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Abstract

A variety of 7 Tesla RF coil systems have been proposed to produce spin excitation (B1
+

field) and MR image acquisition. Different groups have attempted to mitigate the challenges

at high and ultra-high field MRI by proposing novel hardware and software solutions to

obtain uniformly high spin excitation at acceptable RF absorption levels. In this study, we

extensively compare the designs of two distributed-circuit based RF coils: the Tic-Tac-Toe

(TTT) head coil and TEM head coil on multiple anatomically detailed head models and in-

vivo. Bench measurements of s-parameters and experimental B1
+ field distribution were

obtained in volunteers and compared with numerical simulations. RF absorption, quantified

by both average and peak SAR, and B1
+ field intensity and homogeneity, calculated/mea-

sured in terms of maximum over minimum and coefficient of variation (CV) in the region of

interest (ROI), are presented for both coils. A study of the RF consistency of both coils

across multiple head models for different RF excitation strategies is also presented.

Introduction

Evaluating Ultra-high field (UHF) MR/MRSI at 7 tesla (T) and higher as a translational clinical

tool has been the focus of several research groups [1–8]. The main advantages of UHF

strengths are higher signal-to-noise ratio (SNR), higher spatial resolution, increased sensitivity

to T1 & T2 contrast mechanisms and to magnetic susceptibility or blood oxygenation (BOLD)

[9–12]. However, the main challenges with UHF strengths remain to be radiofrequency (RF)

inhomogeneity and safety restrictions due to subject specific variation and increased power

deposition or specific absorption rate (SAR) [13, 14].

At UHF frequencies, the human head size becomes comparable to the RF wavelength (at

7T, the wavelength is approximately 13cm in the brain tissues). As a result, the electromagnetic

interactions between the human body/head and the RF coil become increasingly sensitive to

variations in the size/shape of the sample [14]. Such interactions can lead to significant varia-

tions in the distribution/intensity of the circularly polarized component responsible for
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excitation (B1
+) field as well as specific absorption rate (SAR) across different subjects. This

issue in addition to the inherent electromagnetic field inhomogeneity and elevated RF power

deposition associated with UHF human imaging can have detrimental effects on the quality

and safety in high field MRI. Moreover, it is important to assure that the RF excitation does

not result in localized SAR across different subjects [15]. While many electromagnetic simula-

tion tools are currently used to calculate estimates of SAR for RF shimming purposes [16, 17],

B1
+ fields are typically experimentally measured/mapped in an experimental setting.

The adoption of multichannel RF coil designs for UHF MRI allows for multiple degrees of

freedom in manipulating the RF fields [18]. As a result, several designs of RF transmit arrays

have been proposed to improve RF coil performance, mainly evaluated in its capability to pro-

duce homogenous B1
+ field distributions at acceptable levels of RF tissue absorption [19–21].

It is worth noting however, that several MR sequences and pulse designs can also improve the

homogeneity of the spin excitation (as opposed to B1
+ field distribution), such as adiabatic

pulses [22, 23], tailored pulses [24, 25], and transmit SENSE [26, 27] or interleaved excitation

of the modes with TIAMO [28, 29].

Many studies have been done to evaluate coil performance and safety assurance at 7T. Wolf

et.al. 2013 carried out a comprehensive study of different human body models at 7T using a

16-element band-pass Birdcage coil, to assess how much detail is needed to accurately predict

local SAR. In addition to looking at current distributions and SAR in different models, the

paper compared local SAR hotspots in Duke (male) and Ella (female) virtual family models.

Wang et.al. [30] compared B1
+ homogeneity and SAR in a sphere at 7T for a 16-element bird-

cage, transverse electromagnetic resonator (TEM) and microstrip coils. The results showed

that the B1
+ homogeneity in the central axial plane of the sphere in the TEM coil was most

homogeneous, with marginal difference in B1
+ inhomogeneity between the microstrip and

birdcage coils.

In this work, we study RF characteristics due to different human heads and compare differ-

ent coils that are used at 7T. Specifically, the transverse electromagnetic resonator (TEM) coil

[31] and 5-sided Tic-Tac-Toe (TTT) coil [32, 33] are evaluated via RF simulations using differ-

ent anatomically detailed human head models and measurements utilizing a network analyzer

and in-vivo 7T B1
+ mapping on different human heads. We chose the 16-element TEM and

TTT designs due to the availability of both coils as well as FDTD coil models in our facility and

because they are based on distributed-circuit approach and have shown to produce the

homogenous B1
+ field distributions at 7T [34, 35]. The detailed analysis is performed through

comparing finite-difference time-domain (FDTD) calculated and measured coil impedance,

B1
+ field (homogeneity and intensity) and SAR (average and local) across different heads for

both coils.

Materials and methods

Coils

TTT coil design. Fig 1(A) shows the prototyped cuboid coil. The coil is made out of five

sides of a TTT square-shaped array as described in [36–39]. The 7T TTT head coil is a bigger

version (228x228 mm2) of the breast coil; detailed description of the coil design and construc-

tion can be found in [37]. One side of a tic tac toe shaped array has four transmit (Tx) chan-

nels/elements (Fig 1(D)). The assembly of 5 tic tac toe shaped arrays (surrounding the human

head except for the neck side) allows for up to 20 Tx channels/elements. Only 16 Tx channels

are used since the top tic tac toe side is not utilized. Each channel of the coil is tuned to 297.2

MHz by adjusting the inner rod length pushed inside the outer strut for all the coil elements.
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TEM coil design. The TEM coil [31] consists of an array of transmission line elements

(coaxial) with a cylindrical and end cap RF shielding. While, birdcage coils are popular with

body imaging with larger ROI at 1.5T and 3T field intensities, TEM coils with 8, 16, and 24

transmission line elements have been built and tested for imaging the head at 7T [40]. It is

worth noting that the commercial birdcage head coil (Nova Medical, Wilmington, MA, USA)

is currently the most used RF coil for head imaging at 7T. Detailed analysis of a 16-element

TEM design have shown good homogeneity in neuroimaging and its ability to tune over a

broader frequency range, make it suitable for high field applications such as 7T. The four coax-

ial Tx ports of the 16-element TEM coil are tuned to 297.2 MHz by adjusting the inner rod

length pushed inside the outer strut for all the coil elements. This coil, like 7T TTT design

described earlier, is 228 mm long, it has an outer diameter of 355 mm and an inner diameter

of 279 mm.

Coil construction. Both the TTT and the TEM Tx coils use double-layered copper sheets

(each layer is 4um 38.1 gram/m2 Cu thickness with 0.254 mm dielectric between the layers.) For

the TTT coil, the tic tac toe square-shaped array is made from (19.05 mm)2 Polycarbonate dielec-

tric with (6.35 mm)2 inner opening for the inner rods. For the TEM coil, the elements are made

of cylindrical-shaped (diameter = 12.7 mm) Teflon dielectric with inner opening (diameter = 6.35

mm) for the inner rods. The TEM elements are concentric with 279 mm diameter.

