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There are major dilemmas regarding the optimal modalities
for breast cancer screening. This is of particular relevance to
Israel because of its high-risk population. It was suggested
that an avenue for further research would be to incorporate
advances in signal processing through the fast Padé transform
(FPT) to magnetic resonance spectroscopy (MRS). We have
now applied the FPT to time signals that were generated
according to in vitro MRS data as encoded from extracted
breast specimens from normal, non-infiltrated breast tissue,
fibroadenoma and cancerous breast tissue. The FPT is shown
to resolve and precisely quantify the physical resonances
as encountered in normal versus benign versus malignant
breast. The FPT unambiguously delineated and quantified
diagnostically important metabolites such as lactate, as
well as phosphocholine, which very closely overlaps with
glycerophosphocholine and phosphoethanolamine, and
may represent a magnetic resonance-visible molecular
marker of breast cancer. These advantages of the FPT could
clearly be of benefit for breast cancer diagnostics via MRS.
This line of investigation should continue with encoded data
from benign and malignant breast tissue, in vitro and in vivo.
We anticipate that Padé-optimized MRS will reduce the false
positive rates of MR-based modalities and further improve
their sensitivity. Once this is achieved, and given that MR
entails no exposure to ionizing radiation, new possibilities
for screening and early detection emerge, especially for risk
groups. For example, Padé-optimized MRS together with MR
imaging could be used with greater surveillance frequency
among younger women with high risk of breast cancer.
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he Jewish population of Israel born in Europe or North
America has among the highest age-standardized inci-
dence rates of breast cancer in the world [1]. Ashkenazi

FPT = fast Padé transform
MRS = magnetic resonance spectroscopy

Jewish ethnicity is included as a risk factor for breast cancer
both by the U.S. National Comprehensive Cancer Network [2]
and the National Breast Cancer Centre of Australia [3]. One
contributory factor is the estimated 2.5% likelihood of car-
rying a deleterious BRCA1/2 mutation among the Ashkenazi
Jewish population, compared for example to the general
western European population for whom the probability is
approximately 0.2% [4,5]. Lifestyle factors and exposures may
also contribute [6-10]. It was recently reported that Israeli
women who were likely to have been directly exposed to the
Holocaust were at significantly increased breast cancer risk
compared to age-matched Israeli women of European origin
without direct exposure to the Holocaust [10].

Israel has a national screening program aimed at early
detection of breast cancer. The need to continue and even
expand this program has been emphasized in light of the
high risk of many in the population [11], as well as the need
for special outreach to groups with low participation [12].
Today, however, some controversy exists regarding the opti-
mal modalities for breast cancer screening, especially when
applied to women at risk [13]. Systematic early detection
through screening with mammography followed by appro-
priate diagnosis and management have been demonstrated
to significantly reduce mortality from breast cancer [4,14].
Mammography has been the mainstay of breast cancer
screening but has relatively poor specificity. For dense breasts,
seen particularly in young women, its sensitivity is also low.

Magnetic resonance-based modalities can aid in early breast
cancer detection without exposing the breast, a radiosensitive
tissue, to ionizing radiation. This is of particular concern in
view of the heightened radiosensitivity in women with genetic
risk for breast cancer, and because screening for women at
high risk should begin at a younger age and with increased
frequency [15,16]. Contrast-enhanced magnetic resonance
imaging is usually very sensitive, particularly in women with
an increased breast cancer risk [4]. While false negative find-
ings have been reported for MRI on rare occasions, the main
problem with MRI is that its specificity is poorer than that
of mammography [4,17]. This results in higher callback and
biopsy rates, with fewer than 50% of these biopsies showing
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cancer [4]. Benign lesions such as fibroadenomas are some-
times difficult to distinguish from breast cancer on MRI [18].
Consequently, while women at
high risk for breast cancer par-
ticipating in intensive surveillance
programs appear to be relieved
due to the greater sensitivity of
MRI [19], the large number of false positive findings may
adversely affect quality of life [13,20].

