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Breast cancer screening is essential for reducing mortality, yet current modalities face significant
barriers, including high costs, limited accessibly, and reliance on ionizing radiation, which leads

many women to forego regular screenings. Magnetic resonance imaging (MRI) offers a radiation-free
alternative, but its adoption for screening is constrained by cost, availability, and the need for IV
contrast administration. In this study, we demonstrate the feasibility of ultra-low field (ULF) unilateral
breast MRI for screening applications. ULF MRI was performed on 11 healthy women in a prone
position. These participants were healthy women without a history of breast cancer. Three breast
radiologists could reliably delineate breast outlines and distinguish fibroglandular tissue (FGT) from
adipose tissue. Tissue patterns (fatty, scattered, heterogeneous, and extreme FGT) were consistently
identified. In two additional patients with prior breast cancer, ULF MRI effectively eliminated magnetic
susceptibility artifacts from surgical biopsy clips and in one of these patients revealed post-surgical
changes following lumpectomy. Additionally, in another patient, a >3 cm cyst, previously confirmed
on standard clinical ultrasound, was feasible to visualize with ULF MRI. These findings establish the
technical feasibility of ULF breast MRI. While preliminary, they motivate further technical development
and evaluation to clarify its capabilities and limitations.

In 2021, over two billion women worldwide were over the age of 40!, and each of them face the risk of developing
breast cancer. This disease will affect approximately one in eight women during their lifetime’, with 85% of
cases occurring in those without any family history of the disease?. Additionally, early-onset breast cancer tends
to be more aggressive and has a poorer prognosis®. However, current screening guidelines are insufficient in
this population®”, highlighting the need for continued advancements in early detection strategies. Currently,
mammography is the most widely used imaging tool for breast cancer screening due to its accessibility and cost-
effectiveness. However, it has notable limitations: it involves ionizing radiation, causes discomfort due to breast
compression, has a false positive rate ranging from 10.2 to 14.4%®', and misses 1-35% of breast cancers''~7.
Consequently, in the United States as of 2015, only 65.3% of women over 40 had a screening mammogram in the
previous 2 years'8. Given that more than half of the global population should undergo breast cancer screening
multiple times in their lives'?, there is an urgent need for a more accurate and patient-friendly screening tool.
Currently available MRI-based methods overcome some of these limitations?’, particularly in high-risk
groups®!-23, This is because differences in soft tissues can be visualized without obfuscations from dense tissue,
and MRI screening has low false-negative rates*>**>. MRI can detect invasive carcinomas, distinguishing between
malignant and benign lesions using T1- and T2-weighted imaging with injected contrast agent enhancement?.
Additionally, apparent diffusion coefficient (ADC) can be used to differentiate lesions?’” and assess response
to treatment®®. However, clinical breast screening exams on traditional MRI scanners require the patient to
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endure a constricted setting in addition to receiving IV contrast administration. MRI as a screening modality is
currently underutilized in high-risk women (defined as a lifetime risk > 20%)?. While fast MRI protocols enable
screening in less than 10 min®’, the high cost and limited number of scanners (< 38 scanners per million people
in the US) prohibit their use as a primary screening tool for breast cancer.

Compared to clinical MRI systems operating at 1.5 T or 3 T, low- (<100 mT) and ultra-low field (ULE,
<10 mT) MRI systems offer a significantly lower cost and accessible alternative with far less strict installation
requirements. This accessibility opens the door to broader use, particularly in settings where traditional MRI
systems are unavailable and impractical including in low- and middle-income countries globally’!.

Low-field MRI has been successfully implemented in clinical neuroimaging, including portable 64 mT
systems for bedside stroke detection®?-34. These systems are safe, simple to operate, and do not require specialized
shielding or MRI technicians*>*. Despite the inherently lower signal-to-noise ratio (SNR) at reduced field
strengths, clinical efficacy has been demonstrated®>*4%”. Historically, nuclear magnetic resonance (NMR)-based
methods have shown promise for breast imaging: T1 and T2 relaxation times of breast tissues were measured
at 0.71 T8 yielding encouraging results. Subsequent studies measured the T1 of mastectomy samples at 0.09 T
and 0.35 T°*%, and in vivo whole-breast imaging was attempted at 45 mT. Although these early efforts were
hampered by excessively long exam times, they supported the fundamental findings of the NMR studies*!. These
studies demonstrated that cancerous tissues exhibit distinct T1 relaxation times from healthy fibroglandular and
adipose tissue*®4243, These differences in T1 relaxation times form the basis of our current research. If we can
achieve sufficient SNR within a reasonable exam duration, ULF breast MRI may enable new approaches to breast
imaging, offering multi-slice soft tissue visualization beyond what is possible with the X-ray projection-based
method used in mammography.

