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Abstract Phosphorus metabolite ratios are potential
biomarkers in breast cancer diagnosis and treatment mon-
itoring. Our purpose was to investigate the metabolite
ratios phosphomonoester to phosphodiester, phosphoetha-
nolamine (PE) to glycerophosphoethanolamine (GPE), and
phosphocholine (PC) to glycerophosphocholine (GPC) in
glandular breast tissue, and the potential effect of the
menstrual cycle, using *'P magnetic resonance spectros-
copy (MRS) at 7T. Seven women with regular menstrual
cycles each underwent four examinations using a 3D *'P
multi-echo magnetic resonance spectroscopic imaging
sequence. Peak integrals were assessed using IDL and
JMRUI software. First, T2 relaxation times were calculated
using multi-echo data pooled across subjects and time
points. Subsequent, metabolite ratios were calculated for
each phase of the menstrual cycle using the calculated T2
values to account for when combining the free induction
decay and all five echoes. The metabolite ratios were cal-
culated both on group level and individually. T2 decay fits
resulted in a T2 relaxation time for PE of 154 ms (95 % CI
144-164), for PC of 173 ms (95 % CI 148-205), for Pi of
188 ms (95 % CI 182-193), for GPE of 48 ms (95 % CI
44-53), and for GPC of 23 ms (95 % CI 21-26). The
metabolite ratios analyzed on group level showed negligi-
ble variation throughout the menstrual cycle. Individual
results did show an apparent intra-individual variation;
however, not significant due to the measurements’ uncer-
tainty. To conclude, phospholipids in glandular tissue as
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measured with *'P MRS at 7 T are not significantly
affected by the menstrual cycle.
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Abbreviations
DCE Dynamic contrast-enhanced

tCho Total pool of choline and ethanolamine containing
compounds resonating around 3.2 ppm
PME Phosphomonoesters

PC Phosphocholine
PE Phosphoethanolamine

PDE Phosphodiesters
GPC  Glycerophosphocholine
GPE  Glycerophosphoethanolamine

EF Early follicular phase
LF Late follicular phase
EL Early luteal phase
LL Late luteal phase

Pi Inorganic phosphate
PCr  Phosphocreatine

Introduction

Breast cancer is the most common malignancy in women
worldwide [1]. Radiological imaging is essential in the
patients work-up to establish a diagnosis and to determine a
treatment plan. Dynamic contrast-enhanced (DCE) MRI is
regularly used in the evaluation of breast lesions as well as
for the monitoring of patients who receive neoadjuvant
chemotherapy [2, 3]. Although DCE breast MRI has a high
sensitivity for the detection of breast lesions, the specificity
is relatively low; approximately 70 % [4]. The same
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accounts for the effectiveness of DCE MRI in treatment
monitoring, which has shown to be variable depending on
receptor status of the tumor [5]. Therefore, other tech-
niques are investigated to improve specificity.

One of the techniques of interest is MR Spectroscopy
(MRS) or MR Spectroscopic Imaging (MRSI). With
MRS() metabolites can be measured noninvasively. To
date, patient studies mainly focused on proton (‘H) MRS
[6]. '"H MRS levels of the total pool of choline and etha-
nolamine containing compounds resonating at 3.2 ppm
(tCho) are measured to evaluate the presence of malig-
nancy and it’s response to therapy [6-8]. However, tCho
contains multiple different metabolites that individually
play a role in the tumor metabolism [9]. With phosphorus
(*'P) MRS the phosphomonoesters (PME): phosphocholine
(PC) and phosphoethanolamine (PE), as well as the phos-
phodiesters (PDE): glycerophosphocholine (GPC) and
glycerophosphoethanolamine (GPE), can be measured
individually, which was shown for the first time in breast
cancer patients in 1988 [10]. Elevated PME to PDE levels
have been associated with the presence of cancer, while a
fall in PME to PDE levels is seen in case of effective
therapy [11]. Other ex vivo work described a lower PC to
GPC ratio to be indicative of more aggressive breast cancer
subtypes, such as triple negative breast cancer [12]. Since
phosphorus is less abundant than protons in the human
body, and the gyromagnetic constant of *'P is a factor 2.5
lower than that of 'H, the measurements are challenging
due to a lack of signal-to-noise ratio (SNR). However,
recent studies have shown that >'P MRSI) at 7.0 Tesla
(7 T) is feasible for in vivo detection and quantification of
phosphorus metabolites [13, 14] with acceptable acquisi-
tion times and sufficient spatial resolution, particularly
when using multi-echo acquisitions [15].