Fig 1. Coil designs and head models. In A, the TEM and TTT coil designs with anatomically detailed head model as the load; in B, the relative permittivity maps of one

of the head models; In C, the superimposed outlines of all the head models; In D, a constructed TTT coil side.

https://doi.org/10.1371/journal.pone.0209663.g001
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The excitation channels of each coil are combined using Wilkinson power dividers (2-, 4-,

and 8- ways), with phase cables to implement particular RF shim phases (more on that in the

“Excitation Strategy” section).

RF modeling

Anatomically detailed human head models. Five anatomically detailed head models

varying in shape/volume and weight were used to analyze the transmit coil characteristics of

the TEM and TTT transmit coils at 7T using FDTD simulations. The anatomically detailed

head models H1-5 were created from Duke male model of the Virtual family head models [41]

(age: 34, height: 1.74 m, weight: 70 kg, body mass index (BMI): 23.1 kg/m2). The 22 tissue vol-

umes, identified by its constitutive properties—conductivity and dielectric constant (σ, εr)—of

the different head models are shown in Table 1. The head models were created by morphing

the base model (H2) to produce models (H1-5) that varied in shape/eccentricity and volume

and weights.

The maximum variation in the mass was 14% and changes in shape was quantified by

eccentricity of the head. The eccentricity measure is defined as the ratio of major to minor axis

at the eye brow level and was obtained from the cross-sectional area and perimeter estimate at

the same location. This was achieved using the DIP library [42] where the method1 by Proffitt

et.al. [43] used different weights for inclined boundary lines, and the method2 by Vossepoel et.

al. [44] used corner correction to obtain the perimeter of odd shapes. Eccentricity of heads

Table 1. Anatomically detailed head models. The 22 tissue volumes (inside each head model), identified by their constitutive properties (conductivity and dielectric con-

stants) (σ, εr) of the different head models H1-5, are shown. The anatomically detailed head models H1-5 were created by morphing the Duke male model (H2) of the Vir-

tual family head models (34). Models are arranged in increasing volume/mass.

Epsilon Sigma H1 H2 H3 H4 H5

5.64 0.04 126.5 131.6 143.0 141.4 160.9

5.76 0.03 514.6 503.9 475.0 493.2 529.4

13.45 0.08 561.6 582.2 617.5 612.6 690.1

26.82 0.29 169.8 174.3 189.6 186.3 211.2

36.95 0.42 444.8 472.3 507.5 492.7 566.1

43.82 0.41 17.7 15.0 10.8 13.2 12.1

46.81 0.55 33.0 26.9 18.5 21.7 21.1

48.00 0.54 30.7 24.6 19.2 22.2 21.1

48.97 0.65 29.3 29.9 32.6 31.2 36.4

49.90 0.64 42.6 40.6 35.6 36.6 40.4

51.96 0.55 404.1 404.1 401.7 404.7 443.4

51.96 0.63 0.2 0.2 0.3 0.3 0.3

58.23 0.77 529.2 547.6 588.1 580.5 659.1

58.93 0.74 110.0 114.6 124.4 118.9 139.3

58.93 0.97 998.8 974.2 905.1 954.0 1011.7

59.82 0.97 1.2 1.0 1.1 1.2 1.0

61.43 1.15 130.8 137.0 148.1 143.0 164.4

62.47 0.85 2.7 3.3 3.5 3.9 3.7

65.69 1.32 0.4 0.5 0.4 0.5 0.5

68.74 0.97 19.3 18.8 15.7 17.9 17.5

69.02 1.52 7.1 7.6 8.6 8.1 9.3

72.78 2.22 211.7 216.9 237.6 232.3 265.5

Dielectric Constant, and Conductivity 4387 4427 4484 4516 5005

Individual Tissue Volumes and Total Volume (Cubic Cm) for each Head Model

https://doi.org/10.1371/journal.pone.0209663.t001
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varied from circular (eccentricity ~ 1) to elliptical (eccentricity ~ 1.4). Fig 1(C) shows the con-

tours of the different head models (axial, coronal and sagittal boundary of brains and heads)

used in the FDTD simulations. The relative permittivity map is also shown in Fig 1(B).

The perimeter of the models and their eccentricity when compared with those measured on

the 4 volunteers indicate the shape and volume of heads used in the RF simulations represent a

comprehensive sample of an adult population who might undergo an MRI [45].

Software. FDTD models of the TTT and TEM head coils i.e. the coil geometry: including

the coaxial transmission lines, RF shielding, anatomically detailed head models and the termi-

nating (perfectly matched layers) PML [46] are shown in Fig 1(A). The 3-dimensional compu-

tational domains with isotropic resolution of ~1.6mm was constructed by setting the

constitutive properties to that of the RF coil (comprising of Rexolite or, Teflon, or Copper) or

to the different tissues of the anatomically detailed head models. The coil model has a true

transmission line model for the excitation elements with accurate modeling capability of the

coil’s input impedance and coupling [36, 47–49].

The numerical models of the coils were tuned to Larmor frequency of 7T (297 MHz) using

head model (H2) by adjusting the gap between the inner coaxial elements of the TTT and

TEM elements and the modeling of the excitation source(s) while observing the scattering (S)

matrix of the true transmission line model. The same tuning configuration applied on H2 is

utilized for all other head models without re-tuning/matching for each individual head model.

Note that the full wave 3D FDTD models of the TTT and the TEM coils and the generic

framework of validating experiment with simulation studies of the transmit field, input imped-

ance and coupling between coil elements have been performed and validated in earlier studies

[36, 48, 49].

Excitation strategy. The fields (electric and B1
+) associated with the individual ports of

each coil are combined using:

1) quadrature (TEM) and pseudo-quadrature (TTT) excitation, and 2) RF shimming (opti-

mized excitation using phase-only or amplitude-and-phase excitation) for both the TEM and

TTT coils. The RF shimming aims at achieving the lowest combination of the coefficient of

variation (CV) and maximum to minimum (max/min) inside the region of interest (ROI) for

all 5 head models. The ROI is the volume encapsulating the whole head above and including

the temporal lobes and cerebellum while excluding the ears and the nasal cavity. The minimi-

zation of the CV and max/min inside the ROI is achieved by constraining the mean transmit

B1
+ field intensity to 11.74 μT, which results in 180o flip angle with 1 ms square pulse, using a

~ 4.4 kW RF amplifier capacity (45% power loss from a standard 8 kW RF amplifier to the coil

ports). Note that the phase-only shim cases (quadrature and phase-only arrangements) can be

readily implemented in the combined mode of the MRI system without the need for parallel

transmission mode.

