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Breast Tissue Chemistry Measured In Vivo
In Healthy Women Correlate with Breast

Density and Breast Cancer Risk
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Background: The relationship of tissue chemistry to breast density and cancer risk has not been documented despite
breast density being a known risk factor.
Purpose: To investigate whether distinct chemical profiles associated with breast density and cancer risk are identified in
healthy breast tissue using in vivo two-dimensional correlated spectroscopy (2D COSY).
Study Type: Prospective.
Population: One-hundred-seven participants including 55 at low risk and 52 at high risk of developing breast cancer.
Field Strength/Sequence: 3 T/ axial/ T1, T2, 2D COSY.
Assessment: Two radiologists defined breast density on T2. Interobserver variability assessed. Peak volumes normalized
to methylene at (1.30, 1.30) ppm as internal shift reference.
Statistical Tests: Chi-squared/Mann–Whitney/Kappa statistics/Kruskal Wallis/pairwise analyses. Significance level 0.05.
Results: Ten percentage were fatty breasts, 39% scattered fibroglandular, 35% heterogeneously dense, and 16% extremely
dense. Interobserver variability was excellent (kappa = 0.817). Sixty percentage (64/107) were premenopausal. Four distinct tissue
chemistry categories were identified: low-density (LD)/premenopausal, high-density (HD)/premenopausal, LD/postmenopausal,
and HD/postmenopausal. Compared to LD, HD breast chemistry showed significant increases of cholesterol (235%) and lipid
unsaturation (33%).
In the low-risk category, postmenopausal women with dense breasts recorded the largest significant changes including
cholesterol methyl 540%, lipid unsaturation 207%, glutamine/glutamate 900%, and choline/phosphocholine 800%.
In the high-risk cohort, premenopausal women with HD recorded a more active chemical profile with significant increases
in choline/phosphocholine 1100%, taurine/glucose 550% and cholesterol sterol 250%.
Data Conclusion: Four distinct chemical profiles were identified in healthy breast tissue based on breast density and men-
opausal status in participants at low and high risk. Gradual increase in neutral lipid content and metabolites was noted in
both risk groups across categories in different order. In low risk, the HD postmenopausal category exhibited the highest
metabolic activity, while women at high risk exhibited the highest lipid content and metabolic activity in the HD
premenopausal category.
Level of Evidence: 2
Technical Efficacy Stage: 3
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Epidemiological studies report breast density as an inde-
pendent risk factor for cancer1–3 with high density

(HD) conferring a 4 to 6-fold increased risk of breast cancer.4

Only age and BRCA mutation status are associated with a
higher risk.5 The most widespread method to qualitatively
assess breast density is the breast imaging reporting and data
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system (BI-RADS) classification.6 BI-RADS evaluates paren-
chymal patterns and distributions and classifies the breast
density into four categories.6 Stroma is the major tissue com-
ponent of the breast and is composed of stromal cells and
extracellular matrix proteins.7 Dense breast tissue contains
higher amounts of stroma and less fat than nondense breasts8

and the increase in breast density is mainly associated with an
augmentation in the deposition of collagen.9

One-dimensional MR spectroscopy was reported to
identify variations in water and lipid ratio of breast tissue
related to age, breast density, and menopausal status.10 A
more modern approach using in vivo MR two-dimensional
correlated spectroscopy (2D COSY) reported the chemical
species unambiguously assigned using a second magnetic fre-
quency.11,12 This 2D COSY method was used to evaluate
breast tissue chemistry in women carrying the BRCA1 or
BRCA2 gene mutations.11 Neutral lipid content was reported
to differ between the BRCA1, BRCA2, and healthy cohorts.
Recent advances in MR hardware, including magnet stability,
coil technology, and the capacity for radiographers to operate
the scanner with precision in spectroscopy mode, have
resulted in an improved signal-to-noise ratio.