It is well known that, due to hormonal fluctuations, breast
tissue changes during the menstrual cycle [16, 17]. Research
has been performed to evaluate in which phase of the
menstrual cycle DCE MRI should preferably be performed
to avoid false positive readings due to contrast agent uptake
in normal glandular tissue [18-21]. However, there is only
little data on normal values of phosphorus metabolites and
their fluctuation during all phases of the menstrual cycle
measured with *'P MRS. Consequently, it is unclear whe-
ther it can be combined with DCE MRI in clinical practice at
the optimal timing for both methods. Of the published data,
one study, performed in four premenopausal women at a
compromised SNR at 1.5 T, does suggest that the PME,
PDE, and total *>'P signals change during the menstrual cycle
[22]. A second study, including five premenopausal women
who were not taking oral contraceptives scanned at 1.5 T as
well, found a significant lower PME relative peak area in
second week of the menstrual cycle as well as a significant
higher PDE/PME peak area ratio [23].
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Knowledge of normal values, and their fluctuation dur-
ing the menstrual cycle, offers a framework for the inter-
pretation of breast cancer patient data. Therefore, in this
study, we investigated the phospholipid metabolism in
glandular breast tissue and the influence of the menstrual
cycle on the metabolism with *'P MRS at 7 T.

Methods
Subjects and data acquisition

Seven female volunteers were included who had a regular
menstrual cycle and did not use any hormonal contracep-
tives. The mean age was 27 years (range 24-30 years).
Each volunteer underwent four 7 T MRSI examinations,
one in each phase of the menstrual cycle: the early follic-
ular phase (EF), late follicular phase (LF), early luteal
phase (EL), and late luteal phase (LL), resulting in 28
examinations in total. Before each examination the men-
strual cycle status was reported and informed consent was
signed. All examinations were performed in compliance
with the local institutional ethics committee.

The examinations were performed on a 7 T whole-body
scanner (Philips Healthcare, Cleveland, OH, USA) using a
two-channel double-tuned unilateral RF breast coil (MR
Coils BV, Drunen, the Netherlands), with the resonance
frequencies of 298 and 121 MHz for 'H and *'P, respectively
[13, 24]. All volunteers were scanned in prone position with
the coil encompassing the right breast. The scan protocol
consisted of a 3D Tlw sequence [TR/TE 4.0/2.0 ms, bi-
nominal flip angle 5°, FOV 160 x 160 x 160 mm3,
acquired resolution 1 x 1 x 2 mm3], and a 3D *'P mulii-
echo MRSI sequence, using spherical k-space sampling and
an excitation bandwidth of 800 Hz [TR/TE 6000/45 ms,
adiabatic flip angle 90°, FOV 320 x 160 x 320 mm®,
nominal spatial resolution 40 x 20 x 40 mm’]. One free
induction decay (FID) and 5 full echoes were acquired
within one TR, resulting in the five echoes being at 45, 90,
135, 180, and 225 ms, respectively. Both the FID and echoes
were acquired with 256 data points. The MRS sequence is
described in more detail elsewhere [15]. Total scanning time
was approximately 30 min.

Data analysis

The spectroscopy data were analyzed using IDL (Research
Systems, Boulder, CO) and JMRUI 4.0 software [25].
Acquired data were Hamming filtered in the spatial domain
and zero-filled to 8,192 data points in the time domain. The
hamming filtering resulted in voxels with an elliptical full-
width half-max of 68 x 34 x 68 mm’. One localized
voxel from the MRSI examination containing glandular
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tissue, represented by high inorganic phosphate (Pi) and
low phosphocreatine (PCr) signal, was chosen to use in the
analyses. For each volunteer’s examination the optimal
voxel was chosen, which could be the same or a different
voxel at each of the four time points. All spectra, i.e., FIDs
and echoes, were frequency aligned to Pi. Subsequently, all
spectra were summed for the FID and each of the five
echoes separately within JMRUI, weighted by the Pi signal
for the FID. Metabolite quantification for PC, PE, GPE,
and GPC was done in JMRUI using the AMARES algo-
rithm on the summed spectra [26]. Prior to metabolite
quantification, the average value of chemical shifts of all
metabolites in each sum spectrum (1 sum total FID and 5
sum total echo spectra) was determined. Furthermore, the
sum spectra were apodized with 40 Hz, representing the
smallest line width found. During quantification the line
widths of PE, PC, GPE, and GPC were set equal in each
sum spectrum. The line widths determined for phospho-
mono- and phosphodiesters of the different sum spectra
ranged between 56 and 67 Hz, for Pi the linewidth ranged
between 45 and 55 Hz for the different sum spectra. The
difference in range corresponds to peak broadening for
PME and PDE caused by '"H->'P J-coupling. The chemical
shift values used in the quantification were constrained to
the average chemical shift values (over the 4 cycle points)
with a soft constraint of £0.05 ppm. Overall phases were
fixed to zero in the quantification.

