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Materials and methods: With institutional review board approval, 106 women at ele-
vated risk (mean age 47), including 46 participants at medium risk, 43 at high risk with
no known mutation and 17 BRCA-mutation carriers, were recruited. Breast density
was assessed using a T, sequence. A T4 sequence was used to place the voxel for the
2D COSY data. Peak volumes were normalized to the methylene peak at (1.30,
1.30) ppm. Chi-squared and Mann-Whitney tests were used.

Results: Two resonances are assigned on the diagonal at 3.15 ppm and 3.19 ppm
consistent with and denoted MMA1 and MMAZ2 respectively. MMA1 and MMA2
increased in parallel with increased risk. BRCA-mutation carriers recorded an increase
in mean MMA1 of 120% (p = 0.033) and MMA2 of 127% (p = 0.020) in comparison
with participants with no known mutation. BRCA-mutation carriers with dense
breasts recorded a significant increase in mean MMA1 of 137% (p = 0.002) and in
mean MMA2 of 143% (p = 0.004) compared with BRCA-mutation participants with
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low-density breast tissue. MMA1 and MMA2 were higher in premenopausal women
with dense breasts compared with those with low-density tissue. The highest values
of MMA were recorded in BRCA-mutation carriers.

Conclusion: Two tentative assignments are made for MMA in breast tissue of women
at elevated risk for cancer. BRCA-mutation carriers exhibited higher values of MMA
than those with no known mutation. Premenopausal women with BRCA mutation
and dense breasts recorded the highest levels of MMA compared with other

categories.
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1 | INTRODUCTION

Methylmalonic acid (MMA), CH;-CH-(CO,H),, is a dicarboxylic acid that is a C-methylated derivative of malonate. A recent article has linked
increase in MMA with age and a systemic environment that favours the progression and aggressiveness of tumours.® The report suggests that
MMA in the sera of the aged population is upregulated and induces a complete pro-aggressive epithelial-mesenchymal transition (EMT)-like
phenotype in human cancer cell cultures. Specifically, it demonstrates that MMA could induce the human transcription factor SOX4 expression
and, consequently, elicit transcriptional reprogramming to give cancer cells aggressive properties. They also hypothesize that MMA may provide a
therapeutic target.

Epidemiological studies report breast density to be an independent risk factor for breast cancer?* and to make a woman four to six times
more likely to develop breast cancer.> Moreover, it has been shown that baseline dense breasts and their persistence over time are strongly asso-
ciated with an increased risk of incident breast cancer in both premenopausal and postmenopausal women.® Additionally, mammographic density
has been reported to be under strong genetic influence that may partially explain the familial aggregation of breast.” By 2020, 38 states in the
United States had notification laws in effect to ensure the patient was notified of her breast density, even though the understanding of cellular
and molecular mechanisms underlying the risk of breast cancer had not been determined.

When evaluated with MRI, breast density can be reported using a comparable Breast Imaging Reporting and Data System (BI-RADS). It has
recently been reported that there is a significant correlation between breast tissue chemical composition using in vivo two-dimensional
correlated spectroscopy (2D COSY) and the breast density as recorded with BI-RADS.'° The authors reported a gradual increase in the neutral
lipid (triglycerides and cholesterol) and metabolite contents from low-density to high-density breasts.

As a consequence of these reports, we explored if any of the unassigned resonances in the in vivo MR spectra of healthy breast tissue
were consistent with MMA. Others had assigned MMA in cerebrospinal fluid in a patient with vitamin By, deficiency.!* They demonstrated
the pH sensitivity of MMA and reported that the proton MR spectrum of MMA had two multiplets, centred at 1.23 and 3.17 ppm, when
recorded in D,O at 25 °C and pH 7.2. The multiplets centred at 3.17 ppm had four resonances at 3.14, 3.16, 3.17 and 3.18 ppm in the ratio of
1:4:4:1.

With this information, we hypothesize that MMA can be identified in vivo in the breast tissue using 2D COSY and that levels of MMA are
associated with breast density, menopausal status and risk of breast cancer. We aim to evaluate 2D COSY data from women at elevated risk of
breast cancer to assign in vivo MMA in the breast tissue, and to correlate MMA levels with breast density, menopausal status and levels of risk.

