2 × 2 × 2 mm3, acquisition array size 70(RL) × 112(AP) × 112(HF), 
2 acquisitions with different TEs at 3.00 ms and 3.07 or 3.20 ms), (ii) Multi-slice spin-echo (SE) imaging as a 
geometrical reference (FOV = 250 mm, TR/TE = 479/12 ms, slice thickness = 4.0 mm, gap = 0.4 mm, number 
of slices = 35, water-fat shift = 1.5 mm in AP direction), and (iii) diffusion weighted imaging (DWI) using EPI 
readout (FOV = 250 mm, TR/TE = 4682/74 ms, slice thickness = 4.0 mm, gap = 0.4 mm, number of slices = 35, 
water-fat shift of 33 mm in the AP direction, b = 0, 1000 mm2/s). Diffusion-weighted imaging is particularly 
important for examination of stroke16,17.

Matching field correction device to orthodontic appliances. All analyses were done using internally 
developed software written in IDL 8.4. The ΔB0 map was calculated from the difference of T1-FFE phase images. 
The ΔB0 map with braces was analyzed to determine the strength and distribution of the induced magnetic 
moment of orthodontic appliances. The 3D ΔB0 map was modeled by the z-component magnetic field from 14 
diploes symmetrically positioned on the maxillary arch. By doing so we treated the brackets on the correspond-
ing upper and lower teeth as one magnetic dipole. The 14 dipoles were further divided into 4 segments: lateral 
segments for left and right molars and central segments for left and right non-molars. The lateral segments cor-
responded to the two outer columns on the external device, and the two central segments corresponded to the 
intra-oral device and the two inner columns on the external device. Within each segment the magnetic moment is 
represented by one fitting parameter assuming equal magnetic moment of the orthodontic brackets. The relative 
positions of the fitting dipoles are fixed and translation of all dipoles together as a whole is allowed in model fit-
ting. Thus, a least squares procedure was used to fit the B0 field measured with a braces model using 7 parameters 
(3 parameters for displacement and 4 parameters for magnetic moment of each segment). The B0 analysis takes 
less than 30 seconds to complete. The resulting magnetic moments on the 4 segments were used to guide the 
assembling of the device to match the braces. The magnetic moment of the two outer segments should be matched 
by the two outer columns of the external device. The magnetic moment of the two inner segments should be 
matched by the two inner segments on the external device and the intra-oral device. In Table 1, the magnetic 
moment on each segment is matched with an error from 0 to 6 × 10−3 A·m2, and the total magnetic moment was 
matched with an error from 1 × 10−3 to 11 × 10−3 A·m2

Image quality analysis. All analyses were done using internally developed software written in IDL 8.4 
unless otherwise stated. MR images were processed to obtain the average and SD of B0 and geometric distortion 
on DWI for brain compartments. Geometric distortions were quantified by linear regression of positions of inter-
cepting points in AP direction in the 3D grids on the SE (as independent variable) and DWI (as dependent vari-
able) in brain regions except for brainstem where the range of position is too small for reliable results. The linear 
regression was done using Microsoft Excel. The slope of the regression line was the average length ratio (DWI:SE), 
and the SD of the length ratio was obtained from the residual error divided by the gridline spacing (15 mm). 
Finally, the percent of obliterated volume on DWI was also estimated in these brain regions by counting and 
comparing the number of visualized grid intersections in these regions on DWI and SE images. In the analysis of 
geometric distortions and volume obliteration the corresponding left and right hemispheric lobes were combined 
because the results from two sides were similar although B0 homogeneity for each side were reported separately.

Data Availability. MR images from this study are available to interested readers upon reasonable request.



www.nature.com/scientificreports/

9SCIenTIfIC REPORtS |  (2018) 8:5706  | DOI:10.1038/s41598-018-23890-6

References
 1. New, P. F. et al. Potential hazards and artifacts of ferromagnetic and nonferromagnetic surgical and dental materials and devices in 

nuclear magnetic resonance imaging. Radiology 147, 139–148 (1983).
 2. Devge, C., Tjellstrom, A. & Nellstrom, H. Magnetic resonance imaging in patients with dental implants: a clinical report. Int J Oral 

Maxillofac Implants 12, 354–359 (1997).
 3. Costa, A. L. et al. Artifacts in brain magnetic resonance imaging due to metallic dental objects. Medicina oral, patologia oral y cirugia 

bucal 14, E278–282 (2009).
 4. Hargreaves, B. A. et al. Metal-induced artifacts in MRI. AJR Am J Roentgenol 197, 547–555, https://doi.org/10.2214/AJR.11.7364 

(2011).
 5. Wilson, J. L., Jenkinson, M. & Jezzard, P. Optimization of static field homogeneity in human brain using diamagnetic passive shims. 

Magn Reson Med 48, 906–914, https://doi.org/10.1002/mrm.10298 (2002).
 6. Hsu, J. J. & Glover, G. H. Mitigation of susceptibility-induced signal loss in neuroimaging using localized shim coils. Magn Reson 

Med 53, 243–248, https://doi.org/10.1002/mrm.20365 (2005).
 7. Cho, Z. H., Kim, D. J. & Kim, Y. K. Total inhomogeneity correction including chemical shifts and susceptibility by view angle tilting. 