Magnetic resonance spectroscopy provides insight into the
metabolic characteristics of tissue, and improves the specificity
of MRI vis-a-vis breast cancer diagnostics [21,22]. An analy-
sis of over 100 malignant and 100 benign breast lesions was
recently published [23]. These studies were mainly based on the
composite choline signal. However, relying on the composite
choline peak can undermine diagnostic accuracy, since choline
may also be detected in fibroadenomas and other benign breast
lesions as well as during lactation and may be undetected in
small tumors that are then misclassified as benign [21].

To date, MRS has relied almost exclusively on the conven-
tional theoretical framework for data analysis in biomedical
imaging, namely, the fast Fourier transform, which is a math-
ematical procedure for converting the encoded time signal into
its spectral representation in the frequency domain. Several
intrinsic limitations of the FFT are specifically relevant to breast
cancer diagnostics using MRS, including poor resolution and
signal-to-noise ratio and having to rely on estimates of a single
composite compound (total choline) [13,23,24]. In vitro NMR
(nuclear magnetic resonance) applied to extracted specimens
can provide greater insight into the metabolic activity of can-
cerous breast tissue. We have performed multivariate analyses
[13] of such NMR data from extracted breast specimens [25],
which yielded rich spectroscopic information for detect-
ing breast cancer in closely overlapping resonances. Several
metabolites improved diagnostic accuracy (notably lactate),
while total choline had somewhat lower diagnostic accuracy
compared to its closely overlapping components and a number
of other metabolites. Further exploration of how MRS could
tap into this rich store of metabolic information was therefore
recommended, using improved signal processing methods to
quantify MR-visible compounds in breast lesions [13].

The fast Padé transform has been suggested as the optimal
signal processing method for MRS [13,23,26-28]. The FPT is a
high-resolution non-linear parametric signal processor, defined
by the ratio of two polynomials.
The FPT determines the exact
number of metabolites and the
spectral parameters from which
metabolite concentrations, including those from very closely
overlapping resonances, can be unequivocally computed [13,23,

FFT = fast Fourier transform
NMR = nuclear magnetic resonance

Magnetic resonance-based diagnostics
entail no exposure to ionizing radiation
and have a high sensitivity in
breast cancer detection

Advances in signal processing via the
fast Padé transform can resolve magnetic
resonance-visible markers of breast cancer

26-28]. We recently examined the performance of the FPT
applied to time signals that were generated according to in
vitro MRS data as encoded from
extracted breast specimens [25].
The in-depth mathematical back-
ground and numerical results have
been published [23,24]. In the pres-
ent review we emphasize the clinical implications, focusing
on how the Padé-optimized MRS could potentially be used to
improve early breast cancer detection.

METHODS

The FPT was applied to time signals similar to in vitro MRS
data as encoded from extracted breast specimens [25]. Three
time signals corresponding to normal, non-infiltrated breast,
fibroadenoma and breast cancer were generated. These time
signals {c.} were sampled from the sums of complex damped
harmonics, ¢, = E:EI die ™™ (0 < n < N - 1) where N is the
total signal length. Here, the di’s are the stationary amplitudes
and tis the sampling time (7= T/N). Further, the w,'s are the
complex fundamental frequencies with Im(wy) > 0 (1 < & = K),
where K is the total number of harmonics, which is set to K
=9, according to Gribbestad et al. [25]. The time signals were
then quantified using the FPT, as per a previous study [28]. The
input peak amplitudes {|dk|} were computed from the reported
concentrations {Ck} via |dk| = 2Ck/Cref, where Cref=0.05 uM/g
ww, and ww signifies wet weight. Also, TSP (3-(trimethylsilyl-
3,3,2,2-tetradeutero-propionic acid) was used as the internal
reference from Gribbestad’s study [25], such that |dk| = Ck/
(25uM/g ww). We used the median concentrations expressed
in yM/g ww of nine metabolites from the data of that study
[25] based upon tissue samples from twelve patients for nor-
mal non-infiltrated breast to compute the input amplitudes
|d,|. For the fibroadenoma, the concentrations of the nine
metabolites were based on data from a single patient [25]. The
median concentrations for seven of the metabolites for breast
cancer were from fourteen samples taken from twelve patients
(in two patients, two malignant samples were taken) [25]. The
median concentrations of the other metabolites, 3-glucose and
myoinositol, were based upon six and nine malignant samples,
respectively.