In this study, we present our preliminary evaluation of breast imaging using ULF MRI, providing an initial
technical demonstration of in vivo breast imaging at 6.5 mT. Utilizing a laboratory-based ULF MRI system
operating at 6.5 mT with a unilateral conical RF coil (see Fig. 1), we imaged the left breasts of 11 healthy women,
who were participants without a history of breast cancer. Separately, we scanned two patients with a history of
breast cancer (one right and one left breast) to evaluate post-surgical changes, and one additional patient was
imaged with a known benign mass on the left breast. In healthy participants, the ULF MR images of the whole
breast revealed essential breast features, including type of fibroglandular tissue (FGT), breast outline, nipple
areolar complex (NAC), and chest wall. Additionally, for three healthy participants the 3D ULF MRI scans are
compared to their X-ray mammogram. For both patients with a history of breast cancer, the artifacts typically
generated by surgical clips and post-surgical changes were evaluated. And lastly, the feasibility of detecting a
benign mass at ULF was also investigated.

Results

Participant characteristics and imaging protocol

ULF MRI was used to image the left breast of 11 healthy women (mean age, 35 years+ 13 years), who were
without history of breast cancer. Additionally, three patients participated: a 51-year-old patient with a history
of invasive ductal carcinoma (grade 1) and papillary carcinoma (grade 1), a 58-year-old patient with a history
of invasive lobular carcinoma (grade 3), and a 48-year-old patient with a known benign mass. All women
completed the study.

A 3D balanced SSFP (bSSFP) sequence was used with a constant voxel size of 3 mm x3 mm x 8 mm, and
the resulting total scan time was 21 min 36 s for all the healthy participants. For the three cases with known
pathology, a higher spatial resolution was used depending on the breast size. For larger breast size (n=1), a 30-
min scan with a voxel size of 2 mm x 2 mm x 6 mm was used, and for smaller breast size (n=2), a 45-min scan
with a voxel size of 2 mm x 2 mm x4 mm was used. No data-driven Artificial Intelligence (AI) or other machine
learning-based methods were used in the image acquisition or reconstruction.

The MR sequence and positioning were well tolerated. None of the images were degraded by patient motion.
It is noteworthy that none of the participants experienced discomfort during the exam, and the breast fit naturally
in the conical-shaped RF coil without compression.

ULF MRI breast imaging findings

Image sets of the entire left breast for three representative subjects with different breast tissue patterns are
shown in Figs. 2, 3 and 4. For these three representative subjects, the following features were labeled by a breast
radiologist: visibility of the breast outline, NAC, FGT and chest wall. The bSSFP pulse sequence has a mixed
contrast that depends on the ratio of T2/T1, such that fat tissue appears bright and fibroglandular tissue appears
dark.

Breast images from all 11 participants were evaluated by three independent board-certified breast radiologists
for the purpose of categorizing breast density and assessing the visibility of essential breast tissues, which include
the type of FGT, the breast outline, the NAC, and the chest wall. Individual image scores are reported in Table 1.
Breast tissue pattern was assessed using fatty, scattered FGT, heterogeneous FGT, and extreme FGT. Inter-reader
reliability of breast tissue pattern was determined using Fleiss’ kappa, which resulted in a kappa value of 0.73
(95% confidence interval 0.72-0.74, p <0.001), indicating substantial agreement among the readers.

Visibility of the following features in the breast was scored using a 5-point Likert scale (1—not at all visible to
5—clearly visible and very sharp): breast outline, FGT compared to intramammary adipose tissue, demarcation
of the NAC, and the chest wall, defined as visualization of the pectoralis muscle. The limited data set from this
pilot study did not allow for proper training of the readers, and given the novelty of the images, the readers were
not well “calibrated” to each other. For example, when evaluating the visibility of the breast outline, we find the
readers were internally consistent: each reader scores all images with the same visibility (with the exception of
a single case for reader 1 that received a higher score). However, each reader has assigned a different visibility
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Fig. 1. 6.5 mT ULF MRI scanner configured for breast imaging—(A) Axial view of the ULF MRI scanner.

The three axes of the gradient set are shown as Gx (in blue), Gy (in green) and Gz (in magenta), and the
biplanar coils of the resistive electromagnet are shown in brown (two per side, four total). The participant lays
on the patient table in the prone position with the head turned to the side. The breast is placed in the RF coil
located at the scanner isocenter. (B) CAD model of RF coil designed for breast imaging at 276 kHz. In vivo
experimental setup—(C) The top and side view of the subject lying in the prone position on the subject table
with the breast placed into the RF coil. (D) A view of the subject table with red arrow indicating the location
of the 3D printed breast RF coil fixed. Assessment of the imaging volume of the conical-shaped breast RF coil.
(E) The magnetic field calculation of the breast RF coil where the color bar indicates the B1 field distribution
(in uT/A) across the breast volume. (F) A homogeneous phantom was imaged with a latex balloon (blue) filled
with deionized water placed inside the breast RF coil. (G) Central slice of a 21-slice 3D-bSSFP acquisition of
the balloon phantom. The scan shows the signal uniformity of the RF coil. The red line indicates the end of the
plate of the RF coil.