2 | MATERIALS AND METHODS
2.1 | Research guidelines and regulations

This cross-sectional study with prospective data collection was undertaken with patients recruited from three hospitals: Princess Alexandra
Hospital (PAH), Brisbane, Australia; Hospital Clinic de Barcelona (HCB), Barcelona, Spain; St Andrew's Hospital (STA), Adelaide, Australia. Ethics
approval was obtained from all the centres. All research was performed in accordance with relevant guidelines and regulations. Written informed

consent was obtained from all participants.
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2.2 | Inclusion and exclusion criteria

One hundred and six women at elevated risk for breast cancer were recruited. Table 1 shows the sites of recruitment and number of participants
at each centre. The mean age was 47 years (standard deviation (SD), 11 years; range, 21-79).

The triage for the elevated risk participants was based on the National Institute for Health and Care Excellence (NICE) guidelines, which
classify patients into low (<17%), medium (217% and <30%), or high risk (230%) depending on the number of family members with breast cancer
and their age at diagnosis.?? Our series included 46 participants at medium risk and 60 at high risk, of whom 43 had no known mutation and
17 were BRCA-mutation carriers.

Fifty-two participants from this series have been reported in a previous study, where four distinct chemical profiles were identified in healthy
breast tissue based on breast density and menopausal status in participants at low and high risk with no known mutation.*°

Participants were excluded if they had breast implants, were claustrophobic, pregnant or breastfeeding or were unable to receive contrast,
due to either a known allergy or renal insufficiency.

23 | MRI

The participants underwent dynamic MRI of the breast and in vivo MR 2D COSY between days 6 and 14 (follicular phase) of the menstrual cycle,
where relevant. The data were collected on a 3 T Prisma (PAH) or a 3 T Vida scanner (HCB, STA) (Siemens, Erlangen, Germany) using either an
18-channel (Siemens, Erlangen, Germany) or a 16-channel (RAPID Biomedical, Rimpar, Germany) breast coil (Table 1).

Breast MRI consisted of (a) a localizer sequence (repetition time (Tg) 6 ms, echo time (Tg) 2.61 ms, slice thickness 7 mm, field of view (FOV)
400 x 400 mm?); (b) axial Ty-weighted 3D FLASH (Tg 5.43 ms, Tg 2.46 ms, flip angle 20°, slice thickness 2 mm, FOV 320 x 320 mm?, matrix
448 x 448 mm?); (c) an axial T,-weighted TSE sequence (Tr 4280 ms, Tg 97 ms, slice thickness 2 mm, FOV 300 x 300 mm?, matrix 448 x
448 mm?) and (d) an dynamic axial 3D fat suppressed T;-weighted gradient-echo sequence (Tg 4.51 ms, Tg 2.03 ms, flip angle 10°, slice thickness
1.2 mm, FOV 320 x 320 mm?, matrix 448 x 448 , in-plane resolution 0.7 x 0.7 mm?, acquisition time 91.5 s). Images were obtained prior to a
rapid bolus injection and five times after injection of contrast material. The bolus injection consisted of 0.1 mmol gadobutrol (Gadovist; Bayer,
Berlin, Germany) per kilogram of body weight and a 20 mL saline flush, delivered through an intravenous cannula. Automated subtraction of the
appropriate precontrast and postcontrast images and multiplanar reconstruction of data sets were performed.

One radiologist undertook the BI-RADS assessment of breast density using the T,-weighted sequence. Breast density categories were Type a
(fatty breast tissue), Type b (scattered areas of fibroglandular density), Type c (heterogeneous density) and Type d (extremely dense breast tissue).
For analysis purposes, the low-density group comprised Type a and Type b and the high-density group was made up of Type c and Type d.