A static magnetic field of Bo = 14.1T (Larmor frequency
of 600 MHz) was used in the recording of the time signals
from that study [25]. We used
a bandwidth of 6 kHz (the
inverse of this bandwidth
is the sampling time 7) and
set the total signal length N = 2048. The full widths at half
maximum were taken to be approximately 1 Hz, with small
variations [23,24]. The peaks were assumed to be Lorentzian.
The phases ¢, (1 = k = 9) from complex-valued dk were all
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Table 1. Input data for normal breast, fibroadenoma and breast cancer derived from Ref. [25] (left columns) and Padé-reconstructed peak positions, heights
and metabolite concentrations at partial signal length Np =1000 (prior to convergence-middle columns) and at Np =1500 (full convergence — right columns)

Padé-reconstructed Padé-reconstructed
Input data Np=1000 Np=1500
Position Height Concentration Position Height Concentration Position Height Concentration
Normal 1. Lac 1.3304 0.0202 0.504 1.3304 0.0202 0.504 1.3304 0.0202 0.504
z;east 2.Ala 1.4703 0.0035 0.088 1.4703 0.0035 0.088 1.4703 0.0035 0.088
3. Cho 3.2101 0.0007 0.017 3.2101 0.0007 0.017 3.2101 0.0007 0.017
4.PCho 3.2200 0.0008 0.019 3.2200 0.0008 0.019
5. PE 3.2202 0.0052 0.129 3.2202 0.0059 0.148 3.2202 0.0052 0.129
6. GPC 3.2304 0.0013 0.032 3.2304 0.0013 0.032 3.2304 0.0013 0.032
7. B-Glc 3.2502 0.0180 0.450 3.2502 0.0180 0.450 3.2502 0.0180 0.450
8.Tau 3.2701 0.0053 0.133 3.2701 0.0053 0.133 3.2701 0.0053 0.133
9. m-Ino 3.2801 0.0114 0.286 3.2801 0.0114 0.286 3.2801 0.0114 0.286
Fibro- 1. Lac 1.3304 0.0593 1.482 1.3304 0.0593 1.482 1.3304 0.0593 1.482
?itii)enoma 2.Ala 1.4703 0.0044 0.110 1.4703 0.0044 0.110 1.4703 0.0044 0.110
3. Cho 3.2101 0.0009 0.022 3.2101 0.0009 0.022 3.2101 0.0009 0.022
4. PCho 3.2200 0.0043 0.108 3.2200 0.0043 0.108
5. PE 3.2202 0.0148 0.369 3.2202 0.0191 0.477 3.2202 0.0148 0.369
6. GPC 3.2304 0.0028 0.069 3.2304 0.0028 0.069 3.2304 0.0028 0.069
7. B-Glc 3.2502 0.0391 0.978 3.2502 0.0391 0.978 3.2502 0.0391 0.978
8. Tau 3.2701 0.0135 0.338 3.2701 0.0135 0.338 3.2701 0.0135 0.338
9. m-Ino 3.2801 0.0186 0.465 3.2801 0.0186 0.465 3.2801 0.0186 0.465
Breast 1. Lac 1.3304 0.3247 8.119 1.3304 0.3247 8.119 1.3304 0.3247 8.119
&?Scer 2.Ala 1.4703 0.0316 0.789 1.4703 0.0316 0.789 1.4703 0.0316 0.789
3. Cho 3.2101 0.0045 0.112 3.2101 0.0044 0.111 3.2101 0.0045 0.112
4.PCho 3.2200 0.0245 0.612 3.2200 0.0245 0.612
5. PE 3.2202 0.0778 1.944 3.2202 0.1023 2.558 3.2202 0.0778 1.944
6. GPC 3.2304 0.0094 0.234 3.2304 0.0093 0.233 3.2304 0.0094 0.234
7. B-Glc 3.2502 0.0288 0.721 3.2502 0.0288 0.720 3.2502 0.0288 0.721
8.Tau 3.2701 0.1118 2.796 3.2701 0.1118 2.795 3.2701 0.1118 2.796
9. m-Ino 3.2801 0.0356 0.891 3.2801 0.0356 0.891 3.2801 0.0356 0.891

