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Abstract

Objectives—To evaluate the image quality of T1-weighted fat-suppressed breast MRI at 7 T,

and to compare 7-T and 3-T images.

Methods—Seventeen subjects were imaged using a 7-T bilateral transmit-receive coil and

adiabatic inversion-based fat suppression (FS). Images were graded on a five-point scale and

quantitatively assessed through signal-to-noise ratio (SNR), fibroglandular/fat contrast and signal

uniformity measurements.

Results—Image scores at 7 T and 3 T were similar on standard-resolution images (1.1×

1.1×1.1−1.6 mm3), indicating that high-quality breast imaging with clinical parameters can be

performed at 7 T. The 7-T SNR advantage was underscored on 0.6-mm isotropic images, where

image quality was significantly greater than at 3 T (4.2 versus 3.1, P≤0.0001). Fibroglandular/fat

contrast was more than two times higher at 7 T over 3 T, owing to effective adiabatic inversion-

based FS and the inherent 7 T signal advantage. Signal uniformity was comparable at 7 T and 3 T

(P<0.05). Similar 7-T image quality was observed in all subjects, indicating robustness against

anatomical variation.

Conclusion—The 7-T bilateral transmit-receive coil and adiabatic inversion-based FS technique

mitigate the impact of high-field heterogeneity to produce image quality that is as good as or

better than at 3 T
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Data in the current manuscript was presented in part in Brown, et. al, “Breast MRI at 7 Tesla with a Bilateral Coil and Robust Fat
Suppression” in the Journal of Magnetic Resonance Imaging (accepted for publication, 2013).
While the JMRI manuscript indeed includes data from 11 of the 17 subjects presented in the current European Radiology submission,
the JMRI manuscript focuses on 7T technical elements (such as the coil, transmit power limits, and B1+ calibration) as well as 7T
advantages and hindrances. In contrast, the European Radiology submission focuses on the comparison between 3T and 7T
(radiologist-based image quality metrics) and on the robustness of the 7T techniques to anatomic differences across subjects. As such,
we believe that the added insight is worthy of a separate manuscript.
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INTRODUCTION

Breast magnetic resonance imaging (MRI) has been shown to be more sensitive to the

detection of breast tumors than conventional investigations such as ultrasound or digital

mammography. Mammography, the current standard for breast cancer screening, detects

fewer than half of breast cancers in high-risk young women, in part because their increased

breast density makes mammography less effective. MRI provides high-quality images

regardless of breast density and enables small lesions to be visualized [1–2]. Dynamic T1-

weighted acquisitions form the foundation of conventional breast MRI protocols and allow

morphologic lesion assessment as well as time-course analysis of contrast uptake. Some

morphological characteristics such as irregular margins can be less than 1 mm in dimension

[3], suggesting that sub-millimetre spatial resolution is key to differentiation. Yet, spatial

resolution of this order is rarely achieved in clinical MRI examinations due to signal-to-

noise ratio (SNR) limitations. Breast MRI at high field (≥ 7 T) is driven by the promise of a

greater signal-to-noise ratio (SNR), which could be traded for higher spatial resolution or

faster acquisition times [4–8] to improve morphologically-based diagnosis or time-course

analysis of the contrast enhancement, respectively. Another appealing aspect of high-field

breast MRI is the potential to improve contrast between lesions and the background fat.

However, high-field breast MRI research is still in its infancy and is hampered by the lack of

both commercially available radiofrequency (RF) coils and customized pulse sequences.

Tailored RF coils are a critical determinant of SNR, signal uniformity, excitation (B1+)

efficiency, and coverage. While high-density receive arrays have the potential to allow

extremely fast acquisition and/or high spatial resolution [8], most 7 T studies have thus far

been limited to unilateral coverage [4–5; 7–10]. Similarly, pulse sequence optimization is

required to generate reliable tissue contrast in the presence of high-field difficulties such as

increased B1+ and magnetic field (B0) heterogeneity. Low flip angle gradient echo-based

T1-weighted sequences have been readily applied at 7 T due to their relative insensitivity to

B1
+ heterogeneity and low specific absorption rate (SAR) [11]. T2-weighted fast spin echo

imaging has been more challenging due to high level of SAR associated with refocusing

pulses and sensitivity to B1
+ heterogeneity. Diffusion-weighted imaging has generally been

impeded at high-field due to geometric distortion and short T2* associated with

heterogeneous B0. Recent advances indicate the potential to overcome these hurdles [4; 12],

making a comprehensive high-field breast protocol within reach.

