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Abstract

Object The relative amounts of choline (Cho), phospho-
choline (PC), and glycerophosphocholine (GPC) may be
sensitive indicators of breast cancer and the degree of
malignancy. Here we implement some simple modifica-
tions to a previously developed "H NMR analysis of fine-
needle-aspirate (FNA) biopsies designed to yield sufficient
spectral resolution of Cho, PC, and GPC for usable relative
quantitation of these metabolites.

FNA biopsies of eighteen breast
lesions were examined using our modified procedure for
direct 'H NMR at 400 MHz. Resonances of choline
metabolites and potential interferences were fit using the
computer program NUTS.

Materials and methods
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Results Quantitation of PC, GPC, and Cho relative to each
other and to (phospho)creatine was obtained for eleven
confirmed cases of infiltrating ductal carcinoma. Reliable
results could not be obtained for the remaining cases pri-
marily due to interference from lidocaine anesthetic.
Conclusion Some simple modifications of a previously
developed '"H NMR analysis of FNAs yielded sufficient
spectral resolution of Cho, PC, and GPC to permit usable
relative quantitation at 400 MHz. In 9 of the 11 quantified
cases the sum of GPC and Cho exceeded 42 % of the total
choline-metabolite peak area.
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Abbreviations

FNA Fine needle aspirate

PBS  Phosphate buffered saline
PC Phosphocholine

GPC  Glycerophosphocholine

Cho  Choline

PtC  Phosphatidylcholine

PL Phospholipid

PE Phosphoethanolamine

GPE Glycerophosphoethanolamine
IDC Infiltrating ductal carcinoma
ILC Infiltrating lobular carcinoma

Introduction
One metabolic signature of cancer is its aberrant
phosphatidylcholine (PtC) metabolism [1]. Early NMR

studies suggested that phospholipid (PL) metabolism was
altered in tumors [1]. Under proper conditions, several
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compounds directly involved in PtC metabolism can be
observed in '"H NMR spectra, including choline (Cho),
phosphocholine (PC), and glycerophosphocholine (GPC).
While PC and GPC are commonly referred to as the
precursor and degradation product, respectively, of PtC
metabolism, both metabolites function in multiple roles in
a complex network of metabolic processes [2, 3]. Studies
of cultured cellular preparations demonstrated the impor-
tance of these three metabolites for studying breast cancer
[4-11]. Bhujwalla and coworkers [4, 7] found a GPC-to-
PC switch for immortalization of mammary epithelial
cells and malignant progression. Typically the GPC/PC
ratio progressed from >1.0 to <1.0 as cells progressed
from normal to malignant. Moreover, the total amount of
Cho-metabolites was increased approximately 2—10 times
in breast cancer relative to normal cells [4, 6, 9]. These
results suggest that the relative amounts of PC, GPC, and
Cho may be sensitive indicators of breast cancer and the
degree of malignancy.

Several approaches are available for the application of
'H MR techniques to breast cancer detection and charac-
terization. The most common approach concentrates on in
vivo techniques such as single-voxel magnetic resonance
spectroscopy (MRS) or magnetic resonance spectroscopic
imaging (MRSI) [12-14]. In vivo '"H MRS is attractive
because it is noninvasive and can obtain tumor-localized
spectra. Beyond cost its disadvantages are its relatively low
sensitivity (tumors must be 1-2 cm in size and usually
larger) and its limited information content. Even at 7 T, the
N-methyl resonances of the choline-containing metabolites
are not individually resolved and give rise to a single peak
from the total NMR-visible Cho (tCho) in the tumor [12—
15]. Moreover, other metabolites may also contribute to the
tCho peak. It is generally believed that changes in tCho are
dominated by changes in PC [4, 13]. However, measure-
ment of tCho has not been linked directly and unambigu-
ously in the same human subjects to changes in individual
Cho-containing metabolites.

