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Abstract

Purpose—To demonstrate the use of forced current excitation (FCE) to create homogeneous

excitation of the breast at 7T, insensitive to the effects of asymmetries in the electrical

environment.

Materials and Methods—FCE was implemented on two breast coils: one for quadrature 1H

imaging and one for proton-decoupled 13C spectroscopy. Both were a Helmholtz-saddle

combination, with the saddle tuned to 298 MHz for imaging and 75 MHz for spectroscopy. Bench

measurements were acquired to demonstrate the ability to force equal currents on elements in the

presence of asymmetric loading to improve homogeneity. Modeling and temperature

measurements were conducted per safety protocol. B1 mapping, imaging, and proton

decoupled 13C spectroscopy were demonstrated in vivo.

Results—Using FCE to ensure balanced currents on elements enabled straightforward tuning and

maintaining of isolation between quadrature elements of the coil. Modeling and bench

measurements confirmed homogeneity of the field, which resulted in images with excellent fat

suppression and in broadband proton decoupled carbon-13 spectra.

Conclusion—FCE is a straightforward approach to ensure equal currents on multiple coil

elements and a homogeneous excitation field, insensitive to the effects of asymmetries in the
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electrical environment. This enabled effective breast imaging and proton decoupled carbon-13

spectroscopy at 7T.
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INTRODUCTION

Diagnostic breast MRI at 1.5T and 3T offers high resolution morphological delineation and

tissue contrast, diffusion and perfusion functional imaging, and assessment of tissue

metabolic composition with MR spectroscopy (1-9). A new generation of MR studies of the

breast may be afforded by the improved sensitivity and chemical shift dispersion provided

by the recent availability of commercial whole-body 7T scanners. The technical challenges

at 7T are significant compared to lower field strengths, however, including an increase in B1

inhomogeneity, SAR, and an increased sensitivity of coils to loading. One approach for

addressing these issues is to drive multiple transmit coils using multiple independent

amplifiers, i.e., B1 shimming (10,11) or Transmit SENSE (12,13). These are expensive and

complex approaches that may not be available for routine clinical research for some time but

may be essential for optimal head and body imaging. Such approaches, however, may not be

necessary to effectively image isolated anatomies. For instance, high quality images of

smaller structures such as the knee (14,15) have been obtained at 7T using a single transmit

channel. The breast presents a more challenging anatomy to image at 7T, however, because

of its proximity to the thorax that brings about a significantly asymmetric influence on B1 in

the breast. This paper presents an RF coil design that overcomes this issue by using

transmission line techniques to force equal currents on multiple elements to generate

homogeneous quadrature excitation of the breast at 7T using a single transmitter.

Transmission line techniques to ensure equal currents on array elements with different

impedances were introduced more than 50 years ago for broadcast antennas (16,17). The

method, termed forced current excitation (FCE), has been investigated previously for use

with MRI for mitigating coupling in high channel count arrays of microcoils (18) but the

technique has not been applied to coils intended for in vivo use. Here we report the

development and application of the FCE design to overcome the effects at 7 tesla of the

asymmetric loading conditions present when imaging the breast. By forcing equal currents

on the elements of a coil, two main benefits were realized: 1) B1 homogeneity was achieved

without the need for multiple transmitters, and 2) the robustness provided by maintaining

equal currents on multiple elements in the face of highly varying and asymmetric loads

enabled tuning and maintaining of isolation between quadrature elements. The load-

insensitive homogeneity and efficiency of the quadrature design make the coil particularly

well suited for the straightforward addition of a receive array insert, for performing

localized 1H spectroscopy, and for serving as the transmitter for the broadband 1H

decoupling often employed in non-proton spectroscopy. This paper discusses the theory of

forced current excitation, the design and construction of the FCE quadrature breast coil for

7T, and demonstrates the effectiveness of the design with in vivo imaging and broadband

decoupled 13C spectroscopy.
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THEORY

Effects of asymmetric loading as a function of field strength

MR imaging of the breast is typically performed with the patient in a prone position and the

breast pendant in order to avoid respiratory artifacts and improve image quality (2,4).

Therefore solenoidal coils and Helmholtz pairs historically have proven to be effective RF

coil designs for breast imaging at 1.5T and 3T, generating a volume of homogeneous

vertically directed field in the pendant breast with effective penetration into the chest wall

(4,19-25). At 298MHz (7T), however, the unequal loading between the top of the coil near

the thorax and the lower part of the coil away from the body results in a unequal currents on

the loops of the Helmholtz pair and thus inhomogeneous excitation. This is illustrated in Fig.

