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Abstract 

 

Mammographic Density (MD) is the degree of radio-opacity of the breast in an X-ray 

mammogram. It is determined by the Fibroglandular : Adipose tissue ratio. MD has major 

implications in breast cancer risk and breast cancer chemoprevention. This study aimed to 

investigate the feasibility of accurate, low-cost quantification of MD in vivo without ionising 

radiation.  

 

We used single-sided portable nuclear magnetic resonance ("Portable NMR") due to its low 

cost and the absence of radiation-related safety concerns. Fifteen (N=15) healthy female 

volunteers were selected for the study and underwent an imaging routine consisting of 2D X-

ray mammography, quantitative breast 3T MRI (Dixon and T1-based 3D compositional breast 

imaging), and 1D compositional depth profiling of the right breast using Portable NMR. For 

each participant, all the measurements were made within 3-4 hours of each other. MRI-

determined tissue water content was used as the MD-equivalent quantity. Portable NMR 

depth profiles of tissue water were compared with the equivalent depth profiles reconstructed 

from Dixon and T1-based MR images, which were used as the MD-equivalent reference 

standard.  

 

The agreement between the depth profiles acquired using Portable NMR and the 

reconstructed reference-standard profiles was variable but overall encouraging. The 

agreement was somewhat inferior to that seen in breast tissue explant measurements 

conducted in vitro, where quantitative micro-CT was used as the reference standard. The 

lower agreement in vivo can be attributed to an uncertainty in the positioning of the Portable 

NMR sensor on the breast surface and breast compression in Portable NMR measurements.  

 

The degree of agreement between Portable NMR and quantitative MRI is encouraging. While 

the results call for further development of quantitative Portable NMR, they demonstrate the 

in-principle feasibility of Portable NMR-based quantitative compositional imaging in vivo 

and show promise for the development of safe and low-cost protocols for quantification of 

MD suitable for clinical applications.  
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1. INTRODUCTION  

 

1.1.  Mammographic density  

Mammographic density (MD), which is also known as breast density, is an indicator of breast 

tissue composition - namely, the relative content of fibroglandular tissue (FGT), which 

comprises stroma and epithelial tissue. The name "MD" originates from X-ray 

mammography, the medical imaging technique traditionally used to assess breast density. 

Because water is a more efficient absorber of X-rays than fat, FGT is relatively radiodense 

and adipose tissue is relatively radiolucent. Consequently, regions of the breast with a high 

proportion of FGT appear bright (high intensity) on the mammogram, corresponding to areas 

of high MD (HMD regions). Conversely, regions with a high content of adipose tissue appear 

dark (low intensity) and correspond to areas of low MD (LMD regions) [1-4].  

 

Mammography is a 2D projectional imaging technique, and therefore the mammographically 

measured percentage of "dense" tissue (MD score) typically applies to the breast as a whole. 

Alternatively, three-dimensional approaches to MD quantification (e.g. MRI, see section 1.2) 

enable the measurement of volumetric fraction of  FGT, which can be considered a MD-

equivalent quantity [5-7]. Importantly, such approaches enable the measurement of the spatial 

map of MD (or its equivalent), rather than just the breast-averaged MD score yielded by 

conventional mammography.  

 

The other limitation of the traditional X-ray mammography is its reliance on ionising 

radiation, which limits when and how frequently mammography is clinically justifiable. 

Therefore, while mammography remains the clinical "gold standard" for MD assessment, 

there is a significant interest in developing non-ionising alternative techniques that may 

measure MD-equivalent quantities.  

 

1.2.  Non-ionising imaging of breast density  

Ultrasound [8,9], bioimpedance [10], and transillumination [11,12] have all been proposed  as 

alternative imaging techniques for measuring MD-equivalent quantities [13,14]. However, it 

is Magnetic Resonance Imaging (MRI) that stands out as an attractive modality for MD 

quantification [15-17]. MRI is particularly promising in this respect because it offers great 

signal editing flexibility and several contrast mechanisms suitable for distinguishing FGT and 

adipose tissue. Chemical shift imaging (CSI), and most notably the Dixon CSI scheme, 
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enables quantification of fat and water based on the difference between the NMR chemical 

shifts of water and methylene lipid protons (~3.5 ppm), which can be accomplished even in 

the absence of reliable spectral separation of the two components [18,19]. In the original two-

point Dixon scheme [18], two images with slightly different echo times are acquired: one 

where the magnetisation of water and lipid methylene protons is in-phase, and the other, 

where the two magnetisation vectors are at 180o to each other ("out-of-phase"). These two 

"raw" images are then used to reconstruct the 3D maps of fat and water signal intensities, 

thus providing a spatially resolved compositional map of the tissue that serves as a proxy for 

the distribution of mammographic density. Another common approach to quantitative 

compositional imaging is based on differences between the spin-relaxation times (usually T1) 

of fat and water. This can involve either the measurement of a map of the apparent T1 and 

translating it into tissue composition using a calibration curve; or alternatively, several 

inversion recovery-edited images with different inversion times can be acquired, from which 

fat and water compositional maps are reconstructed. Good quantitative agreement has been 

demonstrated between breast density values measured in vivo using MRI pulse sequences 

exploiting different contrast types [5]. Good accuracy of Dixon and T1-based MRI FGT 

quantification has also been demonstrated in anthropomorphic breast phantoms [6]. Finally, a 

number of studies have demonstrated good agreement between quantitative MRI and 

conventional mammographic measurements of breast density [17,20-25].  

 

1.3.  Portable NMR  

At the same time, the relatively high cost of MRI remains an impediment to its use for routine 

clinical monitoring applications. Single-sided portable Nuclear Magnetic Resonance 

("Portable NMR") [26-28] is a low-cost technique that is based on the same fundamental 

physics as MRI and offers many of the quantitative measurement capabilities of MRI. In 

particular, Portable NMR offers the ability to quantify spin-relaxation and diffusion, i.e. the 

exact physical properties that underpin reliable quantification of MD in conventional breast 

MRI. Portable NMR has the advantages of low purchasing and running costs and low 

maintenance, largely due to the absence of superconducting magnets, which obviates the need 

for cryogens. Importantly, the utility of Portable NMR for biomedical imaging has been 

demonstrated in a wide range of applications [28-46].  

 

Our previous work has demonstrated the suitability of Portable NMR for quantification of 

MD-equivalent density in breast tissue explants in vitro [47-50]. In those measurements, 
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several approaches have been explored: (i) Saturation-recovery measurement of the apparent 

T1 value (suitable when longitudinal spin-relaxation is monoexponential); (ii) apparent T2 

relaxation spectrum: Measurement of the Carr-Purcell-Meiboom-Gill (CPMG) echo train 

followed by an inverse Laplace transform (ILT) (requires a "long" CPMG echo time in order 

to separate the Fat and Water peaks in the relaxation spectrum); (iii) CPMG measurement of 

the tissue-average T2 value (requires a "short" CPMG echo time and a monoexponential 

decay of transverse magnetisation); (iv) Stimulated-echo measurement of the diffusion 

attenuation curve followed by biexponential least-squares fitting analysis. Each approach was 

demonstrated to agree with the two-component tissue composition model, whereby the 

relative NMR signal contributions of tissue water and lipids ("fat") represented the relative 

amounts of FGT and adipose tissue, and consequently MD [47-49]. Approaches (ii) and (iv) 

enable a direct quantification of MD in terms of tissue water content ("Water Fraction", WF). 

Approaches (i) and (iii) require a calibration curve to translate the NMR spin-relaxation time 

constants into tissue composition. We found that approaches (ii) and (iv) tended to produce 

the best agreement with the reference standard (micro-CT), and approach (ii) offered the best 

perceived combination of speed and accuracy. Consequently, approach (ii) (which for brevity 

we will refer to as the CPMG/ILT approach) was employed in a subsequent study of 

hormonal effects on mammographic density in breast tissue explants [51].  