RF absorption in the whole head quantified by SAR (W/Kg) averaged over any 10g of tissue

was obtained for a continuous wave with mean transmit B1
+ field intensity of 2μT in the ROI.

Experimental measurements

Network analyzer measurements. This study was approved by the University of Pitts-

burgh’s Institutional Review Board (IRB PRO17030036) and involved four volunteers with

approved written consent. The individuals have given a written informed consent to publish

the details in this manuscript. Bench measurements were performed using a calibrated net-

work analyzer (E5062A and 87050E multiport test set; Agilent Technologies Inc., CA, USA)

together with an 85032B S-parameter test set. The Smith Chart measurements of different exci-

tation ports of the TTT and TEM coils were recorded for the four volunteers (without re-
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tuning/re-matching of the excitation ports between different heads). Thus, both measurements

in-vivo on the four volunteers, and with the five head models (H1-5) in FDTD simulations,

were obtained without re-tuning/re-matching of the excitation ports.

In-vivo B1
+ field measurements. To achieve the desired phase shifts, the quadrature (for

TEM) and pseudo-quadrature (for TTT) cases were implemented by adjusting the lengths of

the coaxial cables feeding the coils. Imaging was performed on two volunteers using a 7T scan-

ner (Siemens Medical Solutions, Germany). B1
+ maps were acquired with a turbo FLASH

sequence with the following parameters: number of flip angles = 6, TR = 2.2 sec, TE = 1.4

msec, FOV = 220 mm, Matrix = 64x64, slice thickness = 3.2 mm and bandwidth = 510 Hz/

pixel. The images from the six measurements of the B1
+ map sequence was summed and used

to create a brain mask. FSL’s brain extraction tool (BET) [50] was used to create a brain mask

(bet -m -f 0.4 options were used). The created brain masks were visually inspected and cor-

rected manually using ITK SNAP tool [51] in the regions where automatic segmentation of the

brain failed.

Results

Input impedance of the loaded coils

Fig 2(A) and 2(B) show the FDTD calculated reflection coefficients (Sxx) and input imped-

ances of different excitation ports in the TEM and TTT coils and the input impedances

(real ± imaginary Ω) with the five head models (H1-H5). The displayed two (for the TEM coil)

and four (for the TTT coil) reflection spectrums are representative of all the excitation chan-

nels of the TEM and TTT coils. Fig 2(C) also shows the bench measurements (using network

analyzer) of the input impedances (Smith Chart) associated with two representative channels

of the TEM and TTT coils on four different volunteers.

The numerical (across five different head models) and experimental (across four volun-

teers) results show that the reflection coefficient (Sxx) and input impedance values of both the

TTT and TEM coils did not change appreciably. In terms of the input impedance, the maxi-

mum variation (between the five different head models) was 3.5% for the TEM coil (twenty

cases represented by four excitation channels and five different head models) and 2.3% for

TTT coil (eighty cases represented by sixteen excitation channels and five different head mod-

els.) The maximum variation measured with the network analyzer was 5%.

Numerical and In-vivo B1
+ field distributions and intensities

Transmit B1
+ field distributions across the five head models are shown for different excitation

strategies (Figs 3–6 and Table 2). We compared three different excitation sets including quad-

rature, and variable amplitude-and-phase, and phase-only cases for the two coils. Due to the

consistent tuning, and matching for both coils across different subjects, the coils were not re-

tuned/matched in the simulations (five head models).

B1
+ field homogeneity. Homogeneity of the B1

+ field distribution was calculated in terms

of maximum over minimum B1
+ (max/min) and coefficient of variation (CV) which is defined

as the standard deviation over mean (σ/μ) in the ROI. Figs 4–6 show multiple axial, one coro-

nal, and one sagittal slices of B1
+ field distribution. Sagittal conductivity maps of the different

head models are also plotted with a line indicating the end of cerebellum in each of the five

head models. The ROI, where stats were obtained in the five head models (Fig 3 and Table 2),

includes the whole head above and including the cerebellum and excluding the nasal cavities

and ears. The ROI volume of the different head models are different as indicated by the differ-

ent axial slice number # which determines the end of cerebellum for each head model.
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Fig 2. Simulations and network analyzer measurements. In A), reflection (Sxx) of a representative port of the TTT coil with the 5 different head models (H1-5) using

full wave FDTD simulations. The maximum variation (between different head models) in input impedance amongst all the ports using the five different head models (80

cases) was 2.3%; In B), reflection of a representative port of the TEM coil with the 5 different head models using FDTD simulations. The maximum variation (between

different head models) in input impedance amongst all the ports using the five different head models (20 cases) is 3.5%. There was no re-tuning or re-matching for any

of the ports in both coils; the coils were tuned/matched to H2 and used in the same configuration for the other head models; In C), experimental impedance

measurements (Smith Chart) for 2 representative ports for the TTT & TEM coils. Both coils showed consistent (< 5% variation) input impedance among all four

volunteers.

https://doi.org/10.1371/journal.pone.0209663.g002
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Fig 3 and Table 2 provides details of the following stats. In terms of quadrature (TEM) and

pseudo-quadrature (TTT) excitation, the average (across H1-5) CV and max/min values for

the B1
+ field distribution are 20/28% and 4.21/29.32 respectively for the TTT/TEM Coils. In

terms of phase-only RF shimming, the average (across H1-5) CV and max/min values for the

B1
+ field distribution are 20/27% and 3.97/7.94 respectively for the TTT/TEM Coils. In terms

of amplitude-and-phase RF shimming, the average (across H1-5) CV and max/min values for

the B1
+ field distribution are 19/27% and 3.47/7.51 respectively for the TTT/TEM coils.

In terms of CV, the TTT design provides 40%/35%/41% average (across H1-H5) percentage

improvement over the TEM design for quadrature/phase-only/amplitude-and-phase- excita-

tion strategies. In terms of max/min, the TTT design provides 597%/99%/116% average (across

H1-H5) percentage improvement over the TEM design for quadrature/phase-only/amplitude-

and-phase excitation strategies.

