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Abstract

Purpose: Elevated mammographic density (MD) has been established as an independent risk factor
for breast cancer (BC) as well as a source of masking in X-ray mammography. High-frequency
longitudinal monitoring of MD could also be beneficial in hormonal BC prevention, where early MD
changes herald the treatment’s success. We present a novel approach to quantification of MD in breast
tissue using single-sided portable NMR. Its development was motivated by the low cost of portable-

NMR instrumentation, suitability for measurements in vivo, and the absence of ionizing radiation.

Methods: Five breast slices were obtained from three patients undergoing prophylactic mastectomy
or breast reduction)surgery. Carr-Purcell-Meiboom-Gill (CPMG) relaxation curves were measured
from: (1) regions of high and low MD (HMD and LMD, respectively) in the full breast slices; (2) the
same regions excised from the full slices; and (3) excised samples after H,O-D,O replacement. 7,

distributions wereireconstructed from the CPMG decays using Inverse Laplace Transform.

Results: Two major peaks, identified as fat and water, were consistently observed in the 7,
distributions of HMD regions. LMD 7, distributions were dominated by the fat peak. The relative
areas of the two peaks exhibited statistically significant (£<0.005) differences between HMD and
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LMD regions, enabling their classification as High- or Low-MD. The relative-area distributions

exhibited no statistically significant differences between full slices and excised samples.

Conclusion: 7,-based portable-NMR analysis is a novel approach to MD quantification. The ability
to quantify tissue composition, combined with the low cost of instrumentation, make this approach

promising for clinical applications.

Keywords: Nuclear Magnetic Resonance, single-sided portable NMR, NMR-MOUSE, breast cancer,

mammographic density, transverse spin relaxation time constant (75)

1 INTRODUCTION

Mammographic density (MD), also known as breast density, is estimated in clinical practice from X-
ray mammograms and serves as an indicator of breast tissue composition. High MD (HMD) is
associated withya relatively large proportion of stroma, collagen and epithelial tissue. Conversely, low
MD (LMD)wis”associated with relatively large adipose tissue content.! Elevated MD has been
established, along with family or personal history of breast cancer (BC), age and genetic mutations, as
a significantyindependent risk factor for BC.° Women in the highest MD quartile, after adjustment
for age and body mass index, are 4-6 times more likely to develop BC over lifetime than women in
the low-MD group.!®!! Besides being a significant risk factor for breast cancer, HMD is a masking

factor in mammography, often making mammographic detection of BC in dense breasts difficult.!%13

While mammography remains a universally accepted standard for MD assessment, it has a number of
important “limitations. First, it is a 2D technique used to visualize a 3D anatomical structure; it
therefore suffers from projectional imaging artifacts. The second is its use of ionizing radiation, which
limits its suitability for young women and women with inherited syndromes associated with radio-
sensitivity .and/or cancer risk.'%!'> Importantly, it also limits the clinically acceptable screening
frequency (normally no more than once every 2 years). There are scenarios where frequent
longitudinal monitoring of MD would be of clinical benefit, e.g. Tamoxifen treatment for BC
prevention, where early MD changes are currently the only known biomarker of the eventual success

or failure of the treatment.'®!” All these factors have both encouraged and necessitated the
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development of non-ionizing alternatives for breast screening that may measure MD-analogous

quantities.

We have recently shown that quantitative 7} measurements using single-sided portable NMR are
capable of distinguishing between HMD and LMD regions in excised breast tissue slices.!® This
suggests that portable NMR could potentially complement other non-ionizing techniques measuring
breast density-equivalent quantities:'*?° ultrasound,?’-??> bioimpedance,? transillumination’*?> and
MRI.11:26-2% Magnetic Resonance in general, and portable NMR in particular, appear promising for
quantification of MD because of the great signal editing flexibility offered by MR. Multi-sequence
clinical MRI followed by automatic segmentation has been used for quantification of fibroglandular
breast tissue (FGT) content, with the conclusion that MRI “provides a reproducible assessment of the
proportion of FGT; which correlates well with mammographic assessment of breast density [based on
Breast Imaging Reporting and Data System (BI-RADS)]”.3® MRI-based volumetric breast density
measurements;using semi-automated or fully-automated clustering or segmentation algorithms, have
shown good=agreement with conventional MD measurements in multiple studies.?%?31-35 Portable
NMR offersithe ability to quantify tissue spin-relaxation and diffusion properties, which have been
shown to providesreliable quantification of MD in conventional breast MRI. Portable NMR also has
the added advantages of low purchasing and running cost and low maintenance, largely due to the
absence of supereonducting magnets (which obviates the need for cryogens). Portable-NMR systems,
most notably NMR-MOUSE,3¢-3 are commercially available and have been used in a number of
biomedical applications including testing of silicone breast implants’® and studies of various

biological tissues, including tendon,*’ articular cartilage,*"*?> skin 4*# and trabecular bone.*’