score from the other readers. As a result, a binary rating system was adopted from the 5-point scale with a score
of 1 remaining not at all visible and scores 2-5 as visible. Fleiss’ kappa was also used to measure the agreement
regarding the visibility of essential breast tissues which included the type of fibroglandular tissue, the breast
outline, NAC, and the chest wall. In this binary framework, consensus on the visibility of the breast outline and
FGT was consistent (kappa = 1), whereas the NAC and chest wall exhibited kappa values of 0.54 (95% confidence
interval 0.58-0.60, p <0.001) and 0.27 (95% confidence interval 0.26-0.28, p <0.2), respectively.
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Fig.2. 3D ultra-low field breast MRI obtained at 6.5 mT from a 34-year-old healthy woman with
heterogeneous fibroglandular tissue (FGT). (A) 18 out of 21 sequential axial bSSFP-weighted slices of the left
breast are shown, and no contrast agent was administered. Data was acquired in approximately 21 min with a
spatial resolution of 3 mm x 3 mm x 8 mm. Vertical and horizontal scale bars in white are 3 cm each and are
shown in slice 3. (B) A representative axial slice is shown, where all features are visualized in this study: breast
outline, FGT, nipple areolar complex, and chest wall.
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Fig. 3. 3D ultra-low field breast MRI obtained at 6.5 mT from a 31-year-old healthy woman with scattered
fibroglandular tissue (FGT). (A) 17 out of 21 representative sequential axial bSSFP-weighted slices of the left
breast are shown, and no contrast agent was administered. Data was acquired in approximately 21 min with a
spatial resolution of 3 mm x 3 mm x 8 mm. Vertical and horizontal scale bars in white are 3 cm each and are
shown in slice 1. (B) The nipple areolar complex and chest wall were not well visualized in this study. In the
representative slice 8 shown, the breast outline and FGT were visualized and annotated by a breast radiologist.

ULF MRI acquisition and X-ray mammography of healthy participants

Three of the 11 healthy participants had a bilateral screening mammogram within 8 months of their participation
in the ULF MRI study. These mammograms were labelled by a breast radiologist with 13 years of experience. All
three participants have scattered fibroglandular tissue, and Fig. 5 shows a representative case with the different
breast features identified on both the ULF MRI and the mammogram. The other two cases are reported in
Figs. S1 and S2 in the supplemental material. Comparison to mammography confirms that the ULF MRI reliably
shows the fibroglandular tissue.
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Fig. 4. 3D ultra-low field breast MRI obtained at 6.5 mT from a 31-year-old healthy woman with extreme
fibroglandular tissue (FGT). (A)18 out of 21 representative sequential axial bSSFP-weighted images of the left
breast are represented. No contrast agent was administered. Data was acquired in approximately 21 min with
a spatial resolution of 3 mm x 3 mm x 8 mm. Vertical and horizontal scale bars in white are 3 cm each and are
shown in slice 1. (B) A representative slice was labelled by a breast radiologist, and all features are visualized in
this study: breast outline, FGT, nipple areolar complex, and chest wall.

Subject # Statistical Analysis
Reader Fleiss Kappa test
Feature 4 Subj | Subj [ Subj | Subj | Subj | Subj | Subj [ Subj | Subj | Subj [ Subj | kappa (95%
1 2 3 4 5 6 7 8 9 10 11 | confidence | p value
level)
1 B C B C B D C C B C D
Breast tissue 0.73* "
2 B C B C B D C C B C D (0.72-0.74) <0.001
3 A C A B B D C C B C D
1 4 4 4 4 5 4 4 4 4 4 4
Breast outline
visibility 2 3 3 3 3 3 3 3 3 3 3 3 1 -
3 5 5 5 5 5 5 5 5 5 5 5
1 3 3 3 3 3 3 3 3 3 3 3
Fibroglandular 2 2 | 3|2 |3 |2|2]|2]3]2]3]s3 1 -
tissue visibility
3 3 3 3 3 3 3 3 3 3 3 3
1 3 4 1 3 1 4 4 3 1 3 3
Nipple Areolar 0.54
Complex visibility 2 2 3 ! 2 2 3 3 2 ! 3 3 (0.58-0.6) <0.001
3 2 4 1 3 2 3 4 3 2 4 4
1 3 4 4 4 1 4 3 4 4 4 3
Chest wall 2 1 |2 2211222121212 0.27 <02
visibility (0.26 - 0.28)
3 3 4 4 4 3 3 4 3 4 3 2

Table 1. Qualitative assessment of imaging in the 11 healthy subjects.

Three breast radiologists assessed each imaging feature on a 5-point Likert scale of 1-5 (1—not at all visible,
2—barely visible, 3—clearly visible but blurred, 4—clearly visible and sharp, 5—clearly visible and very sharp).
Breast tissue pattern (density) was evaluated using A—Fatty, B—Scattered FGT, C—Heterogenous FGT, and
D—Extreme FGT.

Subj Subject.

*The Fleiss kappa test on the breast tissue pattern was based on a 4-level score: 1- F, 2- S, 3- S and 4-E. Inter-
reader analysis on the 4 remaining imaging features were assessed on as a binary rating system, where scores of
2-5 were categorized as visible and a score of 1 as not visible.
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Fig. 5. 3D ultra-low field breast MRI obtained at 6.5 mT and X-ray mammogram of a 48-year-old healthy
woman with scattered fibroglandular tissue (FGT). (A) 9 out of 21 representative sequential axial bSSFP-
weighted images of the left breast are shown. No contrast agent was administered. Data was acquired in
approximately 21 min with a spatial resolution of 3 mm x 3 mm x 8 mm. Vertical and horizontal scale bars

in white are 3 cm each and are shown in slice 7. (B) Slice 10 is a representative slice of the ULF scan, labelled
by a breast radiologist, where breast outline, fibroglandular tissue, retromammary fat, and chest wall were
visualized. The craniocaudal view of the X-ray mammogram is shown alongside the breast radiologist’s labels.
The same four breast features were also identified on the mammogram. Vertical and horizontal scale bars in
white are 3 cm each. Images were reconstructed without the use of AI or ML-based approaches.