B1
+ field vs. input power and B1

+ field vs. SAR. We evaluated B1
+ field efficiency based on

SAR as well as input power. Table 2 provides relevant statistical details. In terms of quadrature

(TEM) and pseudo-quadrature (TTT) excitation, the average (across H1-5) mean B1
+ field intensity

for 1 W input power and mean B1
+ field intensity (in ROI) for 1 W average SAR (mT

ffiffiffiffiffiffi
Kg
p

=
ffiffiffiffiffi
W
p

))

(in whole head volume) are 0.25/0.45 [mT=
ffiffiffiffiffi
W
p

] and 1.48/1.25 [mT
ffiffiffiffiffiffi
Kg
p

=
ffiffiffiffiffi
W
p

], respectively for the

Fig 3. Performance comparison of the TTT and TEM coils with three different RF shimming techniques: Quadrature/pseudo-quadrature excitation, phase-only

RF shimming (per coil, one RF shim set is applied to all 5 head models), and amplitude-and-phase RF shimming (per coil, one RF shim set is applied to all 5 head

models). FDTD Calculated stats for the B1
+ field and SAR for the five head models described in Fig 1 and Table 2 are shown. B1

+ field homogeneity is quantified in

terms of max/min, and CV in the region of interest (ROI). The ROI is defined as the whole head above and including the cerebellum and excluding the nasal cavities for

all head models. The SAR performance is presented in terms of relationships between peak local SAR, average SAR, and B1
+ field. Each line in each subfigure represents

the mean value.

https://doi.org/10.1371/journal.pone.0209663.g003
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Fig 4. B1
+ distribution for quadrature (TEM) and pseudo-quadrature (TTT) excitation. FDTD simulation data matching stats and conditions described in Table 2

and Fig 3. Axial slices were plotted with steps of 6.35 or 12.7 mm, slice numbers are indicated on top of each slice for instance (30, 26, . . . 2, -2, -4, . . .-10 etc.). Slices are

plotted every 6.35 mm from (slice -10) through (slice 2) to capture the end of cerebellum in the head model, and every 12.7 mm subsequently to visualize the B1
+ field

distribution for the five head models.

https://doi.org/10.1371/journal.pone.0209663.g004
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TTT/TEM Coils. Therefore, the TTT design has ~44% lower average B1
+ intensity for 1W input

power and ~18% higher average B1
+ for 1 W/kg average SAR for this case. In terms of phase-only

Fig 5. B1
+ distribution for phase-only RF shimming. FDTD simulation data matching stats and conditions described in Table 2 and Fig 3. Description is provided in

Fig 4 caption.

https://doi.org/10.1371/journal.pone.0209663.g005
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RF shimming, the average (across H1-5) mean B1
+ field intensity for 1 W input power and mean

B1
+ field intensity for 1 W average SAR are 0.25/0.45 [mT=

ffiffiffiffiffi
W
p

] and 1.44/1.27 [mT
ffiffiffiffiffiffi
Kg
p

=
ffiffiffiffiffi
W
p

],

Fig 6. B1
+ distribution for amplitude-and-phase RF shimming. FDTD simulation data matching stats and conditions described in Table 2 and Fig 3. Description is

provided in Fig 4 caption.

https://doi.org/10.1371/journal.pone.0209663.g006
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respectively for the TTT/TEM coils. Thus, the TTT design presents ~44% lower B1
+ for 1W input

power and ~13% higher B1
+ for 1 W/kg average SAR for the phase-only cases. In terms of ampli-

tude and phase RF shimming, the average (across H1-5) mean B1
+ field intensity for 1 W input

power and mean B1
+ field intensity for 1 W average SAR are 0.24/0.44 [mT=

ffiffiffiffiffi
W
p

] and 1.43/1.27

[mT
ffiffiffiffiffiffi
Kg
p

=
ffiffiffiffiffi
W
p

] respectively for the TTT/TEM coils. Therefore, the TTT presents ~45% lower B1
+

for 1W input power and ~13% higher B1
+ for 1 W/kg average SAR for the phase-and-amplitude

RF shimming.

In-vivo B1
+ field measurements. Consistent with the RF simulations, in-vivo measure-

ments of transmit B1
+ field distribution are shown in Fig 7 for the quadrature (TEM) and high

flip angle pseudo-quadrature (TTT) excitation cases. The calculated CV for the TTT/TEM

coils are ~21%/26% and ~20%/25% respectively for the two subjects (note that the utilized

phases/cable lengths were the same for both subjects). Lack of sufficient B1
+ field intensity in

parts of the temporal lobe and cerebellum by the TEM coil makes measurement and use of

max/min criterion inaccurate, and therefore it was not measured.

Numerical SAR distributions and intensities

SAR distributions across the five head models are shown for the three different excitation strat-

egies (Fig 8).

Average SAR. We evaluated SAR efficiency based on calculating average SAR (across the

whole head volume) for 2μT mean B1
+ field intensity in ROI. Table 2 and Fig 3 provide details

of the following stats. In terms of quadrature (TEM) and pseudo-quadrature (TTT) excitation,

the mean (across H1-5) average-SAR values for 2μT mean B1
+ field intensity in ROI are 1.76/

2.5 W/Kg for the TTT/TEM coils. In terms of phase-only RF shimming, the mean (across H1-

5) average-SAR values for 2μT mean B1
+ field intensity in ROI are 1.87/2.4 W/Kg respectively

for the TTT/TEM coils. In terms of amplitude-and-phase RF shimming, the mean (across H1-

5) average-SAR values for 2μT mean B1
+ field intensity in ROI are 1.9/2.47 W/Kg respectively

for the TTT/TEM coils.

In terms of average-SAR values for continuous 2μT mean B1
+ field intensity in ROI,

the TTT design provides 30%/22%/23% lower average (across H1-H5) values when

Table 2. Statistics for TEM and TTT coils for quadrature and pseudo-quadrature excitation, phase-only RF shimming, and phase-and-amplitude RF shimming.

The average head model mass is 4.56kg (with 14% maximum variation among the models), the average brain volume is 1.51 L (with 15% maximum variation), and the

average Eccentricity (major/minor axes) is 1.25 (with 37% maximum variation).

B1
+ Uniformity Mean B1

+

in the Same

Volume (μT)

for

1 W Input

Power

Peak SAR over

Average SAR

Average SAR

(W/Kg)

for Mean B1
+ =

2μT

in the Same

Volume

Mean B1
+

in the Same

Volume

over

Sqrt(SAR)

(μT
ffiffiffiffiffiffi
Kg
p

=
ffiffiffiffiffi
W
p

)

Maximum

Intensity over

Minimum

Intensity in

Whole Head

above &

Including

Cerebellum and

Excluding Nasal

Cavity (Max B1
+/

Min B1
+)

Standard

Deviation over

Mean in the

Same Volume

(CV)

TTT TEM TTT TEM TTT TEM TTT TEM TTT TEM TTT TEM

Quadrature (TEM) and Pseudo-Quadrature (TTT) Avg. 4.21 29.32 0.201 0.281 0.249 0.448 3.24 4.31 1.76 2.50 1.483 1.246

Max Variation (%) 9.28 216.99 12.44 6.98 3.01 9.40 4.94 12.05 3.15 10.54 1.56 5.14

Phase-only RF Shimming Avg. 3.97 7.94 0.197 0.266 0.247 0.451 3.24 4.58 1.87 2.40 1.441 1.271

Max Variation (%) 10.29 44.54 10.47 7.46 2.99 9.83 6.26 13.60 4.48 10.37 2.21 5.06

Phase-and-Amplitude RF Shimming Avg. 3.47 7.51 0.193 0.273 0.240 0.443 2.95 4.42 1.90 2.47 1.430 1.267

Max Variation (%) 6.13 38.2 8.22 6.26 2.90 9.89 7.5 12.5 6.06 10.37 2.98 5.06

https://doi.org/10.1371/journal.pone.0209663.t002
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compared to the TEM design for quadrature/phase-only/amplitude-and-phase excitation

strategies.