1 by the modeled comparison of a conventionally driven Helmholtz pair (two 16 cm loops

with 8 cm coaxial spacing) exciting an asymmetric phantom at 1.5T, 3T, and 7T. The

phantom was designed to mimic the breast and thorax and will be discussed in more detail

below. The notable point at 7T as opposed to 1.5T or 3T is the 6dB drop in sensitivity from

the bottom of the “breast” to where it meets the “thorax”. Generating equal currents on the

two loops of the Helmholtz pair would in turn ensure a homogeneous field, but can be

complex to implement. One approach would be to use a multiple channel transmitter with

independent control of each amplifier. Coupling between elements is a complicating factor,

but even this can be overcome in principle by using some form of current source amplifier

(26-28). Lacking multiple transmit channels, one could design some form of tuning network

to create equal currents on each element. Theoretically, this could be accomplished using

current probes on each loop to provide feedback for independent tuning of the top and

bottom loop in the presence of the asymmetric loading – a complex approach not practical

for use with patients. This paper describes a specialized power splitter which enforces equal

current, rather than equal power, at the feedpoints of the two loops independent of the

loading conditions on either loop, thus generating a homogeneous excitation. We refer to

this method as forced current excitation (FCE).

Forced Current Excitation

Conventionally, RF coils are driven in a “free-excitation” model, where a voltage source is

controlled, and the current in the elements becomes dependent on the load impedance, as

illustrated in Fig. 2a. However, as a consequence of asymmetries introduced by the specific

anatomy (such as the thorax) as well as the electrical environment from tuning elements,

receive coils, etc., the impedance presented to the voltage source will vary with its loading,

as well as with the loading in the adjacent elements. The effects of asymmetric loading in a

free excitation model as a function of field strength were demonstrated in the previous

section, and are particularly prevalent at 7 tesla. To avoid this, “forced current excitation”

(FCE) can be created, in which the current at the element feed ports can be made

independent of the load impedance. This is illustrated in Fig. 2b, where the individual RF

elements share a common feed port at an electrical distance of γ/4. Transmission line

analysis of each feed line to any of the loads relates the voltage on the transmission line, the

load impedance, and the load current as
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(1)

where β is the propagation constant in the transmission line, z is the physical distance

measured from the load,ZL is the active impedance of the array element (which is generally

different than its isolated input impedance), Z0 is the characteristic impedance of the

transmission line, V (z) is the voltage and IL is the load current. In the special case where the

transmission lines connecting the element feed points to a common voltage point are an

electrical quarter wavelength (as shown in Fig. 2b), Eq. 1 simplifies to:

(2)

After simplifying Eq. 2, the impact of the load impedance disappears and it can be shown

that the load current depends only on the characteristic impedance of the line and the voltage

at the common feed point:

(3)

It should be noted that the voltage at the common voltage point (CVP) is indeed dependent

on the load values, as is the actual value of the load current, IL . What the “forced current

excitation” approach ensures, however, is that all the load currents are the same, regardless

of differences in the load values, as long as all the elements are connected to the CVP

through electrical quarter wavelength lines. As will be shown below, enforcing equal current

at the different RF element ports results in improved B1
+ homogeneity over free excitation

in highly asymmetric loading conditions, as is the case in excitation of the pendant breast. It

is worth noting that throughout the text, B1
+ notation will be used where appropriate to

indicate specific reference to properties of the transmitted field, though we operated in

transmit-receive mode.

METHODS

Coil Construction

Two coils were constructed which used the forced current technique: one for quadrature 1H

imaging and one for proton-decoupled 13C spectroscopy. Henceforth these will be referred

to as the “imaging coil” and the “spectroscopy coil”, respectively. Both coils consisted of a

Helmholtz-saddle combination, with the saddle tuned to 298 MHz for the quadrature

imaging coil and tuned to 75 MHz (13C) for the spectroscopy coil.

The Helmholtz component of the imaging coil was constructed from two identical loops (i.d.