 

In the present study, we extend the CPMG/ILT approach to quantification of MD in vivo. 

Portable NMR was used to measure the depth profiles of MD-equivalent breast density in 15 

healthy female volunteers. These depth profiles were compared with the MD-equivalent 

reference standard - depth profiles of tissue water reconstructed from three-dimensional 

Dixon and quantitative inversion-recovery MR images. We discuss here the degree of 

quantitative agreement between Portable NMR and the reference standard, as well as the 

prospects for potential Portable NMR-based quantitative breast tissue imaging. We see this 

study as an important step towards introducing Portable NMR into the realm of clinical 

applications. Although pioneering Portable NMR studies in vivo were carried out by 

Bluemich and co-workers well over a decade ago [52,53], to our knowledge, the present 

study is only the second structured human clinical trial involving Portable NMR [54] and the 

first application of Portable NMR to breast imaging in vivo.  
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2. MATERIALS AND METHODS 

 

2.1.  Volunteer participant cohort  

The study was approved by Metro South Health Human Research Ethics Committee 

(HREC/2018/QMS/45443), and also administratively by QUT Human Research Ethics 

Committee (1800001123). Volunteer participants for the study were recruited through an 

advertisement placed on the Princess Alexandra Hospital Research Foundation Facebook 

page. Premenopausal healthy females aged between 18 and 50 were considered eligible in the 

absence of exclusion factors. Participants were excluded if: (i) they were pregnant or 

suspected they could be pregnant; or (ii) they have ever been diagnosed with breast 

malignancy; or (iii) they had any devices or materials in their body that were not compatible 

with MRI. Successfully recruited participants were not paid but were reimbursed for the costs 

of hospital parking. A total of N = 15 participants were successfully recruited for the study. 

All participants underwent the scanning protocol described in Section 2.2.  

 

2.2.  Study design  

The volunteer participants underwent a scanning protocol that consisted of: (i) conventional 

2D X-ray mammography of the right breast; (ii) 1D compositional depth profiling of the right 

breast using Portable NMR, as described in Section 2.3; and (iii) quantitative breast MRI that 

included T1-based and two-point Dixon 3D compositional breast imaging (Section 2.4). In 

order to avoid a potential comparison bias due to menstrual cycle-related MD dynamics, all 

the measurements for each participant were made on the same day within 3-4 hours of each 

other.  

 

Breast Imaging Reporting and Data System (BI-RADS) breast density category was 

determined for each participant from the 2D mammograms. For participants 4 – 9 this was 

done automatically by Volpara breast density software algorithm version 1.5.4.0 (Volpara 

Health, Wellington, New Zealand); for the remaining participants the scoring was performed 

by a clinical radiologist (TL). The 2D mammograms were used for qualitative reference only 

and were not part of the quantitative analysis. The 3T MR images (T1 and Dixon) were post-

processed to reconstruct 3D compositional maps of the breast, followed by the reconstruction 

of 1D profiles of fat and water content equivalent to those acquired using Portable NMR (see 

Section 2.7). This enabled a direct comparison between 3T MRI and Portable NMR data. The 

three sets of 1D compositional depth profiles (Portable NMR, Dixon and T1) were compared 
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to each other using the similarity analysis described in Section 2.8 and Bland-Altman analysis 

[55].  

   

2.3.  Single-sided Portable NMR measurements 

Portable NMR measurements were performed using a PM25 NMR-MOUSE instrument 

connected to a Kea2 spectrometer (Magritek, Aachen, Germany). The instrument is illustrated 

in Figure 1(a). NMR-MOUSE is a single-sided NMR scanner [56] based on permanent 

magnets that provide a horizontal magnetic field B0 = 0.31 T (1H Larmor frequency 13.18 

MHz) and a vertical permanent field gradient g = 7.5 T/m. A single surface coil provides 

excitation and signal detection. The sensing slice is a horizontal disc-shaped volume 

approximately 35 x 35 x 0.06 mm3 (the short dimension being the direction of the vertical 

gradient). 1D depth profiling is achieved by varying the vertical position of the sensing slice 

using a lift with an electronically controlled high-precision stepper motor, as described 

previously [47]. This moves the entire magnet and sensor coil assembly in the z direction in 

Fig. 1(a), while the sample remains stationary on the sample stage; the sensing slice is thus 

moved up or down within the sample. In the configuration used in the present study, the 

sensing slice was fixed at 20.8 mm above the sensor coil, corresponding to the maximum 

tissue penetration depth of 20.8 mm.  

 

The setup of the Portable NMR breast measurements in vivo is illustrated in Figure 1(b). The 

scan bed was a wooden massage table modified with a rectangular aperture in the upper-torso 

area. The NMR-MOUSE instrument was positioned in the aperture such that its sample stage 

was aligned with the top surface of the massage table. The participants, wearing a T-shirt 

provided by TRI and own brassiere, were positioned prone over the aperture such that the 

right breast was flattened against the NMR-MOUSE sample stage. The T-shirts [illustrated in 

Fig. 2(a)] were all of the same type and had a horizontal stripe pattern in order to assist 

accurate topographical localisation of the measurement site. A localisation marker (a small 

coloured sticker ~2 cm diameter), placed on the participants' clothing in the right upper-outer 

quadrant of the right breast, was aligned with the centre of the sensor coil. All Portable NMR 

measurements were made at this topographical location, at tissue penetration depths ranging 

from 20.8 mm to -1.2 mm inclusive (referenced to the NMR-MOUSE sample stage) in 

increments of -2 mm. The depth profiling was achieved moving the sensor assembly in the 

vertical dimension, as described above: the topmost position of the sensor assembly (pressed 

against the participant’s skin surface) corresponded to the maximum measurement depth 
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(20.8 mm), while lowering the sensor assembly moved the sensing slice in the outward 

direction relative to the breast. The depth profiling procedure took approximately 20-25 

minutes. The outermost sensing slice (-1.2 mm depth) typically produced noise only. The 

Portable NMR depth profiles therefore typically included 11 depth points with a non-zero 

signal. No corrections were taken for the thickness of the clothing worn by the volunteer 

participant.  

 

At each depth point, the amount of fat and water in the sensing slice was quantified using the 

CPMG/ILT approach. Carr-Purcell-Meiboom-Gill (CPMG) decay curves were acquired with 

the parameters TE = 700 µs, NE = 1000 echoes, DW = 0.5 µs and NP = 32 complex points 

per echo, NS = 4 averages. The TE value used (700 µs) had previously been established to be 

in the “long-TE” limit sufficient for reliably separating Fat and Water peaks in the ILT 

apparent transverse relaxation spectra. Both “90o” and “180o” RF pulses were rectangular of 

27 µs duration. The corresponding sensing slice thickness (defined as the full width at half-

height of the central lobe of the Sinc-like excitation profile obtained from the Bloch 

equations) was 63 µm for the 90o excitation pulse and 70 µm for the 180o refocusing pulse. 

The recovery time, TR = 20 s, was chosen to create a failsafe safety margin with respect to 

power deposition in breast tissue. The actual Specific Absorption Rate (SAR) was not 

measured in the Portable NMR measurements.  

 

For each CPMG measurement, the apparent T2 relaxation spectrum was computed using a 

regularised one-dimensional inverse Laplace transform (ILT), as described in detail in the 

literature [48,57]. The relative fractions of tissue water and fat were then determined by 

integrating the two peaks and calculating their relative areas.  