Cell models of tumor development and progression paved
the way to evaluate the role of lipid chemistry and metabolism
in tumor development and progression. In vitro cell lines were
examined and the MR spectral changes were correlated with spe-
cific biological and genetic characteristics.13–15 The earliest bio-
markers of the premalignant state(s) were molecules active on
the MR timescale and included lipids and cholesterol.15 In paral-
lel, the causes of the aberrant choline phospholipid metabolism
in breast cancer were documented.16

Our hypothesis is that the lipid chemistry and metabo-
lites, recorded in well-defined cell models of tumor develop-
ment and progression, could now be measured in vivo in a
clinical scanner and that there is an association between the
tissue chemistry, the breast density, and the risk of breast can-
cer. Therefore, the evaluation of breast tissue chemistry might
provide an objective evaluation of both breast density and
biomarkers of risk for cancer.

This study aims to investigate whether distinct chemical
profiles associated with breast density can be identified in the
tissue of healthy women at low and high risk of breast cancer
using in vivo 2D COSY.

Material and Methods
Patient Cohort and Inclusion Criteria
Institutional review board approval and written informed
consent was obtained from all participants. A cross-sectional
study with prospective data collection was carried out
between October 2017 and August 2019 at three hospitals.
Sixty-four healthy women at low risk and 89 at high risk
according to the National Institute for Health and Care

Excellence guidelines17 (Table 1) were consecutively rec-
ruited. None of them was pregnant or taking hormone
replacement therapy. The lifetime risk was calculated for each
patient according to the international breast cancer interven-
tion study (IBIS) score using the Tyrer–Cuzick model18 (ver-
sion 8.0b). The American Cancer Society recommends
women with a lifetime risk of cancer of 20% or greater as
being high risk.19 According to these guidelines, participants
with an IBIS score ≤ 20% were selected from the low-risk
cohort. Women with a score > 20% were chosen from the
high-risk category. Therefore, the study group included
107 participants (mean age, 44.07 years; SD, 11.48 years;
range: 20–72), including 55 at low risk with an IBIS scor-
e ≤ 20% and 52 at high risk with no known pathogenic
mutations and an IBIS score > 20%.

MR Imaging
Participants underwent MR imaging of the breast and in vivo
MR 2D COSY between days 6 and 14 of the menstrual
cycle, where relevant. The data were collected on a 3-T Mag-
netom Prisma or a 3-T Magnetom Vida scanner (Siemens
AG, Erlangen, Germany) using either an 18-channel
(Siemens AG) or a 16-channel (RAPID Biomedical,
Germany) breast coil.

Breast MRI consisted of 1) localizer sequence (repeti-
tion time [TR]:6 msec, echo time [TE]: 2.61 msec, slice
thickness: 7 mm, field of view [FOV]: 400 x 400 mm2); 2)
axial T1-weighted three-dimensional (3D) flash (TR:
5.43 msec, TE: 2.46 msec, flip angle: 20�, slice thickness:
2 mm, FOV: 320 x 320 mm2, matrix: 448 � 448 mm2);
and 3) axial T2-weighted TSE sequence (TR: 4280 msec,
TE: 97 msec, slice thickness: 2 mm, FOV: 300 x 300 mm2,
matrix: 448 � 448 mm2).

A dynamic axial 3D fat suppressed T1-weighted
gradient-echo sequence was added to the protocol in women
at high risk (TR: 4.51 msec; TE: 2.03 msec; flip angle: 10�;
slice thickness: 1.2 mm; FOV: 320 � 320 mm2; matrix:
448 � 448 mm2; in-plane resolution: 0.7 � 0.7 mm2, acqui-
sition time 91.5 seconds). Images were obtained prior to a
rapid bolus injection and five times after injection of contrast
material, with a resulting total imaging time of 9 minutes
9 seconds. 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 appro-
priate precontrast and postcontrast images and multiplanar
reconstruction of data sets were performed.