Although it is possible to resolve PC and GPC using *'P
MRS in vivo [15], these key metabolites cannot be resolved
using "H MRS in vivo; in the latter case it is necessary to
study biopsy samples (or resected tumor). In typical high-
resolution 'H NMR spectra of aqueous extracts, the
N-methyl resonances of these soluble metabolites can be
well resolved, along with numerous other resonances from
a wide variety of cellular metabolites [16—18]. This
method, particularly at high magnetic fields, can justify a
metabonomic approach [17]. However, biopsy specimens
suitable for extraction and 'H NMR in solution are typi-
cally 20 mg or more. Sample extraction is labor intensive
and risks degradation of metabolites during workup. Once
extracted, the sample is no longer suitable for subsequent
histological characterization.
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To avoid many of the problems with tissue extracts,
high-resolution magic-angle-spinning (MAS) 'H NMR
spectroscopy (MAS-NMR) has been applied to intact tissue
samples [19-21]. Here an intact tissue sample of about
20 mg is spun at a rate of about 5 kHz at 54.74° relative to
the magnetic field to remove line broadening from mag-
netic susceptibility differences within the sample due to the
solid or solid-like components [19]. The result is a 'H
NMR spectrum with a spectral resolution approaching that
of the comparable extract [19-21]. After MAS-NMR
analysis, the sample is usually available for histological
characterization. However, '"H MAS-NMR requires special
equipment, and the technique can be somewhat more dif-
ficult to implement than standard high-resolution NMR.
Because some small amount of residual broadening usually
remains with MAS, it is best applied at higher magnetic
fields (=600 MHz for 'H).

A simple method that surprisingly has not seen wider
popularity is the direct high-resolution NMR analysis of
fine-needle-aspirate (FNA) biopsies. In this approach, as
pioneered by Mountford and coworkers [22-24], an FNA
biopsy of the breast (or of a resected tumor) taken with a
22-24-gauge needle is directly analyzed in buffered D,O
using standard 'H NMR techniques. Direct NMR analysis
of FNAs is easy to implement on common NMR spec-
trometers, requires a small sample and minimal prepara-
tion, and minimizes sample losses and degradation. The
sample is not suitable for later histologic characterization.
Although spectral resolution is improved relative to in vivo
MRS, as initially implemented [22-24] at 85 T
(360 MHz), the N-methyl resonances of the three key PtC
metabolites are not resolved.

Here we report simple refinements of the FNA '"H NMR
analysis that in combination permit partial resolution and
quantitation of the component Cho metabolites. This
modified approach has the advantages of minimal biopsy
size, speed and ease of sample preparation, as well as
resolution of the key PL metabolites at field strengths that
are modest for high-resolution NMR. We also investigate
potential interferences from both endogenous metabolites
and exogenous compounds originating from the clinical
breast-cancer examination. Finally, we report results for
eleven confirmed cases of infiltrating ductal carcinoma.

Materials and methods

The protocol was approved by the University of Cincinnati
Institutional Review Board. Along with standard large-core
needle biopsy, FNAs were acquired from suspicious breast
lesions of 18 subjects using a 22-gauge needle. Seventeen
lesions were confirmed as breast cancer [16 infiltrating
ductal carcinoma (IDC), one infiltrating lobular carcinoma
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(ILC), one benign] by histopathologic analysis of the
standard biopsy tissue specimens. With a few exceptions
(see Table 1), the identical procedure was followed for all
samples from initial sampling through NMR data acquisi-
tion. Three FNA samples per lesion were immediately
(within 1 min) combined in a single (except in one case,
see Discussion), pre-cooled cryogenic vial containing
250 pL of phosphate-buffered saline in D,O (d-PBS) at pH
7.3 and frozen in dry ice at —78.5 °C. Within several
hours, the sample was then stored in a —80 °C freezer for,
typically, 1 week to 2.5 months until immediately before
NMR analysis. After thawing, 2-5 pL of 10 mM 2,2,3,3-d,
sodium 3-trimethyl-silylpropionate was added as a chemi-
cal shift reference at 0.00 ppm, and the solution was
transferred to a 5-mm, restricted-volume, susceptibility-
matched NMR tube (Shigemi, Allison Park, PA, USA).
Additional d-PBS was used to rinse the vial and bring the
total NMR sample volume to 270-300 pL, yielding a
sample height approximately equal to the RF coil height.
Finally, a susceptibility-matched plug was inserted with
careful removal of air bubbles. No capillary insert was
used, and samples were not spun. Gradient shimming was
performed on the D,O deuterium signal using the routine
on the Varian Inova 400-MHz (9.4 T), narrow-bore spec-
trometer. High-resolution 'H NMR spectra were acquired
at 21 °C with water presaturation in a manner similar to
that of Mountford [22—24] using a triple-tuned 'H-">C-""N
inverse probe. Scan conditions were: 90° pulse, 6.2 ps; TR,
4.7 s; spectral width, 6 kHz in 8 k complex points; 256
transients. The entire procedure from sample thawing until
completion of initial NMR data acquisition for quantitation
took 1 h or less for all samples. The FIDs were exponen-
tially multiplied with 0.2 Hz line broadening and Fourier
transformed to 16 k complex points.