Patient scanning at ULF MRI

Imaging was also performed in three patients with a history of breast disease: two with a history of breast cancer
and one with a palpable, known cystic mass. For these studies, the spatial resolution was increased in all three
dimensions, and to maintain SNR, signal averaging was increased resulting in a longer scan time.

Figure 6 shows the images of a patient with a history of invasive ductal carcinoma (grade 1) and papillary
carcinoma (grade 1) in the subareolar region of the right breast diagnosed 2 years prior to this study. The
patient received a localized lumpectomy prior to tamoxifen treatment. The ULF MRI showed all breast features
including NAC, breast outline, FGT, retromammary fat, and chest wall. ULF MRI also depicted the linear vertical
hypointense post-surgical change at the site of the lumpectomy, corresponding to the same linear hypointense
scar tissue seen on the 3 T MRI. In comparison, the X-ray mammogram and the 3 T clinical breast MRI also
showed the different breast features. The mammogram clearly visualized the surgical clips, and the expected
clip-related susceptibility artifacts were visible on the 3 T MRI scan. These susceptibility artifacts were not seen
on the ULF MRI scan.

Figure 7 shows representative slices of a patient with a history of invasive lobular carcinoma (grade 3) in
the left breast. The patient received a lumpectomy 3 years prior to this study. The surgical clips were not visible
on ULF images due to their small size (length 4 mm) and due to the absence of susceptibility artifacts at lower
magnetic field strengths. The surgical clips are visible on X-ray mammogram, and at 3 T MRI, the susceptibility
artifacts indirectly show the location of the surgical clips.

Figure 8 shows images from a patient with a palpable mass that was imaged with ULF MRI; the patient
had a known cystic mass on X-ray mammogram and on the targeted ultrasound exam. On ULF MRI, the
cystic mass is clearly visible on five slices at approximately 1 cm above the nipple on the medial side of the left
breast. The location of the mass was confirmed by a breast radiologist. Using ULF MRI, the size of the mass was
evaluated as 33 mm x 20 mm x 18 mm, which agrees with the reported values assessed on the ultrasound exam
of 35 mm x 26 mm x 16 mm. The volume of the mass estimated using the 3D ULF MRI was 8.16 cm®.

Discussion

In this preliminary study, we successfully performed in vivo MR breast imaging at 6.5 mT on healthy participants
and three patients, including two with a history of breast cancer and one with a benign cystic mass. Essential
breast features were identified such as breast outline, FGT, NAC, and chest wall. We included 11 participants
with a range of breast sizes, and images were acquired using a single bSSFP sequence with an imaging duration
of approximately 21 min for healthy participants. The three clinical case studies included two patients with a
history of breast cancer who have both undergone lumpectomy and one patient with a known >3 cm benign
simple cyst. All of the ULF MRI scans were acquired at 6.5 mT without the use of exogeneous IV contrast agents
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Fig. 6. Observation of post-surgical changes on a 3D ultra-low field breast MRI scan of the right breast

of a 51-year-old woman diagnosed 2 years prior to this study with invasive ductal carcinoma (grade 1)

and papillary carcinoma (grade 1) in the subareolar region of the right breast. Patient received a localized
lumpectomy prior to tamoxifen treatment. (A) 12 out of 21 representative sequential axial bSSFP-weighted
images of the right breast are shown. No contrast agent was administered. Data was acquired in approximately
30 min with a spatial resolution of 2 mm x 2 mm x 6 mm. (B) A representative slice, slice 12 of the 3D ULF
scan, the craniocaudal view of the mammogram of the right breast and the corresponding slice of the 3 T MRI
scan of the right breast were labelled by a breast radiologist. The radiologist labelled the breast tissue pattern
as scattered fibroglandular tissue (FGT), and the features visualized in this study were: breast outline, nipple
areolar complex, FGT, retromammary fat, and chest wall. The linear hypointense scar tissue was detected

on the ULF scan corresponding to same hypointense post-surgical change on the 3 T scan; no susceptibility
artifacts from the surgical clips were observed. The surgical clips were all visible on the mammogram. On the
high field MRI scan, the susceptibility artifacts from the surgical clips were visible. Horizontal scale bars in
white are 3 cm.

or the use of machine learning for image acquisition and reconstruction. These promising results motivate us to
further develop ULF MRI for breast imaging.

Globally, one-eighth of the population, or 2.2 billion women over age 40, are recommended to undergo
regular breast cancer screenings*!. This translates to approximately 500 million screening exams needed every
year, vastly surpassing the combined total of head injuries, strokes and brain tumors, which are estimated as
85 million annually**~*%. While ULF MRI is far from meeting clinical requirements, the substantial scale of
breast imaging motivates continued exploration of technologies that could, in the long term, broaden the range
of available imaging approaches. Our current study provides an initial technical foundation for such future
investigations.