In the present study, we follow up on the T)-based portable-NMR quantification of MD reported
earlier'® and explore the capabilities of 7,-based portable-NMR analysis for the assessment of MD in
human breast tissue. Transverse spin relaxation in biological tissues is sensitive to the chemical
composition and.microscopic organization of the tissue.*->¢ In 'H NMR of breast tissue, two major
sources of the NMR signal are present: water (the principal signal source in FGT) and fat (which
dominates inladipose tissue). These two chemical components exhibit significantly different 7, values
and can be resolved in T, relaxation spectra obtained from Inverse Laplace Transforms (ILT) of Carr-
Purcell-Meiboom-Gill (CPMG) relaxation decays.”’ In portable NMR, ILT-based T, analysis has been
used in a wide variety of applications, including skin.*3 Outside of portable NMR, MRI-based multi-
exponentialaZ; relaxation analysis has been applied to normal breast,’® liver®® and prostate tissues,* as
well as pathologies of the brain.®!-%> ILT-based relaxometry has also been used to assess water and fat

distribution in processed food products.®°

We demonstrate that, in excised breast tissue samples, the relative area fractions (AF) of fat and water

peaks in ILT 7, spectra enable discrimination between HMD and LMD regions. To our knowledge,
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this is the first time ILT 7, spectra have been used for compositional quantification of soft biological
tissues. The key advantage of this approach is that, unlike 7}-based measurements,'? it enables explicit
quantification of the Water:Fat ratio in breast tissue. We discuss how this approach could be used for

quantification of MD and evaluation of the relative amount of FGT within breast tissue.

2 METHODS
2.1 Tissue selection and preparation

Patients presenting with ductal carcinoma in-situ and/or micro-calcifications on radiological
investigation were excluded from this study. Five breast slices (the same as those used in our
previously reported study'®) were obtained from three women who underwent breast reduction
surgery (Patient,l), or prophylactic mastectomy (Patients 2 and 3). Immediately after the surgery,
excised tissues were transported on ice to the pathology suits, and cranio-caudal slices of breast tissue
were resectedsinsassterile environment.!>7¢7, The breast slices were assessed for abnormalities by a
pathologist. Slices_that were surplus to pathologists’ needs were used for the present study. For
Patient-1 and=Patient-3, the slices were transported for mammography fresh (on ice) immediately
after accrual.\For Patient-2, the slice was stored at -80°C long-term and was transported on dry ice for

mammography=Further details can be found in Table 1, ref. 18.

The study.was approved by Peter MacCallum Human Research Ethics Committee (#08/21), Metro
South Hospital and Health Services, Queensland (HREC/16/QPAH/107), Mater Research (RG-16-
028-AMO02,iMR-2016-32), and administratively approved by Queensland University of Technology
(QUT) (#1600000261). The study was conducted in accordance with the Australian National
Statement on Ethical Conduct in Human Research (2007).

2.2 Slice Mammogram Acquisition and Analysis

Mammogzaphy,of.the breast slices (Mo target/Mo filter; tube voltage 28 kV; exposure 40 mAs) was
performed atsthesRadiology suite, Princess Alexandra Hospital (PAH). Mammograms for Patient-1,
Patient-2  and Patient-3 were acquired from fresh, frozen and fresh slices, respectively. In the
mammogram_of€ach slice, one HMD and one LMD region were identified by a clinical radiologist
(TL). Following mammography, all slices were kept frozen (—80°C) and later transferred to a freezer
(-20°C) at QUT’s Gardens Point campus, where they were kept until the portable-NMR
measurements. The use of frozen samples is consistent with the previously established experimental
protocol;'® Supporting Information Figure S1 illustrates the absence of significant effects of freezing

on the spatial distribution of mammographic density of the samples.
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JPEG images of the mammograms of the three slices of Patient-1 were read in MATLAB R2014a
(MathWorks, Natick, MA, USA). Rectangular ROIs, approximately the same size as the portable-
NMR sensing coil, were identified in the HMD and the LMD regions of the slices. Greyscale pixel
values of the ROIs were used to construct histograms for further analysis, which was performed using

an in-house MATLAB code.
2.3 Portable-NMR Measurements

The breast slices were defrosted prior to the NMR measurements and kept at room temperature during
the measurements= Portable-NMR measurements were performed using a PM5 NMR-MOUSE®
instrument (Magritek, New Zealand). This instrument is a single-sided NMR scanner that uses an
assembly of permanent magnets to create a horizontal magnetic field B, = 0.47 T and a vertical
permanent field gradient G, = 22.5 T/m. It uses a surface coil for excitation and signal detection. The
instrument enabled the selection of a horizontal sensing slice with an approximate sensing area of 15
x 15 mm (determined by the dimensions of the surface coil) and 50 um thickness (determined by the
amplitude of the magnetic field gradient, RF field strength and the acquisition dwell time). The NMR-
MOUSE setup and sample placement are described in detail in our previous work.'® All T, relaxation
curves were obtained using the CPMG pulse sequence (7E = 120 ps, TR = 10 s, 4000 integrated

echoes and 64 averages, scan time was 11 minutes per scan).

One HMD “and, one LMD region were identified in each breast slice by visual comparison of the
topography_efrthe physical slice with the slice mammogram, where HMD and LMD regions had
previously been marked (section 2.2). Three sets of 7, relaxation data were acquired from each slice.
First, the HMD and LMD regions were measured within the full slice: the slice was placed such that
the required region was located above the center of the NMR-MOUSE sensing coil.'® A depth profile
of the region was acquired in order to check the uniformity of the sample. CPMG decays were
acquired at the depths of 2 mm and 4 mm for the four samples that were ~10 mm thick (Patient]-
Slicel, Patient1-Slice2, Patientl-Slice3 and Patient3-Slicel). A single CPMG decay was acquired at
the 2 mm depth for the thinner sample (Patient2-Slicel, ~4 mm thick).