In this article, the main goal was to demonstrate three-dimensional (3D) T1-weighted 7 T

breast imaging with a custom transmit-receive coil and adiabatic inversion-based fat-

suppression (FS). The coil provided bilateral coverage while the FS technique was robust

against B1+ heterogeneity. In evaluating 7 T T1-weighted images, we address the question

of whether the potential high-field SNR and contrast advantages can be translated into

improved image quality, FS efficacy, and image uniformity. Additionally, images were
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evaluated with respect to anatomical and electrical breast properties, which are highly

subject-dependent [13] and could be expected to have more influence on the resulting image

quality at high field than at lower field. Finally, 7 T images were compared to familiar

baseline measurements at 3 T in the same subjects.

MATERIALS AND METHODS

Subject cohort

Institutional Review Board approval was obtained for this Health Insurance Portability and

Accountability Act (HIPAA)-compliant study. Seventeen asymptomatic subjects (age = 30 ±

7 years, age range = 19 to 46 years) underwent MRI without intravenous contrast material

after written informed consent had been obtained. Subjects were imaged at arbitrary times

with respect to their menstrual cycle. To reduce associated image variation, the interval

between 7-T and 3-T examinations was as short as possible; the average delay between

examinations was 3 ± 9 days. Both examinations were performed on the same day in 12 of

the 17 subjects, while the intervals between examinations of the remaining subjects was 1, 2,

2, 8 and 40 days.

MRI hardware

7-T images were acquired on a whole-body device (MAGNETOM, Siemens Healthcare,

Erlangen, Germany) with maximum gradient amplitude of 40 mT m−1 and a maximum slew

rate of 150 mT·m−1·s−1. A custom bilateral two-channel coil was used for RF transmission

and reception (Fig. 1). The coil consisted of two adjacent solenoids whose axes were

perpendicular to the chest, with each solenoid enclosing one breast. Solenoids were chosen

because of their high magnetic field uniformity, high efficiency, and convenient geometry to

surround the breast and generate a linearly polarised magnetic field perpendicular to B0.

Passive tubular conductive RF shields were fitted around each solenoid to minimise

coupling (< −30 dB), providing a high level of independence between the left and right

elements. The 7-T coil had a 1.6-L aperture for each breast (15.5 cm in diameter, and 8.4 cm

in height) and was housed in a repurposed shell that was originally designed for a 1.5-T

clinical coil (utilised in Baltzer et al and Tozaki and Fukuma [14–15]). 7-T flip angle maps

were acquired using the method described in Fautz et al [16].

3-T images were acquired on a Magnetom Tim Trio device (Siemens Healthcare) with the

same gradient specifications as those listed for the 7-T system. At 3 T, the body coil

provided RF excitation and a commercial bilateral seven-channel coil with aperture of 2.7 L

per breast was used for RF reception (Invivo Corp., Gainsville, FL, USA).

3D T1-Weighted Fat-Suppressed Image Acquisition

3D T1-weighted gradient echo images were acquired using Siemens’ volume interpolated

breath-hold examination (VIBE). Three protocols were run, as detailed in Table 1: 1) to

demonstrate feasibility, bilateral images were acquired at 7 T (transverse acquisition plane,

1.1 mm isotropic, 181 s acquisition time, parallel imaging acceleration rate = 2); 2)

unilateral images were acquired for quantitative and qualitative assessment in the right

breast at both 7 T and 3 T with “standard” resolution = 1.1 × 1.1 × 1.6 mm3, acquisition time

Brown et al. Page 3

Eur Radiol. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



= 71 s [3 T] and 119 s [7 T], and no parallel imaging acceleration and 3) “high” resolution

images were acquired to exploit the 7 T SNR advantage (0.6 mm isotropic resolution,

acquisition time = 324 s [3 T] and 390 s [7 T], and no parallel imaging acceleration). We

point out that unilateral acquisitions were performed without parallel imaging acceleration in

protocols 2 and 3 in order to simplify SNR analysis.

Fat suppression at 7 T was performed using spectrally selective adiabatic inversion recovery

(SPAIR) due to its inherent robustness against B1
+ heterogeneity. Two key modifications

were made to adapt the 3-T product SPAIR module to 7-T: 1) the duration of the adiabatic

pulse was reduced from 23 ms to 10 ms to match the increase in fat–water spectral

separation, 2) the assumed T1 value of fat was increased to 540 ms based on preliminary

phantom and in vivo measurements [1], and the inversion recovery duration was

subsequently updated.

Although we found SPAIR to provide effective FS at 7 T, it should be noted that the

technique prolongs acquisition time and is associated with a high specific absorption rate

(SAR) due to its adiabatic pulse. SAR limits were obeyed by reducing the regularity with

which the SPAIR module was applied from its default value of once per every 40 lines of

acquired k-space to 60–100. This allowed the maximum flip angle within SAR limits to be

roughly 15° for a TR of ~5 ms. At 3 T, where RF field heterogeneity is not so pronounced,

we chose to maintain the chemical shift-based saturation method which is applied clinically

at our institution (“quick fat saturation” on Siemens systems).