Hereafter, positions are in parts per million (ppm), heights in arbitrary units (au), concentrations in uM/g ww

Lac = lactate, Ala = alanine, Cho =choline, PCho = phosphocholine, PE = phosphoethanolamine, GPC = glycerophosphocholine, f-Glc = p-glucose, Tau = taurine,
m-Ino =myoinositol.

238

set to zero, such that each dkbecomes real, d, = ‘d . ‘

The left panel of Table 1 displays the input positions,
peak heights and concentrations for normal breast [top
rows, (i)], fibroadenoma [middle rows (ii)] and breast can-
cer [lower rows (iii)]. The FPT extracts K and the parameters
{w,,d, }(1 = k = K) of every physical resonance directly from the
time signal. The kth metabolite concentration is computed from
the reconstructed amplitudes dk as Cret = dk x (25 uM/g ww).

Research for this project was evaluated in a formal appli-
cation (June 2007, Dnr # 2007/709-31/1) to the Regional
Ethics Committee at the Karolinska Institute. The Committee

stated that they found no ethical issues that would preclude
implementation of this research.

RESULTS

We present the Padé reconstructed positions and peak heights,
and the computed concentrations for two partial signal lengths:
Np=1000 and Np = 1500, in the middle and right panels, respec-
tively, of Table 1. At Np = 1000 for each of the three cases: normal
breast, fibroadenoma and breast cancer, only eight of the nine
resonances were identified. In the interval where there should
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have been two peaks, PCho (#4) at 3.2200 ppm and PE (#5) at
3.2202, only one resonance was identified at 3.2202 ppm. Prior
to convergence at Np = 1000,
the peak height and concentra-
tion of PE were overestimated
by approximately that of the
missing PCho peak. Most of the
other parameters and concentrations were fully correct at Np =
1000, with the exception of the last digits within rounding error
of the peak heights and/or concentrations of choline, glycero-
phosphocholine, B-glucose and taurine for the malignant case.
At Np = 1500, it is seen that full convergence was attained for
all the reconstructed parameters for all nine resonances in each

PCho = phosphocholine
PE = phosphoethanolamine

Padé-optimized magnetic resonance
spectroscopy together with MR imaging
might offer new possibilities for breast cancer
screening, especially for high-risk groups

of the three cases. In earlier studies [23,24], we verified that the
stability of convergence at higher signal length remained true
at higher Np including the full
signal length N. In those stud-
ies [23,24] it was seen that of
the 750 resonances, 741 were
spurious Froissart doublets,
since their amplitudes were zero such that the poles and zeros
coincided. The remaining nine resonances were identified as
genuine.