Using the T2-weighted sequence, two radiologists (G.S.
and T. L.) with 20 years and 10 years of experience in breast
imaging independently assessed the breast density based on
BI-RADS classification6: category a (fatty breast), category b
(scattered density), category c (heterogeneous density), and
category d (extremely dense breast). For analysis purposes, a
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and b made up the low-density (LD) group, whereas c and d
made up the HD group. Interobserver variability was assessed.
For discrepancies in assessing the amount of fibroglandular tis-
sue (low vs. high), the radiologists agreed on the breast density
type that would be recorded for further analysis.

Two-Dimensional Correlated Spectroscopy
A 3D T1-weighted sequence was used to position a voxel of
20 � 20 � 20 mm3 in the left breast. To get a reliable
description of the breast tissue chemistry related to a specific
category of breast density, the voxel was placed in a region
that mainly included fatty tissue whenever the overall breast
density was type a; a mixture of fat and fibroglandular tissue
in participants with type b or type c (predominantly fat in
type b and fibroglandular tissue in type c) and fibroglandular
tissue in those participants with type d (Fig. 1).

Localized shimming was performed using the automatic
B0-field mapping technique Siemens auto-shimming
algorithm,20 followed by manual adjustment of zero order
shim gradients to achieve a width of the water peak at half
maximum of ≤65 Hz.

The 2D COSY sequence parameters were TR of
2000 msec, TE initial of 30 msec, 96 t1 increments at
0.8 msec, 6 averages per increment, f2 bandwidth of
2000 Hz, vector size of 1024 points, and RF offset frequency
set on 3.2 ppm. “WET” water suppression21 was applied.

The total acquisition time was 19 minutes. Processing was
undertaken as reported by Ramadan11 and participants were
instructed to remain still.

For the measurement of cross peak and diagonal peak
volumes, all peak volumes were normalized to the methylene
peak at (1.30, 1.30) ppm as the internal chemical shift refer-
ence. Next, a box was prescribed on top of each peak, and
lastly, the Felix 2D/ND software (Felix NMR, San Diego,
California, USA) was used for off-line data processing, spec-
tral visualization, and analysis of high-resolution NMR data
measuring the volume of signal under these boxes. Peak
assignments were noted along (F2, F1) in ppm and made as
previously reported by Ramadan and Thomas in vivo11,12

and by Sitter et al from breast tissue extracts.22

Standard spectral analysis utilized a level multiplier of
1.4, whereas for metabolite regions, we utilized a level multi-
plier of 1.05 to make it possible identify the diagonal peaks
of metabolites.

Statistical Analysis
Statistical analysis was undertaken using IBM SPSS Statistics
25.0 (IBM, Armonk, New York, USA). Age, MRI BI-RADS
category of breast density, menopausal status, body mass
index (BMI), IBIS risk score, measured volume of various
lipid diagonal peaks and cross peaks, metabolites, and choles-
terol were collected for each participant.

TABLE 1. Family Risk Assessment Participant Selection Protocol According to the National Institute for Health and
Care Excellence Guidelines17

Low Risk Medium Risk High Risk

No family history of breast cancer
One first-degree relative with breast
cancer >40

One second-degree relative with breast
cancer at any age

Two first- or second-degree relatives
with breast cancer >50 (on different
sides of the family)

One first-degree relative with
breast cancer <40

Two first- or second-degree
relatives with breast cancer at an
average age > 50

Three first- or second-degree
relatives with breast cancer at an
average age > 60

Two first- or second-degree relatives
with breast cancer <50

Three first- or second-degree relatives
with breast cancer <60

Four relatives with breast cancer at any
age

Two first- or second-degree relatives
with breast or ovarian cancer plus any
of the following:

1. Additional relative with breast or
ovarian cancer

2. Breast cancer diagnosed <40
3. Ovarian cancer diagnosed <50
4. Bilateral breast cancer
5. Breast and ovarian cancer in the

same woman
6. Ashkenazi Jewish Ancestry
7. Breast cancer in a male relative
8. First- or second-degree relative

diagnosed with sarcoma ≤45
One member of a family where a breast
cancer gene has been identified
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Chi-squared test was used to compare categorical vari-
ables. Mean comparison between low- and high-risk groups
of developing breast cancer and between low and high breast
density categories was performed using Mann–Whitney test.
Interobserver variability was assessed by kappa statistics for
qualitative data. Kruskal–Wallis test was used for mean com-
parison across several categories and Bonferroni correction for
pairwise comparison of the means. A two-sided P-value of
<0.05 was considered statistically significant.