The peak integrals for PE, PC, GPE, and GPC, obtained
in the sum spectrum of all FIDs and in the sum spectrum of
each echo, were used to calculate metabolite T2 values.
Standard deviations of the T2 values were determined
using Monte Carlo simulations, representing the uncer-
tainty of the fittings. Metabolite ratios were determined
based on the spectrum of the FID plus 5 echoes combined.
The combining was performed accounting for the T2
relaxations times of the metabolites, where the full echoes
were weighted two times in comparison to the FID. This
resulted in a sum spectrum per metabolite which was used
for quantification. The metabolite quantification was done
on group level and for each volunteer separately. Standard
deviations of the metabolite ratios were determined using

Fig. 1 T1w 3D FFE image with
a representation of the grid of
voxels and their spectra. The
voxel selected for the analysis is
highlighted, of which the 'P
FID spectrum is shown. Note
the relatively high PME, Pi, and
PDE signals in contrast to the
relatively low PCr signal in the
spectrum of the selected voxel

Monte Carlo simulations, representing the measurements
uncertainty. All three metabolic ratios were tested for
significant variation over the menstrual cycle on the indi-
vidual data using Friedman’s two-way ANOVA test.

Results

All 28 examinations were conducted successfully. In the
analysis first a voxel containing glandular tissue was cho-
sen for each measurement. One example is presented in
Fig. 1. A large proportion of the selected voxel in Fig. 1
contains glandular tissue while chest wall muscle was
excluded, resulting in a high Pi signal and relatively low
PCr, as can be seen in the spectrum. Of all measurements
one did not show sufficient signal from phosphorus reso-
nances (SNR <3), resulting in 27 exams to be included in
the final analyses.

Second, the T2 relaxation times of the metabolites were
calculated using the data of all volunteers combined for the
FID and for each echo. These six pooled spectra (1 FID and 5
echoes) are shown in Fig. 2. It can be observed that the
phosphomonoesters decay much slower than the phospho-
diesters. T2 decay plots were made for each of the metab-
olites, resulting in a T2 relaxation time for PE of 154 ms
(95 % CI 144-164), for PC of 173 ms (95 % CI 148-205),
for Pi of 188 ms (95 % CI 182-193), for GPE of 48 ms
(95 % CI 44-53), and for GPC of 23 ms (95 % CI 21-26).
Subsequently, the combined data of the FID and echoes were
analyzed, on group basis and on individual basis, accounting
for the calculated T2 relaxation times of the metabolites (i.e.,
the FID and echoes were T2-weighted and summed on a
group level and individually). The phosphorus metabolite
ratios of these spectra analyzed on group level are presented
in Table 1 and Fig. 3. *'"P MR spectra, analyzed on group
level, in the four phases of the menstrual cycle are displayed
in Fig. 4. The results for the seven volunteers individually
are displayed in Fig. 3. In the group analysis a negligible
variation in metabolic ratios throughout the menstrual cycle
is observed, which is similar to the inaccuracy (expressed as
standard deviations) of the measurement. The individually
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Fig. 2 3'p MR spectra of the FID and five echoes using the data of all volunteers combined. From these spectra T2 fits were made for PE, PC,

GPE, and GPC. Note the fast decay of PDE, and slower decay of PME

Table 1 Metabolic ratios for the combined FID plus multi-echo data
on group level, presented per phase of the menstrual cycle

Metabolic ratios of FID plus multi-echo data +SD

EF LF EL LL
PME/PDE 0.75 £ 0.02 0.70 £0.02 0.69 & 0.03 0.72 £ 0.02
PE/GPE 123 £0.08 1.13£0.08 1.19 +£0.10 1.24 £ 0.09
PC/GPC 0.40 £0.04 036 +0.03 0.33 £0.04 0.37 £0.03

analyzed data show more variation between the volunteers
as well as between phases in the menstrual cycle within the
volunteers; however, the standard variations are larger as
well. No specific pattern of variation during the menstrual
cycle is observed for any of the ratios, and magnitudes of the
observed variations are in the order of the experimental
uncertainties (P = 0.86, P = 0.90, P = 0.75, for PME to
PDE, PE to GPE, and PC to GPC, respectively).