16.0 cm, o.d. 17.2 cm, co-axial spacing 8.0 cm) to produce y-directed B1 field. The saddle

coil (diameter 15.3 cm, length 8.7 cm, aperture angle 120°, conductor width 0.6 cm) was

constructed from two elements, affixed on opposite sides of a cylindrical former, and

centered inside the Helmholtz coil, producing x-directed B1 field. A dimensioned illustration

is shown in Fig. 3a. Both the Helmholtz pair and the saddle pair were FCE-driven, enabling
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robust and straightforward/insensitive matching and tuning in quadrature due to the enforced

equal currents ensuring symmetry. All coil elements were fabricated from industry-standard

copper-clad FR-4 PCB and segmented by eleven 12.1pF capacitors. Each element was also

surrounded by a parallel co-planar shield (conductor width 0.4 cm, spaced 0.4 cm from

element) segmented in two places with 1800 pF capacitors. FCE was implemented

separately for the Helmholtz and saddle coils, with both elements in each coil pair connected

to a common voltage point through quarter-wavelength coaxial cables. Traps integrated in

the quarter-wavelength cables ensured current suppression on the outside of the coaxial

shield. The match and tune circuit for each coil pair was connected to its common voltage

point (CVP) by a length of coaxial cable chosen to facilitate matching to 50 Ω. Two identical

coaxial cables with additional integrated traps connected the quadrature coil to the MR

system. A photograph of the imaging coil is shown in Fig. 3b, with the relevant cable

lengths and components labeled.

The Helmholtz component of the spectroscopy coil consisted of two identical loops (i.d.

14.8 cm, o.d. 16.0 cm, co-axial spacing 7.4 cm) surrounded by a parallel co-planar shield

that provided uniform proton decoupling over the volume of the breast when driven with

FCE. A conventionally driven, unshielded saddle coil was used for 13C transmission and

reception (diameter 13.2 cm, length 8.0 cm, aperture angle 121°, conductor width 0.6 cm).

Electromagnetic Modeling & Bench Measurements

Commercial FDTD simulation software (Remcom XFdtd 7.1, State College, PA) was used

to perform electromagnetic modeling for determining safe operating parameters. The 5 mm

resolution High Fidelity Female Body Mesh provided by NMR Hershey (Center for NMR

Research, Pennsylvania State University, College of Medicine at Hershey) and distributed

by Remcom was designed with the body in the supine position and therefore was not

conducive to filling the interior of the volume coil when in the prone position. Therefore, for

SAR evaluation, a geometric phantom was generated consisting of a cylinder with the

electrical properties of breast tissue spaced 1 cm inside of the coil conductors. The cylinder

was connected to a rectangular region with the properties of muscle to represent the thorax.

Electrical properties of the breast and thorax regions of the phantom were obtained from

(29), with conductivity σ = 0.04 S/m and relative permittivity εr = 5.64 for breast tissue, and

σ = 0.77 S/m and relative permittivity εr = 58.2 for the thorax. The coil volume was

discretized on a 1 mm grid and each FCE element was fed with a 50 Ω, 1 A (steady state)

current source to simulate the FCE drive condition.

To illustrate the benefits of FCE, bench measurements of field patterns for the 16.0-cm i.d.

Helmholtz coil were obtained using an automated 3D positioning system reported previously

(30). Field maps were acquired in an unloaded and in an asymmetrically loaded condition

designed to mimic the presence of the thorax. The measurements were then repeated with

the coil in a conventionally driven (non-FCE) configuration. To create the asymmetric

loading conditions, a rectangular thorax phantom filled with 0.77 S/m saline solution was

placed on top of the coil former. In all cases (unloaded, loaded, FCE, non-FCE), the coils

were matched and tuned to 298 MHz and field measurements were acquired as S21

measurements (network analyzer HP 4395A) between the Helmholtz and a 4-mm i.d.
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shielded loop controlled by the automated positioner. It is worth noting that the saddle coil

elements are symmetrically loaded by the thorax phantom; thus to illustrate the benefits of

FCE, measurements were made on the Helmholtz coil only.

Imaging

All imaging and spectroscopy studies were conducted on a protocol approved by the local

IRB. After obtaining written informed consent, data were acquired on a whole-body 7T

scanner (Achieva, Philips Medical Systems, Cleveland, OH, USA). Surface and volume

direct temperature measurements were performed in oil phantoms using Reflex fiber optic

temperature measurement system (Neoptix Canada LP) following the Philips prescribed coil

testing protocol to establish coil safety. Specifically, temperature was recorded before,

during, and after the heating protocol. We used an RF intensive imaging protocol with 3%

RF duty cycle, maximum B1
+ = 20 μT, and a total scanning time of 10 minutes. The studies

were carried out at room temperature (18-21°C, depending on the particular day of the

experiment; temperature variation on a particular day was ±0.1°C), and each phantom was

allowed to equilibrate for 10 minutes before the initiation of the RF heating studies.