The second set of, CPMG data was obtained from the HMD and LMD regions excised from the
respective slicesiThe regions (smaller than the sensing area of the NMR-MOUSE) were excised using
sterile bladesqin a Physical Containment level 2 (PC2) laboratory. CPMG decays were acquired for all

excised HMDrand LMD regions using the same protocol as used for the full-slice measurements.

The third set of CPMG data was obtained from the excised regions subjected to H,O-D,O
replacement. The excised samples were soaked in 0.01 M phosphate buffered saline (PBS) solution

made with 99% D,O for 16-18 hours at +4°C, after which portable-NMR measurements were
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repeated again using the same protocol. The full dataset, therefore, comprised 54 CPMG decay
curves: three curves (full slice, excised, and excised after H,O—-D,O replacement) from each of the 9
different HMD and 9 different LMD locations (two depths each in 4 of the slices and a single depth in
the fifth slice, see above). Data acquisition was completed over three days, with the samples being
alternated betweenproom temperature (when being measured) and +4°C (between measurements).
Two control samples (excised from Patient1-Slicel) were subjected to the same experimental protocol
over the same time period in order to check for signs of tissue degradation (as seen in 7, relaxation

measurements)s
2.4 T, Relaxation Analysis

The T, relaxation curves were analyzed using one-dimensional TLT.® The time-dependent signal

describing a multicomponent 7, relaxation decay can be written as

S(t;)=¢ ZA exp[ ;]Hj 2]

where i = 1".m (the number of relaxation-time components); 7; are the respective relaxation time
constants; A(7;) are.the (non-negative) relative amplitudes of the relaxation-time components; ¢ is the
noise; and j = T...n (the number of sampled echoes). The amplitudes A(7;) can in principle be
determined“by, inverting the T, relaxation curve using a non-negative least-squares algorithm that

minimizes theg?value:®

2
min{y’ = Z( ZA exp[—%j} [3]

j=1 i=1

A robust fit in presence of noise requires a regularization function weighted by a regularization

parameter o773 The new minimization function takes the form®

i3 2, - S a(m)on( -2 | + L an)- 4z ) )) |

i i=1

The values z = 4000 (the number of echoes) and m = 100 (the number of 7, bins) were used. A code
originally designediby Venkataramanan et al. and subsequently modified was used for solving Eq.

[3]16%7* on MATLAB platform. The code can be obtained from Magritek (support@magritek.com). In

order to determine the appropriate value of the regularization parameter o for each 7, relaxation

curve, a wide range of a (~10° — ~10'?) was specified, and ¥’ calculated at 20 values of o covering
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this range. Supporting Information Figure S2 illustrates the effect of the regularization parameter o on
ILT spectra. The curve of ¥ vs a (see Figure S2(A)) was then plotted. The “best” value of o
(corresponding to the best trade-off between over-smoothing and an ill-posed inversion) was selected
after visual inspection as the point of the apparent maximum of the second derivative (the “L-bend”)
of this curve. Thisvalue was used for the subsequent inversion of the respective CPMG curve. The
correct choice®ofia, ensured that the resulting 7, distribution was insensitive to noise while correctly
reproducing the different relaxation components contributing to the CPMG decay curve. No obvious
L-bend pointswas=observed for the HMD full-slice measurement Patient2-Slicel-Depthl. This T,
distribution was,net included in the analysis of the results. However, for a complete understanding of

the data used'in this$ study, it was included in the Supporting Information.

The resultings7¢distributions were plotted in semilog coordinates (signal amplitude vs log7;). They
typically exhibited distinct peaks, which were interpreted as arising from either water or fat, as
described in Results. Area fraction (4F) and geometric-mean 7, (gmT},), two measures commonly

used for assessing'such distributions,®>¢6.73-80 were used to characterize the peaks:

i
AF =54y 4]
2 A1) logT
mT, = expl~—————| [5
9 2 1% Z;;Z?;A(Tz) [ ]

where T5,,, and T,,, are the left and right boundaries of the respective peak. Welch's unequal
variances t-test was used to evaluate the statistical significance of the difference between the groups
of gmT, and AF values corresponding to HMD and LMD regions; water and fat peaks; and

measurements made from full slices versus excised samples.

3 RESULTS

The photographand the mammogram of a representative breast tissue slice (Patientl-Slice2) are
shown in Figure 1. The ROIs (dashed rectangles in Figure 1(A)) were selected to correspond in size
and shape to the sensing area of the RF surface coil of the NMR-MOUSE. Rectangular HMD and

LMD ROIs were chosen in this way for each breast slice.

The three slice mammograms obtained from Patient-1 slices were analyzed to identify the 8-bit

greyscale values associated with the HMD and LMD regions. Figure 2 presents the histograms
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obtained from the HMD and LMD regions of the three Patient-1 slice mammograms, with the
mammogram pixel values quantified using the 0-255 range (0 is “black” and 255 “white”). The
histograms derived from the HMD regions had higher greyscale values than those from LMD regions.

However, the HMD and LMD histograms exhibited an overlap, which in some cases was significant.