Qualitative Image Assessment

Two radiologists with 12 and 4 years of breast MRI reading experience independently

assessed 3D VIBE images. Images were presented such that the subject, sequence and field

strength were randomised. The radiologists were blinded to sequence parameters and

magnetic field strength, although 3-T and 7-T images could be distinguished by

characteristic differences in signal strength. Image quality was rated on a scale of 1 to 5,

with the following definitions: 1) non-diagnostic quality; little certainty in discerning fat and

fibroglandular tissue due to strong artefacts including poor SNR or ineffective fat

suppression. 2) poor image quality; difficult to make a diagnosis due to primarily indistinct

borders between foci of fat and fibroglandular tissue. 3) acceptable image quality; able to

make a diagnosis in a majority of the breast volume, though minor artefacts resulted in

indistinct borders between foci of fat and fibroglandular tissue in some regions. 4) very good

image quality; subjective certainty in making a correct assessment due to distinct borders

between foci of fat and fibroglandular tissue and visualization of the underlying trabecular

pattern. 5) excellent image quality; no artefacts, very easy to discern fat and fibroglandular

tissue in the entire breast volume. The trabecular pattern along with cooper ligaments, milk

ducts, and blood vessels were visualized. Finally, motion artefacts were noted as being

present or absent.

Quantitative Image Assessment

3D T1-weighted FS images were qualitatively assessed using the following metrics: SNR,

fibroglandular/fat contrast, and signal uniformity. Images were exported from the scanner
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console in standard format (DICOM; National Electrical Manufacturers Association,

Rosslyn, Va) and converted into another format for semi-automated analysis (Matlab

software [version 2009b, The MathWorks, Natick, MA, USA]). In each subject,

measurements were made in a single slice near the centre of the breast. SNR was defined as

, where  is the mean signal intensity of the fibroglandular tissue, which was

segmented from fat as described in the following paragraph. The noise σ(n) was calculated

from the standard deviation of the background intensity in magnitude sum-of-squares

images, and r is the correction factor necessary to account for the Rician noise distribution

[17]. To remove bias due to sequence acquisition time t, normalised SNR values were

reported: . Fibroglandular/fat contrast was measured to assess FS efficacy:

, where  is the mean amplitude of the fat signal in adipose tissue following

segmentation. Finally, signal uniformity was defined as: , where σ(sw) is the

standard deviation of the fibroglandular signal.

Fibroglandular tissue was segmented from fat in an automated fashion using the Dixon

chemical species separation method [18–19]. For this purpose, an additional series of 2D

gradient echo images was acquired in the central slice selected for quantitative image

assessment (single sagittal slice, TR = 50 ms, TE = 2.7, 2.9, 3.1, 3.3 ms [7 T], TE = 3.5, 4.0,

4.5, 5.0 ms [3 T], flip angle = 20°, resolution = 0.7 × 0.7 mm2, and slice thickness = 3 mm).

The resulting fat/water maps were interpolated to match the spatial resolution of the VIBE

images. Pixels with greater than 85% water or fat content were classified as fibroglandular

or adipose tissue respectively (Fig. 2). A single manual step was performed by radiologist

with 10 years’ experience of breast MRI to exclude tissue posterior to the boundary between

the breast and pectoralis muscle. ROIs were subsequently eroded by three pixels to reduce

the likelihood of misregistration between Dixon and VIBE acquisitions.

Anatomical variability was assessed through two metrics: 1) bulk tissue composition was

characterised by the Dixon-derived mean fat percentage value, and 2) breast volume was

determined by contouring unilateral 3D T1-weighted image sets.

Statistical Methods

Mixed model analysis of variance was used to assess and compare sequences in terms of the

image quality scores and with respect to SNR, uniformity, and contrast. Generalised

estimating equations based on a binary logistic regression model (a form of logistic

regression for correlated data) were used to assess and compare sequences in terms of the

prevalence of specific artefacts, as detected by the two readers. For all analyses, the intra-

subject correlations imparted by the inclusion of multiple assessments per subject were

accounted for by assuming data to be symmetrically correlated when acquired from the same

subject and to be independent when derived for different subjects. The normality

assumptions underlying the parametric analyses were found through residual plots and

Shapiro-Wilk tests of residuals to be reasonably met. All statistical tests were conducted at

the two-sided 5% significance level using SAS 9.3 (SAS Institute, Cary, NC, USA). Simple
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kappa coefficients were used to assess inter-reader agreement. Kappa (K) was interpreted as

an indication of poor agreement when less than zero, as slight agreement when 0≤ K ≤0.2, as

fair agreement when 0.2 < K ≤ 0.4, as moderate agreement when 0.4 < K ≤ 0.6 and as

substantial agreement when K > 0.6.