Temperature was measured both in the oil phantom and near the electrical elements on the

coil and demonstrated marginal heating (less than 1°C), within safety guidelines (31).

Imaging was performed using the 1H unilateral quadrature breast coil described above in

transmit/receive mode. The subjects were in prone position, with the head resting on pillows

and with arms either to the side or above the head. The coil has openings on the sides of the

saddle coil elements along the LR direction, which allows for access to the breast, such that

the technologist can adjust the positioning of the subject. Each of the FCE coil pairs was

tuned and matched per individual volunteer. Studies included the following: (a) B1
+

mapping using dual TR method acquisition (32) with nominal flip angle of 50 degrees,

TR1/TR2 = 35/140 ms, and resolution 2×2×10 mm, (b) fat suppressed 3D T1 weighted

(THRIVE) sagittal, TR/TE=6.6/2.8ms, FA=8 degrees, two spatial resolutions – 0.8mm and

0.45mm cubic, 1:40 and 5:40 min acquisition, respectively, (c) SPAIR (Spectral Selection

Attenuated Inversion Recovery) fat suppression (33), inversion delay=150ms and (d) 3D T2-

weighted imaging (VISTA) with non-selective excitation, no fat suppression, sagittal, TR/

TE=2000/100ms, TSE factor=67, FOV 250×200×105mm, 0.6 × 0.6 × 3.0mm acquired

resolution). Maximum B1
+ was limited to 20 μT in system software.

Broadband Proton-decoupled 13C MRS

Localized (ISIS, 50×50×50 mm) 13C spectra were acquired with the previously described

“spectroscopy coil” by averaging 64 acquisitions with TR 13 s for a total scan time of 14:44

min. The large voxel was selected to compensate for the intrinsically low sensitivity of

natural abundance 13C MRS. Since the goal of the study was fat composition analysis,

however, the large voxel size did not represent a significant limitation as it would in the case

of a lesion study. The repetition time was relatively long to mitigate SAR issues typical for

proton-decoupled 13C MRS. Additionally, this choice benefited the MRS quantification

since 13C T1s are relatively long. One offset was used, centered on the CH2 envelope of the

fingerprint region (~ 29 ppm). WALTZ-16 decoupling with an 18 μT proton pulse centered

at 1.3 ppm (for the fingerprint region) and NOE (10 μT at 5% duty cycle and a mixing time
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of 1.5 s) were used to simplify the spectra and enhance SNR. Scans were acquired with BW

= 16 kHz and 2k points. Maximum B1
+ for 13C was limited to 220 μT in software.

RESULTS & DISCUSSION

Modeling & Field Mapping

Modeled |B1
+| values and SAR maps for the Helmholtz pair and the saddle pair are shown in

Fig. 4, as generated by the Remcom XFdtd software in the phantom described above. The

axial, sagittal, and coronal views are oriented with respect to the magnet axis (z). All three

views are the isocenter plane. The benefit of the FCE approach, enforcing equal currents on

the elements of the Helmholtz pair and saddle pair, is evident in the top-bottom symmetry in

the SAR and |B1
+| maps for the Helmholtz pair and in the left-right symmetry for the saddle

pair despite the presence of asymmetric loading conditions. The asymmetries in the SAR

modeling indicating increased SAR at the bottom of the saddle pair (seen in the axial

modeling) and one side of the Helmholtz pair (seen in the sagittal and coronal modeling) are

due to closer proximity to the feed points. Specifically, both elements of the saddle coil were

excited on the −y side and both loops of the Helmholtz pair are excited on the +z side.

A comparison of field profiles between unloaded and asymmetrically loaded FCE and

conventional Helmholtz coils is shown in Fig. 5, demonstrating the advantage of using FCE.

The FCE driven pair created a homogeneous field in both the loaded and unloaded cases,

confirming the presence of substantially equal currents on the two loops despite one of the

loops being heavily loaded. Conversely, the presence of the heavy loading on one loop of

the conventionally driven Helmholtz pair created a 3dB variation in the field intensity over

the measurement range, in agreement with the electromagnetic modeling results shown in

Fig. 1.