Figure 3A shows representative 7, distributions measured from an excised HMD region (as shown in
Figure 1) before and after H,0O-D,O replacement. D,O is “silent” in 'H NMR, and therefore the 7,
values in distribution a (shown in orange) can be interpreted as those of fat. The T, distribution b
(shown in blue) was obtained from the native (H,O-containing) tissue; the 7, modes in this
distribution can be interpreted as tissue fat (7, ~ 90 ms) and water (7, ~ 10 ms). Figure 3B shows the
equivalent T distributions measured from an excised LMD region (see Figure 1). There, the 7, values
of distribution ge(in purple, measured from the D,O-replaced sample) can be interpreted as the fat
component of the LMD sample. The 7, distribution of the native H,O-containing tissue (distribution
b, in green) had“two well-separated modes. The dominant mode (84.99% of the signal, 7, ~ 90 ms)
can be interpretedfas tissue fat, while the smaller mode at 7, ~ 10 ms can be interpreted as tissue
water. Figure'4 shows the 7, distributions measured from all excised HMD and LMD samples used in
this study bothsbefore and after the H,O-D,O replacement. The AF and gmT, values measured from

these distributions are summarized in Supporting Information Tables S1 and S2.

Figure 5A.showssa representative 7, distribution measured from a HMD region of a full slice
(distribution f; shown in light-blue) as well as the 7, distribution measured from the same HMD
region aftet its excision (distribution e, in brown). The “fat” and “water” peaks are evident in both 7,
distributions. The corresponding peaks in each distribution exhibit approximately equal most-probable
T, values, while the relative amplitudes and the AF values (see Supporting Information Tables S1 and
S3) of these peaks differed between the two distributions. Figure 5B shows the equivalent two 75
distributions measured from a LMD region of the same slice (distribution f, light-green, within the full
slice; distributionse, magenta, from the excised LMD region). Both peaks are again evident and
exhibit approximately equal most-probable 7, values in the two distributions (see Supporting
Information/Tables/S2 and S3). Figure 6 shows the T, distributions obtained from all HMD and LMD
regions withinsthes full slices. The AF and gmT, values measured from these distributions are

presented in Supporting Information Table S3.

In order to"check the compositional stability of the tissue over the course of the measurements, 7
distributions weretmeasured from two control samples, CTRL1 and CTRL2, on three consecutive
days. In the CTRL1 sample, the “fat” peak had the most-probable 7, 81.10 ms, 88.92 ms and 81.10
ms; gm7, 80.11 ms, 76.70 ms and 79.27 ms; and AF 81.80%, 85.62% and 80.17% in days 1, 2, and 3,
respectively. The “water” peak had the most-probable 7, 9.54 ms, 7.92 ms and 9.54 ms; gm7, 10.18
ms, 7.55 ms and 10.26 ms; and AF 17.87%, 14.37% and 19.35% at the same time points. (The sum of
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water and fat AF values was <100% because the area of the entire 7, distribution was taken as 100%.)
The corresponding values in the CTRL2 sample were: “fat” peak, most-probable 7, 81.10, 88.92 and
81.10 ms; gmT7, = 76.41, 77.61 and 79.71 ms; AF = 93.15%, 91.42% and 87.28%,; “water” peak,
most-probable 7; = 9.54, 7.92 and 11.50 ms; gm7, = 10.98, 8.51 ms and 11.39 ms; AF = 6.83%,
8.54% and 11.71%: These results indicate that there was no statistically significant change in the
most-probablesfsgmT; or AF values during the measurement cycle that could be attributed to sample
degradation.\\This /result is in agreement with our 7; study, where 7, values were found to be

consistent;througheut the three days of the measurement. '8

As a visual summary of the T>-based analysis, the AF values of the T, peaks were plotted against the
respective gmT, values for the four groups of measurements: excised HMD regions, excised LMD
regions, HMD regions within the full slice, and LMD regions within the full slice. The results are
shown in Figures 7A and 7B for the excised and full-slice samples, respectively. Figure 7 shows the
large difference"between the 75’s of the “fat” and “water” peaks, which can be clearly distinguished
based on theitsgmd, values. Table 1 shows the results of Welch's t-test for the gmT, values; these
demonstrate/that the gm T, distributions of water peaks were significantly different from those of the
fat peaks inallwsamples. There were no statistically significant differences between the gm7);
distributionsfof either water or fat peaks between the HMD and LMD regions in either group of
samples. Table 2ushows that the distributions of the AF values measured from HMD regions were
significantly_different from those of the LMD regions, both for excised samples and full-slice
samples. There.were no statistically significant differences between the AF (Table 2) or gmT, (Table

1) measurements between full-slice and excised samples.

DISCUSSION

The radiographicrappearance of the breast is determined by the ratio of FGT and adipose tissue: HMD
regions are.kmowan: to contain a larger proportion of FGT than LMD regions.”®-#The effective
transversemspin=relaxation time constants (7,.,;) of water and fat are determined by the relative
amounts of the“intracellular and extracellular water, as well as the association of extracellular water
with the biopelymers of the extracellular matrix.®!®3 The T, values measured under portable-NMR

conditions are.further dependent upon the diffusion properties of water and fat:4384

1 1 DY*G§
= —+
Taesr  To ' 12

TE? [6]

where D is the diffusion coefficient of the relevant chemical species and G, is the magnetic field

gradient strength. The time constant 7%, is therefore a composite function of the true intrinsic 7, and
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diffusion properties of the relevant chemical species. In this study we analyzed how the ILT-derived
distributions of 7. values could be used as “signatures” of HMD and LMD regions of breast tissue

samples.