MRI at low- and ultra-low magnetic fields is challenging due to inherently low Boltzmann polarization and
consequently low signal. Two additional consequences of MRI physics at ultra-low magnetic field are relevant
to this work. First, as magnetic field decreases, tissue T1 relaxation times generally decrease, while T2 relaxation
times are generally constant across fields*>*°. Second, the magnetic susceptibility artifacts are significantly
reduced at ULE. We leverage both of these aspects to our advantage at 6.5 mT, where the efficiency of bSSFP in
this regime is maximal®® and enables banding-free imaging over large fields of view. In this study, the image SNR
was sufficient to visualize key breast tissues.

The three expert readers had substantial agreement in their evaluations of breast tissue patterns and key breast
tissues. However, there were notable discrepancies: Reader 2’s scores were, on average, 33% lower than those of
Reader 1 (paired t-test, p<0.001) and 28% lower than Reader 3 (paired t-test, p <0.001). Additionally, Reader
3’s scores were 7.01% higher than those of Reader 1 (paired t-test, p <0.03). There was also some disagreement
regarding the visibility of the NAC and chest wall.

These discrepancies can be attributed primarily to the novelty of ULF MRI for the readers rather than intrinsic
difficulty in identifying key breast anatomy. While structures such as the NAC and chest wall are readily visible
on standard 1.5 T and 3 T clinical breast MRI, their appearance on ULF images was less familiar, contributing
to variability in scoring. Additionally, the limited dataset prevented extensive hands-on calibration, and the
evaluation criteria were discussed but not practiced prior to scoring. In contrast, when evaluating clinical breast
MRI scans, the readers are implicitly calibrated, having each examined numerous scans over extensive periods
(13 years, 3 years and 9 years, respectively). This experience gap underscores the need for dedicated training
and calibration when introducing new imaging technologies like ULF MRI to ensure accurate and consistent
evaluations. Future studies with larger multi-reader datasets may enable a more detailed evaluation of inter-
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Fig. 7. Example of reduction of susceptibility artifacts from surgical clips on a 3D ultra-low field breast MRI
scan of the left breast of a 58-year-old woman diagnosed 3 years prior to this study with invasive lobular
carcinoma (grade 3). Patient received a left breast lumpectomy. (A) 12 out of 21 representative sequential axial
bSSFP-weighted images of the left breast are shown. No susceptibility artifacts were seen on the ULF MRI

No contrast agent was administered. Data was acquired in approximately 45 min with a spatial resolution

of 2 mmx2 mm x4 mm. (B) A representative slice, slice 14, was labelled by a breast radiologist, where the
following features were visualized: nipple areolar complex, breast outline, FGT, and chest wall. The breast tissue
is heterogeneously dense. The craniocaudal view of the mammogram showed the nipple areolar complex, the
breast outline, the fibroglandular tissue, and the surgical clips. The 3 T bilateral breast MRI image showed the
breast outline, the fibroglandular tissue, the chest tissue, and the susceptibility artifact from the surgical clip at
the site of the lumpectomy. Horizontal scale bars in white are 3 cm.

observer variability, which was beyond the scope of the current work but represents an important direction for
future research.

The visibility of the NAC and chest wall was inconsistent across scans. The absence of the NAC in certain
images may be attributed to slice thickness, breast positioning, or natural anatomical variations such as flat or
inverted nipples. The chest wall was not always visible, primarily in participants with a larger breast. This is a
limitation of the RF coil design: with an imaging depth of approximately 3 cm from the coil’s end plate, the chest
wall was not fully captured in individuals with larger breast sizes. This design constraint highlights a significant
area for improvement in coil development to enhance imaging coverage for diverse breast sizes.

For three of the healthy participants, recent mammograms were available. The comparison between ULF
MRI scan and its corresponding mammogram shows that ULF MRI can determine fibroglandular tissue
pattern and all four essential breast features. In the future, ULF MRI should be compared with mammography
of participants with different breast tissue pattern (e.g., dense fibroglandular tissue). When available, digital
breast tomosynthesis (DBT) was reviewed for comparison with ULF MRI in the healthy participants. In this
cohort, DBT appeared similar to 2D mammography and did not provide additional value. However, since DBT
is clinically most useful for the detection of subtle architectural distortions and small masses, future studies
including patients with such findings will enable a more meaningful comparison between DBT and ULF MRI.