Results
Clinical Features
The demographics of the cohort are listed in Table 2. No sig-
nificant differences in age (P = 0.632), menopausal status
(P = 0.221), or BMI (P = 0.622) were recorded between the
low- and high-risk groups. Sixty percentage (64/107) of par-
ticipants were premenopausal and the remaining 40%
(43/107) postmenopausal.

The breast density distribution in this cohort was made
up of 10% (11/107) type a, 39% (42/107) type b, 35%
(37/107) type c, and 16% (17/107) type d. LD and HD catego-
ries included 53 and 54 participants, respectively. A significantly
higher proportion of LD breasts was noted in the low-risk
cohort in comparison with the high-risk group. The inter-
observer variability for the breast density assessment in terms of
LD or HD was excellent (kappa coefficient = 0.817).

In Vivo 2D COSY of Healthy Human Breast Tissue
The improved capability of the 3-T scanners used in this
study has resulted in new assignments. A representative 2D
COSY spectrum of the region F2/F1: 0.00 ppm to 6.00 ppm,
with the cross peaks assigned (A–G0), is shown for an
HD/postmenopausal participant in Fig. 2a. The triglyceride
molecule, with associated cross peaks labeled (A–G0), can be
seen in Fig. 2b. The spin–spin coupling between adjacent
hydrogen atoms are denoted. The G0 is seen in Fig. 2a as two
clear cross peaks not previously reported in vivo in the human
breast.

Typical spectra recorded from LD/premenopausal, LD/post-
menopausal, HD/premenopausal, and HD/postmenopausal are
shown in Fig. 3. An increase of signal can be observed in the series
for lipid cross peaks C, D, G, and G0 in this series. The three-
dimensional and 2D contour plots of the expanded spectral region
(F2/F1: 3.00 ppm to 3.90 ppm), which contain the metabolites,
are shown from the same participants in Fig. 4. Note the increase
in signal intensity in high breast density participants (Fig. 4c
and d).

Correlation of Tissue Chemistry with Breast Density
The molecules that are mobile on the MR time scale have
been measured and comparisons between low and high breast
density are summarized in Table 3. In women with high
breast density, there is a range of metabolites that increase by
a factor between 224% and 900%; the cholesterol sterol

FIGURE 1: T2-weighted sequence. Voxel placement according to different breast density (a, b, c, or d) for the spectra to reflect the
overall breast density. (a) Fatty breast, (b) scattered fibroglandular tissue, (c) heterogeneously dense breast, and (d) extremely dense
breast.
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increases by 135% and cholesterol methyl resonances by a
factor of 235%.

Correlation of Tissue Chemistry with Breast
Density, Menopausal Status and Risk
Tables 4 and 5 summarize the differences in tissue chemistry
according to the breast density adjusted by menopausal status
for both the low- and high-risk cohorts.

Participants at Low Risk

PREMENOPAUSAL PARTICIPANTS. Lipid: Compared to
LD/premenopausal participants, HD/premenopausal women
showed significant increase up to 308% in cholesterol methyl

(0.70, 0.70) ppm, up to 154% in cholesterol sterol (0.40,
0.40) ppm, and up to 247% in the resonance from lipid
(–CH2–CH2–COO–) at (1.59, 1.59) ppm. This was accom-
panied by an increase in triglyceride of 31% as determined by
the cross peak G0 from the triglyceride backbone (Table 4).