It is important to note that there is no difference between the SAR and homogeneity of a

conventionally driven coil that is tuned to achieve equal currents on the elements and the

FCE coil; the point of the FCE design is the ability to realize the equal currents

straightforwardly. Independent tuning of the elements could be quite cumbersome in

practice, particularly given that the coupling between the saddle and Helmholtz pairs is not

minimized until the current balance is achieved.

Imaging

A B1
+ map of a healthy volunteer is shown in Fig. 6. The anterior-posterior (AP) line profile

(Fig. 6c) indicates approximately 1cm chest wall penetration. The B1
+ coefficient of

variation in the AP direction in the breast tissue is approximately 20%. The drop off into the

chest wall is due to the fact that the breast did not fill the coil in this case. The anterior side

of the breast is in the homogeneous center of the coil and, with coil padding in place for

patient comfort and safety, the posterior side extends outside the coil FOV. A larger

diameter coil would address this issue, but with the wavelengths associated with 7T, the

benefits of a larger coil will need to be evaluated against the design challenges and potential

loss of image quality. As expected, the B1
+ profiles in the orthogonal directions (right-left

(RL) and head-foot (HF) in Figure. 6) show much smaller variations (5-7%).
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The first breast images acquired using the FCE quadrature coil are shown in Fig. 7. Three

different sets of images are shown in the three columns. Upper and lower rows show

adjacent slices. The left column is an isotropic T1W FFE 3D acquisition (voxel size 0.8

mm3) using SPAIR fat suppression. Quality of the fat suppression is noted as excellent with

residual signal being just several times the background noise level. The middle column is the

same technique with 0.45 mm3 voxels. Improved tissue margins are clearly observed on this

ultra-high isotropic resolution image, and while its overall SNR is reduced as compared to

the image acquired with the more clinically-used resolution of 0.8 mm3, it is still sufficient

for clear visualization of the parenchyma. The ability to acquire images of such high

resolution may lead to improvements in morphological characterization of tumors and their

involvement in the surrounding tissues. The chest wall directly under the coil is also

visualized, though with reduced intensity. Insufficient SNR is also noted in the region of the

axilla. The right column shows 3D T2W TSE (0.6×0.6×3 mm3) without fat suppression. A

certain amount of blurring is observed in these T2-w 3D TSE images since this sequence

relies on long echo trains that will be affected by the expected decrease in tissue T2 at 7T.

Modification of the echo train to include varying refocusing angles may alleviate this issue

and preliminary work is underway (34).

In vivo 13C MRS

Broadband proton-decoupled 13C NMR spectrum from the right breast of a normal volunteer

is shown in Fig. 8, along with the data fit (in blue). All expected major lipid 13C peaks in the

fingerprint region are observed, showing no detectable decoupling artifacts (i.e. sidebands)

over the entire acquisition bandwidth. In addition to the three fat fractions that can be

obtained via proton MRS (saturated vs. mono-unsaturated vs. poly-unsaturated) as shown in

(7), fitting the 13C spectrum allows for calculation of omega-6/omega-3 lipid ratio by the

ratio of the diallylic (containing both omega-6 and omega-3) peak at 25.82 ppm and the

omega-6 peak at 31.76 ppm (35). Further improvements in 13C coil sensitivity will be

required in order to reliably discern these peaks in vivo and to achieve shorter acquisition

times, and work is underway in this area.

CONCLUSION

Construction and optimization of safe and effective radiofrequency coils at 7T is a major

challenge. The well-known interactions between transmit frequency and tissue dimensions

and the increased sensitivity to loading at higher frequencies generate inhomogeneous B1

fields, degrading image quality. To address these challenges, this work discussed a forced

current excitation feed technique applied to a unilateral 1H quadrature volume breast coil

and a linear coil for proton decoupled 13C acquisition. The FCE design used transmission

line properties to ensure equal currents at the feedpoints of the elements in a Helmholtz-