Post-surgical changes were observable on ULF MRI scans for the patient diagnosed 2 years prior to this study
with invasive ductal carcinoma (grade 1) and papillary carcinoma (grade 1) in the subareolar region of the right
breast. While partial volume effects due to the 6 mm slice thickness could theoretically obscure some clips, the
presence of multiple clips at different superior-inferior levels makes it unlikely that all clips would be missed.
Unlike at 1.5 T or 3 T, these changes were not obscured by susceptibility artifacts from surgical clips. In contrast,
the location of surgical clips were not observed for the patient diagnosed 3 years prior to this study with invasive
lobular carcinoma (grade 3). Typically, surgical clips are placed during biopsy or surgical procedures to serve as
localization markers. On high-field breast MRI (1.5 T or 3 T), these clips generate susceptibility artifacts visible
as dark patterns larger than the clips, which aid in locating the clips but also obscure the surrounding breast
tissue. In ULF MRI, susceptibility artifacts from surgical clips are absent, allowing for unobstructed imaging of
breast tissue. However, this lack of artifacts also makes it more challenging to locate the surgical clips themselves.
To date, the scientific evidence on whether these susceptibility-related image artifacts in breast MRI may lead to
misinterpretations or the inability to detect the respective lesion is very limited®"->2. However, if low field breast
MRI becomes a screening technique, the absence or reduced susceptibility artifacts caused by metallic marking
clips may become relevant in future evaluations of ULF MRI performance in patients who have retained tissue
marker clips or foreign bodies within the breast tissue.

At ULE the cystic mass that was already proven on ultrasound was easily detected on multiple slices of the
MR image. The bright MRI signal on the bSSFP scan and the dark signal on ultrasound indicate that the benign
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3D ultra-low field breast MRI of the left breast
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Fig. 8. Observation of a known mass on a 3D ultra-low field breast MRI scan of a 48-year-old woman in the
subareolar region of the left breast near the nipple. Patient received an X-ray mammogram and a targeted
breast ultrasound, which confirmed a benign cystic mass. (A) 9 out of 21 representative sequential axial
bSSFP-weighted images of the left breast are shown. No contrast agent was administered. The cystic mass was
detected on the ULF scan on several slices. The breast radiologist confirmed its location. Data was acquired

in approximately 45 min with a spatial resolution of 2 mm x 2 mm x4 mm. (B) A representative slice, slice

14 was labelled by a breast radiologist, where the features visualized in this study were: breast outline, FGT,
nipple areolar complex, chest wall, and the oval mass. The breast tissue is extremely dense. The craniocaudal
view of the mammogram showed breast outline, FGT, nipple areolar complex, and the oval mass. The targeted
ultrasound exam of the left breast revealed a bilobular anechoic mass with the reported dimensions of

35 mm x 26 mm x 16 mm. The cystic mass was segmented on the ULF scan, and the dimensions of the mass
was determined to be 33 mm x 20 mm x 18 mm (volume = 8160 mm?). Horizontal scale bars in white are 3 cm.

mass is fluid-filled. In contrast, X-ray mammography cannot differentiate between tissue types and is limited to
detecting density variations. Based on the visibility of fibroglandular tissue in our dataset, our breast radiologist
was able to identify structures with an apparent size down to approximately 5 mm in-plane. While this suggests
that cystic lesions of comparable size could be detectable under our current protocol, this represents an estimate
derived from visual assessment rather than a systematic evaluation of lesion detectability. In ultra-low magnetic
field imaging, a bSSFP sequence produces bright signals for both fatty tissues and fluids, which is a limitation
of the current approach. This overlap prevents distinction between fat and fluid without additional imaging
techniques. It is worth noting that our study relied solely on bSSFP acquisitions. Other sequence types, such
as diffusion-weighted imaging (DWI), may hold potential to provide complementary diagnostic information
at ULE. However, implementing DWI at such low fields is technically challenging due to reduced SNR,
limited gradient performance, and increased sensitivity to motion. While not addressed in the present study,
investigating whether optimized DWI strategies can be successfully adapted to ULF represents an important
area for future research.

Our current study faces several limitations. We were limited by the small cohort and lack of patients with
malignant lesions, suspected recurrence, or additional benign lesions. Recruitment of these patient groups in
future studies will be essential to rigorously evaluate the diagnostic potential of ULF MRI. Eight out of eleven
healthy subjects did not have a mammogram or clinical breast MRI for comparison. This is because those
participants belonged to a younger age group who have not yet undergone breast screening. Hence, to facilitate
evaluation, our three breast radiologists leveraged their expertise in interpreting clinical breast MRI scans.
Nevertheless, this exploratory phase provided valuable insights into the potential of ULF imaging, paving the
way for future refinement and standardization. Besides the issue of incomplete visualization of the chest wall,
our preliminary study did not image the axilla, a crucial area for detecting breast cancers and nodal disease.
Furthermore, a lower spatial resolution of 3 mmx3 mmx8 mm was applied to the 11 healthy participants to
demonstrate the potential of ultra-low field breast MRI to clinicians while ensuring a reasonable scan time. The
image resolution used for scanning the 11 healthy participants does not meet clinical standards for breast cancer
screening, which require a spatial resolution of approximately I mm x 1 mm x 3 mm® to effectively detect small
tumors. Although higher spatial resolution was performed in three patients, this came at the cost of longer scan
times. Notably, the 3D ULF MRI images allowed precise measurement of the cyst volume in the left breast of
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the patient with a benign mass. Ideally, both breasts and axilla should be imaged simultaneously at this target
resolution within a 10-min scan.