Local SAR. We evaluated SAR distribution based on calculating local SAR (W/Kg for 10

g) to average SAR (W/Kg for 10 g) ratio. Table 2 and Fig 3 provide details of the following

stats. In terms of quadrature (TEM) and pseudo-quadrature (TTT) excitation, the mean

(across H1-5) local to average SAR ratio are 3.2/4.3 respectively for the TTT/TEM coils. In

terms of phase-only RF shimming, the mean (across H1-5) local to average SAR ratio are 3.2/

4.6 respectively for the TTT/TEM Coils. In terms of amplitude-and-phase RF shimming, the

mean (across H1-5 local to average SAR ratio are 2.9/4.4 respectively for the TTT/TEM Coils.

In terms of local SAR to average SAR ratio, the TTT design provides 25%/30%/34% lower aver-

age (across H1-H5) values when compared to the TEM design for quadrature/phase-only/

amplitude-and-phase excitation strategies.

Consistency of the RF field distributions

B1
+ field. We evaluated the consistency of B1

+ field based on the four-abovementioned

criteria namely: CV, max/min, mean B1
+ field intensity for 1 W input power and mean B1

+

field intensity for 1 W average SAR. B1
+ field consistency was based on calculating the maxi-

mum variation change among the five head models, i.e. for any criteria, maximum variation is

defined as [maximum value–minimum value] over [minimum value]. In terms of CV, the

maximum variation change is 12/7%, 10/7.5%, and 8.2/6.3% respectively for the TTT/TEM

coils and for quadrature, phase-only, and amplitude-and-phase excitation strategies, respec-

tively. For max/min, the maximum variation change is 9.3/217%, 10/44%, and 6.1/38% respec-

tively for the TTT/TEM coils and for the three excitation strategies. For mean B1
+ field

intensity for 1 W input power, the maximum variation change is 3/9.4%, 3/9.8%, and 2.9/9.9%

respectively for the TTT/TEM coils and for the three excitation strategies. For mean B1
+ field

intensity for 1 W average SAR, the maximum variation change is 1.6/5.1%, 2.2/5%, and 3.0/5%

respectively for the TTT/TEM coils and for the three excitation strategies.

SAR. We evaluated the consistency of SAR based on the two-abovementioned criteria

namely average SAR (in whole head volume) for 2μT mean B1
+ field intensity in ROI and local

Fig 7. Experimentally obtained B1
+ maps in two volunteers using the TEM and TTT coils. The color scale ranges from 0 to the maximum B1

+ for each subject.

https://doi.org/10.1371/journal.pone.0209663.g007
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to average SAR ration. In terms of SAR (in whole head volume) for 2μT mean B1
+ field inten-

sity in ROI, the maximum variation change is 3.1/10%, 4.5/10%, and 4.5/10% respectively for

the TTT/TEM coils for quadrature, phase-only, and phase-and-amplitude excitation strategies.

For local to average SAR ratio, the maximum variation change is 4.9/12%, 6.3/14%, and 6/14%

respectively for the TTT/TEM coils for the three excitation strategies.

Discussion

B1
+ field distribution

The overall results show that transmit B1
+ field homogeneity measured by CV as well as max/

min (maximum B1
+ over minimum B1

+ in the ROI) are substantially improved with the TTT

coil when compared to the TEM coil. The TTT coil is well suited for exciting cerebellum and

brain stem [32] at 7T. That being said, the TEM coil design with its arrangement of multiple

transmission lines aims at providing increased excitation in the middle of the brain [31] as

opposed to extended coverage in the peripheries.

Based on our simulations, the central positioning in conjunction with the same back-of-

head positioning in XY plane for different head models within the coils is optimal for in-vivo

MRI acquisitions for the TEM coil. Prior simulations [52] showed that a slightly shifted

Fig 8. SAR (W/Kg for 10 g) distribution for 2μT mean B1
+ in the ROI in all head models H1-5 in the TEM and

TTT coils. Exemplar axial, sagittal, coronal slices of SAR are shown. The distributions are plotted to the same

maximum of 12 W/Kg for 10 g. The SAR is plotted for pseudo-quadrature arrangement, phase-only RF shimming (one

RF shim set for coil applied on all 5 head models), and amplitude-and-phase RF shimming (one RF shim set for coil

applied on all 5 head models). Please see Figs 2–6 and Table 2 for the conditions under which the SAR distributions are

plotted.

https://doi.org/10.1371/journal.pone.0209663.g008
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position in the XY plane provides moderate better coil performance for the TTT coil. To keep

consistency between both coils, this shifted case (with the TTT coil) was not considered in this

study.

B1
+ field vs. input power

The load insensitive nature of the TTT coil comes from having strongly coupled elements [53],

which decreases the load to coil interactions. Although this comes at a price as its transmit effi-

ciency evaluated as B1
+/
p

forward power is substantially lower when compared to the TEM

coil. That being said, the implementation of the TTT coil has been shown to provide adequate

B1
+ for inversion (180o flip angle at 1 ms pulse width), and turbo spin echo and other clinical

scans requiring inversion with a standard 8 kW RF amplifier [52, 54–56].

SAR distribution and intensity

Despite lower ratio of B1
+ field vs. input power for the TTT design, it provides ~22%-30%

lower average (across H1-H5) SAR values (for 2μT mean B1
+ field intensity in ROI) when

compared to the TEM design for quadrature and RF shimming excitation strategies. In terms

of local SAR to average SAR ratio which can be the limiting factor in determining the allowed

amount of tissue absorption, the TTT design also provides ~25%-34% lower average (across

H1-H5) ratios when compared to the TEM for quadrature and RF shimming excitation

strategies.

Consistency of the B1
+ field and SAR distributions and intensities

Strategies to overcome patient specific electromagnetic interactions at UHF include; building

systems/sequences that are invariant across subjects and using a safety factor in SAR monitor-

ing [57]. B1
+ inhomogeneity can potentially be alleviated using a combination of multi-port

transmission and/or by adiabatic/hyperbolic or composite pulse sequences that produce con-

stant flip angle independent of transmit field [58]. However, to achieve optimal performance

(image quality as well as safe RF levels), one must know how the RF fields produced by coils/

arrays behave in every imaged subject prior to an MR experiment. The process of measuring

and/or simulating the RF fields and implementing a targeted excitation profile is time consum-

ing and often cannot be performed in real-time with the subject in the scanner. Additionally,

the measurements may be inaccurate when signal voids exist in the images and cannot be gen-

eralized across subjects when the RF field produced by coil/array is widely varying across dif-

ferent subjects. Therefore, the coil performance across different subjects presented in this

study becomes relevant for effective and safe coil use at UHF MRI.