Metabolites: The metabolites on the diagonal all signifi-
cantly increased in the HD/premenopausal women, with glu-
tamine/glutamate (3.75, 3.75) ppm increased by 900%; the
composite choline, phosphocholine (3.22, 3.22) ppm 800%;
taurine, glucose (3.24, 3.24) ppm 550%; scyllo-inositol (3.34,
3.34) ppm 520%; myo-inositol (3.27, 3.27) ppm 450%, cre-
atine, aspartate, phosphocreatine (3.90, 3.90) ppm 320%;
and the composite glycine, myo-inositol (3.50, 3.50) ppm
289% (Table 4 and Fig. 4).

TABLE 2. Patient Demographics According to Low and High Risk of Breast Cancer

Low Risk (N = 53) High Risk (N = 54) P-Value

Age, mean (SD) 43.6 (12.0) 44.6 (11.0) 0.632

Menopausal status, N (%) 0.221

Premenopausal 36 (34) 28 (26)

Postmenopausal 19 (18) 24 (22)

Breast density, N (%) 0.026

Fatty breast 9 (8) 2 (2)

Scattered fibroglandular tissue 24 (22) 18 (17)

Heterogeneously dense 14 (13) 23 (22)

Extremely dense 8 (7) 9 (8)

BMI, mean (SD) 25.63 (5.20) 26.08 (4.84) 0.622

IBIS score, mean (SD) 10.83 (3.99) 29.35 (7.91) <0.001

Mann–Whitney test used for mean comparison and chi-squared test for categorical variables.
N = number of subjects; SD = standard deviation; BMI = body mass index; IBIS = international breast cancer intervention study.

FIGURE 2: (a) Representative two-dimensional correlated spectroscopy (2D COSY) spectrum of the region F2/F1: 0.00 ppm to
6.00 ppm with the cross peaks assigned (A–G0) in a postmenopausal participant with dense breast. (b) Triglyceride molecule with
associated cross peaks labeled (A–G0) identified in the spectrum. Cross peaks indicate the spin–spin coupling between adjacent
hydrogen atoms. Triglyceride possesses a unique cross peak G0 at (4.10, 4.25) ppm resulting from the geminal protons of hydrogens
1 and 3 of the glycerol backbone and a cross peak denoted G at (4.25, 5.22) ppm and (4.10, 5.22) ppm, which arises from the
methylene-methine coupling on the glycerol backbone.
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POSTMENOPAUSAL PARTICIPANTS. Lipid: Compared to
LD/postmenopausal women, HD/postmenopausal partici-
pants recorded a significant increase in cholesterol methyl
(0.70, 0.70 ppm) of 488%, cholesterol sterol (0.40, 0.40)
ppm of 540%; lipid (–CH2–CH2–COO–) at (1.59, 1.59)
ppm of 382%. Cross peak D (2.77, 5.31) ppm from the
unsaturated acyl chain (=HC–CH2–CH=CH–) increased by
160% and triglycerides by 142%, as determined by the cross
peak G0. Thus, HD/postmenopausal women recorded a large
increase in cholesterol and triglyceride, with a concomitant
increase in unsaturated fatty acyl chains.

Metabolites: All the metabolites increased. Some incre-
ments were considerably larger than those recorded for the
premenopausal group (Table 4and Fig. 4).

PAIRWISE ANALYSIS ACROSS BREAST DENSITY/
MENOPAUSAL STATUS CATEGORIES. Overall, the low-risk
participants showed increase in intensity for cholesterol (0.70,
0.70) ppm, cross peak F (1.59, 2.25) ppm, and cross peak G0

(4.10, 4.25) ppm and in the average volume of a number of
metabolites across the four categories in the following order:
LD/premenopausal, LD/postmenopausal, HD/premenopausal,

and HD/postmenopausal (Fig. 5 and Table 4). Specifically,
pairwise analysis showed significant differences between 1) LD/
premenopausal and HD/premenopausal, 2) LD/premenopausal
and HD/postmenopausal, 3) LD/postmenopausal and HD/post-
menopausal, and 4) LD/postmenopausal and HD/
premenopausal.