 

2.4.  Quantitative 3T MRI measurements 

Quantitative breast MRI was performed at Princess Alexandra Hospital on a Siemens Prisma 

3T scanner with a standard bilateral breast coil. For each participant, the following MRI 

datasets were acquired:  

(i) A two-point Dixon imaging dataset [18,19] acquired using 2D Turbo SE protocol. The 

typical imaging parameters were: Turbo factor = 15, TE = 81 ms, recovery time TR between 

4.6 and 5.8 s (varied between volunteer participants), NS = 1 average, axial slice orientation, 

number of slices between 27 and 34 (varied between participants), slice thickness 4 mm, slice 
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separation 5 mm (1 mm gap between slices), FOV (350 mm)2, matrix NR x NP =  384 x 384, 

in-plane resolution (0.91 mm)2, pixel bandwidth 930 Hz. From each pair of Dixon images, 

fat-only and water-only images were reconstructed using the built-in Siemens protocol; the 

latter images were used as the primary tissue composition reference;  

(ii) Three T1-weighted inversion recovery-prepared, 2D TurboSE-acquired datasets with the 

recovery times TI = 210 ms, 690 ms and 3000 ms, corresponding to fat-suppressed, water-

suppressed and full-intensity images, respectively. The “fat-suppressed” image for Participant 

1 was acquired with TI = 290 ms. The typical imaging parameters were: Turbo factor = 17, 

TE = 75 ms, recovery time TR between 3.6 and 11.8 s (varied between participants and TI 

runs), NS = 2 averages, axial slice orientation, number of slices between 27 and 34 (varied 

between participants), slice thickness 4 mm, slice separation 4.8 mm (0.8 mm gap between 

slices), FOV (340 mm)2, matrix NR x NP =  448 x 448, in-plane resolution (0.76 mm)2, pixel 

bandwidth 320 Hz. From each triplet of the T1-weighted images, 3D fat and water contents 

maps were reconstructed as described in Section 2.5; these maps were used as a secondary 

tissue composition reference.  

 

2.5.  Quantitative analysis of T1-weighted MR images  

Assuming a perfect 180o inversion pulse and a steady state with respect to TR, the signal 

intensity of the i-th chemical component in an inversion recovery-edited image is  

 ( ) ( )
( ) ( )1 1

TI 2 TITI 1 exp
0 1 exp TR /

i

i i
i

i

S
A

S T T
 −

= = − ⋅  + −  
 (1) 

where T1i is the longitudinal spin-relaxation time constant of the i-th component, TI is the 

inversion time, TR the repetition time, and Si(0) is the full signal intensity of the respective 

component. The derivation of Eq. (1) is shown in Supplementary Material. The empirically 

known signal nulling times (TInullF = 210 ms, TInullW = 690 ms) yield the estimates of the 

respective T1’s: T1F = (210 ms)/ln(2) = 303 ms, T1W = (690 ms)/ln(2) = 995 ms. Therefore, the 

coefficients Ai can be regarded as known quantities in that they can be calculated for any 

given combination of TI and TR.  

 

Assuming that fat and water are the only two contributors to MR signal in breast tissue, the 

total signal in a magnitude image is given by:  

 ( ) ( ) ( )0 0TI TI TIT F F W WS A S A S= ⋅ + ⋅  (2) 

Given the images measured at three TI values (TI = 210, 690 and 3000 ms), Eq. (2) presented 
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an over-determined system with three data points [ST(210), ST(690) and ST(3000)] and two 

unknowns (S0F and S0F). Correspondingly, the values of S0F and S0F were determined for each 

voxel by least-squares fitting. These were then normalised to represent the fractions of fat and 

water in a given voxel, and by inference, the relative amounts of FGT (water) and adipose 

tissue (fat).  

 

For a given ROI, the relative water fraction (WF) was then determined as  

 WF W

W F

S
S S

=
+

 (3) 

where SF and SW are the total amounts of fat and water, respectively, within the ROI. The 

value of WF was taken as the MD-equivalent quantity for the given ROI.  

 

2.6.  Quantitative analysis of Dixon MR images  

The Dixon imaging protocol implemented on the Siemens Prisma scanner included a built-in 

reconstruction of the Fat and Water signal maps. Therefore, the only post-processing required 

for the Dixon images was the reconstruction of the water fraction (WF) depth profiles as 

described in Section 2.7.  

 

2.7.  Reconstruction of 1D depth profiles from 3D MR maps  

In order to directly compare 1D Portable-NMR depth profiles with the three-dimensional 3T 

MRI reference standard, the 3T MRI data was used to reconstruct 1D depth profiles 

equivalent to the respective Portable-NMR measurement. This was done as follows:  

(i) The location of the centre of the Portable NMR sensor coil was identified in a high-

intensity MR image based on the photograph of the participant with the sensor location 

marker [the “yellow dot” in Fig. 2(a)]. The distance from the nipple to the location marker 

was measured by counting the stripes on the T-shirt, and the direction of the line connecting 

the two points was noted; the same distance in the same direction was then measured in the 

MR image to identify the location corresponding to the position of the sensor coil in Portable 

NMR measurements;  

(ii) A (curved) 3D skin surface was rendered in the MR image around the location of the 

sensor coil identified in (i);  

(iii) The normal to the rendered skin surface at the location of the sensor was calculated;  

(iv) A circular area of 3.5 cm diameter was identified on the skin surface;  
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(v) The area identified in step (iv) was translated along the normal identified in step (iii) by 

+50 µm and −50 µm, thus creating a thin curved slab parallel to the skin surface;  

(vi) The slab identified in step (v) was then translated along the normal identified in step (iii) 

in 2 mm increments until the maximum depth of 20.8 mm, which corresponded to the 

maximum penetration depth of the Portable NMR sensor.  

 

This process is illustrated in Fig. 2(b). For each slab position, the MRI voxels intersecting the 

slab were identified. The total amounts of fat and water within each slab were then calculated 

as the sum of the respective signals over the voxels intersecting the slab. The relative water 

fraction WF within each slab was then calculated according to Eq. (3).  

 

2.8.  Comparison of Portable NMR depth profiles with 3T MRI reference standard  

In order to quantify the degree of agreement between the depth profiles measured using 

Portable NMR and those reconstructed from 3T MRI data, a “whole-of-profile” similarity 

index SI was used:  

 
( )

1SI 1

dn

i i
i

d

f g d

d n
=

− ⋅∆
= −

∆ ⋅

∑
 (4) 

where ∆d = 2 mm is the step of the depth profile, nd is the number depth steps and ∆d⋅nd is 

the maximum depth. The physical range of the compared quantities f and g in Eq. (4) is 

assumed to be between 0 and 1, corresponding to the physically meaningful range of water 

fraction values. In the case when the profiles f and g are identical, the value of SI is 1. 

Conversely, when the two profiles are the physical opposites of each other (e.g., profile f has 

the constant value of 1 and profile g has the value of 0), the value of SI is 0. In general, the 

value of (1 – SI) has the physical meaning of the mean absolute difference between the two 

curves, normalised to the size of the physical range of the quantity measured (in the case of 

the water fraction ranging between 0 and 1, the normalisation factor is 1). The index SI also 

has a simple and intuitive graphical interpretation illustrated in Fig. 3.  
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3. RESULTS 

 

3.1.  Portable NMR measurements  

A representative Portable NMR single-depth dataset (Participant 11, depth 16.8 mm), 

comprising the CPMG decay curve and the corresponding T2 relaxation spectrum, is shown in 

Fig. 4. All acquired CPMG decay curves exhibited a baseline well within the noise level and 

were sampled to the baseline. The typical SNR was ~5. The individual CPMG echoes were 

integrated by adding the intensities of the 32 points in the given echo; a single integrated echo 

corresponds to a single point in Fig. 4(a). The T2 relaxation spectra [Fig. 4(b)] typically 

exhibited two peaks: the water peak centred at T2 ~ 5-10 ms and the fat peak centred at T2 ~ 

90-100 ms. In some measurements only the fat peak was present, indicating extreme-LMD 

locations. Extreme-HMD scenario (only the water peak present) was observed only in a 

single measurement.  