Slice mammograms provide a “gold-standard” reference for identification of HMD and LMD regions
within the breast slices. Figure 2 illustrates that, in mammograms, FGT-rich HMD regions tend to
exhibit higher X-ray attenuation coefficient and consequently higher image intensity than (adipose-
rich) LMD regions.” Overlaps between the HMD and LMD distributions suggest that a given ROI
may containgboth FGT and adipose tissue. This is consistent with the observed distributions of 75,
which demonstrate the coexistence of water and fat in all HMD and LMD regions measured. The
nomenclature “HMD region” or “LMD region” is therefore used here to indicate the preponderance of
a given tissue type in the ROI, rather than an exclusive presence of FGT or adipose tissue in that

region.

Another feature evident in Figure 2 is that the histograms obtained from LMD regions were more
homogeneous_than those of HMD regions. This observation is also in agreement with the T,
distributions,,which show that the contribution of water to the NMR signal was very low in all LMD

regions (significantly lower than the signal contribution from fat in the HMD regions).

The H,0-D,0O replacement measurements enabled identification of the two principal peaks in T,
distributionsras, water (7 ~ 10 ms) and fat (7, ~ 80 ms). Figures 4 and 6 and Table 1 show that there
was no significant difference in the 7, values of either water or fat peaks between HMD and LMD
regions. This suggests that the microenvironments experienced by both water and fat molecules are
similar in HMD and LMD regions, which in turn suggests that the mixing of FGT and adipose tissue

occurs on a macroscopic length scale.

Fat was identified as the dominant tissue constituent in the LMD regions, with the fat peak
consistently aving'the area fraction >75% in the LMD T distributions (Figures 3B, 4C, 5B and 6B;
Supporting=information Tables S2 and S3). Fat was also a major tissue constituent in the HMD
regions. Therelative amplitudes of water peaks were higher in HMD than in LMD regions but
exhibited significant variability (HMD water AF between 22.42% and 65.71%, Figures 3A, 4A, 5A,
6A and Supporting Information Tables S1, S2). Nevertheless, the distributions of the AF values of
water and fatspeaks were significantly different between the HMD and LMD regions both in excised
and full-slice®samples (Table 2). We therefore conclude that the relative amounts of tissue fat and

water measured from 7, distributions can be used to distinguish between HMD and LMD regions.

The ultimate aim of this research is to adapt the portable-NMR methodology for characterization of

MD in the full breast in vivo. There, the presence of intertwined FGT and adipose tissue domains can
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potentially lead to the partial-volume effect and affect the 7, distributions measured. In order to assess
the significance of the partial-volume effect, we have measured 7, distributions from the same ROIs
within the full slice and after the ROIs were excised (Figures 4, 6 and 7). The 7, distributions
measured from full-slice HMD regions exhibited water and fat peaks of comparable amplitudes
(Figure 6A)sThe Tadistributions measured from full-slice LMD regions were dominated by fat peaks,
with minor watempeaks (Figure 6B). A comparison of T, distributions acquired from the same tissue
regions before and after excision can be seen in Figure 5; this Figure demonstrates that excision can
affect the, apparent fat:water ratio measured from 7, distributions. However, application of the
Welch's t-test.to the respective distributions shows that, both for HMD and LMD regions, there was
no significant’statistical difference between the AF values measured from the full slices and from the

excised samples,(Table 2).

Figure 7 presents a visual summary of the ability of 7,-based portable-NMR analysis to discriminate
between High="and"Low-MD regions. This Figure demonstrates that water and fat peaks were readily
distinguishablesbased on their gmT, values. The gmT, values of both water and fat peaks were similar
between all groups of samples (excised and full-slice, HMD and LMD). The HMD regions could be
reliably discriminated from LMD based on their relative fat and water content, which is presented in
Figure 7 as the respective AF values. The HMD water peaks had significantly higher AF values than
LMD water peaks;y both in excised and full-slice samples. It can also be seen that the water/fat ratio
can vary substantially from one HMD region to another, which is consistent with the wide variation of
MD patterns observed in patients.'>!335 To re-cap the key findings of this study: 1) the spin-relaxation
properties of both fat and water are equivalent between HMD and LMD regions, suggesting that the
physical microenvironments of both FGT and adipose tissue are identical between HMD and LMD; 2)
the AF valuesioffat and water peaks are reliable markers for distinguishing between HMD and LMD
regions of breastitissue; and 3) the distributions of fat and water AF values were statistically
equivalent between full-slice and excised regions, which augurs well for application of the present

MD analysis in vivo.

We hypothesize. that the approach illustrated by Figure 7 can enable classification of breast tissue
samples withsunknown MD into HMD and LMD groups. To provide comprehensive coverage, we
propose that_Figure 7 should be extended to include a large number of HMD and LMD regions
acquired from patients across the full range of BI-RADS scores (from 1 to 4). A “library” of T,
characteristies_for each BI-RADS category may enable a more refined and targeted HMD/LMD

classification.