The absorption component shape spectra and the total shape
spectra reconstructed by the FPT at two partial signal lengths
Np=1000 and Np= 1500 for the normal breast data are shown
in Figure 1. These spectra are zoomed into the region between
3.2 ppm and 3.3 ppm. At Np= 1000, as seen on the top right

Figure 1. Absorption component shape spectra [left panels (i)

and (ii)] and total shape spectra [right panels (iii) and (iv)] as
reconstructed by the fast Padé transform for normal breast from

in vitro data of the study by Gribbestad et al. [25] within the
interval of 3.2 ppm to 3.3 ppm. At partial signal length Np = 1000
[top panels (i) and (jii)] the total shape spectrum is converged,
but the component spectrum has not resolved PCho and has
overestimated the height of phosphoethanolamine (PE). At partial
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panel (iii), the absorption total shape spectrum is converged.
However, this was not the case for the component shape spec-
trum [top left panel (i)], which shows a single peak (#5, PE) at
3.22, whereas peak #4 (PCho) remained unresolved. At Np=
1500 in the bottom left panel (ii) of Figure 1, the component
shape spectrum is converged, with both peaks ## 4 and 5
resolved and having the correct heights, as was the case for all
the other peaks in the region between 3.2 ppm and 3.3 ppm.
The small PCho peak completely underlies PE. In our earlier
research [23,24] we confirmed the stability of convergence
at longer partial signal lengths Np for both the absorption
component shape spectra and the total shape spectrum, and
also for the full signal length N. Figures 2 and 3 show similar
patterns for the fibroadenoma and breast cancer, with the
relatively larger PCho still being undetected and PE overes-
timated on the component shape spectra at Np = 1000, even
though the absorption total shape spectrum converged at that

signal length on panel (iii). The component shape spectra
also converged for fibroadenoma and breast cancer at Np=
1500. Convergence remained stable at longer partial signal
lengths for both the absorption component shape spectra and
the total shape spectrum, and at higher Np including the full
signal length N [23,24].

DISCUSSION

One of the key advantages of the fast Padé transform for analysis
of MRS signals is its capability to resolve and precisely quantify
closely overlapping resonances. This is most clearly illustrated in
the spectrally dense region between 3.21 ppm and 3.23 ppm. It
is most striking that phosphocholine and phosphoethanolamine
are almost completely overlapping, separated by only about
0.0002 ppm, yet at convergence the FPT can still reconstruct the
input parameters for these two resonances. Similarly, the FPT

Figure 2. Absorption component shape spectra [left panels (i) and (ii)]
and total shape spectra [right panels (jii) and (iv)] as reconstructed

by the fast Padé transform for fibroadenoma from in vitro data of
Gribbestad’s study [25] within the interval of 3.2 ppm to 3.3 ppm. At
partial signal length Np = 1000 [top panels (i) and (iii)] the total shape
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spectrum is converged, but the component spectrum has not resolved
PCho and has overestimated the height of phosphoethanolamine
(PE). At partial signal length Np= 1500 [bottom panels (i) and (iv)] the
two resonances PCho and PE are resolved with the correct heights, at
3.22 ppm. The PCho peak completely underlies PE.
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Figure 3. Absorption component shape spectra [left panels (i) and (ii)]
and total shape spectra [right panels (jii) and (iv)] as reconstructed

by the fast Padé transform for breast cancer from in vitro data of
Gribbestad’s study [25] within the interval of 3.2 ppm to 3.3 ppm. At
partial signal length Np= 1000 [top panels (i) and (ii)] the total shape
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spectrum is converged, but the component spectrum has not resolved
PCho and has overestimated the height of phosphoethanolamine
(PE). At partial signal length Np= 1500 [bottom panels (i) and (iv)] the
two resonances PCho and PE are resolved with the correct heights, at
3.22 ppm. The PCho peak completely underlies PE.
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has also been shown to exactly reconstruct all the resonances,
including those that are extremely closely overlapping, from
MRS time signals that closely matched time signals encoded
via MRS from the brain of a healthy volunteer [28,29], as well as
from normal and malignant prostate [23,30]. In all these cases,
we observed that convergence of the total shape spectrum does
not necessarily mean that this is the case for the component
spectra. It is highly tenuous to attempt to surmise how many
resonances underlie a given peak, as is done by post-processing
fitting algorithms used in MRS [31-33]. Such an approach is the
result of relying on Fourier-based processing, which can only
generate a total shape spectrum. The fast Padé transform, on the
other hand, not only extracts the spectral parameters exactly, but
also unequivocally determines the number of resonances that
are present [34]. This is vital for reliable quantification of all the
metabolite concentrations [34].