 

3.2.  Dixon MRI measurements  

A representative Dixon MRI dataset (a single axial slice from Participant 11) is illustrated in 

Fig. 5. The primary data acquired were the in-phase and out-of-phase images [Figs. 5(a) and 

5(b), respectively], which typically exhibited comparable prevailing intensities. From these, 

the water and fat maps [Figs. 5(c) and 5(d), respectively] were automatically reconstructed by 

the Siemens software. Table 1 shows the water fraction averaged over the right breast for 

each study participant, together with the BI-RADS category, as a reference.  

 

3.3.  Quantitative T1-weighted MRI measurements  

A representative T1-weighted MRI dataset (a single axial slice from Participant 11) is 

illustrated in Fig. 6. The intensity of the fat-nulled image [Fig. 6(a)] was dominated by the 

water signal; the intensity of the water-nulled image [Fig. 6(b)] was dominated by the fat 

signal; and the “full-intensity” image [Fig. 6(c)] represented the fat and water signals at 90-

95% of the full intensity, depending on the TR value. The intensity differences between the 

three primary images enabled the determination of the relative fat and water signal 

amplitudes for each voxel and therefore the reconstruction of the compositional maps similar 

to Figs. 5(c) and (d), as described in Section 2.5.  

 

3.4.  Depth profiles reconstructed from MRI data  

The reference-standard profiles were reconstructed from 3T MRI data so as to match the 
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topographical location and the depth points of the respective Portable-NMR depth profile. 

This enabled a direct and straightforward comparison of the Portable NMR results with the 

reference standard. Two representative sets of depth profiles, one showing a relatively good 

agreement and another showing a relatively poor agreement between Portable NMR and 

MRI, are shown in Fig. 7. Quantitative comparison of the depth profiles with the reference 

standard was based on the similarity index SI defined in Eq. (4). The SI values for each 

participant and each comparison pair are shown in Table 1. The profile-average water 

fraction values measured from the Dixon data are also shown in Table 1 as a reference.  

 

The results of pairwise Bland-Altman analysis are presented in Table 2. The full set of depth 

profiles is shown in Supplementary Material Fig. SF2, and the full set of pairwise Bland-

Altman plots is shown in Supplementary Material Fig. SF3.  
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4. DISCUSSION 

 

4.1.  Motivation and previous work  

Mammographic Density is clinically important for two main reasons: (i) High MD represents 

an independent and significant risk factor for breast cancer (BC) [58-62]; and (ii) High MD 

also acts as a masking factor in mammographic screening, often making mammographic 

detection of breast cancer lesions difficult, and resulting in higher numbers of interval cancers 

detected after a negative mammogram [61,63,64]. The chance of developing breast cancer is 

4-6 times higher for women in the highest MD quartile than for those in the low-MD group 

[15,65], and approximately double that of the general population [58,62]. As a result, 

provision of MD information to women is now legislated in 38 States and the District of 

Columbia in the United States of America, as well as British Columbia in Canada [66]. Many 

other countries are considering similar reporting guidelines [67], and BreastScreen in 

Western Australia has provided MD information for over a decade [68].  

 

Besides the assessment of breast cancer risk, accurate quantification of MD is of potential 

clinical interest in the contexts of understanding the biophysical and molecular mechanisms 

underpinning breast cancer proliferation as well as patient-specific prediction of the efficacy 

of hormonal anticancer and cancer-prevention treatments. Dynamic changes in MD over 12-

18 months have been found to be a predictive biomarker of the efficacy (and the eventual 

success or failure) of antiestrogen chemoprevention and breast cancer treatment [69-71]. 

Therefore, there is potential clinical value in being able to perform high-frequency 

quantitative monitoring of MD.  

 

However, traditional X-ray mammography is ill-suited to this task, most significantly because 

it involves ionising radiation, which limits how frequently it can be used in a given patient 

[72]. This limitation provides the clinical need for the development of non-ionising 

alternative techniques for breast screening based on the measurement of MD-equivalent 

quantities. Magnetic Resonance provides an attractive and flexible platform for the 

development of such techniques.   

 

In our previous work we have established the Portable NMR-based methodology for 

quantification of MD-equivalent breast density in breast tissue explants in vitro [47-49]. In 

that approach, which we termed Compositional Imaging, the relative amounts of fat and 
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water measured using Portable NMR are taken to represent the relative amounts of adipose 

tissue and FGT, respectively, in the breast tissue. We have previously demonstrated a good 

reliability of this approach in vitro, with the relative water fraction measured using Portable 

NMR agreeing with the reference standard (micro-CT) to within 5-10 percentage points [49]. 

In the present study we extend this methodology to applications in vivo. The participants of 

the present study were healthy volunteers with no medical indication for a CT scan. 

Therefore, the reference standard used in the present study was MRI – a non-ionising 

imaging modality capable of reliably quantifying tissue water content, which is commonly 

used as a MD-equivalent quantity [5-7].  

 

4.2.  Portable NMR measurements: technical aspects  

The Portable NMR instrument used in the present study, NMR-MOUSE PM25, was able to 

be configured for several maximum-penetration depths ranging from 5.9 mm to 26 mm. 

However, inherent in the design of the sensor was an inverse relationship between penetration 

depth and the absolute amplitude of the detected signal, and consequently the Signal-to-Noise 

Ratio (SNR). The configuration with the penetration depth of 20.8 mm was chosen as the 

perceived optimal compromise between these two factors: this penetration depth of 20.8 mm 

was sufficient to scan most of the breast thickness in the upper-outer quadrant of the breast, 

where the measurements were taken; and on the other hand, the coil sensitivity was sufficient 

for achieving as acceptable SNR in NS = 4 scans.  

 

As seen from Fig. 4(a), the typical SNR of the Portable NMR CPMG decays was ~10. This 

SNR is consistent with Portable NMR CPMG relaxometry studies found in the literature and 

sufficient for a reliable ILT inversion of the CPMG decay. While at the face value this SNR 

appears relatively low compared to MR imaging, two factors ensure the robustness of the 

relaxation spectra illustrated in Fig. 4(b): regularisation of the data built into the ILT 

procedure and the use of a large number of CPMG echoes (NE = 1000). The robustness of 

the ILT-inverted relaxation spectra under the measurement conditions used was verified by us 

previously using phantoms and noisy synthetic data. It was also checked that the apparent 

Fat:Water ratio was not sensitive to the ILT regularisation parameter.  

 

4.3.  Accuracy of Portable NMR positioning and target-volume identification in vivo  

While quantitative compositional Portable NMR has been successfully applied and validated 

in vitro [51], several additional factors must be taken into account in its applications in vivo. 
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The first factor is the spatial localisation of Portable NMR measurements. The Water Fraction 

(WF) depth profiles measured using Portable NMR represent a specific topographical 

location on the breast, as opposed to the entire breast imaged in mammography or 

conventional MRI. This is a direct result of the physical design of the single-sided Portable 

NMR sensor coil, which can be approximated as a surface coil and consequently provides 

signal detection over an area roughly equal to the size of the coil itself. Therefore, the MD 

metrics derived from Portable NMR are inherently local metrics; as such, they should not be 

directly compared to BI-RADS scores or breast-averaged FGT content derived from 

conventional mammography and MRI, respectively. It is well-known (and also illustrated by 

Figs. 5 and 6) that breast tissue composition is spatially heterogeneous; therefore, a breast-

averaged MD value is not necessarily representative of a WF measurement taken at a specific 

location (and vice versa). Indeed, Table 1 reveals significant differences between breast-

averaged and local profile-averaged WF values derived from the same technique (Dixon 

MRI): the profile-averaged WF values are consistently higher than the breast-averaged values 

due to the fact that the location chosen for Portable NMR measurements (upper-right 

quadrant) has a known tendency to exhibit relatively high local MD. For this reason, the 

quantitative comparison between Portable NMR and MRI in the present study was between 

local MD-equivalent values measured using different techniques: i.e., individual depth points 

from Portable NMR depth profiles were compared with the corresponding points in the depth 

profiles reconstructed from MRI data.  