Our previous work has shown that 7;-based portable-NMR analysis enables discrimination between
HMD and LMD breast tissue.'® The results of the present study demonstrate 7;- and 7>-based

portable-NMR analyses are potentially complementary MD assessment tools. In particular, the 7,-
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based analysis presented here provides explicit information about tissue water and fat content, which

may be beneficial for understanding the physiological basis of MD.
Limitations and Future Work

ILT, whichswassused to reconstruct the 7, distributions of breast tissue samples, is well-known to be
an ill-posed¢numerical problem that requires regularization of noisy data.”!-7* The regularization
parameter (a)insthis.work was selected visually, based on the identification of the L-bend in the ¥ vs
a curve (see Methods). The L-bend was not always unambiguously identifiable, which leaves the
possibility of thesreconstructed 7, distributions being either over- or under-smoothed. Examination of
the most-probable T, and gmT, values given in Supporting Information Tables S1 — S3 suggests that
there could have been some measurements where the performance of ILT was sub-optimal. For
example, the 75 values of the fat peak in excised HMD sample P3-S! differ significantly between
native and D,O-replaced tissue. This is contrary to the expectation that the fat chemical environment
should be unaffected by H,O-D,0O replacement, and such large differences not observed for the
majority of the samples. We hypothesize that the origin of these differences lies in the performance of

the ILT procedure. Further investigation of the performance of ILT in breast tissue is warranted.

The sample size used (5 breast slices from 3 different patients) is another potential limitation of the
present study. This limitation is alleviated by the fact that the ROIs were measured in both the full
slices and exeised samples, and in most samples the measurements were performed at two different
depths. Thissprovided a total of 18 HMD and 18 LMD measurements, which increased the robustness
of the statistics. The p values reported in Tables 1 and 2, as well as the very good separation of HMD
and LMD peints in Figure 7, suggest a high degree of confidence that the present analysis reliably
distinguishes between HMD and LMD tissue. This is consistent with our earlier T)-based study,'®
which used/exactly the same set of physical samples. Nevertheless, further studies with a larger
sample size would be beneficial. Furthermore, studies of the temperature dependence of breast tissue
T,’s under portable-NMR conditions would benefit the understanding of how the present results might

transfer to measurements performed in vivo at physiological temperature.

Unlike MRI, portable NMR is a volume-selective spectroscopic rather than a true imaging technique.
This imposes™festrictions on how much of the breast volume could be covered in a single
measurement’in vivo. Approaches to addressing this issue were discussed in our previous work.!®
Penetration depth.of portable-NMR sensors is another potential limitation in vivo. This issue can be
mitigated by the selection of instrumentation models: e.g., the commercially available NMR-MOUSE
model PM25 offers the penetration depth of 25 mm (as opposed to 5 mm by the PM5 model used
here); we hypothesize that the former should be sufficient for MD sensing in the majority of clinical

scenarios. Furthermore, the instrumentation used in the present study offered a limited thickness of
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the sensing slice (50 pm). Although all the samples displayed good agreement between measurements
taken at different depths, it is conceivable that in some situations measurements could be sensitive to
the precise positioning of the sensor. Alternative designs of portable-NMR instrumentation may be

able to alleviate both these issues by enabling a larger sensing volume.8¢-%!

Finally, transferability of these results to measurements iz vivo could be affected by motional artifacts
resulting from patient movement and blood flow. Development of portable NMR-specific motion-
compensated acquisition schemes®? will be able to address this issue and provide robust acquisition

approaches suitable for clinical measurements.

CONCLUSIONS

Portable-NMR T)-based analysis can unambiguously identify HMD and LMD regions in slices of
human breast tissue. Importantly, it also provides information about the relative quantities of fat and
water within the respective regions, which represents a unique and novel way of assessing breast
tissue composition. In both excised and full-slice samples, HMD regions were found to contain higher
proportions_of water than LMD regions. This is consistent with the relatively high FGT and low
adipose tissue ‘content in HMD tissue. Our analysis is in agreement with the identification of HMD
and LMD breast tissue regions based on conventional slice X-ray mammograms, as well as the 7)-
based portable-NMR analysis reported earlier. 7,-based portable-NMR analysis has the potential as an
informativeficost-effective and safe alternative suitable for high-frequency monitoring of MD. We
envisage that it will have clinical utility in breast density screening, as well as predicting the efficacy

of hormonal treatments for breast cancer prevention.
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Tables

Table 1: Results of Welch's unequal variances t-test between the geometric mean T, (gm T, measurements of water peaks and fat peaks that were obtained
q g g p p

from the"T, distributions of excised HMD and LMD regions of breast tissue. Shaded cells indicate a statistically significant difference between the respective

sample groups{P < .005).

Full Slice Excised Regions
HMD LMD HMD LMD

Water Fat Water Fat Water Fat Water Fat
Full Slice HMD Water 5.10x 1010 0.25 1.89x 108 0.39 1.07 x 10 0.03 1.54x 10715

Fat 5.10x 1010 492 x 10" 0.29 7.95x 101 0.11 5.06x 101 0.77
LMD Water 0.25 492 x 101 2.66x 107 0.11 1.30 x 1010 0.02 1.49 x 10-1

Fat 1.89x 108 0.29 2.66 x 10”0 8.05x 10° 0.03 7.41x 107 0.17
Excised HMD Water 0.39 7.95x 1011 0.11 8.05x 10 3.96 x 1010 0.18 1.93 x 1077

Regions Fat 1.07 x 10° 0.11 1.30 x 1010 0.03 3.96 x 1010 3.47x 1010 0.18
LMD Water 0.03 5.06 x 1011 0.02 7.41 x 107 0.18 3.47 x 1010 1.50 x 1077

Fat 1.54 x 10715 0.77 1.49 x 10! 0.17 1.93 x 1077 0.18 1.50x 10-17

Table 2:"Results of Welch's unequal variances t-test between the area fraction (4F) measurements of water peaks and fat peaks, which were obtained from the
T distributions of excised HMD and LMD regions of breast tissue. Shaded cells indicate a statistically significant difference between the respective sample

groups (P.<7005).