RESULTS

Bilateral Imaging

The bilateral B1
+ map in Fig. 3 shows adequate uniformity and good symmetry between B1

+

fields in the left and right breasts. The high level of isolation between the left and right coil

elements allowed straightforward application of bilateral imaging (Fig. 4). Fig. 4 illustrates

good coverage, uniform fat suppression, and adequate penetration to visualise deep

structures such as axillary lymph nodes. Sagittal views demonstrate excellent fat suppression

throughout the breast volume, and particularly near the nipple and in the peripheral breast,

where susceptibility gradients tend to be highest. Evidence of weak signal strength can be

seen near the intersection of the inferior breast and chest wall because of a lack of coil

coverage. All metrics indicated very good image quality: mean subjective score = 4.4, signal

uniformity = 0.69±0.07, and fibroglandular/fat contrast = 0.71±0.05 (see Tables 2 and 3).

Unilateral Imaging

A representative image set is shown in Fig. 5. At standard resolution (1.1 × 1.1 × 1.6 mm3),

the average image quality score was slightly higher at 7 T than at 3 T (see Table 2), although

the difference was not statistically significant (P = 0.27). Despite high anatomical variability

(breast volume = 675 ± 351 mL and Dixon-based fat composition = 66.5 ± 17.2%), no clear

correlation was observed between image quality scores at 7 T and anatomical characteristics,

indicating adequate insensitivity to tissue loading (Fig. 6 a and b).

High-resolution images (0.6 mm isotropic) underscore the 7-T SNR advantage and illustrate

an exceptional level of fibroglandular tissue detail, such as ligaments and dendritic patterns

that are difficult to visualise on standard-resolution images (Fig. 7). Furthermore, 3-T SNR

was clearly too low to reliably identify structures on the high-resolution images. This was

demonstrated in image quality scores, where high-resolution image quality was significantly

lower at 3 T than at 7T (mean score of 4.2 at 7 T and 3.1 at 3 T, P ≤ 0.0001). Low scores at

3 T were attributed to poor SNR, making fibroglandular tissue, particularly structural

boundaries, difficult to visualise against the noisy background. Similarly, the low signal of

fibroglandular tissue at 3 T accentuated the appearance of minor FS imperfections. Motion

artefacts were noted in 2 of the 18 subjects at 7 T and none at 3 T.

Measured SNR at 7 T was more than five times higher than at 3 T, and fibroglandular/fat

contrast was more than twice as high (P < 0.0001 in each case, see Table 3). Importantly,

signal uniformity was similar at both fields (P ≥ 0.05). 7-T fibroglandular/fat contrast and

signal uniformity were independent of breast volume and fat composition (Fig. 6 e and g). A

weak inverse relationship was observed between 7-T SNR and breast volume, likely because

of increased tissue-related noise detected by the volume receive coil (Fig. 6 c). On the other

hand, 3-T SNR was proportional to breast volume, likely because of the associated reduction
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in distance between the tissue and the surface receive elements. Signal uniformity and

fibroglandular/fat contrast were largely independent of spatial resolution (Table 3).

DISCUSSION

This work demonstrates that breast MRI can be performed at 7 T with similar or better

image quality than at 3 T. Although 7 T can be expected to provide a higher SNR, it also

poses additional challenges in terms of RF and static field heterogeneity. Two technical

developments were utilised to realise its full potential: 1) an efficient bilateral coil that

provided adequate B1
+ uniformity and high receive sensitivity, and 2) an adiabatic

inversion-based fat suppression technique that provided effective and homogeneous nulling

of adipose tissue. Good performance was demonstrated over a range of subjects and tissue

loading conditions, which is especially important in high-field imaging, where anatomical

variability is more likely to have an impact on image quality. This is a particularly pertinent

consideration in breast imaging, where variability is more prominent than in other successful

high-field applications such as brain or knee imaging.

Our data showed an approximately greater than five-fold gain in SNR at 7 T compared with

3 T. This is much higher than would be expected from the effect of spin polarisation, which

is proportional to B0. Clearly coil design also affects SNR and was not identical at 7 T and 3

T. However, it should be pointed out that the 3-T coil was a widely-utilised commercial coil,

and, as such, was considered an appropriate reference. One way in which the design of the

7-T coil likely contributed to the SNR advantage was its smaller aperture. The 3-T coil

utilised an “open” biopsy-compatible design, which required coil conductors to follow the

edges of its rectangular aperture, thereby increasing the distance between conductors and

tissue compared to a “closed” design. While a 3-T / 7-T comparison with identical RF coils

would eliminate this variable, the design and construction of identical coils was beyond the

scope of this work.