This work shows that both the TEM and TTT coils showed consistent tuning and matching

across different subjects/head models. Across 5 head models with brain volumes changing

between 1330 and 1740 cc and eccentricity changing between 1.04 and 1.48. That being said,

the variation in transmit B1
+ field and SAR distributions/intensities (across different head

models) for the TTT coil was substantially lower than the TEM coil.

Hot-spot changes are predicted to changes in boundary conditions due to significant

changes in constitutive properties (σ, ε) and varying resistance to induced currents, in the dif-

ferent heads. These should result in different local SAR for the different heads. Thus, SAR

accumulation or hot-spots at eye/nose sinuses, bone-CSF interface, among other regions, are

anticipated for different head/(model)s as the boundary regions differ for each of them. For

local to average SAR ratio, the maximum variation change is ~5.7%/13% respectively for the

TTT/TEM coils.
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Conclusion

We studied the B1
+ field produced in the ROI that encapsulates the whole head above and

including the temporal lobes and cerebellum and excludes the nasal cavity, and SAR in the

whole head volume. Statistics of the simulated B1
+ field (efficiency, homogeneity, and consis-

tency), and SAR (intensity and consistency of average and local values) across the 5 head mod-

els are tabulated in Table 2, shown in Fig 3, and further elaborated in the Results Section.

A direct comparison between the TTT and TEM coils for the phase-only shim case (directly

implementable in the single transmit mode of the 7T scanner) shows the following observations.

1) Both coils present negligible variance of input impedance among different head models/

subjects (<5%) in the simulated/measured data.

2) The TTT design shows substantial improvement in the B1
+ homogeneity and consistency

demonstrated in the max/min values of the TTT design (mean max/min = 3.97, maximum

variation = 10% between different heads) when compared with that achieved with the TEM

design (mean max/min = 7.94, maximum variation = 44%), which represents a significant a)

excitation drop in the cerebellum and temporal lobes and b) variation between subjects.

3) The TTT design presents substantial improvement in the B1
+ homogeneity, as demon-

strated in the values of the CV (TTT = 0.20 mean, 10% maximum variation between different

heads; TEM = 0.27 mean, 7.5% maximum variation). This is critical for achieving fidelity of

the B1
+ field distribution across the human head. The TTT design has a significant lower B1

+/

power efficiency, with mean B1
+ = 0.25μT for 1W input power (with 3.0% maximum variation)

against 0.45μT (with 10% maximum variation) for the TEM design; however, both coils pres-

ent enough B1
+ intensity to have spin inversion with 1ms square pulse and 8kW RF power

amplifier including power losses. This could be critical when high peak B1
+ intensity is needed

with limited RF power amplifier capacity.

4) The TTT design has better SAR efficiency, with 1.44 μT/
p

(W/kg) (maximum varia-

tion = 2.2% between different heads) against 1.27 μT/
p

(W/kg) (maximum variation = 5.1%) for

the TEM design. This is critical for high SAR acquisitions (turbo spin echo, FLAIR, DTI, etc . . .).

5) The TTT design has lower peak over average SAR ratio (3.24) with maximum variation =

~6.3% between different heads against 4.58 (which is ~41% higher than the TTT value) and

maximum variation = ~14% for the TEM design. This is critical for high SAR acquisitions as

well as meeting the regulatory limits for local and average SAR. Note that with the FDA-

approved single transmit mode 7T systems, the scanner’s online SAR calculations do not sig-

nificantly change between different human heads.

For the TTT coil, the lack of significant variation in terms of B1
+ distribution/intensity and

local/average SAR in different subjects translates to ease in set up (no B1
+ maps and RF shim-

ming for every subject are necessary). This is very important in a clinical environment when

the time to scan a subject is very limited and any retuning or extra acquisition is costly. More-

over, the subject-insensitivity RF performance associated with the TTT design provides greater

RF safety assurance measured by consistency in the local and average SAR with different sub-

jects. With narrow tolerance parameters associated with TTT coil, the results also show that

numerical simulations can be potentially performed on a representative head model without

the need for 1) subject-specific transmit B1
+ maps measured in-vivo or 2) subject-specific SAR

calculations. Finally, the TTT and TEM RF coils can be used in either parallel transmit or in

single transmit systems.
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23. Tannús A, Garwood M. Adiabatic pulses. NMR in Biomedicine. 1997; 10(8):423–34. PMID: 9542739

24. Cho ZH, Ro YM. Reduction of susceptibility artifact in gradient-echo imaging. Magnetic Resonance in

Medicine. 1992; 23(1):193–200. https://doi.org/10.1002/mrm.1910230120 PMID: 1734179

25. Stenger VA, Boada FE, Noll DC. Three-dimensional tailored RF pulses for the reduction of susceptibility

artifacts in T(*)(2)-weighted functional MRI. Magn Reson Med. 2000; 44(4):525–31. PMID: 11025507;

PubMed Central PMCID: PMCPMC3044439.

26. Zhang Z, Yip CY, Grissom W, Noll DC, Boada FE, Stenger VA. Reduction of transmitter B1 inhomoge-

neity with transmit SENSE slice-select pulses. Magn Reson Med. 2007; 57(5):842–7. Epub 2007/04/26.

https://doi.org/10.1002/mrm.21221 PMID: 17457863; PubMed Central PMCID: PMCPMC3041897.

27. Zhu Y. Parallel excitation with an array of transmit coils. Magn Reson Med. 2004; 51(4):775–84. Epub

2004/04/06. https://doi.org/10.1002/mrm.20011 PMID: 15065251.

28. Orzada S, Maderwald S, Poser BA, Johst S, Kannengiesser S, Ladd ME, et al. Time-interleaved acqui-

sition of modes: an analysis of SAR and image contrast implications. Magn Reson Med. 2012; 67

(4):1033–41. https://doi.org/10.1002/mrm.23081 PMID: 21858867.

29. Orzada S, Maderwald S, Poser BA, Bitz AK, Quick HH, Ladd ME. RF excitation using time interleaved

acquisition of modes (TIAMO) to address B1 inhomogeneity in high-field MRI. Magn Reson Med. 2010;

64(2):327–33. Epub 2010/06/25. https://doi.org/10.1002/mrm.22527 PMID: 20574991.