 

While local MD-equivalent measurements are not a substitute for conventional whole-breast 

measurements of MD, they can potentially have an important role in clinical breast imaging. 

To use an example from section 4.1, when MD is used as a predictor of antiestrogen 

chemoprevention treatments, it is the temporal dynamics of MD that is of interest, not the 

absolute value of MD. In this context, local MD-equivalent measurements taken consistently 

at the same topographical location could be used as a proxy for the dynamics of whole-breast 

MD.  

 

The second factor to be taken into account when comparing breast tissue composition derived 

from Portable NMR vs MRI is that single-sided portable NMR is a depth profiling, rather 

than a 3D imaging, technique: It affords spatial resolution in the "depth" dimension but 

provides no lateral-dimension spatial resolution within the sensing slice. Conversely, the 

reference MR images used in the present study were 3D images that covered the entire 
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volume of the breast with the spatial resolution ~5 mm in the slice-selection dimension and 

~1 mm in the Read and Phase dimensions. A quantitative comparison between Portable NMR 

and MRI  required identifying the MRI voxels that contributed to the signal from a given 

reconstructed Portable-NMR slice, then adding the signal intensities of the respective voxels 

to emulate a signal from the reconstructed slice, thus ensuring that the comparison is carried 

out between equivalent local volumes of breast tissue. An added complication entailed by this 

approach is partial voluming: because none of the MRI voxels intersecting with the target 

slice are fully contained in the latter, the reconstructed slice inevitably represents a 

significantly larger physical volume than the actual Portable NMR sensing slice; this further 

complicates the comparison between Portable NMR and reference MRI techniques.  

 

The accuracy of topographical positioning of the Portable NMR sensor, as well as the 

accuracy of identifying its position in 3D MR images, is another factor to consider when 

comparing the results from the two techniques. In the absence of quantitative geodesic 

approaches capable of unambiguously mapping the physical surface of the breast to the MR 

image, and vice versa, the position of the Portable-NMR sensor in the MRI frame of 

reference is subject to an uncertainty of the order of several cm. In the case of a 

topographically heterogeneous distribution of MD within the breast, this can potentially lead 

to distortions in the MRI-reconstructed depth profiles.  

 

The other factor likely to limit the quantitative agreement between Portable NMR and MRI is 

the difference in the compressive state of the breast between the two techniques. The 

reference-standard MR breast images were acquired on pendant non-compressed breasts. On 

the other hand, Portable NMR depth profiles were acquired on compressed breasts, with the 

participant’s right breast being pressed against the sensor [see Fig. 1(b)]. Such compression 

has two potential geometrical effects: (i) The breast skin surface in the scanned region is 

transformed from curved to planar; and (ii) compression may also distort the distances 

measured from the skin surface into the breast tissue.  

 

All these factors complicate the comparison between the depth profiles directly acquired in 

Portable NMR and the equivalent profiles reconstructed from MRI data. Some of these 

factors are unique to breast measurements in vivo and were not present in breast tissue 

explant measurements in vitro. Furthermore, the present Portable NMR measurements in vivo 

involved a significantly larger sensitive volume than the breast tissue explants used for 
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measurements in vitro [49]. While this factor is not necessarily unique to measurements in 

vivo, it does have potential implications for quantitative accuracy because some of the 

Portable NMR signal in vivo arises from tissue regions far from the isocentre of the sensor. 

Considering the combination of these factors, quantitative agreement between Portable NMR 

and the reference standard in the present study can be expected to be inferior to that observed 

in vitro.  

 

4.4.  Agreement between Portable NMR and MRI-reconstructed depth profiles   

The degree of agreement between WF depth profiles obtained from Portable NMR and from 

reference MRI datasets was evaluated using the similarity index SI given by Eq. (4) and also 

using pairwise Bland-Altman analysis. Bland-Altman analysis has previously been 

successfully used in biomedical imaging literature for comparison of depth profiles derived 

from two different techniques [73]. The similarity index SI can, in fact, be viewed as a logical 

extension of Bland-Altman analysis because, similar to the latter, SI is based on the 

differences between the individual data points in the two profiles. The distinction between SI 

and Bland-Altman analysis is that in the former the mean difference is expressed in relative 

terms, as opposed to Bland-Altman’s absolute standard deviation.  

 

Tables 1 and 2 reveal that the typical limit of quantitative agreement between Portable NMR 

and 3T MRI is ~20 percentage points. This is indeed inferior to the breast tissue explant 

measurements in vitro, where a typical agreement with the reference standard was 5-10 

percentage points.  

 

Nevertheless, we have found several observations encouraging. The first is a good agreement 

between the average value of MD measured from Portable-NMR and MRI-reconstructed 

depth profiles. The second, even more encouraging, observation is the broad agreement 

between qualitative profile features, such as the direction of change of MD from superficial 

to deep tissue, or (in some participants) the presence of “dips” in the profiles. The profiles of 

Participant 14, which are shown in Fig. 7(b), fail to exhibit such an agreement; however, this 

case is extreme, and in most participants there was a clear qualitative concordance between 

Portable NMR and MRI depth profiles.  

 

We also find it encouraging that the Bland-Altman profiles shown in Fig. SF3 

(Supplementary Material) do not tend to exhibit a prevailing “tilt” towards either high-WF or 
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low-WF end of the range. Importantly, the distribution of the errors in the Bland-Altman 

plots appears random and, with a few exceptions, the bias tends to be lower than the Bland-

Altman standard deviation. This suggests that the limited agreement between different 

Portable NMR and reference MRI measurements is due to complex and heterogeneous 

morphology of breast tissue rather than some inherent limitations of Portable NMR.  

 

Finally, while the quantitative agreement between Portable NMR and reference MRI is 

limited, we note that it is comparable to the agreement between the two reference MRI 

techniques themselves, T1-weighted and Dixon. While the agreement between the two MRI 

techniques tended to be better than that between Portable NMR and MRI, the WF depth 

profiles reconstructed from T1-weighted and Dixon data tended to exhibit discrepancies ~15 

percentage points. This further suggests that the limited agreement between different 

techniques is due in large part to the morphological complexity of breast tissue. It also calls 

for the development of more sophisticated reference MRI techniques for future studies. While 

both T1-weighted and Dixon MR imaging have been used and successfully validated for MD 

quantification [5,6], they were used in the context of whole-of-breast (or whole-of-phantom) 

assessment of MD, not for location-specific MD assessment. Because location-specific 

assessment is performed over a relatively small volume, it is more sensitive than whole-of-

breast MD measurement to noise and to partial-voluming that depth profile reconstruction 

inevitably entails. While a detailed discussion of alternative reference techniques is outside 

the scope of the present study, possible approaches include using identical spatial resolution 

in both T1 and Dixon measurements; reconstruction of depth profiles with MRI voxels 

weighted by their overlap volume with the target slice; and the use of larger numbers of raw 

datasets in both T1 and Dixon measurements (i.e., a multi-point rather than 2-point Dixon and 

the acquisition of the full inversion-recovery curve instead of just three TI values for T1-

weighted datasets). The latter approach could potentially push the imaging times beyond 

what is compatible with a human clinical trial; this suggests that the use of anthropomorphic 

breast phantoms would be beneficial for further technique development.  