While the 7-T SNR advantage could be utilised for improved spatial or temporal resolution,

we chose to focus on high spatial resolution. At 7-T, the 0.6-mm isotropic images allowed

visualisation of dendritic patterns and ligaments that may be difficult to visualise at 3 T.

This improvement at 7 T was reflected in significantly higher image quality scores for high-

resolution imaging compared with 3 T. Although these results were obtained without

intravenous contrast material, high-resolution 7-T breast imaging can be expected to

improve lesion classification in contrast-enhanced examinations. Indeed, a strong correlation

has been demonstrated between malignancy and morphological features such as clumped

enhancement patterns and irregular or spiculated margins [20]. Detailed analysis of the

margins of enhancing lesions and the internal architecture of mass and non-mass

enhancement is limited to about 1 mm in-plane resolution and 2- to 3-mm slice thickness in

conventional 1.5-T clinical dynamic protocols. Even with the improved spatial resolution

available at 3 T, irregular mass borders can appear relatively smooth and a small carcinoma

could present with benign imaging features. Additionally, prolonged baseline T1 relaxation

at high field may accentuate differences between enhancing and non-enhancing tissue,

thereby improving lesion conspicuity on subtracted images [21–22]. We are performing an
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ongoing study to determine if the higher spatial resolution achievable at 7 T increases the

ability to discriminate between benign and malignant masses.

Fat suppression can be challenging at 7 T owing to technical hurdles stemming from

heterogeneous B0 and B1
+. For example, B0 heterogeneity can be problematic in breast

imaging because of the off-isocenter field-of-view and the strong dephasing associated with

air/tissue interfaces, while B1
+ heterogeneity can cause inconsistent saturation. To overcome

these difficulties, we utilised SPAIR FS because its adiabatic pulse provides inherent

robustness against B1
+ heterogeneity. To mitigate the impact of B0 heterogeneity, the

bandwidth of the adiabatic pulse was broadened to 1 kHz, which was allowed by the

increased fat/water spectral separation at 7 T. In combination with the inherently high

fibroglandular signal strength at 7 T, SPAIR FS provided a greater than two-fold gain in

fibroglandular/fat contrast over 3 T. Increased contrast was found to improve delineation of

fibroglandular tissue borders, which, along with high spatial resolution available at 7 T, can

be expected to improve lesion conspicuity.

Most 7-T breast studies have been limited to unilateral coverage owing to the lack of an

appropriate bilateral coil. A bilateral 7-T breast coil can be difficult to design because of the

desired high level of efficiency and B1
+ uniformity over a relatively large field-of-view (~

340 mm). This difficulty was overcome by utilising a 7-T bilateral coil that, in effect,

comprised two identical and isolated (shielded) unilateral coils, each with a reduced field-of-

view covering only the left or right breast. In other words, local excitation generated by each

coil ensured that B1
+ distortion (due to the short RF wavelength) was primarily limited to

the given breast. In this way, the high uniformity and fat/water contrast achieved in

unilateral imaging was trivially translated into roughly identical performance in bilateral

acquisitions. This is a distinct advantage over conventional breast MRI at 3 T, where both

breasts, and perhaps more importantly, the torso, lungs, and arms distort the B1
+ field

generated by the fully encompassing body coil. Recent reports have pointed out that

complex RF interference patterns created by the body coil manifest as bimodal and

heterogeneous B1
+ distribution in the breasts [23–26], which results in inconsistent FS,

variable enhancement ratio, and a possible reduction in lesion conspicuity.

We point out three concerns regarding the 3-T / 7-T image comparison: 1) As noted above,

the smaller aperture of the 7-T coil likely accentuated the SNR advantage over 3 T. 2)

Another concern is the inversion recovery period required by the 7-T SPAIR FS technique,

which increased acquisition time by a factor of 1.2 to 1.7 over 3-T saturation-based FS

acquisitions (Table 1). As a longer acquisition time can in principle be used to improve

signal, the reported SNR values were normalised by the total acquisition time to avoid bias.