Discussion

In this study no significant variations in phosphorus
metabolite ratios over the menstrual cycle were measured
on group level using *'P MRS in the breast at 7 T. In the
individual data analysis more variation was observed over
the menstrual cycle intra-individually. However, the vari-
ation showed neither a specific pattern nor statistical sig-
nificance since the measurements’ uncertainty is greater
than the observed variations.

In previous work, where *'P MRS was similarly asses-
sed in four premenopausal women, the summed data
showed PME to PDE ratios of 1.06, 1.75, 0.48, and 0.78 for
EF, LF, EL, and LL, respectively [22]. In our study, the
summed data showed PME to PDE ratios of 0.75, 0.70,
0.69, and 0.72, indicating a more stable course throughout
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the menstrual cycle. Furthermore, the reported lower PME
peak area in the late follicular phase—as measured in five
women by Twelves et al. [23] was not reproduced, nor did
we find significant lower levels of the individual monoes-
ters PE and PC in any phase when assessing the metabolic
ratios. In contrast to previous work, the SNR in our study
was higher, which can be appreciated in the presented
spectra. The higher SNR, and also higher spectral resolu-
tion provided by 7 T, allowed for assessment of the PE/
GPE and PC/GPC ratio as well. Still, the measurements
uncertainty, as can be observed by the standard deviations
of the ratios, especially in the individual assessment,
remains greater than the observed variation.

A relatively low PCr signal can be observed in the
presented spectra. PCr has been reported to originate
mainly from the chest wall in MRS breast spectra [15, 23].
When chest wall muscle is included a PCr signal a multi-
tude greater than PME, Pi, or PDE is to be expected [15]. A
relative low PCr signal is, therefore, considered a marker of
good localization.

In all three metabolic ratios variations between the
volunteers as well as between phases of the menstrual cycle
were observed, however, also with larger standard devia-
tions caused by relatively increased system noise when
compared to the group analysis. Theoretically, an increase
of PME/PDE ratio could be expected in the luteal phase.
During the luteal phase progesterone levels are high,
resulting in more proliferative activity, which is associated
with a rise in phosphomonoesters [16, 17, 27]. On the other
hand, apoptotic figures are frequently seen during the luteal
phase as well [16], possibly counteracting the effect of
proliferation on the PME/PDE ratio, as cell breakdown is
associated with an increase in phosphodiesters [28].
However, the observed variation in the individual data did
not show a specific pattern over the menstrual cycle.
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Fig. 3 Phosphorus metabolite ratios for PME/PDE, PE/GPE, and PC/
GPC over the menstrual cycle with the standard deviation caused by
system noise displayed with error bars. The ratios shown are the
individual data (1-7) and the group data (group) obtained from the
T2-weighted analysis of the combined FID and multi-echo data. Note
that the group results show little variation over the menstrual cycle for
each ratio, which remain within standard deviations. On individual
basis more variation is observed, however, without a specific pattern
over the menstrual cycle

Technical aspects may also have played a role in the
inter-individual variation. For instance, differences in the
distribution of glandular versus lipid tissue throughout the
breast result in differences in magnetic field distortions.
These lead to differences in spectral line widths, which
cause a reduction in SNR and more overlap between res-
onances, and with that to more uncertainty in the results.
Also, the reproducibility of the examinations might have
played a role. There are only few data on the reproduc-
ibility of 3'p MRS(I) examinations in the breast. The data

that are available suggest a 6 % variation of total phosphate
signal in patients that are examined on different days [11].
The effects on metabolic ratios are not described in that
work. It would be of great value to determine the repro-
ducibility of *'P MRS examinations, especially the preci-
sion. That way changes in *'P MRS results obtained in
longitudinal patient studies can be ascribed to either dis-
ease or therapy related changes, or to the measurements’
variance.