Our current results highlight that chest wall visibility and imaging depth were limited by the RF coil design.
Similar challenges have been reported in low-field breast coil development>°. Future iterations of coil design,
building on these established approaches, should aim to extend the field of view to include the chest wall and axilla
while accommodating a range of breast sizes as it would significantly reduce total exam time and bring us closer
to meeting the clinical resolution requirements. Furthermore, it will be crucial to develop a dual-coil system
to enable simultaneous imaging of both breasts. Coil decoupling strategies, including geometric overlap and
low-input impedance preamplifiers, will be implemented to minimize cross-talk between the coils. Additionally,
multi-channel receive coils and parallel imaging techniques will be explored to accelerate acquisition, maintain
high SNR across the expanded field-of-view, and keep scan times within clinically acceptable limits.

The work presented here was acquired on our 6.5 mT ULF MRI system which is a configurable test bed
system developed in our laboratory to perform preliminary research and optimization of breast cancer imaging
techniques. For clinical applicability, enhancing the SNR is crucial, as it can be used to attain higher resolution,
shorter scan time, or both. While our current results are based on a 6.5 mT system, operating at even moderately
higher magnetic fields (B) would significantly improve performance, given that under idealized conditions, the
SNR is proportional to B¥?°, Thus, increasing the field strength beyond 6.5 mT has the potential to enhance
SNR, enabling higher resolution imaging or shorter scan durations.

At 1.5 T and 3 T, chemical-shift fat suppression is a necessary part of breast imaging. We note that the
absolute chemical shift between fat and water decreases with decreasing field strength, making conventional fat
suppression techniques more challenging. Previous work using NMR and NMR dispersion techniques observe
that the T1 relaxation time of adipose tissue in the breast does not change with field strength, while the T1
relaxation time of fibroglandular tissues do change with field strength*>*3. Thus, it may be possible to make a
fat suppression technique that takes advantage of the T1 relaxation time differences with field strength (i.e., T1
dispersion).

With this perspective onlow-field MRI physics, our initial results suggest several directions for future technical
development of ULF breast MRI. Purpose-built ULF systems could support different imaging orientations (such
as supine, sitting, or standing) and innovative magnet designs may improve portability and reduce overall system
complexity. Such engineering advances could enable use in settings where conventional high-field MRI systems
(1.5 T and 3 T) are impractical.

Given these possibilities, ULF MRI may ultimately broaden the contexts in which breast imaging can be
performed. However, establishing any clinical role, whether for screening, diagnostic evaluation, or monitoring,
will require substantial further work. This includes systematic studies assessing image quality across larger
cohorts, evaluations in patients with benign and malignant lesions, and investigations of contrast-enhanced
protocols.

In summary, our demonstration of ULF breast MRI represents an early technical step. Future research will be
essential to determine the diagnostic performance, practicality, and potential clinical applications of ULF breast
imaging.

Methods

Study design

This prospective pilot study was performed to observe the capabilities of breast imaging at 6.5 mT. The
observational study was granted institutional review board approval from the Office for Human Research Studies
(protocol 21-579) at the Dana-Farber/Harvard Cancer Center. All methods were performed in accordance with
the relevant guidelines and regulations. Written informed consent was obtained from each participant.

11 healthy female participants (mean age, 35 years+ 13 years), two patients with a history of breast cancer
(ages 51 and 58 years, respectively), and one 48-year-old patient with a benign mass were enrolled. Exclusion
criteria were: pregnancy, breastfeeding, or inability to undergo MRI due to presence of an implanted or external
MRI unsafe device or MR conditional device not meeting the conditions required for the scan. Participants had
to be older than 20 and younger than 80 years old. The study also excluded individuals directly supervised by
study investigators.

Imaging system

Imaging was performed on a custom-built electromagnetic MRI scanner, shown in Fig. 1A and previously
described®. The scanner operates at a main field strength of 6.5 mT (Larmor frequency of 276.18 kHz). The
magnetic field inhomogeneity measured over a 20 cm spherical region at isocenter is less than 10 Hz following
shimming on a spherical phantom. Imaging gradients are produced by a biplanar gradient set capable of
producing linear gradients of up to 1 mT/m in all three axes. Prior to all acquisitions, active shimming is provided
using the gradient system.

For this study, the imaging bed was modified from its previous configuration for neuroimaging™ to a breast
imaging setup where the breast and dedicated RF coil are located at the isocenter of the scanner. Figure 1B-D
illustrates the imaging bed and dedicated RF coil designed to image a single breast. In order to achieve a good
filling factor and thus a high SNR¥, a close-fitting conical breast RF coil was designed. The RF coil design was
determined based on several factors. The conical geometry was based on promising study results at higher field
strengths®® and adapted in size to enable imaging of larger breasts, using reported common breast sizes in the
U.S. as a reference™. The coil height is 10 cm; its diameter at the base is 19 cm; and its diameter at the peak is
4 cm®-62, The RF coil was uniformly wound on a conical supporting structure, with all grooves populated to
ensure an evenly distributed winding pattern. Along the conical surface, there are 20 wire turns distributed at
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one turn per groove, and the end plate contains 3 wire turns. This design allows coverage of the entire breast and
the chest wall up to a depth of approximately 3 cm (Fig. 1C).