However, it should be borne in mind that acquisition time is also important for the

evaluation of contrast medium uptake in dynamic imaging. Although we did not administer

intravenous contrast material in this study, the bilateral and standard-resolution 7-T VIBE

sequences fall within typical dynamic acquisition times, while the high-resolution unilateral

sequence would require a parallel imaging acceleration factor of 2–3 to provide adequate

temporal resolution. A unilateral accelerated acquisition necessitates a high-channel receive

array such as those demonstrated by van de Bank et al [8] and Nnewihe et al.[27]. 3) The

improvement in fibroglandular/fat contrast at 7 T was largely attributed to improved fat
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suppression with the SPAIR technique. While it was crucial to use SPAIR at 7 T because of

B1
+ heterogeneity, this was not the case at 3 T, and we chose instead to follow the standard

clinical protocol at our institution, which employed chemical shift-based fat saturation. The

use of SPAIR at 3 T might improve fibroglandular/fat contrast to a level approaching that

achieved at 7 T, but would slightly increase the imaging time as described above.

Furthermore, our results showed high signal uniformity at 7 T, which is likely attributable to

the dual-solenoid coil and the 3D GRE acquisition. Although, we acknowledge that there

was low signal in the posterior breast, as illustrated in Fig. 4. This could potentially be

addressed with a straightforward modification to a future 7-T dual-solenoid coil that is

tapered to a larger diameter near the chest wall.

In conclusion, by addressing 7-T technical concerns through a bilateral transmit-receive coil

and robust FS technique, excellent T1-weighted image quality, signal uniformity and FS

were demonstrated in a range of subjects with widely varying anatomy. 7-T image quality

was equal to that of 3T on standard-resolution images, and showed a clear advantage of

visualising fibroglandular tissue detail on high-resolution images (0.6 mm isotropic). While

we have focused on a T1-weighted GRE sequence, we acknowledge that a fully functional

protocol for bilateral contrast enhanced breast MRI at 7 T requires additional effort to

establish T2-weighted fast spin echo and diffusion-weighted sequences. T2-weighted

acquisitions must overcome difficulties associated with SAR, T2 blurring, and

heterogeneous FS, while diffusion sequences must overcome spatial distortion, T2* blurring,

and heterogeneous FS. Recent literature suggests that 7 T protocols will soon provide a

sufficient variety of tissue contrast to support clinical translation [4; 12].
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Key points

• High image quality bilateral breast MRI is achievable with clinical parameters at

7 T.

• 7-T high-resolution imaging improves delineation of subtle tissue structures.

• Adiabatic-based fat suppression provides excellent fibroglandular/fat contrast at

7 T.

• 7-T and 3-T 3D T1-weighted gradient echo imaging have similar signal

uniformity.

• The 7-T dual solenoid coil enables bilateral imaging without compromising

uniformity.
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Fig. 1.
Photograph of the 7-T bilateral coil: (a) dual solenoid with the cover and shield removed, (b)

dual solenoid with shield, and (c) assembled coil
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Fig. 2.
A water map (a) was used to generate masks of fat (red) and water (green) (b) in which

corresponding 7-T T1-weighted fat-suppressed (FS) images were evaluated (c)
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Fig. 3.
The bilateral flip angle map demonstrates symmetric excitation in the left and right breasts.

Flip angle uniformity was 75% in a region-of-interest encompassing both breasts to the

pectoralis muscle. One limitation of the local transmit coil is the relatively weak level of

excitation posterior to the pectoralis muscle which could limit signal in the lymph nodes
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Fig. 4.
Demonstration of 7-T bilateral breast imaging. The transverse and reformatted coronal

views (a, b) illustrate good coverage and uniform fat suppression. Coronal views through the

chest wall (c) and anterior heart (d) demonstrate adequate penetration for visualisation of

deep structures such as the pectoralis muscle and lymph nodes (solid arrowheads). Sagittal

views demonstrate excellent fat suppression (double arrows) at the breast periphery (e) and

near the nipple (f), which are areas that can be problematic owing to high susceptibility
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gradients. Signal at the intersection of the inferior breast and chest wall was limited because

of a lack of coil coverage (open arrowheads in e and f)
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Fig. 5.
Representative standard and high-resolution T1-weighted FS images acquired at 7 T and 3 T

in the same subject A clear SNR and image quality advantage can be appreciated in the 7 T

images.
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Fig. 6.
Standard-resolution image quality metrics at 7 T (solid circles) and 3 T (empty circles) as a

function of anatomical characteristics; breast volume (left column) and fat percentage (right

column). Aside from a weak inverse relationship between 7-T SNR and breast volume, 7-T

image metrics were consistent across subjects and showed little correlation with anatomical

characteristics
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Fig. 7.
Representative standard (top) and high (bottom) resolution 7-T T1-weighted FS images

acquired in the same subject. Enlarged sagittal views illustrate the high level of

fibroglandular detail at 7 T. Ligaments (red arrowheads) and dendritic architecture (yellow

arrowheads) can be visualised on 7-T high-resolution images, but are blurred on 7-T

standard-resolution images

Brown et al. Page 19

Eur Radiol. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Brown et al. Page 20