Knowing that the menstrual cycle may influence the
individuals’ results in different phases of the menstrual
cycle, the metabolic ratios may still be used as a follow-up
marker in breast cancer patients to monitor treatment
efficacy. Particularly, when using a bilateral setup, the
results of the contralateral breast may be used as an intra-
individual reference measurement. In this study a unilateral
breast coil was used. However, the first bilateral breast
setups for 7 T have recently been presented [29, 30], in
which double-tuning could be incorporated.

Other MR spectroscopy methods that are of interest for
their value in breast cancer diagnosis or monitoring have
similarly evaluated the influence of the menstrual cycle on
measurement results. For instance, 'H MRS has been used
to measure the lipid composition and water—fat ratio at 1.5
and 4 T, respectively [31, 32]. Both showed to be signifi-
cantly influenced by the menstrual cycle, implying that
menstrual cycle status is important to take into account and
correct for in a patient population when using these
methods. In contrast, our current study shows that the used
3P MRSI sequence can be applied independent of men-
strual cycle status, which is favorable in a clinical setting.

T2 relaxation times were calculated to account for when
using the multi-echo data to maximize the SNR. To
accurately determine the T2 relaxation times all data were
pooled over the volunteers and time points, assuming that
T2 values do not changes over the menstrual cycle. In the
calculations the PDEs showed to have a much shorter T2
relaxation time than the PMEs. That could possibly lead to
misinterpretation of the multi-echo data when not com-
pensating for this difference.

T1 relaxation times were not accounted for in the ana-
lysis. This means the results are reproducible when using a
TR of 6 s; however, when using different repetition times a
weighting factor has to be applied on the ratios.

For our study purpose a large voxel size was used, with
a spatial resolution of 40 x 20 x 40 mm’ (Fig. 1), com-
bined with Hamming filtering of the data in the spatial
domain, which lead to sufficient signal in almost all cases
to assess all metabolic ratios. In clinical practice, however,
a smaller voxel size will be mandatory, and all the SNR
available from a multi-echo sequence will be needed. Still,
one of the volunteers’ examinations did not show enough
signal from the phosphorus resonances to be included in

@ Springer



588

Breast Cancer Res Treat (2014) 144:583-589

Pi

Fig. 4 *'P MR spectra analyzed

on group level, using the FID -
data, for each phase of the g g
menstrual cycle; the early 5 % .
follicular phase (EF), late n B 5
follicular phase (LF), early o 7
luteal phase (EL), and late luteal 5
phase (LL) y
10 5 0
ppm
10 5 0
ppm

the analyses. If only a small amount of glandular tissue is
present, or heterogeneously spread throughout the breast,
the signals can possibly not exceed the noise level. In this
one particular case, combined with a sub-optimal shim
setting, it led to insufficient SNR to analyze the peak
integrals. Research has shown that breast cancer has much
higher PME signals than normal breast tissue because of an
increased phospholipid membrane anabolism [11]. PMEs
have been reported to be about three times as high in breast
cancer compared to benign tumors [33, 34]. Therefore, in
case of the presence of a malignancy it is expected that
signals will sufficiently exceed noise level even if a smaller
voxel size is used.

A limitation of our study is that the menstrual cycle
status was assessed per questionnaire and no serum estro-
gen and progesterone levels were measured to verify the
cycle phase. We did only include females with regular
menstrual cycles to optimally determine the menstrual
cycle phase without having to take a blood sample. How-
ever, this does mean that possible anovulatory cycles were
not detected, which are reported to occur in up to 14 % of
healthy regular menstruating women [35].

Another limitation is that reported metabolite ratios are
obtained in premenopausal women while the majority of
breast cancer patients are postmenopausal. However, it has
been shown that in the assessment of relative peak areas of
PME, PDE, and PCr there is only a significant difference in
the PCr peak between premenopausal and postmenopausal
women [23]. This is probably due to breast size, because
the observable PCr originated from the pectoral muscles
[14]. Those data, therefore, do imply that our obtained
metabolic ratios apply in postmenopausal women as well.

In conclusion, phosphorus metabolic ratios assessed
using multi-echo *'P MRS examinations during the men-
strual cycle do not show a variation on group level. On
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individual basis more variation is observed, although
without a specific pattern or statistical significance due to
the uncertainty of the *'P MRS measurements in individual
subjects. Therefore, without significantly affecting the
results of the phosphorus metabolic ratios, >'P MRS
examinations can be performed independent of menstrual
cycle status.
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