24 | 2D COSY acquisition and data processing parameters

2D COSY was performed following the dynamic MRI study, as neutral gadolinium chelates, e.g., gadobutrol, have been reported to have little or
no effect on the amplitude of the choline peak and are recommended in MRS studies of the breast.*®

A 3D T;-weighted sequence was used to position a voxel of 20 mm? in the left breast. Briefly, the voxel was placed in an area representative
of the breast density in each patient, as described elsewhere® (Figure 1). The para-areolar region, large blood vessels, chest wall and air-skin
interfaces were avoided. Localized shimming was performed by automatic adjustment of zeroth- and first-order shim gradients using the Siemens
auto-shimming algorithm,* followed by manual adjustment of zeroth-order shim gradients to achieve a width of the water peak at half maximum

of 65 Hz or less.

TABLE 1 Description of participants, devices and breast coils according to sites of recruitment

PAH HCB STA
Number of participants 93 9 4
Risk categories Medium risk (n = 43) High risk no mutation (n = 41)  Medium risk (n = 1) Medium risk (n = 2) High risk no
BRCA mutation (n = 9) BRCA mutation (n = 8) mutation (n = 2)
Vendor Siemens Siemens Siemens
Device (3 T) Prisma Vida Vida
Breast coil 16 channel (n = 35) 18 channel 18 channel

18 channel (n = 58)
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FIGURE 1 (A), 36-year-old premenopausal woman at high risk with no known mutation. The yellow voxel is placed in the left breast avoiding
the chest wall and air or skin interfaces and mainly comprises fibroglandular tissue, as this participant had extremely dense breasts (Type d).

(B), 66-year-old postmenopausal woman with BRCA1 mutation. In this participant with fatty breasts (Type a) the voxel only comprises fatty tissue.
Note that the perpendicular lines in the localizer are used for planning the MR sequences. The red boxes on both sides of the images flag the
active coils used to record the spectra (left breast in both cases).

Data were acquired using the 2D COSY pulse sequence comprising of three slice-selective pulses (90-180-90°). The 2D COSY sequence
parameters were as follows: Tg 2000 ms, T initial 30 ms, 96 t, increments at 0.8 ms, six averages per increment, f, bandwidth 2000 Hz, vector
size 1024 points and RF offset frequency set on 3.2 ppm. Weak water-selective suppression was optimized using the WET technique.?® The total
acquisition time was 19 min.

Processing was undertaken as reported.® Briefly, raw data for 2D spectroscopy was processed using MATLAB. Within MATLAB the signal
from individual coil elements was combined into a 2D matrix and then reformatted. Each free induction decay (FID) signal was acquired within
1024 points along the directly detected readout dimension—t,—and 256 increments along the indirectly detected dimension—t4. The signals were
then zero-filled to 2048 and 512 respectively and were then double Fourier transformed (F; = 1250 Hz and F, = 2000 Hz) after applying tempo-
ral filters. A skewed sine-bell squared filter with a skew parameter of 0.3 in the t, dimension and a skewed sine-bell filter in the t; dimension were
applied.}” Additional processing was undertaken to minimize the lipid contribution by applying a skew parameter of 0.4 in the t, dimension where
cross-peaks above the diagonal were obscured by T ridges created by methylene.

All diagonal and cross-peak volumes were normalized to the amplitude of the methylene peak at (1.30, 1.30 ppm) as the internal chemical
shift reference and measured as described elsewhere.® Peak assignments were noted along (F», F1) in ppm as previously reported in vivo'® and in
breast tissue extracts.'”

For standard spectral analysis a level multiplier (relating to the number of contour lines) of 1.4 was used in Felix software, whereas for
metabolite regions a level multiplier of 1.05 was utilized to make it possible identify the diagonal peaks of metabolites.

Examinations were carried out by experienced radiographers with the assistance of a radiologist, where necessary. All radiographers followed
a standard operating procedure to ensure consistent voxel placement, with weekly quality assurance conducted by the lead radiographer to

ensure consistency and quality of each acquisition.
2.5 | Statistical analysis
Statistical analysis was undertaken using IBM SPSS Statistics 25.0 (IBM, Armonk, NY). Age, body mass index (BMI), MRI-BI-RADS category of

breast density, menopausal status, risk group according to NICE guidelines and measured volume of various lipid diagonal peak and cross-peaks,

metabolites and cholesterol were collected for each participant.
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Chi-squared was used to compare categorical variables. Mean comparison between groups was performed using one-way ANOVA or

Kruskal-Wallis non-parametric tests depending upon whether or not the variable followed a normal distribution. A two-sided p value of less than

0.05 was considered statistically significant.