Peak assignments of the Cho-metabolites and the key
endogenous interferences were confirmed by spiking with
standard compounds. The presence of the surgical prepa-
rations lidocaine hydrochloride 1 %, lidocaine hydrochlo-
ride 1 % with epinephrine 1:100,000 (Hospira Inc, Lake
Forest, IL, USA), and ultrasound transmission gel (Aqua-
sonic 100, Parker Laboratories, Fairfield, NJ, USA) were
also confirmed by spiking. The spectra were analyzed
individually off-line using NUTS (Acorn NMR, Palo Alto,
CA, USA). Resonances in the region of 3.0-3.5 ppm were
fit for the following known compounds: GPC, PC, Cho,
phosphocreatine/creatine [(P)Cr], taurine (Tau), myo-ino-
sitol (Inos), phosphoethanolamine (PE), glyceropho-
sphoethanolamine (GPE), lidocaine, and f-p-glucose. Any
resolved but unidentified interferences were also fit when
necessary to improve the fit of adjacent known metabolite
signals. After performing a polynomial baseline fit of the
3.0-3.5 ppm extract of each Fourier-transformed spectrum,
signals were fit to Lorentzian-Gaussian line shapes by

adjusting intensities, linewidths, chemical shifts and the
minor Gaussian component as needed to obtain a visual
match between the simulated and actual spectrum. Because
the weights of the FNA samples were unknown (and
problematic to obtain reliably using this sampling method),
absolute metabolite concentrations could not be deter-
mined. Although here we used a TR of 4.7 s and identical
pulse conditions for all samples, a longer TR could readily
be used to insure that the metabolite ratios are insensitive
to metabolite T;s, which were not determined.

Results

Figure 1 shows the partial 400-MHz 'H NMR spectrum of
an FNA breast-cancer biopsy (#3 in Table 1). Unlike in
previous reports [22-24], GPC, PC, Cho, and Tau are now
partially resolved ex vivo. These assignments are consis-
tent with the literature and were confirmed in actual FNA
spectra by spiking with pure standards. Under our standard
conditions of temperature and pH, the chemical shifts of
the Cho-metabolites were very stable. Spectra sequentially
acquired from a single FNA sample at 21, 37 and 21 °C
showed a significant but reversible increase in linewidths
(20-30 % for Cho-metabolite N-methyl singlets) at higher
temperature. Also shown are the individual peak fits using
NUTS. Table 1 gives the ratios GPC/PC and Cho/PC for
the 11 samples that yielded quantifiable spectra. Six spectra
(5 IDC and one benign) were considered unusable due to
severe interference from lidocaine and/or f-p-glucose (see
below); no PtC metabolites were detected in the spectrum
of the ILC sample.