T
ab

le
 1

3D
 T

1-
w

ei
gh

te
d 

fa
t-

su
pp

re
ss

ed
 (

FS
) 

pu
ls

e 
se

qu
en

ce
 p

ar
am

et
er

s

Se
qu

en
ce

 d
es

cr
ip

ti
on

B
ila

te
ra

l
St

an
da

rd
 r

es
ol

ut
io

n
H

ig
h 

re
so

lu
ti

on

Fi
el

d 
st

re
ng

th
 (

T
)

7
3

7
3

7

FS
 m

et
ho

d
SP

A
IR

Sa
tu

ra
tio

n
SP

A
IR

Sa
tu

ra
tio

n
SP

A
IR

T
E

 (
m

s)
1.

9
1.

47
2.

14
1.

78
2.

75

T
R

 (
m

s)
4.

2
3.

78
4.

52
4.

39
5.

36

N
om

in
al

 f
lip

 a
ng

le
 (

°)
10

*
12

5–
10

*
12

5*

B
an

dw
id

th
 (

H
z/

pi
xe

l)
54

0
54

3
54

5
53

9
54

0

FS
 li

ne
s 

pe
r 

sh
ot

10
0

40
60

22
4

10
0

A
cq

ui
si

tio
n 

tim
e 

(s
)

18
1

71
11

9
32

4
39

0

N
um

be
r 

of
 s

lic
es

14
4

14
4

14
4

22
4

20
8

Fi
el

d-
of

-v
ie

w
 (

m
m

2 )
31

0 
×

 3
10

19
0 

×
 1

90
19

0 
×

 1
90

19
0 

×
 1

90
19

0 
×

 1
90

A
cq

ui
si

tio
n 

m
at

ri
x

28
8 

×
 2

88
17

6 
×

 1
76

17
4 

×
 1

74
32

0 
×

 3
20

32
0 

×
 3

20

A
cq

ui
re

d 
vo

xe
l s

iz
e 

(m
m

3 )
1.

1 
×

 1
.1

 ×
 1

.1
1.

1 
×

 1
.1

 ×
 1

.6
1.

1 
×

 1
.1

 ×
 1

.6
0.

6 
×

 0
.6

 ×
 0

.6
0.

6 
×

 0
.6

 ×
 0

.6

Pa
ra

lle
l i

m
ag

in
g 

ac
ce

le
ra

tio
n

2
1

1
1

1

SP
A

IR
 s

pe
ct

ra
lly

 s
el

ec
tiv

e 
ad

ia
ba

tic
 in

ve
rs

io
n 

re
co

ve
ry

* 7-
T

 f
lip

 a
ng

le
s 

w
er

e 
ca

lib
ra

te
d 

in
 th

e 
pe

ri
ph

er
al

 f
at

 ti
ss

ue
 to

 e
ns

ur
e 

ef
fi

ca
cy

 o
f 

th
e 

SP
A

IR
 m

od
ul

e.
 T

he
 f

lip
 a

ng
le

 in
 th

e 
ce

nt
re

 o
f 

th
e 

br
ea

st
 is

 e
xp

ec
te

d 
to

 b
e 

ap
pr

ox
im

at
el

y 
25

%
 g

re
at

er
.

Eur Radiol. Author manuscript; available in PMC 2014 November 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Brown et al. Page 21

T
ab

le
 2

Su
m

m
ar

y 
of

 im
ag

e 
qu

al
ity

 s
co

re
s

Se
qu

en
ce

 d
es

cr
ip

ti
on

St
an

da
rd

 r
es

ol
ut

io
n

H
ig

h 
re

so
lu

ti
on

B
ila

te
ra

l

Fi
el

d 
st

re
ng

th
 (

T
)

3
7

3
7

7

N
um

be
r 

of
 s

ub
je

ct
s

17
16

5

Im
ag

e 
qu

al
ity

 (
re

ad
er

 1
)

4.
0±

0.
6

4.
3±

0.
9

3.
3±

0.
7

4.
2±

0.
7

4.
4±

0.
5

P
 v

al
ue

0.
27

0.
00

01

Im
ag

e 
qu

al
ity

 (
re

ad
er

 2
)

4.
1±

0.
6

4.
2±

0.
8

2.
9±

0.
8

4.
1±

0.
8

4.
4±

0.
9

P
 v

al
ue

0.
64

<
0.

00
01

R
ea

de
r 

ag
re

em
en

t (
ka

pp
a 

va
lu

e)
0.

47
0.

67
0.

45
0.