3 | RESULTS
3.1 | Clinical features

The demographics of the series is summarized in Table 2. According to the NICE guidelines, 43% (46/106) of participants were at medium risk
and 57% (60/106) at high risk. There were no significant differences across clinical groups in terms of age (p = 0.111) or BMI (p = 0.633).

Fifty-six percent (59/106) of women had low-density breasts and 44% (47/106) had dense breast tissue (p = 0.436).

Forty-three percent (46/106) of the participants were premenopausal and 57% (60/106) had postmenopausal status (p = 0.161). In the
low-density group 69% (41/59) were postmenopausal, whereas in the high-density group 40% (19/47) were postmenopausal (p = 0.003).

3.2 | Chemical evaluation of tissue chemistry

No significant differences were noted between 16- and 18-channel coils in terms of quality and metabolite quantification.

Figure 2 shows a typical 2D COSY spectrum from a premenopausal participant with high-density breasts.A 2D contour plot of the expanded
region F,/F41 3.00 ppm to 3.80 ppm is shown in Figure 3. The resonances at 3.15 and 3.19 ppm are apparent and consistent with the presence of
the MMA molecule in the dense breast tissue (Figure 3). The second multiplet of MMA at 1.23 ppm is not visible due to the large methylene
resonance from fatty acyl chains.

3.3 | Relationship of MMA levels with breast density, menopausal status and risk categories

The mean values of MMA1 and MMAZ2 across risk categories adjusted to breast density are shown in Table 3 and Figure 4.

In the low-density group, MMA1 at 3.15, 3.15 ppm and MMAZ2 at 3.19, 3.19 ppm average levels did not show significant differences across
the risk categories (p = 0.193 and p = 0.103, respectively).

In the high-density breasts, both MMA1 (3.15, 3.15 ppm) and MMAZ2 (3.19, 3.19 ppm) displayed significantly different average levels across
cohorts (p = 0.035 and p = 0.021, respectively). The pairwise comparison showed that BRCA-mutation carriers had an increase in MMA1 (3.15,
3.15 ppm) of 120% (p = 0.033) and in MMAZ2 (3.19, 3.19 ppm) of 127% (p = 0.020) when compared with participants at high risk with no known
mutation (Table 3).

BRCA-mutation carriers with dense breast tissue recorded a significant increase in MMA1 (3.15, 3.15 ppm) of 137% (p = 0.002) and in
MMA2 (3.19, 3.19 ppm) of 143% (p = 0.004) compared with BRCA-mutation participants with low-density breasts (Table 3 and Figure 4).

TABLE 2 Demographics of the patients included in the series

Medium risk High risk
(n = 46) No known mutation (n = 43) BRCA mutation (n = 17) P
Age, mean (SD) 44.8 (12.6) 49.7 (7.6) 45.1(15.2) 0.111
Menopausal status, % 0.161*
premenopausal 24 (52) 12 (28) 10 (59)
postmenopausal 22 (48) 31(72) 7 (41)
Breast density, % 0.436*
low density 26 (57) 25 (58) 8(47)
high density 20 (43) 18 (42) 9 (53)
BMI, mean (SD) 27.1(4.9) 27.1(5.2) 28.5(7.9) 0.633

*p value calculated comparing elevated risk participants versus BRCA-mutation carriers.
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FIGURE 2 Typical 2D COSY spectrum of the region F,/F, 0.00 ppm to 6.00 ppm from the participant in Figure 1A. Data were collected on a
Prisma 3 T scanner equipped with a dedicated 18-channel breast coil. The lipids and cross-peaks labelled A-G’ are assigned as described by
Ramadan et al.»® Cross-peak A at 0.90, 1.30 ppm, (CH,),-~CH,-CHg; Cross-peak B at 1.30, 2.02 ppm, allylic-(CH,),; Cross-peak C at 2.02,