Saddle configuration despite unequal loading on the elements due to asymmetries in the

electrical properties of the anatomy, the presence of multiple elements, tuning components,

etc. The insensitivity to loading simplified matching and tuning and enabled the elements of

the quadrature coil to be easily decoupled. The homogeneity of the coil was demonstrated by

achieving images with excellent fat suppression and with the ability to achieve broadband

proton decoupling in 13C MRS.
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This paper has presented an option to provide limited control of currents on array elements

to create more homogeneous B1
+ excitation patterns using a single amplifier. Future work

will include improving SNR by adding an array coil insert and optimization of imaging and

spectroscopy parameters.
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Figure 1.
Comparison of modeled |B1

+| as a function of field strength produced by a Helmholtz coil

with an asymmetric load that mimics imaging the pendant breast proximal to the thorax. (a)

Rendering of the conventional, parallel-fed Helmholtz coil with an asymmetric phantom

comprised of the electrical characteristics of breast tissue inside and the thorax above. (b)

Profiles through the marked areas in (c)-(e) depicting |B1
+| at 1.5T (63.9MHz), 3.0T

(128MHz), and 7.0T (298MHz). The effects of the asymmetric loading of the thorax on the

current distribution on the two loops of the Helmholtz coil increases with frequency,

resulting in a 6dB fall off towards the thorax at 7.0T.
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Figure 2.
Comparison of free excitation and forced current excitation (FCE). (a) Schematic illustration

of three coils, identical or non-identical, excited by the same voltage. This configuration is

termed “free excitation”. Asymmetries in positioning or environment, combined with the

mutual impedances between coils generally leads to unequal load impedances presented to

the sources, resulting in unequal currents despite identical excitation. (b) When connected to

a common voltage point (CVP) by electrical quarter wave lines the feed currents are the
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same regardless of differences in the load impedances, effectively achieving “forced current

excitation”.
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Figure 3.
Rendering and photograph of the quadrature Helmholtz – saddle FCE coil. (a) 3D rendering

of the coil with gaps for capacitors and dimensions shown. (b) photograph of the completed

quadrature coil with important features marked.
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Figure 4.
|B1

+| and SAR field plots generated by Remcom XFdtd. The phantom is a 12.0 cm diameter,

12.0 cm tall cylinder with the nominal properties of breast tissue connected to a 30.0 × 30.0

× 6.0 cm slab assigned the properties of muscle tissue, as described in the text. |B1
+| plots

demonstrate the homogeneity provided by the FCE design despite asymmetric loading.

Asymmetries in the SAR plot are due to the feed locations on the Helmholtz and saddle

pairs, as described in the text. The Helmholtz and saddle pairs were each normalized to 1

watt net input power. 0 dB corresponds to 2.0 μT and 1.47 W/kg in the |B1
+| and SAR

figures, respectively.
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Figure 5.
Measured field profiles obtained as the S21 measurement between a shielded pickup loop

and the Helmholtz coil in FCE and non-FCE mode, unloaded and asymmetrically loaded.

Each profile is normalized to its respective maximum. The FCE maintains excellent

homogeneity, comparable to the completely unloaded case, even in the presence of

asymmetric loading.
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Figure 6.
B1

+ map of a healthy volunteer. Power optimization was performed on the shim volume that

included most of the breast volume proper. The nominal tip angle was 50 degrees and B1
+ is

shown as a percentage of that. (a) B1
+ in the transverse plane as a percentage of nominal

B1
+. (b) B1

+, coronal view. (c) B1
+ AP, RL, and FH line profiles corresponding to the

yellow lines in 6(a) and 6(b). The AP profile indicates approximately 1 cm penetration into

the chest wall. The coefficient of variation of B1
+ in AP direction in the breast tissue is

approximately 20% in this case due to the posterior side of the breast extending outside the

coil. The RL and HF profiles exhibit much smaller variations, 4% and 7%, respectively. The

location of the HF profile line was chosen specifically to avoid the large anatomical null in

the bottom center of the image.
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Figure 7.
Breast images using FCE quadrature 1H breast coil. In columns: (left) T1W FFE 3D (0.80

mm3) with SPAIR fat suppression; (middle) T1W FFE 3D (0.45 mm3) with SPAIR fat

suppression; (right) T2W TSE (VISTA) TSE (0.6 × 0.6 × 3.0 mm3). Note excellent

suppression of the fat signal on T1W images, almost to the background level.
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Figure 8.
Broadband proton-decoupled 13C NMR spectrum from a healthy breast. (In this volunteer,

the ratio omega-6/omega-3 = 1.94). The red square on the breast image insert represents the

ISIS localization voxel.
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