Evaluation of the Tic-Tac-Toe RF coil for 7 Tesla MRI

PLOS ONE | https://doi.org/10.1371/journal.pone.0209663 January 10, 2019 18 / 20

https://doi.org/10.1002/Mrm.1080
https://doi.org/10.1002/Mrm.1080
http://www.ncbi.nlm.nih.gov/pubmed/11283986
https://doi.org/10.1016/S0006-3495(93)81441-3
http://www.ncbi.nlm.nih.gov/pubmed/8386018
https://doi.org/10.1055/s-0033-1350406
http://www.ncbi.nlm.nih.gov/pubmed/23996625
https://doi.org/10.1002/mrm.24329
https://doi.org/10.1002/mrm.24329
http://www.ncbi.nlm.nih.gov/pubmed/22611018
https://doi.org/10.1002/jmri.22878
https://doi.org/10.1002/jmri.22878
http://www.ncbi.nlm.nih.gov/pubmed/22068916
https://doi.org/10.1002/mrm.26704
http://www.ncbi.nlm.nih.gov/pubmed/28394080
https://doi.org/10.1002/nbm.3680
http://www.ncbi.nlm.nih.gov/pubmed/28028862
https://doi.org/10.1002/mrm.23198
http://www.ncbi.nlm.nih.gov/pubmed/22127735
http://www.ncbi.nlm.nih.gov/pubmed/25892746
http://www.ncbi.nlm.nih.gov/pubmed/2345088
http://www.ncbi.nlm.nih.gov/pubmed/9542739
https://doi.org/10.1002/mrm.1910230120
http://www.ncbi.nlm.nih.gov/pubmed/1734179
http://www.ncbi.nlm.nih.gov/pubmed/11025507
https://doi.org/10.1002/mrm.21221
http://www.ncbi.nlm.nih.gov/pubmed/17457863
https://doi.org/10.1002/mrm.20011
http://www.ncbi.nlm.nih.gov/pubmed/15065251
https://doi.org/10.1002/mrm.23081
http://www.ncbi.nlm.nih.gov/pubmed/21858867
https://doi.org/10.1002/mrm.22527
http://www.ncbi.nlm.nih.gov/pubmed/20574991
https://doi.org/10.1371/journal.pone.0209663


30. Wang C, Shen GX. B1 field, SAR, and SNR comparisons for birdcage, TEM, and microstrip coils at 7T.

J Magn Reson Imaging. 2006; 24(2):439–43. Epub 2006/06/21. https://doi.org/10.1002/jmri.20635

PMID: 16786582.

31. Vaughan JT, Hetherington HP, Otu JO, Pan JW, Pohost GM. High frequency volume coils for clinical

NMR imaging and spectroscopy. Magnetic Resonance in Medicine. 1994; 32(2):206–18. https://doi.

org/10.1002/mrm.1910320209 PMID: 7968443

32. Santini T, Zhao Y, Wood S, Krishnamurthy N, Kim J, Farhat N, et al. In-vivo and numerical analysis of

the eigenmodes produced by a multi-level Tic-Tac-Toe head transmit array for 7 Tesla MRI. PLoS One.

2018; 13(11):e0206127. https://doi.org/10.1371/journal.pone.0206127 PMID: 30481187; PubMed Cen-

tral PMCID: PMCPMC6258503 products in development to declare. This does not alter our adherence

to PLOS ONE policies on sharing data and materials.

33. Tamer S Ibrahim TS, Shailesh Raval, Narayanan Krishnamurthy, Sossena Wood, Jung-Hwan Kim,

Yujuan Zhao, Xiaoping S Wu, Essa S Yacoub, Howard S Aizenstein, and Tiejun Zhao. Towards Homo-

geneous 7T Neuro Imaging: Findings and Comparisons between 7T TTT and NOVA RF Coil Systems.

ISMRM. 2017;http://cds.ismrm.org/protected/17MPresentations/abstracts/4403.html(4403).

34. Vaughan JT, Garwood M., Collins C.M., Liu W., DelaBarre L., Adriany G., Andersen P., Merkle H., Goe-

bel R., Smith M.B. and Ugurbil K. 7T vs. 4T: RF power, homogeneity, and signal-to-noise comparison in

head images. Magn Reson Med. 2001; 46:24–30. https://doi.org/10.1002/mrm.1156 PMID: 11443707

35. T.S. Ibrahim RL, Baertlein B. A., Abduljalil A.M., Zhu H., Robitaille P.L. Effect of RF coil excitation on

field inhomogeneity at ultra high fields: a field optimized TEM resonator. MRI. 2001; 19:1339–47. http://

dx.doi.org/10.1016/S0730-725X(01)00404-0.

36. Yujuan Zhao TZ, Raval Shailesh B, Narayanan Krishnamurthy, Hai Zheng, Harris Chad T., Handler Wil-

liam B., Chronik Blaine A., and Tamer S. Ibrahim Dual Optimization Method of RF and Quasi-Static

Field Simulations for Reduction of Eddy Currents Generated on 7T RF Coil Shielding. MRM. 2014:

https://doi.org/10.1002/mrm.25424 PMID: 25367703

37. Kim J, Krishnamurthy N, Santini T, Zhao Y, Zhao T, Bae KT, et al. Experimental and numerical analysis

of B1+ field and SAR with a new transmit array design for 7T breast MRI. J Magn Reson. 2016; 269:55–

64. https://doi.org/10.1016/j.jmr.2016.04.012 PMID: 27240143.

38. Santini T, Kim J, Wood S, Krishnamurthy N, Farhat N, Maciel C, et al. A new RF transmit coil for foot

and ankle imaging at 7T MRI. MRI. 2018; 45(1873–5894 (Electronic)): https://doi.org/10.1016/j.mri.

2017.09.005 Epub Sept 2017. PMID: 28893660

39. Kim J, Santini T, Bae KT, Krishnamurthy N, Zhao Y, Zhao T, et al. Development of a 7 T RF coil system

for breast imaging. NMR in Biomedicine. 2016. https://doi.org/10.1002/nbm.3664 PMID: 27859861

40. Ibrahim TS, Abduljalil AM, Baertlein BA, Lee R, Robitaille PML. Analysis of B 1 field profiles and SAR

values for multi-strut transverse electromagnetic RF coils in high field MRI applications. Physics in Med-

icine & Biology. 2001; 46(10):2545.

41. Christ A, Kainz W, Hahn EG, Honegger K, Zefferer M, Neufeld E, et al. The Virtual Family-development

of surface-based anatomical models of two adults and two children for dosimetric simulations. Phys

Med Biol. 2010; 55(2):N23–N38. https://doi.org/10.1088/0031-9155/55/2/N01

WOS:000272960400015. PMID: 20019402

42. Luengo CL. DIP Lib,Image: Measuring boundary length http://www.diplib.org/ http://www.cb.uu.se/~

cris/blog/index.php/archives/310. 2003.

43. Proffitt D, Rosen D. Metrication errors and coding efficiency of chain-encoding schemes for the repre-

sentation of lines and edges. Computer Graphics and Image Processing. 1979; 10(4):318–32. http://dx.

doi.org/10.1016/S0146-664X(79)80041-6.