87
*

T
he

 s
co

ri
ng

 s
ys

te
m

 is
 d

ef
in

ed
 a

s:
 1

) 
no

n-
di

ag
no

st
ic

 q
ua

lit
y;

 li
ttl

e 
ce

rt
ai

nt
y 

in
 d

is
ce

rn
in

g 
fa

t a
nd

 f
ib

ro
gl

an
du

la
r 

tis
su

e 
du

e 
to

 s
tr

on
g 

ar
te

fa
ct

s 
in

cl
ud

in
g 

po
or

 S
N

R
 o

r 
in

ef
fe

ct
iv

e 
fa

t s
up

pr
es

si
on

. 2
) 

po
or

 im
ag

e
qu

al
ity

; d
if

fi
cu

lt 
to

 m
ak

e 
a 

di
ag

no
si

s 
du

e 
to

 p
ri

m
ar

ily
 in

di
st

in
ct

 b
or

de
rs

 b
et

w
ee

n 
fo

ci
 o

f 
fa

t a
nd

 f
ib

ro
gl

an
du

la
r 

tis
su

e.
 3

) 
ac

ce
pt

ab
le

 im
ag

e 
qu

al
ity

; a
bl

e 
to

 m
ak

e 
a 

di
ag

no
si

s 
in

 a
 m

aj
or

ity
 o

f 
th

e 
br

ea
st

vo
lu

m
e,

 th
ou

gh
 m

in
or

 a
rt

ef
ac

ts
 r

es
ul

te
d 

in
 in

di
st

in
ct

 b
or

de
rs

 b
et

w
ee

n 
fo

ci
 o

f 
fa

t a
nd

 f
ib

ro
gl

an
du

la
r 

tis
su

e 
in

 s
om

e 
re

gi
on

s.
 4

) 
ve

ry
 g

oo
d 

im
ag

e 
qu

al
ity

; s
ub

je
ct

iv
e 

ce
rt

ai
nt

y 
in

 m
ak

in
g 

a 
co

rr
ec

t a
ss

es
sm

en
t

du
e 

to
 d

is
tin

ct
 b

or
de

rs
 b

et
w

ee
n 

fo
ci

 o
f 

fa
t a

nd
 f

ib
ro

gl
an

du
la

r 
tis

su
e 

an
d 

vi
su

al
iz

at
io

n 
of

 th
e 

un
de

rl
yi

ng
 tr

ab
ec

ul
ar

 p
at

te
rn

. 5
) 

ex
ce

lle
nt

 im
ag

e 
qu

al
ity

; n
o 

ar
te

fa
ct

s,
 v

er
y 

ea
sy

 to
 d

is
ce

rn
 f

at
 a

nd
 f

ib
ro

gl
an

du
la

r
tis

su
e 

in
 th

e 
en

tir
e 

br
ea

st
 v

ol
um

e.
 T

he
 tr

ab
ec

ul
ar

 p
at

te
rn

 a
lo

ng
 w

ith
 c

oo
pe

r 
lig

am
en

ts
, m

ilk
 d

uc
ts

, a
nd

 b
lo

od
 v

es
se

ls
 w

er
e 

vi
su

al
iz

ed
.

* N
ot

 c
al

cu
la

te
d 

du
e 

to
 s

m
al

l s
am

pl
e 

si
ze

.

Eur Radiol. Author manuscript; available in PMC 2014 November 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Brown et al. Page 22

T
ab

le
 3

Su
m

m
ar

y 
of

 q
ua

nt
ita

tiv
e 

m
et

ri
cs

Se
qu

en
ce

 d
es

cr
ip

ti
on

St
an

da
rd

 r
es

ol
ut

io
n

H
ig

h 
re

so
lu

ti
on

B
ila

te
ra

l

Fi
el

d 
st

re
ng

th
 (

T
)

3
7

3
7

7

N
um

be
r 

of
 s

ub
je

ct
s

17
16

5

1.
45

±
0.

48
8.

15
±

1.
60

0.
28

±
0.

12
1.

87
±

0.
35

N
ot

 m
ea

su
re

d

P
 v

al
ue

<
0.

00
01

<
0.

00
01

C
on

tr
as

t (
c)

0.
33

±
0.

11
0.

75
±

0.
08

0.
28

±
0.

08
0.

70
±

0.
09

0.
71

±
0.

05

P
 v

al
ue

<
0.

00
01

<
0.

00
01

U
ni

fo
rm

ity
 (

u w
)

0.
78

±
0.

04
0.

75
±

0.
07

0.
72

±
0.

04
0.

73
±

0.
11

0.
69

±
0.

07

P
 v

al
ue

0.
05

0.
57

Eur Radiol. Author manuscript; available in PMC 2014 November 01.