It is clinically important for breast cancer diagnostics to
identify and quantify the components of total choline. Our ear-

lier analysis of the data from the study by Gribbestad et al. [25]
reveals that the ratio of PCho/GPC is significantly higher in the
malignant versus the normal breast tissue samples [35]. Data
from human breast cell lines research reveal that a “glycerophos-
phocholine to phosphocholine switch” occurs with malignant
transformation [36], associated with over-expression of the
enzyme choline kinase responsible for PCho synthesis [37,38].
This reflects changes in membrane choline phospholipid metab-
olism. The main steps in choline metabolism proceed via the
cytosine diphosphate-choline pathway [38]. Within that path-
way, choline (3.21 ppm), PCho (3.22 ppm) and GPC (3.23 ppm)
can be visualized in the proton magnetic resonance spectrum.
Thus, it is necessary to analyze the relationship among these
closely overlapping resonances. When these three metabolites
are summed up as “total choline;” as is conventionally done with
in vivo MRS, salient information for breast cancer diagnostics

GPC = glycerophosphocholine
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could well be missed. It should be noted, as well, that the dis-
tinction between fibroadenoma and breast cancer might also be
facilitated, since the PCho concentration was about 5.7 times
lower in the fibroadenoma than the median PCho concentration
for breast cancer. This was percentually a greater difference than
for PE or GPC. Here we can see that precise quantification of
the components of total choline might be helpful for developing
reliable databases to better distinguish benign and malignant
breast pathology.

Since the input data for the present analyses come from a
fairly small number of breast cancer samples and from only one
fibroadenoma, no definitive conclusions can be made concern-
ing which metabolites would best detect the presence of breast
malignancy and distinguish this from normal tissue or benign
lesions. Still, it is noteworthy that in our multiple logistic regres-
sion analysis [13] of the data from Gribbestad et al. [25], only
lactate showed 100% diagnostic accuracy both with and without
inclusion of the fibroadenoma. The diagnostic value of lactate
is suggested by Sharma and co-authors [39] who used in vitro
two-dimensional MRS to compare eleven involved and twelve
uninvolved lymph nodes from patients with breast cancer. They
found a highly significant difference between the lactate con-
centrations in involved and non-involved nodes. The increased
lactate levels reflect the presence of cancer cells whose energy
source is from the anaerobic glycolytic pathway. Further cor-
roboration for the importance of assessing the rate of glycolysis
and lactate clearance with respect to the diagnosis and prognosis
of breast cancer is provided by animal models of breast cancer
[40]. However, lactate has not yet been assessed as a metabolic
marker of breast cancer in clinical in vivo MRS analyses.

The analyses in the present paper were based on noise-free
time signals. This was done in order to show the fully con-
trolled standard for the fast Padé transform. In a previous
study [28] we explained why this approach is justified. Now we
are extending our analysis to both noise-corrupted synthesized
data (still well controlled) and to encoded time signals similar
to those from Gribbestad’s study [25] and with in vivo MRS
data from the breast. These results will be reported soon.

We conclude that Padé-optimized MRS could certainly con-
tribute to improving early breast cancer detection. Therefore,
research along these lines should definitely continue with
encoded data from benign and malignant breast tissue, in vitro
and in vivo. It can be expected that Padé-optimized MRS will
diminish the number of false positive findings using magnetic
resonance-based modalities and will also enhance their sensi-
tivity. Once this has been achieved, and considering that there is
no exposure to ionizing radiation with magnetic resonance, new
possibilities can emerge for screening and early detection. This
could be especially pertinent for Israel, given the high risk of
many women in the population. For example, Padé-optimized
MRS could be used with greater surveillance frequency among
younger women with high breast cancer risk.
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