The RF magnetic field was calculated using the Finite-Element-Method simulation (Ansys Maxwell, 2021,
Ansys, Canonsburg, PA, USA). The simulated magnetic field was used to assess the field homogeneity within the
breast volume and to determine the magnetic field fall-off beyond the physical end of the coil. The resultant field
map (Fig. 1E) revealed a field inhomogeneity of approximately + 60% across the breast volume and a magnetic
field fall-off of 30% within 3 cm beyond the chest wall.

To evaluate coil homogeneity and sensitivity, a homogeneous flexible phantom consisting of a latex balloon
filled with deionized water was positioned inside the coil and scanned. This MR phantom was placed inside the
breast RF coil, and as seen in Fig. 1F, it occupied the entire imaging region-of-interest (Fig. 1F). The imaging
protocol used to scan the MR phantom was the same as that of participant scanning protocol. The resulting
phantom MR image (Fig. 1G) demonstrated high sensitivity within the coil and a marked decrease towards the
coil opening, consistent with the simulated field distribution.

MRI acquisition

An axial 3D balanced steady-state free precession (bSSFP) sequence was used in this study with a flip angle of 70°,
TE (echo time)/TR (repetition time) of 13 ms/26 ms, a matrix size of 64 x 72 x 21 (21 slices) and 50 averages. To
accelerate the imaging process, an under-sampling factor of 70% was used. Depending on the evaluation criteria,
for all healthy participants the left breast was scanned with a voxel size of 3 mm x 3 mm x 8 mm, resulting in 21
slices and a total scan time was 21 min 36 s. For the three patients with either breast cancer history or benign
mass, the spatial resolution and FOV was adjusted depending on the size of the breast, but the number of slices
remained fixed at 21. The patient with a history of invasive ductal carcinoma and papillary carcinoma in the
subareolar region of the right breast was scanned for 30 min with a spatial resolution of 2 mm x2 mm x 6 mm
(21 slices). The patient with a history of invasive lobular carcinoma and the patient with a cystic mass in their
left breasts were scanned for 45 min with a spatial resolution of 2 mm x 2 mm x4 mm (21 slices). Given the scan
duration, the study was limited to imaging one breast. No contrast agents were used.

Images were reconstructed in MATLAB (Natick, MA, USA) using inverse fast Fourier transform (IFFT)
with the under-sampled region zero-filled in k-space. Images were converted into DICOM format using the
MATLAB function dicomwrite. No data-driven artificial intelligence (AI) or other machine learning-based
methods were used in the image acquisition or reconstruction.

The images of all 11 healthy participants were reviewed by three board-certified breast radiologists (M.A.S.,
LRL, and J.C.V.C.) with 13, 9, and 3 years of experience reading breast MRI. The readers reviewed the
evaluation criteria; however, due to the limited data of this pilot study, no additional images were used to train
the readers. Images were viewed in DICOM format using 3D Slicer®®. The visibility of the following features in
the breast was assessed: visibility of the breast outline, visibility of the FGT compared to intramammary adipose
tissue, demarcation of the NAC, and visualization of the pectoralis muscle (chest wall). Visibility of these features
was assessed using a 5-point Likert scale (1—not at all visible, 2—barely visible, 3—clearly visible but blurred,
4—clearly visible and sharp, 5—clearly visible and very sharp). Breast density was assessed qualitatively by the
breast radiologists. Fibroglandular tissue (FGT) patterns were categorized as fatty, scattered, heterogeneous, or
extreme. These categories correspond directly to the American College of Radiology BI-RADS breast density
classification system (categories A-D). Images were also evaluated for motion artifacts.

Three of the 11 healthy participants had screening mammograms available for comparison to the ULF
MRI. The screening mammograms were reviewed by one board-certified radiologist (M.A.S.) with 13 years of
experience with breast MRI. The radiologist noted the breast tissue pattern and visibility of key breast features
on the ULF MRI and the x-ray mammogram.

For the three patients with either breast cancer history or benign mass, the ULF MRI and any clinical imaging
were reviewed by one board-certified radiologist (M.A.S.) with 13 years of experience with breast MRI. The
radiologist noted the breast tissue pattern, visibility of key breast features, and any clinical findings across all
images.

Statistical analysis

Inter-reader agreement was assessed by computing Fleiss’ kappa among three readers’ feature visibility
assessments. In this study, the primary objective was to determine whether breast tissue structures could be
identified. To achieve this, we introduced a five-point scoring system for image quality in the reader study,
where a score of 1 indicated non-visibility and scores of 2-5 represented increasing degrees of visibility. For data
analysis, the scores were grouped into two categories, with a score of 1 classified as non-visible and scores of 2-5
classified as visible, in order to directly address the primary objective.

Due to the novelty of these images, and the limited dataset, which did not allow for proper training or
calibration, inter-observer variability was observed across readers. Consequently, the five-point scale was revised
to a binary scale for statistical analysis, assessing whether or not a feature was visible (1—not at all visible, 2 or
greater—visible). All statistical analyses were performed using IBM SPSS Statistics for Windows, version 26.0
(IBM Corp., Armonk, NY, USA). The original five-point scoring data are presented for completeness, but no
further statistical analyses of these ordinal ratings were performed, as such analyses would not significantly affect
the study’s conclusions.

Data availability

All data generated or analyzed during the study are available in the main text.
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