Participants at High Risk

PREMENOPAUSAL PARTICIPANTS. Lipid: In comparison
with LD/premenopausal women, HD/premenopausal partici-
pants showed a 250% significant increase in the cholesterol
methyl (0.70, 0.70) ppm, 72% increase in the cholesterol ste-
rol (0.40, 0.40) ppm, and the resonance from lipid (–CH2–

CH2–COO–) at (1.59, 1.59) ppm increased by 148%
(Table 5).

Metabolites: The metabolites on the diagonal all
increased significantly in the HD/premenopausal cohort, with
the composite choline, phosphocholine (3.22, 3.22) ppm
1100%; taurine, glucose (3.24, 3.24) ppm 550%, glutamine/
glutamate (3.75, 3.75) ppm up 450%, and leucine (3.70,
3.70) ppm 450% (Table 5).

FIGURE 3: Representative two-dimensional correlated spectroscopy (2D COSY) spectra of the region F2/F1: 0.00 ppm to 6.00 ppm
in participants at low risk. (a) low dense tissue and premenopausal status (30 years old), (b) low dense tissue and postmenopausal
(54 years old), (c) high dense tissue and premenopausal (36 years old), and (d) high dense tissue and postmenopausal (66 years old).
Note the increase in intensity for cross peaks F, D, G, and G0 across categories. See Figure 2 for assignments reference.
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POSTMENOPAUSAL PARTICIPANTS. Lipid: HD/postmeno-
pausal women had a slight increase in cholesterol sterol (0.40,
0.40) ppm of 47% in comparison with LD/postmenopausal
women (Table 5).

Metabolites: Changes recorded for the metabolites in the
HD/postmenopausal women were overall smaller than the
HD/premenopausal women (Table 5).

PAIRWISE ANALYSIS ACROSS BREAST DENSITY/
MENOPAUSAL STATUS CATEGORIES. The high-risk partici-
pants recorded an increase in lipid (–CH2–CH2–COO–) (1.59,
1.59) ppm and cross peak F (1.59, 2.25) ppm across the four
categories in the following order: LD/postmenopausal,

LD/premenopausal, HD/postmenopausal, and HD/premeno-
pausal (Fig. 5 and Table 5). The pairwise analysis showed that
significant differences were present between LD/premenopausal
and HD/premenopausal categories and between LD/
postmenopausal and HD/premenopausal.

Discussion
Increasing neutral lipid and metabolite activity was recorded
with increased breast density. There were four distinct chemi-
cal profiles recorded in the in vivo 2D COSY evaluation of
breast tissue in healthy women. When correlated with the risk
of developing cancer, in the low-risk group, the
HD/postmenopausal women showed the most active

FIGURE 4: Three-dimensional (3D) and two-dimensional (2D) contour plots of the expanded region F2/F1: 3.00 ppm to 3.90 ppm
(metabolite region). Same participants as in Figure 2. Standard spectral analysis utilized a level multiplier of 1.4, whereas metabolite
regions utilized a level multiplier of 1.05. Representative spectra for each of the four categories: (a) low-density tissue and
premenopausal status, (b) low density and postmenopausal, (c) high-density tissue and premenopausal, (d) high-density tissue and
postmenopausal. 3D plots illustrate the intensity of each of the metabolites, with figures (c) and (d) having triple the intensity of
(a) and (b). Contour plots demonstrate the frequencies of each diagonal resonance. Tentative assignments included m-Ins = myo-
inositol; Gluc = glucose; Gln = glutamine; Glu = glutamate; s-Ins = scyllo-inositol; Tau = taurine; GPC = glycerophosphocholine;
TBC = to be confirmed.
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metabolic and lipid profile compared to those with low breast
density who were premenopausal. In the high-risk group, the
HD/premenopausal participants recorded the most chemically
active metabolic profile. Interestingly, participants with low
dense tissue exhibited the less active profile in both groups.
These results could offer new insight about why women at
high risk with dense breasts develop cancer at a younger age
and might provide metabolic biomarkers of cancer develop-
ment based on the lifetime risk.