Med Phys 15, 7–11 (1988).
 8. Olsen, R. V. et al. Metal artifact reduction sequence: early clinical applications. Radiographics 20, 699–712 (2000).
 9. Lu, W., Pauly, K. B., Gold, G. E., Pauly, J. M. & Hargreaves, B. A. SEMAC: Slice Encoding for Metal Artifact Correction in MRI. Magn 

Reson Med 62, 66–76, https://doi.org/10.1002/mrm.21967 (2009).
 10. Wang, Z. J., Park, Y. J., Seo, Y., Morriss, M. C. & Rollins, N. K. Reducing Brain MRI Artifacts Caused by Ferromagnetic Orthodontic 

Appliances Using Permanent Magnets. In International Society of Magnetic Resonance in Medicine (Singapore, 2016).
 11. Wang, Z. J., Park, Y. J., Seo, Y., Morriss, M. C. & Rollins, N. K. In Radiological Society of North America (Chicago, Illinois, 2015).
 12. Wang, Z. J. et al. In Radiological Society of North America (Chicago, Illinois, 2016).
 13. Wang, Z. J., Rollins, N. K., Liang, H. & Park, Y. J. Induced magnetic moment in stainless steel components of orthodontic appliances 

in 1.5 T MRI scanners. Med Phys 42, 5871–5878, https://doi.org/10.1118/1.4930796 (2015).
 14. Coey, J. M. D. Rare-Earth Iron Permanent Magnets (Monographs on the Physics and Chemistry of Materials). (Oxford Science 

Publications, 1996).
 15. Rollins, J. D., Collins, J. S. & Holden, K. R. United States head circumference growth reference charts: birth to 21 years. J Pediatr 156, 

907–913, 913 e901-902, https://doi.org/10.1016/j.jpeds.2010.01.009 (2010).
 16. Jauch, E. C. et al. Guidelines for the early management of patients with acute ischemic stroke: a guideline for healthcare professionals 

from the American Heart Association/American Stroke Association. Stroke; a journal of cerebral circulation 44, 870–947, https://doi.
org/10.1161/STR.0b013e318284056a (2013).

 17. Wintermark, M. et al. Imaging recommendations for acute stroke and transient ischemic attack patients: A joint statement by the 
American Society of Neuroradiology, the American College of Radiology, and the Society of NeuroInterventional Surgery. AJNR Am 
J Neuroradiol 34, E117–127, https://doi.org/10.3174/ajnr.A3690 (2013).

Acknowledgements
This work received support from NIH R21 DE023916. KP was supported by the DREAM fellowship awarded by 
The American Association of Physicists in Medicine.

Author Contributions
Z.J.W., Y.J.P., M.C.M., Y.S., T.N., N.K.R. contributed to the study design, device design and construction or 
experimental study. Y.J.P., Z.J.W., M.C.M., T.N., A.N., R.H., Y.T., R.C. contributed to the head phantom and 
dental model construction. Z.J.W., K.P. contributed to data analysis. Z.J.W., Y.J.P., Y.S., R.C. and N.K.R. wrote the 
manuscript. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.2214/AJR.11.7364
http://dx.doi.org/10.1002/mrm.10298
http://dx.doi.org/10.1002/mrm.20365
http://dx.doi.org/10.1002/mrm.21967
http://dx.doi.org/10.1118/1.4930796
http://dx.doi.org/10.1016/j.jpeds.2010.01.009
http://dx.doi.org/10.1161/STR.0b013e318284056a
http://dx.doi.org/10.1161/STR.0b013e318284056a
http://dx.doi.org/10.3174/ajnr.A3690
http://creativecommons.org/licenses/by/4.0/

	Correcting B0 Field Distortions in MRI Caused by Stainless Steel Orthodontic Appliances at 1.5 T Using Permanent Magnets –  ...
	Results
	Discussion
	Conclusions
	Materials and Methods
	Induced magnetic moment in orthodontic appliances. 
	Permanent magnet employed in field correction device. 
	Design of field correction device. 
	Dental model and head phantom. 
	MRI scanning. 
	Matching field correction device to orthodontic appliances. 
	Image quality analysis. 
	Data Availability. 

	Acknowledgements
	Figure 1 Field correction device.
	Figure 2 Induced magnetic moment in different orthodontic brackets inside a 1.
	Figure 3 3D-printed head phantom.
	Figure 4 B0 field distribution inside the head phantom.
	Figure 5 Quantitative assessment of geometric distortions in diffusion weighted imaging and quantitative assessment of distortions.
	Table 1 Estimated magnetic moment (10−3 Am2) of orthodontic appliances and assembled FCD which uses the intra-oral and external components simultaneously.
	Table 2 Percent volume obliteration in DWI in different regions of the head phantom.
	Table 3 Magnetic moments (mean ± SD, n = 4) of N38EH magnets with magnetization opposing 1.