 

4.5.  Power deposition in Portable NMR measurements   

The Specific Absorption Rate (SAR) was not directly measured in the Portable NMR 

measurements presented. Nevertheless, the value of SAR can be estimated based on the 

model of RF power deposition in the low-frequency MRI limit used by Bottomley and 
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Edelstein [74]. The details of SAR estimation are presented in Supplementary Material, and 

the resulting value of SAR in the layer of tissue adjacent to the RF sensor coil was 2.4 W/kg.  

 

The key parameters required for the calculation of SAR using Eq. (SM8) are the value of BRF, 

the size of the RF coil (R) and the resistivity of the tissue (ρ). As shown in Supplementary 

Material, the RF coil of the NMR-MOUSE instrument can be approximated as an ideal loop-

with-current coil for the purposes of SAR calculation. Therefore, other parameters being 

equal, the greatest power deposition can be expected to occur in the layer of tissue 

immediately adjacent to the Portable NMR sensor (skin), where BRF is the greatest. The value 

of tissue resistivity used for the SAR calculation (ρ = 2.0 Ω⋅m, see Table ST2) was selected 

to represent a low-end estimate for both skin and breast tissue at 15 MHz [75]; the actual 

tissue resistivity is most likely to be higher than this assumed value. We also note that the 

low-frequency SAR limit used in ref. [74] tends to overestimate the value of SAR both 

compared to direct measurements and to the SAR value calculated using more sophisticated 

models that take into account variation of the RF field amplitude within the tissue [76]. 

Therefore, the SAR value of 2.4 W/kg is likely an over-estimate.  

 

Even this high estimate of SAR is well within the International Commission’s on Non-

Ionizing Radiation Protection (ICNIRP) safety guideline for local SAR values, 10 W/kg in 

any 10 grams of tissue [77]. This suggests that the SAR value in our Portable NMR CPMG 

measurements contains a generous safety margin, and there is a significant room for 

increasing the SAR, for example by shortening the TR while keeping the echo train 

parameters constant.  

 

4.6.  Prospects of Portable NMR for MD quantification in vivo  

The broad agreement observed between Portable NMR and MRI depth profiles is 

encouraging. It is, however, helpful to evaluate the precision and accuracy of Portable NMR 

in the context of its prospective clinical applications. One such application is the monitoring 

of dynamic MD changes in hormonal anticancer or cancer-prevention therapy [47], where a 

transient reduction in MD (typically ~10% over 1-1.5 years) can herald the eventual success 

of the therapy. This would require MD to be able to be quantified in vivo with the precision 

and reproducibility of ~5 percentage points or better in order to reliably identify the changes 

in question, or lack thereof. The focus of the present study was not precision but accuracy, 
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i.e. the ability of Portable NMR to match the reference standard (MRI). In itself, a high 

accuracy is not necessarily a prerequisite for dynamic monitoring of MD because the 

presence of a constant absolute bias in the measured values would not affect the dynamic 

changes being observed. Nevertheless, the present results can also be used to gauge the 

precision of the Portable NMR protocol used in our study.  For example, in Fig. 7(b) it can be 

seen that the Dixon-measured MD profile (red dots) exhibits a smooth behaviour, indicating a 

gradual change in MD from superficial to deep breast tissue. At the same time the Portable 

NMR-measured MD profile (blue dots) does not vary smoothly but exhibits high spatial-

frequency oscillations. We hypothesise that these oscillations are indicative of the precision 

of the measurement rather than the underlying MD pattern; however, a detailed analysis of 

precision and reproducibility of Portable NMR measurements in vivo will be the subject of a 

follow-up study.  

 

We note that the scan times required under the present Portable NMR protocol (20-25 

minutes per depth profile) are at the upper limit of what could be considered clinically 

acceptable. However, given the apparent generous safety margin built into our Portable NMR 

SAR value, it is likely that the Portable NMR protocol can be shortened to less than 10 min 

by reducing the TR 3-to-4-fold without compromising power deposition safety.  

 

Overall, the observed 20 percentage points typical discrepancy between Portable NMR and 

reference MRI calls for avenues for improving the quantitative performance of the 

methodology before it can be viewed as viable for reliable MD quantification in vivo. The 

following avenues of future research are apparent:  

(i) A systematic study of the precision and reproducibility of MD quantification using 

Portable NMR would complement the present study of the accuracy (defined as the 

agreement with the reference standard). A precision-focused study is currently underway in 

our research group;   

(ii) Hardware development, which can include a purpose-made flexible arm with 3 

translational and at least 2 rotational degrees of freedom that would enable orienting and 

positioning the sensor at the breast of a standing patient. The ability to image an 

uncompressed breast using Portable NMR would not only enable a more direct comparison 

between Portable NMR and reference MRI data, but also reduce the uncertainty due to 

variability of the degree of compression. This, in turn, can be expected to improve both the 

accuracy and reproducibility of Portable NMR measurements. Continued development of 
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Portable-NMR instrumentation with 3D imaging capabilities [78] could also be of significant 

advantage to biomedical applications;  

(iii) Closely aligned with item (ii) is the development of quantitative, geodesic approaches to 

accurate topographical positioning of the Portable NMR sensor, as well as matching the 

physical position of the sensor to reference MR images. This would reduce the uncertainty 

concerning the location of the profile line in reference images. More importantly, it would 

enable a more reproducible and accurate positioning of the Portable NMR sensor in repeat 

measurements required in dynamic MD monitoring applications;  

(iv) Further development of the NMR physics of the measurement methodology: Work in this 

direction can potentially increase the signal-to-noise ratio (SNR) achieved per unit time, as 

well as improve the understanding of quantitative limitations of NMR measurements in a 

non-uniform magnetic field. It can include exploration of different measurement modalities 

(e.g. CPMG vs diffusion-based measurements); numerical simulations aimed at 

understanding the inherent distortions introduced by a non-uniform magnetic field; 

development of ultrafast NMR measurement techniques specific to Portable NMR; or a direct 

measurement of power deposition (SAR) in Portable NMR;  

(v) Specific to breast imaging applications, an investigation of different choices of 

topographical locations for Portable NMR scanning appears worthwhile. While the present 

study was limited to scanning the upper-outer quadrant of the breast, the optimal choice of 

the location may potentially be application-specific and could involve other regions of the 

breast.  

 

The overall goal of the future work outlined above would be two-fold: to maximise the 

geometrical accuracy and reliability of Portable NMR measurements of the breast, and to 

increase the acquisition speed of Portable NMR scans in order to maximise its compatibility 

with the clinical workflow in prospective medical-imaging applications. Due to its low cost, 

low maintenance requirements and portability, single-sided Portable NMR appears an 

attractive technique in the context of imaging applications that do not require a millimetre-

scale resolution. We hypothesise that with the appropriate development of the measurement 

methodology, Portable NMR can eventually become a routine tool in the medical imaging 

arsenal.  
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5. CONCLUSIONS 

This work demonstrates the in-principle feasibility of using single-sided Portable NMR for 

spatially resolved quantification of MD-equivalent breast density in vivo. The approach 

presented is based on the measurement of the relative amplitudes of the Fat and Water 

components of the NMR signal acquired from the breast tissue. Earlier studies on breast 

tissue explants in vitro have demonstrated that the relative percentage of water measured 

using Portable NMR can be considered a MD-equivalent quantity that agrees with the 

reference standard (micro-CT) to within 5-10 percentage points. The agreement seen in the 

present study is somewhat inferior to that: the mean similarity index between Portable NMR 

and back-reconstructed Dixon MRI depth profiles is 0.81, corresponding to an average 19 

percentage point difference between the two techniques. The decreased agreement in vivo, 

compared to studies in vitro, can be attributed to morphological complexity of breast tissue 

combined with uncertainties in the topographical positioning of Portable NMR sensor and 

differences in the compression of the breast in the two measurements (compressed in Portable 

NMR, uncompressed in 3T MRI). While this limits the currently achievable match between 

Portable NMR and MRI-reconstructed depth profiles, a number of avenues for the 

improvement of the current Portable NMR protocol are apparent. Further Portable NMR 

technique development, combined with the development of more sophisticated reference 

imaging approaches, has the potential to make Portable NMR-based assessment of 

Mammographic Density viable in the clinical context.  