The changes in breast tissue chemistry recorded in this
series include neutral lipids and a range of metabolites. Each
needs to be considered separately. Triglycerides and choles-
terol, as neutral lipids, have a natural affinity. They create
neutral droplets or domains like those found in serum lipo-
proteins. Articles published from the 1980s describe the
behavior of these neutral lipids and their spectral characteris-
tics.23,24 There are two possible locations of these increased
levels of neutral lipids in postmenopausal and premenopausal

TABLE 3. Breast Tissue Chemistry Correlated with Breast Density

Chemical Shift
(F2, F1) ppm Chemical Species

Low-Density
Tissue, N = 53

(Mean)

High-Density
Tissue, N = 54

(Mean)
Percentage
Difference P-Value

Lipids

0.40, 0.40 Cholesterol sterol 0.00055 0.00130 +136 <0.001

0.70, 0.70 Cholesterol methyl 0.00109 0.00365 +235 <0.001

0.90, 0.90 –CH3 0.08261 0.09342 +13 <0.001

0.90, 1.30 Lipid cross peak A 0.04267 0.03959 �7 <0.001

2.02, 2.02 –CH2–CH=CH–CH2– 0.04136 0.05205 +26 <0.001

2.02, 5.31 Lipid cross peak C 0.02212 0.02671 +21 0.363

2.25, 1.59 Lipid cross peak F 0.01812 0.02257 +25 <0.001

2.77, 2.77 =CH–CH2–CH= 0.01182 0.01426 +21 0.001

2.77, 5.31 Lipid cross peak D 0.00920 0.01228 +33 0.043

4.10, 4.10 –CH2–O–(C=O)–R 0.04065 0.04756 +17 0.147

4.10, 5.22 Lipid cross peak G 0.00736 0.00681 �7 0.001

5.31, 5.31 –HC=HC– 0.08738 0.10623 +22 0.695

Metabolites

3.15, 3.15 Unassigned 0.00003 0.00022 +633 <0.001

3.19, 3.19 Unassigned 0.00001 0.00010 +900 <0.001

3.21, 3.21 Choline, Phosphocholine 0.00005 0.00030 +500 <0.001

3.22, 3.22 Choline,
glycerophosphocholine

0.00001 0.00009 +800 <0.001

3.24, 3.24 Taurine, glucose 0.00002 0.00011 +450 <0.001

3.27, 3.27 Myo-inositol 0.00002 0.00010 +400 <0.001

3.34, 3.34 Scyllo-inositol 0.00006 0.00026 +333 <0.001

3.50, 3.50 Glycine, myo-inositol 0.00009 0.00030 +233 <0.001

3.55, 3.55 Glycine 0.00005 0.00020 +300 <0.001

3.70, 3.70 Leucine 0.00004 0.00023 +475 <0.001

3.90. 3.90 Creatine, aspartate 0.00042 0.00136 +224 <0.001

Mann–Whitney test used for mean comparison between categories.
F2, F1 = frequency coordinates that explain the position of each peak; N = number of subjects.
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dense breast tissue. The first is in the cytoplasm where they
would provide the lipid pool for rapid doubling of cells when
needed. The second is in the plasma membranes of activated

or stimulated cells, such as macrophages or other inflamma-
tory cells. A model was proposed whereby neutral lipid
domains are intercalated with the bilayer lipid of the plasma

FIGURE 5: (a) Clustered box plots display the median volumes and interquartile ranges of cholesterol, triglyceride backbone/cross
peak G0, and cross peak F in low- and high-risk groups across the four categories identified based on breast density and menopausal
status. (b) Clustered box plots display the median volumes and interquartile ranges of choline/phosphocholine, taurine/glucose and
glutamine/glutamate. Note that the least chemically active categories corresponded to low-density breasts, both for premenopausal
and postmenopausal participants, regardless of risk.
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membrane of activated, stimulated, or transformed cells.25 This
model was contentious26 initially but verified many years later.27

The resonance at 0.70 ppm has previously been assigned to cho-
lesterol C1823 and shown to have rapid molecular motion. As
the triglyceride and cholesterol ester levels increase, the choles-
terol becomes more mobile and can be measured.