Figure 2 shows the pertinent region of the spectrum of an
FNA sample (#1 in Table 1) that contains the anesthetic
lidocaine. The primary quartet of lidocaine, centered at
about 3.32 ppm and assigned to the methylene protons on
the N-diethyl moiety, does not interfere with the Cho-
metabolite analysis. A partial spectrum of the lidocaine
preparation used here (Fig. 3) displays a minor quartet at
about 3.22 ppm, which at high lidocaine concentrations can
interfere with the Cho-metabolite analysis. Figure 4 shows
the spectrum of an FNA sample with a high relative con-
centration of lidocaine, as well as a significant level of
f-p-glucose. Interference of the lidocaine minor quartet and
of the H-2 proton of f-p-glucose with the Cho-metabolite
resonances is indicated. The Cho-metabolite ratios could
not be determined reliably in this and similar cases.

As given in Table 1, GPC/PC varies from 0.14 to 1.26
(mean 0.70 &+ 0.36) and Cho/PC varies from 0.06 to 0.50
(mean 0.23 £ 0.12) for these samples. Neither GPC/PC
nor Cho/PC correlated with tumor grade. Also given in
Table 1 are ratios of the individual Cho-metabolites to
(P)Cr. None of these ratios correlated with tumor grade.
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Table 1 Metabolite ratios for breast cancer samples

Subject IDC grade GPC/PC Cho/PC GPC/(P)Cr PC/(P)Cr Cho/(P)Cr
1* 1 0.57 0.16 1.92 3.40 0.55
2t 2 0.51 0.24 5.07 9.96 2.38
3 3 0.80 0.26 3.44 432 1.11
2 1.26 0.50 1.58 1.25 0.62
5° 2 0.17 0.14 1.89 11.43 1.64
2 1.21 0.28 3.30 2.73 0.77
3 0.14 0.18 1.88 12.98 2.37
3 0.84 0.35 2.82 3.35 1.17
2 0.57 0.23 2.74 4.82 1.09
10 2 0.79 0.11 4.71 5.98 0.66
11 2 0.81 0.06 2.54 3.13 0.19
Mean + SD 2.18 £ 0.60 0.70 £ 0.36 0.23 £ 0.12 290 £ 1.16 5.76 £ 3.91 1.14 £ 0.72
4 Samples stored at —80 °C for about 7 months
b Sample stored in ice for <1 h before transfer to —80 °C freezer
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Fig. 1 The 3.0-3.7-ppm region of the ex vivo 'H NMR spectrum of
an FNA biopsy of a human breast tumor (#3 in Table 1). US gel, gel
used in ultrasound examination; (P)Cr, (phospho)creatine. Also
shown are the individual peak fits using NUTS

Discussion
Modified FNA analysis

Our magnetic field is somewhat higher than used by
Mountford and coworkers [22-24]. The Jagannathan group
[18] marginally improved on the original analysis using a
straightforward approach at 9.4 T with occasional resolu-
tion of Cho from GPC/PC, but did not achieve the reso-
lution we report here. Thus the modest increase in
magnetic field from 8.5 T [22-24] to 9.4 T appears
responsible for part of the resolution improvement we
observed. Several additional refinements further improved
our spectral resolution. The near-ambient sample temper-
ature of 21 °C yielded narrower linewidths and minimized

@ Springer

Fig. 2 The 3.0-3.5-ppm region of the ex vivo '"H NMR spectrum of
an FNA biopsy of a human breast tumor containing lidocaine (#1 in
Table 1). The individual peak fits using NUTS are shown