 

To our knowledge, the present study represents the second structured human clinical trial 

involving Portable NMR and the first-ever application of Portable NMR to breast imaging in 

vivo. As a low-cost, mobile, and non-ionising imaging technique, Portable NMR appears a 

promising modality for compositional imaging of breast and other soft tissues in the clinical 

context. This calls for further development of Portable NMR-based imaging in vivo 

(including further development of the physics of Portable NMR) for prospective clinical 

applications beyond breast imaging.   
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Table captions  

 

Table 1: Profile similarity indices (SI) for the three comparison pairs: Portable NMR - 

Dixon, Portable NMR - T1, and Dixon - T1. The profile-average and breast-average water 

fractions WF (as measured from the Dixon data) are shown for each participant for reference.  

 

 

Participant  BI-RADS 
category 

Average WF 
over entire 
right breast 
(Dixon)  

Average WF 
over profile 
line (Dixon) 

SI  

pNMR-Dixon pNMR-T1 Dixon-T1 

 1 c 0.148 0.416 0.789 0.812 0.783 

 2 c 0.111 0.243 0.904 0.863 0.922 

 3 c 0.089 0.302 0.873 0.819 0.864 

 4 c 0.064 0.168 0.869 0.861 0.964 

 5 d 0.133 0.489 0.648 0.684 0.907 

 6 c 0.071 0.204 0.888 0.845 0.919 

 7 c 0.098 0.312 0.856 0.876 0.911 

 8 d 0.191 0.425 0.820 0.807 0.876 

 9 d 0.378 0.536 0.832 0.821 0.669 

 10 b 0.067 0.153 0.849 0.852 0.951 

 11 d 0.100 0.289 0.890 0.830 0.922 

 12 c 0.137 0.208 0.848 0.803 0.944 

 13 b 0.095 0.308 0.681 0.716 0.881 

 14 d 0.224 0.489 0.742 0.737 0.909 

 15 c 0.084 0.360 0.728 0.821 0.871 
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Table 2: Bland-Altman parameters for the three comparison pairs: Portable NMR - Dixon, 

Portable NMR - T1, and Dixon - T1. The quantity compared is the water fraction WF 

(physical range from 0 to 1). For each pair, a negative value of the Mean indicates that the 

first technique in the pair underestimates WF compared to the second technique. “Mean-abs” 

signifies that the Average-over-Cohort values of the Mean represent averaging of the absolute 

values, not the signed quantities.   

 

 

Participant  
pNMR-Dixon pNMR-T1 Dixon-T1 

Mean σ Mean σ Mean σ 

 1 -0.130 0.236 0.023 0.220 0.154 0.201 
 2 0.030 0.139 -0.006 0.234 -0.036 0.163 
 3 -0.065 0.155 -0.126 0.161 -0.061 0.185 
 4 -0.114 0.118 -0.122 0.095 -0.008 0.044 
 5 -0.343 0.216 -0.316 0.190 0.028 0.131 
 6 -0.066 0.112 -0.122 0.129 -0.056 0.139 
 7 -0.039 0.155 -0.053 0.153 -0.013 0.117 
 8 0.012 0.235 -0.087 0.237 -0.099 0.117 
 9 -0.033 0.275 -0.130 0.194 -0.097 0.394 
 10 -0.130 0.082 -0.148 0.030 -0.018 0.093 
 11 0.023 0.135 0.093 0.184 0.070 0.099 
 12 0.056 0.175 0.029 0.226 -0.027 0.109 
 13 -0.195 0.311 -0.196 0.256 -0.002 0.190 
 14 0.135 0.327 0.064 0.300 -0.071 0.139 
 15 -0.272 0.243 -0.179 0.089 0.093 0.218 

Average 
over cohort 

 
0.11 
(mean-abs) 

0.19 
 

0.11 
(mean-abs) 

0.18 
 

0.06 
(mean-abs) 

0.16 
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Figure captions  

 

 

Figure 1: Portable NMR measurements: (a) A schematic diagram of the Portable NMR 

instrument (NMR-MOUSE PM25). B0, the vector of the static magnetic field; g, the vector of 

the magnetic field gradient; the red line and circle show the sensing slice; (b) The setup of 

Portable NMR breast measurements in vivo. The upper-outer quadrant of the participant’s 

right breast presses against the top stage of the Portable NMR instrument. The depth of the 

sensing slice is controlled by moving the lift in the vertical direction (z axis) while the 

participant’s breast is stationary on the sample stage. The topmost position of the sensor 

(pressed against the skin) corresponded to the maximum measurement depth (20.8 mm), 

while measurement at the skin surface corresponded to the sensor being 20.8 mm below the 

skin surface.  

 

 

Figure 2: Reconstruction of the 1D depth profile from 3T MR images: (a) The location of the 

centre of the sensor coil was identified by comparing the topographical features of the breast 

in MR images with the photograph showing the position marker (yellow dot); (b) In 3T MR 

images, Portable NMR sensing slices were identified as 100 µm thick curved slabs (red lines) 

parallel to the skin surface (yellow line). These slices become flat when the breast is 

compressed against the Portable NMR sensor. The blue line is the normal to the skin surface 

passing through the centre of the Portable NMR sensor.  

 

 

Figure 3: Illustration of the physical meaning of the similarity index SI, Eq. (4). The value of 

SI is the ratio of the area between the two curves (shaded area A) to the area of the entire plot 

(the dashed rectangle R). The entire shaded area is taken with the positive sign, i.e., the index 

is sensitive to the absolute distance between the two curves but not to the sign of the 

difference. The value of (1 - SI) represents the mean absolute difference between the two 

curves, normalised to the size of the physical range of the quantity measured. The value of SI 

can range between 0 (when one curve has the constant value of 1 while the other has the 

value of 0) and 1 (the two curves are identical). In the example shown SI = 0.88, which 

corresponds to a 12 percentage point mean absolute-value difference between the two curves.  
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Figure 4: Representative Portable NMR data: (a) The primary dataset is a Carr-Purcell-

Meiboom-Gill (CPMG) decay; (b) The T2 relaxation spectrum is obtained by an inverse 

Laplace transform (ILT) of the CPMG decay. The two major peaks in (b) correspond to the 

two chemical components contributing to Portable NMR signal: water (left) and fat (right). 

The relative areas of the two peaks represent the relative amounts of the two components, and 

by inference the amounts of FGT and adipose tissue. The data shown is from participant 11, 

tissue depth 16.8 mm.  

 

 

 

Figure 5: Representative Dixon MR images: (a) Primary image with the water and fat signals 

in-phase; (b) Primary image with the water and fat signals 180o out-of-phase; (c) 

Reconstructed water-only image; (d) Reconstructed fat-only image. The images shown are 

from the same participant as in Fig. 4. All four images are shown on the same intensity scale. 

The red line in (a) indicates the approximate location of the Portable-NMR sensing slice 

corresponding to Fig. 4. The red arrow shows the approximate positioning of the Portable 

NMR sensor.  

 

 

 

Figure 6: Representative T1-weighted MR images: (a) TI = 210 ms (fat-suppressed); (b) TI = 

690 ms (water-suppressed); (c) TI = 3000 ms ("full-intensity"). The images shown are from 

the same participant as in Fig. 4. All three images are shown on the same intensity scale. The 

red line in (c) indicates the approximate location of the Portable-NMR sensing slice 

corresponding to Fig. 4. The red arrow shows the approximate positioning of the Portable 

NMR sensor.  