5.31 ppm, olefinic-allylic; Cross-peak D at 82.77, 5.31 ppm) olefinic-diallylic; Cross-peak E at 1.59, 1.30 ppm, (CH,),-B-carbonyl; Cross-peak F at
2.25, 1.59 ppm, a-carbonyl—p-carbonyl; Cross-peak G at 4.10, 5.31 ppm, olefinic-glycerol (CH,); Cross-peak G’ at 4.10, 4.25 ppm, glycerol
geminal coupling (CH,).
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FIGURE 3 The 2D contour plots from the spectral region F,/F; 3.00 ppm to 3.80 ppm (metabolite region). All peak volumes were normalized
to the amplitude of the methylene peak at 1.30, 1.30 ppm as the internal chemical shift reference. For this region, a level multiplier of 1.05 was
utilized to make it possible to identify the diagonal peaks of metabolites. The MMA molecule is seen as two diagonal peaks making up the
multiplets at 3.15 and 3.19 ppm in participants with dense breasts (C and D). A, Premenopausal participant with low-density breast. B,
Postmenopausal participant with low-density breast. C, Premenopausal participant with high-density breast. D, Postmenopausal participant with
high-density breast. Other diagonal resonances include the following: Gluc, glucose; GIn, glutamine; Glu, glutamate; m-Ins, myo-inositol; s-Ins,
scyllo-inositol; Tau, taurine; TBC, to be confirmed.

The peak volumes assigned to MMA in each patient categorized by breast density and menopausal status are presented in Figure 5. Both
MMA1 (3.15, 3.15 ppm) and MMA2 (3.19, 3.19 ppm) had higher values in premenopausal women with dense breast tissue. In addition, the
highest values in this category were recorded in BRCA-mutation carriers.

Participants with low-density breasts, regardless of the risk category, recorded the lowest levels of both molecules of MMA (Figure 5).
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TABLE 3 Mean (SD) of MMA1 (3.15, 3.15 ppm) and MMAZ2 (3.19, 3.19 ppm) across the risk categories adjusted to breast density

Low density (n = 59)

High density (n = 47)

Medium High risk with High risk with Medium
risk no mutation BRCA mutation p risk
MMAL1 (3.15, 3.15 ppm) 1.1(0.5) 1.2 (0.6) 2.8(4.1) 0.193 13.5(39.2)
MMA2 (3.19,3.19 ppm) 0.9 (0.6) 1.1 (0.6) 2.6 (4.3) 0.103 11.2 (28.1)
Numbers written in scientific notation (x 10~°).
0.00030 0.0005
0.000511 Breast density
EE Low density
0.00025 T 0.0008 B High density
1 .
£ 0.00020 0.001792
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3.8 (4.6) 17.7 (17.2) 0.021
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FIGURE 4 Box plots show median values and interquartile range of MMA1 at 3.15, 3.15 ppm (left) and MMAZ2 at 3.19, 3.19 ppm (right)
across the risk categories grouped by breast density type. BRCA-mutation carriers with high-density breasts exhibit the highest volumes of these
molecules. Arrows at the top of the medium-risk and high-risk with BRCA mutation box plots on the left mean that there are further values at

0.001792 and at 0.0005
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11, respectively. The same applies in the box plot on the right.
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The dot plots show a comparison of the resonance volumes recorded for MMA1 (3.15, 3.15 ppm) (top) and MMA2 (3.19,

3.19 ppm) (bottom) across categories combining breast density and menopausal status. Overall, premenopausal women with high-density breasts
exhibited higher values of both molecules in comparison with other categories. Each participant is coded according to the risk categories. Arrows
at the top of the high-density premenopause plots mean there are further values at 0.001792 (top) and at 0.001293 (bottom).
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4 | DISCUSSION

We have tentatively assigned MMA in healthy breast tissue in a cohort of participants at elevated risk of developing breast cancer using 2D COSY
in a clinical 3 T MR scanner. The methods described here for the in vivo assignment of MMA in breast tissues may provide an important clue,
particularly since the highest levels of this molecule were recorded in BRCA-mutation carriers with premenopausal status and dense breasts.