King et al28 used 2D COSY to study murine macro-
phages and found that proliferation is not a prerequisite for
acquisition of an “activated” high-resolution spectrum in cell
models. There is evidence that dense breast tissue in post-
menopausal women is associated with a pro-inflammatory
microenvironment including cytokines and a significantly
increased number of inflammatory cells.29 Additionally,
increased levels of pro-inflammatory cytokines have been
shown to stimulate triglyceride synthesis, cholesterol accumu-
lation and de novo lipogenesis30 which would explain our
findings in the low-risk group, with postmenopausal women
with dense breasts exhibiting the highest increase in triglycer-
ides and cholesterol. Likewise, high mammographic density
has been reported to be associated with protumor inflamma-
tion.31 This pro-inflammatory microenvironment would
underpin the active chemical profiles we identified in dense
breasts. Importantly, the highest chemical activity shifts from
postmenopausal to premenopausal women based on whether
they pertain to the low-risk or to the high-risk group, respec-
tively. This is an important observation as familial breast can-
cer is known to be of early onset.32 Our results in the low-
risk cohort are in line with those reported by Advani et al33

on a large series of women aged 65 or older who underwent
screening mammography. They reported that breast density
was associated with increased breast cancer risk among
women aged 65 years to 74 years regardless of BMI.

The gradual increase in metabolites through the series
include glucose and taurine, choline, myo-inositol, and gluta-
mine/glutamate. Morris et al34 reported a decrease in glucose
metabolism in HD tissue collagen matrices and found an
enhanced contribution of glutamine as a fuel source in these
matrices. Similarly, others reported that glucose metabolism
significantly increased in HD tissue, but was not affected by
menopausal status.35

We recorded a steady increase in myo-inositol through this
series. Myo-inositol has been shown to modulate inflammatory,
oxidative, endocrine, and metabolic pathways.36 In parallel, tau-
rine has been reported to be an antioxidant that exerts antineo-
plastic effects through downregulation of angiogenesis and
suppressing cell proliferation.37 Thus, some of these changes
recorded in the healthy breast are likely to be part of protective
mechanisms. This requires further evaluation.

Limitations
Firstly, the data from premenopausal women were taken at
the end of the follicular phase of their menstrual cycle. This

may have an impact on the results as the lipid composition
may change slightly during the menstrual cycle.38 Sec-
ondly, our results show an increase over all volumes of
metabolites in dense breasts compared to nondense
breasts. Note should be made that some of these volumes
are composites of metabolites, which makes it difficult to
confirm whether or not some metabolites of these compos-
ites could be decreased in relation to others. Lastly, it is
likely that some resonances on the diagonal are compos-
ites. With future improvements in scanner capabilities,
and increases in signal-to-noise ratio, they may be
recorded with their associated cross peaks and thus
assigned unambiguously.

Conclusion
Four distinct chemical profiles were identified in breast tissue
based on breast density and menopausal status in healthy par-
ticipants at low risk and high risk of breast cancer. Gradual
increase in neutral lipid content and metabolites was noted in
both risk groups across categories in different order. In
women at low risk, the HD postmenopausal category
exhibited the highest metabolic activity, while women at high
risk with no known mutation exhibited the highest lipid con-
tent and metabolic activity in the HD premenopausal
category.

In summary, our results indicate that high breast den-
sity is associated with a significantly more active tissue chem-
istry and might offer an explanation as to why
postmenopausal women with dense breast in low-risk cohorts
and premenopausal women with HD breast in high-risk
cohorts are more likely to develop cancer.

From a clinical perspective, the capacity to monitor
these changes in healthy breast tissue noninvasively by adding
a 19-minute sequence on to a breast MR protocol may pro-
vide valuable biochemical information of metabolism in the
breast tissue both in low-risk and high-risk cohorts. Although
the metabolic profiles described need to be reproduced in
larger series, they might be relevant for risk classification
tasks.
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