Full Slice Excised Regions

HMD LMD HMD LMD
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Water Fat Water Fat Water Fat Water Fat
Full Slice HMD Water 9.38x10° | 3.33x 10 | 1.02x 108 0.59 24x10°% | 6.25x10° | 1.23x 107
Fat 9.38x 107 1.33x 107 | 845x10° | 2.8x 107 0.61 2.02x 107 | 1.12x 10#
LMD Water 3.33x10° | 1.33x 107 422x 1010 | 2.61x10* | 3.69x 10 0.25 1.24x 108
Fat 1.02x 10® | 8.45x 10 | 422x 1010 1.82x10° | 7.54x 10 | 1.03x 104 0.01
Excised HMD Water 0.59 28x10° | 2.61x10* | 1.82x10° 0.02 5.58x10* | 9.72x 106
Regions Fat 2.4x103 0.61 3.69x 10 | 7.54x 107 0.02 7.36x10°¢ | 54x 10+
LMD Water 6.25x10° | 2.02x 107 0.25 1.03x 1014 | 5.58x 10* | 7.36 x 106 8.58 x 107
Fat 1.23x 107 | 1.12x 10* | 1.24x 108 0.01 9.72x10° | 54x10* | 8.58x 10"
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Figure Legends

Figure 1: A photograph (A) and a mammogram (B) of a representative breast slice (Patient
1-Slice 2y=used=in this study. The HMD and LMD regions specified by the radiologist are
shown as white circles in (B). The black dashed squares in (A) show the HMD and LMD

regions excised from the full slice.

Figure 2: Histograms of the intensities of HMD and LMD regions in slice mammograms of
Patient 1-Sliee~1%(A), Patient 1-Sice 2 (B) and Patient 1-Slice 3 (C). The horizontal axis
represents /the pixel greyscale values. The vertical axis shows the bin counts, or the

abundance, of the respective greyscale values.

Figure 3: Representative 7, distributions obtained from excised HMD (A) and LMD (B)
breast tissue samples. The samples shown were excised from Patient 1-Slice 2. Each panel
shows the Z,.distribution in the native tissue (labelled “b”) and after H,O-D,O replacement
(labelled “a’).. The peak near 7, = 10 ms, which disappears upon H,O-D,0 replacement, was
identified as.water. The measurements shown were taken at the 4 mm tissue depth of the
respective samples (Depth 2, P1-S2-D2). In these and all subsequent ILT spectra, the 73
range from 0.1 ms to 1000 ms with logarithmic spacing of bins was used. However, as no 7,
contributions were observed for 75, < 3 ms, all ILT 7, distributions were plotted in the range from 1

ms to 1000 ms. The boundaries of the 7, peaks were selected individually for each 7, spectrum, either

as the first bin whose value was above the baseline, or as the bin closest to the minimum between the
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two peaks. As an example, for spectrum “b” in panel (A) the peak boundaries were defined as 4.98 ms
— 22.1 ms for Water and 24.2 ms — 359 ms for Fat. In panel (B), the respective boundaries were

defined as 4.13 ms — 13.8 ms and 15.2 ms — 394 ms for spectrum “b” and 20.1 ms — 327 ms for the

[TP% 1]

sole peak in spectrum “a”.

Figure 4: The 7} distributions obtained from the breast tissue regions excised from the 5
slices used in the study. (A): excised HMD samples before H,O-D,O replacement; (B): same
samples aftet H,O-D,O replacement; (C): excised LMD samples before H,0-D,O
replacement;and(D): same samples after HyO-D,O replacement. The individual distributions
represent measurements at a specific depth within a given slice: Patient 1-Slice 1-Depth 1
(P1-S1-D1), Patient 1-Slice 1-Depth 2 (P1-S1-D2), Patient 1-Slice 2-Depth 1 (P1-S2-D1),
Patient 1-Slice 2-Depth 2 (P1-S2-D2), Patient 1-Slice 3-Depth 1 (P1-S3-D1), Patient 1-Slice
3-Depth 2 (P1-S3-D2), Patient 2-Slice 1-Depth 1 (P2-S1-D1), Patient 3-Slice 1-Depth 1 (P3-
S1-D1) and Patient 3-Slice 1-Depth 2 (P3-S1-D2).

Figure 5: The.Z5 distributions obtained from the full breast slice and from the excised regions
of Patient (I-Slice 2: (A) HMD region and (B) LMD region. The full-slice measurements
were taken with the respective region positioned above the center of the NMR-MOUSE
sensing coil. All the measurements shown are from the 2 mm tissue depth (Depth 1, P1-S2-

DI).
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Figure 6: The 7, distributions obtained from the full breast slices used in this study. (A):
HMD regions within the full breast slices; and (B): LMD regions within the full slices. The
measurements were taken with the respective region positioned above the center of the NMR-
MOUSE sensing coil. The individual distributions represent the measurements made at a

specific depth*within a given slice (see the legend of Figure 4 for the nomenclature).

Figure 7: The geometric mean 7, (gmT5,) values and the area fractions (4F) of the water and
fat peaks measured from excised breast tissue samples (A) and the respective regions within
the full slices (B): The gmT, values represent the geometric-average 7 of the water and fat,
while the AF values reflect the relative prevalence of the respective chemical species within
the sample. This Figure includes the HMD and LMD regions from all five breast tissue slices
studied.