44. Vossepoel AM, Smeulders AWM. Vector code probability and metrication error in the representation of

straight lines of finite length. Computer Graphics and Image Processing. 1982; 20(4):347–64. http://dx.

doi.org/10.1016/0146-664X(82)90057-0.

45. Tilley AR. The measure of man and woman, human factors in design. John Wiley & Sons. 2002:p27.

46. Ibrahim TS, Stough D, Zhao T. 20-Ch Tx Modular Array for 7T PTX Applications. ISMRM. 2012; 2807.

47. Ibrahim TS, Hue YK, Tang L. Understanding and manipulating the RF fields at high field MRI. Nmr in

Biomedicine. 2009; 22(9):927–36. https://doi.org/10.1002/nbm.1406 WOS:000271806300004. PMID:

19621335

48. Hue Y-K, Ibrahim TS, Zhao T, Boada FE, Qian Y. A Complete Modeling System with Experimental Vali-

dation for Calculating the Transmit and Receive Fields, Total Power Deposition, Input Impedance, and

Coupling between Coil Elements. ISMRM. 2008:0438.

49. Tang L, Hue YK, Ibrahim TS. Studies of RF Shimming Techniques with Minimization of RF Power

Deposition and Their Associated Temperature Changes. Concepts Magn Reson Part B Magn Reson

Evaluation of the Tic-Tac-Toe RF coil for 7 Tesla MRI

PLOS ONE | https://doi.org/10.1371/journal.pone.0209663 January 10, 2019 19 / 20

https://doi.org/10.1002/jmri.20635
http://www.ncbi.nlm.nih.gov/pubmed/16786582
https://doi.org/10.1002/mrm.1910320209
https://doi.org/10.1002/mrm.1910320209
http://www.ncbi.nlm.nih.gov/pubmed/7968443
https://doi.org/10.1371/journal.pone.0206127
http://www.ncbi.nlm.nih.gov/pubmed/30481187
http://cds.ismrm.org/protected/17MPresentations/abstracts/4403.html(4403)
https://doi.org/10.1002/mrm.1156
http://www.ncbi.nlm.nih.gov/pubmed/11443707
http://dx.doi.org/10.1016/S0730-725X(01)00404-0
http://dx.doi.org/10.1016/S0730-725X(01)00404-0
https://doi.org/10.1002/mrm.25424
http://www.ncbi.nlm.nih.gov/pubmed/25367703
https://doi.org/10.1016/j.jmr.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27240143
https://doi.org/10.1016/j.mri.2017.09.005
https://doi.org/10.1016/j.mri.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28893660
https://doi.org/10.1002/nbm.3664
http://www.ncbi.nlm.nih.gov/pubmed/27859861
https://doi.org/10.1088/0031-9155/55/2/N01
http://www.ncbi.nlm.nih.gov/pubmed/20019402
http://www.diplib.org/
http://www.cb.uu.se/~cris/blog/index.php/archives/310
http://www.cb.uu.se/~cris/blog/index.php/archives/310
http://dx.doi.org/10.1016/S0146-664X(79)80041-6
http://dx.doi.org/10.1016/S0146-664X(79)80041-6
http://dx.doi.org/10.1016/0146-664X(82)90057-0
http://dx.doi.org/10.1016/0146-664X(82)90057-0
https://doi.org/10.1002/nbm.1406
http://www.ncbi.nlm.nih.gov/pubmed/19621335
https://doi.org/10.1371/journal.pone.0209663


Eng. 2011; 39B(1):11–25. Epub 2011/05/25. https://doi.org/10.1002/cmr.b.20185 PMID: 21607117;

PubMed Central PMCID: PMC3098508.

50. FSL. Brain Extraction Tool of FMRIB Software Library, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET.

51. Insight Toolkit I. ITK-SNAP http://www.itksnap.org/pmwiki/pmwiki.php.

52. Ibrahim TS, Krishnamurthy N, Santini T, Raval S, Zhao Y, Kim JK, et al. 7T RF Coil System with Non-

Subject Specific RF Fields & Extended Coverage into the Cerebellum & Temporal Lobe. ISMRM Work-

shop on Ultra High Field MRI: Technological Advances & Clinical Applications, Heidelberg, Germany.

March 2016.

53. Ibrahim TS, Hue YK, Boada F, Gilbert R. Tic Tac Toe: Highly-Coupled, Load Insensitive Tx/Rx Array

and a Quadrature Coil Without Lumped Capacitors. ISMRM, 0438. 2008.

54. Ibrahim TS, Krishnamurthy N, Santini T, Raval S, Zhao Y, Wood S, et al. Homogenous 7T Neuro Imag-

ing. The 10th Bi-Annual 2015 Workshop: High Field MR Imaging and Spectroscopy, Minneapolis, MN.

October 2015.

55. Smagula SF, Karim HT, Lenze EJ, Butters MA, Wu GF, Mulsant BH, et al. Gray matter regions statisti-

cally mediating the cross-sectional association of eotaxin and set-shifting among older adults with major

depressive disorder. (1099–1166 (Electronic)).

56. Smagula SF, Karim HT, Rangarajan A, Santos FP, Wood SC, Santini T, et al. Association of Hippocam-

pal Substructure Resting-State Functional Connectivity with Memory Performance in Older Adults. LID

- S1064-7481(18)30260-4 [pii] LID—10.1016/j.jagp.2018.03.003 [doi]. (1545–7214 (Electronic)).

57. de Greef M, Ipek O, Raaijmakers Alexander JE, Crezee J, van den Berg Cornelis AT. Specific absorp-

tion rate intersubject variability in 7T parallel transmit MRI of the head. Magnetic Resonance in Medi-

cine. 2012; 69(5):1476–85. https://doi.org/10.1002/mrm.24378 PMID: 22760930

58. Kraff O, Fischer A, Nagel AM, Monninghoff C, Ladd ME. MRI at 7 tesla and above: Demonstrated and

potential capabilities. J Magn Reson Imaging. 2014: Epub 2014/01/31. https://doi.org/10.1002/jmri.

24573 PMID: 24478137.

Evaluation of the Tic-Tac-Toe RF coil for 7 Tesla MRI

PLOS ONE | https://doi.org/10.1371/journal.pone.0209663 January 10, 2019 20 / 20

https://doi.org/10.1002/cmr.b.20185
http://www.ncbi.nlm.nih.gov/pubmed/21607117
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET
http://www.itksnap.org/pmwiki/pmwiki.php
https://doi.org/10.1002/mrm.24378
http://www.ncbi.nlm.nih.gov/pubmed/22760930
https://doi.org/10.1002/jmri.24573
https://doi.org/10.1002/jmri.24573
http://www.ncbi.nlm.nih.gov/pubmed/24478137
https://doi.org/10.1371/journal.pone.0209663