Why women with dense breast tissue have an elevated risk of breast cancer has remained largely unexplained. Currently, there is no clinical
technique to distinguish individual women at a higher risk. Breast density, and its changes over time, were found to be independently associated
with the risk of breast cancer in both premenopausal and postmenopausal women.® Importantly, it has been reported that breast cancer risk
decreases as density regresses.®

MMA is a vital intermediate in the metabolism of fat and protein and is widely known to be a marker of vitamin By, deficiency.?° Recently,
MMA has been shown to be associated with the capacity to endow cancer cells with the properties necessary to migrate, invade, survive and
thrive as metastatic lesions.” Gomes et al. suggest that MMA relies on the activation of the transforming growth factor  (TGFp) signalling in an
autocrine fashion to induce SOX4 and, consequently, the transcriptional reprogramming necessary for the EMT that sustains tumour
progression.t?1

A recent paper has used an integrative genomic strategy to detect regulators of low-density lipoprotein receptor (LDLR) activity.?? They dem-
onstrated that MMA upregulates LDLR activity by inhibiting 3-hydroxy3-methylglutaryl coenzyme A reductase activity and reducing cholesterol
biosynthesis. This suggests that MMA may be a controlling factor in cholesterol homeostasis and may play a role in breast density and cancer risk.

If the assignment of MMA in the breast tissue is correct, then this may provide insight into why, in a cohort of individuals at elevated risk,
premenopausal women with BRCA mutation and dense breasts have even a higher risk for developing breast cancer. It is also of interest to note
that those individuals with low-density breasts exhibited much lower volumes of MMA1 and MMAZ2, regardless of the risk category and meno-
pausal status. According to our results, MMA appears to be related to breast density, which is one of the known risk factors for breast cancer.
The fact that MMA enables cells to acquire pro-aggressive traits and is involved in tumour development suggests that this molecule could poten-
tially be a biomarker of breast cancer.

The capacity to non-invasively monitor breast tissue chemistry changes at a molecular level in a healthy breast, using in vivo 2D COSY in a
clinical MR scanner, shows great potential for the development of a personalized medicine approach. This is particularly relevant in the cohort of
women with a germline BRCA mutation or with familial history with no known mutation, as it is widely known that these women are at higher risk
of breast cancer and are diagnosed and die at earlier ages than the general population.2>2* The current results obtained from a series at elevated
risk including BRCA-mutation carriers are in line with those reported in a previous study, in which women at high risk with no known mutation
exhibited the highest lipid content and metabolic activity in the high-density premenopausal category when compared with women at low risk,
who exhibited the highest metabolic activity in the high-density postmenopausal category.*°

There are some limitations of the study. First, the number of BRCA-mutation carriers was smaller than those of the other risk
categories, which may impact the results. Second, although this is a multicentric study, most of the participants were recruited at one
hospital (PAH). However, the results consistently show that premenopausal women with dense breast exhibit higher levels of MMA, regardless of
the site of recruitment. Third, the breast density assessment was performed by one radiologist, so interobserver variability could not be
evaluated.

In conclusion, a new molecule, MMA, is tentatively assigned in the in vivo 2D COSY recorded in breast tissue of healthy women at elevated
risk of breast cancer. BRCA-mutation carriers exhibited higher values of MMA than those with no known mutation, and premenopausal women
with BRCA mutation and dense breasts showed the highest levels of MMA when compared both with postmenopausal participants with BRCA
mutation and dense breasts, and with those with low-density breasts regardless of their menopausal status or risk categories.

If confirmed in larger samples, we consider these in vivo MMA assignments in the breast tissue to be an important finding, as this could
provide an early warning of developing breast cancer. These findings make it important to evaluate the MMA levels in the breast tissues
of healthy women and those with a breast cancer to gain further understanding of the role of this molecule in tumour development and

progression.

4.1 | Data collection and expertise required

The clinical study reported here was established in Brisbane at a public hospital with a senior radiographer (Tech) operating the scanner. This
knowledge was transferred to radiographers in a private practice in Adelaide and then to a major public hospital in Barcelona. The original radio-
graphers monitored data quality from each site. The data as currently analysed requires knowledge of 2D COSY, but we are in the process of

automating the data evaluation and plan for it to be cloud based in collaboration with two commercial partners.
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