Supporting Information Table Captions

Table S1: The most probable 7, value, AF and gmT, computed from both water and fat peaks
of the 7, distsibutions measured from excised HMD regions before and after H,O-D,O
replacementy The individual distributions represent measurements at a specific depth within a
given slice:Patient 1-Slice 1-Depth 1 (P1-S1-D1), Patient 1-Slice 1-Depth 2 (P1-S1-D2),
Patient 1-Slice 2-Depth 1 (P1-S2-D1), Patient 1-Slice 2-Depth 2 (P1-S2-D2), Patient 1-Slice
3-Depth 1 (P1-S3-D1), Patient 1-Slice 3-Depth 2 (P1-S3-D2), Patient 2-Slice 1-Depth 1 (P2-
S1-D1), [LPatient 3-Slice 1-Depth 1 (P3-S1-D1) and Patient 3-Slice 1-Depth 2 (P3-S1-D2).
Note that the sumyof 4F(water) and AF(fat) is typically slightly lower than 100% because the
entire area of each 7, distribution (rather than just the sum of the two peaks) was normalized

to 100%.
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Table S2: The most probable 7, value, AF and gmT> computed from both water and fat peaks
of the 7, distributions measured from excised LMD regions before and after H,O-D,0
replacement. The individual distributions represent measurements at a specific depth within a
given slice: Patient 1-Slice 1-Depth 1 (P1-S1-D1), Patient 1-Slice 1-Depth 2 (P1-S1-D2),
Patient 1-Slice 2-Depth 1 (P1-S2-D1), Patient 1-Slice 2-Depth 2 (P1-S2-D2), Patient 1-Slice
3-Depth I (P1-S3-D1), Patient I-Slice 3-Depth 2 (P1-S3-D2), Patient 2-Slice 1-Depth 1 (P2-
S1-D1), Patient 3-Slice 1-Depth 1 (P3-S1-D1) and Patient 3-Slice 1-Depth 2 (P3-S1-D2).

Table S3: The.meost probable T, value, AF and gmT, computed from both water and fat peaks
of the 7, distributions measured from HMD and LMD regions of full-slice samples. The
individual distributions represent measurements at a specific depth within a given slice:
Patient 1-Slieesi=Depth 1 (P1-S1-D1), Patient 1-Slice 1-Depth 2 (P1-S1-D2), Patient 1-Slice
2-Depth 1 (P1:S2-D1), Patient 1-Slice 2-Depth 2 (P1-S2-D2), Patient 1-Slice 3-Depth I (P1-
S3-D1), Patient 1-Slice 3-Depth 2 (P1-S3-D2), Patient 2-Slice 1-Depth 1 (P2-S1-D1), Patient
3-Slice 1-Depth 1 (P3-S1-D1) and Patient 3-Slice 1-Depth 2 (P3-S1-D2).

Supporting Information Figure Captions

Figure S1::€omparison of slice mammograms of a (A) fresh and (B) frozen breast tissue slice. The
two images are.of'the same physical slice; image A was obtained from the fresh slice immediately
after excision; image B was obtained from the frozen slice following a 1 year 9 months storage at —80
°C. The slice,shown was not used in the main part of this study but is representative of the breast
tissue slices used. Freezing-and-thawing cycle causes slight changes in the topography of the sample
and local non-uniformity of the sample thickness; any areas thus affected were avoided when
selecting the measurement regions. The red circles show the HMD and LMD regions-of-interest

(ROIs) selected by the radiologist to match the same topographical features in the fresh and frozen
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sample. The areas of the ROIs were: (A) 20.4 mm? (LMD) and 3.8 mm? (HMD); (B) 13.2 mm?
(LMD) and 7.5 mm? (HMD). The absorbed dose per unit mass was: (A) 2452 + 41 Gy (LMD) and
3052 £ 79 Gy (HMD); (B) 2477 = 76 Gy (LMD) and 3089 + 137 Gy (HMD). The absorbed doses are
similar between the fresh and the frozen sample, indicating that freezing and prolonged storage at —80

°C do not have a significant effect on the distribution of the mammographic density of the sample.

Figure S2: Effect of the ILT regularization parameter o on the computed ILT spectra: (A) The main
plot is a representative CPMG data set with n = 4000 echoes. Each sample point corresponds to one
echo integrateéd from —8 us to +8 us from the echo center. The SNR value is 18, which is
representativemefsthe remaining data sets. The inset shows the plot of ¥* vs the regularization
parameter o/ for'a wide range of a values (see section 2.4 in the main text). This plot is approximately
L-shaped. The corner of the “L”, which was selected after visual inspection as the point of the
apparent maximum of the second derivative of the plot, corresponds to the optimal range of a in the
ILT. The circled points labelled b, ¢ and d in the inset correspond to the values of a used to compute
the ILT spectra in panels (B), (C) and (D), respectively. (B) An under-regularized ILT spectrum
computed with.o.sét too low. This makes the ILT smooth the physical features of the 7, spectrum as
well as the noise; the resulting over-smoothed spectrum fails to reliably distinguish between the Fat
and Water=Z5mpeaks. (C) A properly regularized ILT spectrum with the a in the optimal range. This
spectrum reliably distinguishes between the Fat and Water 7, peaks without introducing spurious
peaks. (D) Amoversregularized ILT spectrum with the o set too high, making the ILT overly sensitive

to noise and resulting in the introduction of spurious 7, peaks.
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