 

 

 

Figure 7: Representative depth profiles of tissue water fraction [WF, Eq. (3)]: (a) Example of 

a good agreement between Portable NMR and 3T MRI (participant 11); (b) Example of a 

poor agreement (participant 14). Notation is as follows: ●, profile directly measured using 

Portable NMR; ●, profile reconstructed from Dixon MRI data; ●, profile reconstructed from 

T1-weighted MRI data.  
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1. Derivation of Equation (1)  
 

Equation (1) (main text, Section 2.5) represents the relative amplitude of the MR signal of 

chemical component i in inversion-recovery measurements as a function of the inversion-

recovery period TI and recycle time TR. The equation is based on the assumption that the 

value of the longitudinal magnetisation immediately prior to the inversion 180o RF pulse 

reaches a non-equilibrium steady-state value Mss ≠ M0 if TR has a finite duration. The value 

of Mss can be obtained by considering the relaxation of longitudinal magnetisation Mz(t) 

during the period TR, approximating Mz(t) as unperturbed (in the time-averaged sense) by 

any other RF pulses during that period:  

     1/
0 00 t T

z zM t M M M e      (SM1) 

 

where t is the time elapsed since the last 180o inversion RF pulse. Assuming that the steady 

state had been established and the 180o inversion RF pulse is perfect, the value of Mz 

immediately prior to the 180o inversion pulse is Mz(TR) = Mss and its value immediately after 

the inversion pulse is Mz(0) = -Mss. Recasting Eq. (SM1) with these values and using t = TR 

yields  

   1/
0 0ss ss

TR TM M M M e     (SM2) 

 

Solving Eq. (SM2) for Mss produces  
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To obtain the value of longitudinal magnetisation at the end of the inversion-recovery period 

TI, substitute Mz(0) = -Mss and t = TI into Eq. (SM1), combining the result with Eq. (SM3):  
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Equation (SM4) leads to  
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which translates into the MRI signal of the i-th chemical component given by Eq. (1) in the 

main text.  

 

 

2. Spatial profile of the RF field amplitude  
 

Given a known duration of the nominal 180o RF pulse, tP180, the value of the rotating-frame 

B1 field can be obtained using the textbook relationship between the two:   

 
0

1
9P

B
t





 (SM6) 

where  = 26.75107 rad/Tm is the gyromagnetic ratio of the 1H nucleus. As the RF coil of 

the PM25 NMR-MOUSE instrument is a surface coil, the tP180 and B1 both exhibit a strong 

dependence upon the distance d from the plane of the coil. Table ST1 presents this 

dependence for the NMR-MOUSE instrument used in the present study: the calibrated values 

of tP980, the B1 values calculated using Eq. (SM6) and the values of the laboratory-frame RF 

magnetic field BRF = 2B1 are shown for different values of d.  

 

 

Table ST1. Spatial profile of the calibrated duration of the nominal 180o RF pulse (tP180), 

the calculated B1 field and the corresponding RF field BRF. The tP180 values were calibrated at 

the same RF transmit power at all locations.  

 

d (mm)  tP180 (µs) B1 (mT) BRF (mT) 

5.9 6.5 1.81 3.61 

10.8 11.0 1.07 2.14 

15.7 16.0 0.734 1.47 

20.8 27.0 0.435 0.870 

26.0 40.0 0.294 0.587 
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This spatial profile of BRF can be extrapolated to d = 0 (or any other distance) by 

approximating the NMR-MOUSE sensor coil as an ideal loop with a circulating electric 

current. An ideal circular loop of radius R with an electric current I produces the magnetic 

field that is dependent upon the distance d from the plane of the coil. On the symmetry axis 

of the circular loop, the component of the magnetic field normal to the loop is given by  

  
 

2
0

3/22 24z
R IB d

d R

 


 
 (SM7) 

where µ0/4π = 10-7 Tm/A is the magnetic permeability of free space. It is easily seen that the 

spatial profile of Bz can be linearised by plotting (Bz-2/3) vs (d2). This linearisation also enables 

the effective radius of the RF coil to be estimated from the relationship R2 = 

(Intercept)/(Slope). Figure SF1 presents such a linearised plot for the NMR-MOUSE data 

from Table ST1. The linear extrapolation to d = 0 yields an estimate of the value of BRF in the 

centre of the sensor coil: BRF0 = 3.97 mT. This represents the highest possible value of BRF at 

the given RF Transmit power. The square root of the (Intercept)/(Slope) ratio yields the 

effective coil radius, R = 16.1 mm.  

 

Figure SF1.  Linearised spatial profile of the amplitude of the RF magnetic field BRF. The 

dots correspond to the values of BRF given in Table ST1; the straight line represents a linear 

least-squares fit. The y-intercept of the line yields the value of BRF in the centre of the RF 

coil: BRF0 = 3.97 mT. The (Intercept)/(Slope) ratio yields effective R = 16.1 mm. The good 

linearity of the fit confirms that Eq. (SM7) is a reasonable approximation for the spatial 

profile of the RF field.  
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3. Calculation of the Specific Absorption Rate (SAR)  
 

The tissue RF power deposition during a Portable NMR CPMG measurement can be 

estimated using the equation adapted from ref. [74]:  

 

 
2 2 2 2

2
RFB RP D
s

 



 (SM8) 

 
where D = NEtP180/TR is the RF duty cycle if the excitation 90o RF pulse is neglected. The 

resulting P represents the Specific Absorption Rate (SAR) in W/kg. For a surface coil, R has 

the meaning of the radius of the coil; its effective value was estimated in the previous section 

as 16.1 mm. The other parameters used in Eq. (SM8) are identical to those used in ref. [74]: 

, RF frequency (Hz); , tissue resistivity (m); and s, tissue density (kg/m3). Other factors 

(most notably  and s) being equal, the highest power deposition in a NMR-MOUSE 

measurement can be expected to occur in the layer of tissue immediately adjacent to the 

sensor coil. Therefore, using the BRF0 obtained above for the value of BRF gives an estimate of 

the highest RF power deposition in any gram of tissue. Using the parameter values presented 

in Table ST2, Eq. (SM8) yields P = 2.4 W/kg.  

 
 

Table ST2. Parameter values used for the calculation of SAR in the layer of tissue 

immediately adjacent to the RF sensor coil. The value of SAR was calculated using Eq. 

(SM8), which yielded P = 2.4 W/kg.  

 
Parameter Value Known or estimated?  

 13.18106 Hz Known – spectrometer operating frequency  

BRF 3.9710-3 T Upper estimate: BRF0 is used as the highest-possible BRF  

R 16.110-3 m  Effective radius from fitting the circular-loop model  

 2.0 m Lower estimate for  = 15 MHz, based on ref. [75]  

s 1103 kg/m3  Estimated as the average density of skin, fat and FGT 

NE 1000 Known – operator-set pulse sequence parameter 

tP180 2710-6 s Known – operator-set pulse sequence parameter 

TR 20 s Known – operator-set pulse sequence parameter 
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4. Complete set of depth profiles  
 

Figure SF2.  Depth profiles of the water fraction (WF) obtained from direct Portable NMR 

measurements (blue dots, ●) and reference-standard depth profiles reconstructed from Dixon 

3D MRI data (red dots, ●) and from T1-weighted 3D MRI data (green dots, ●). The numbers 

inside the panels represent the patient from whom the profiles were acquired.  
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5. Bland-Altman analysis  
 

Figure SF3.  Bland-Altman plots for pairwise comparison of the sets of depth profiles 

obtained from direct Portable NMR measurements and reference-standard depth profiles 

reconstructed from Dixon 3D MRI data and from T1-weighted 3D MRI data. The 15 

numbered rows represent individual patients; the three columns correspond to the three 

comparison pairs.  

 

            Portable NMR – Dixon        Portable NMR – T1 MRI            Dixon – T1 MRI  
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