sample equilibration time relative to higher temperatures.
By permitting completion of the analysis within 1 h after
sample thawing, these conditions minimized sample deg-
radation while maintaining sufficient spectral resolution for
the analysis. Use of 5-mm, restricted-volume, susceptibil-
ity-matched NMR tubes (and plugs) allowed for improved
shimming and narrower resonances. Also, we did not spin
the samples or use a capillary insert, further simplifying the
shimming process. We suspect that sample spinning can
degrade resolution due to motion of the FNA-biopsy par-
ticulates, although we did not investigate this possibility in
detail. Restriction of the sample to the active coil volume
improved signal-to-noise ratio for these small samples.
Moreover, in this approach the entire sample was analyzed
and losses due to leaching into wash or storage buffers, as
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Fig. 3 The 3.0-4.0-ppm region of the 'H NMR spectrum of the
lidocaine-based anesthetic used during breast biopsy. The insert
shows the minor component at about 3.22 ppm
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Fig. 4 The 3.0-3.5-ppm region of the ex vivo 'H NMR spectrum of
an FNA biopsy of a human breast tumor containing significant
p-p-glucose and excessive lidocaine. Lidocaine-minor-component
and f-p-glucose interferences are indicated

may be the case for in vitro or MAS-NMR of biopsies,
were avoided [25].

In view of prior work [4-11], our focus has been on
resolving the Cho-containing metabolites and determining
intensity ratios within that group. An alternative approach
to quantitation is to use the resonance at 3.04 ppm due to
(P)Cr as an internal standard. This is the approach taken by
Mountford and coworkers in their original work [22].
While the (P)Cr resonance often serves as an internal
standard for in vivo studies of brain, it is not usually
observed in vivo for breast. Perhaps unlike for brain tissue,
in vivo (P)Cr (PCr 4 Cr) is probably not a good reference
for ex vivo analysis of breast tissue, although PCr degra-
dation should not have a major effect on its intensity as PCr
degrades to Cr. Nevertheless, we included the results rel-
ative to (P)Cr in Table 1 to allow comparison to previous

work, while our focus overwhelmingly remains on the
ratios of the Cho-metabolites.

One concern is metabolite degradation during the
approximately 1-h period of sample workup and spectral
acquisition at 21 °C. Previous work [reviewed in [26]]
suggests that the potentially labile metabolites GPC and PC
are sufficiently stable under the conditions of our analysis
for reliable relative quantitation. In some cases samples
were rerun over several hours, up to 1 day, in order to
perform repeated spiking experiments to confirm peak
identification. Significant changes in Cho-metabolite ratios
were observed in only one sample over this time course.
We plan to investigate using a lower temperature for
sample preparation and spectral acquisition with the goal of
further minimizing the possibility of sample degradation
during the 1-h period after thawing.

Endogenous interferences

We consider a number of common metabolites that resonate
in close proximity to the Cho-metabolite resonances and may
interfere with the FNA analysis. Many of these have been
identified in better-resolved extract spectra at 600 MHz [16].
The component farthest upfield (~3.25 ppm at400 MHz) of
the upfield multiplet of Tau partially overlaps with GPC, but
its effect is easily accommodated by curve fitting. Glycer-
ophosphoethanolamine (GPE) has a multiplet with compo-
nents ranging from 3.28 to 3.31 ppm, which may obscure the
Tau multiplet but should not interfere with the Cho-metab-
olite analysis. This is also the case for myo-inositol and
scyllo-inositol, with resonances at about 3.29 ppm or higher.
A possible ethanolamine multiplet at about 3.15 ppm poses
no problem of interference. Although breast adipose tissue
can make a major contribution to ex vivo 'H MR spectra and
in vivo, the closest lipid resonance to the N-methyl grouping
is from diallylic methylene protons at 2.77 ppm [27].

Phosphoethanolamine (PE) displays a multiplet centered
at ~3.24 ppm in our analysis. For breast cancer, PE has
been shown to be the major component of the phospho-
monoester (PE + PC) resonance group in *'P MRS [28]. In
'"H NMR, interference from PE will be reduced by a factor
of 9-18 relative to the N-methyl resonances of the three
Cho-metabolites for equal concentrations. We did not
detect PE in any of our samples.

Of more concern is the H-2 proton of f-p-glucose,
which displays a multiplet centered at about 3.25 ppm. The
component of this multiplet farthest upfield occurs at the
same chemical shift as PC in our analysis. Its presence is
indicated by the o- and (partially suppressed) f5-p-glucose
H-1 doublets at 5.24 and 4.65 ppm, respectively, as well as
numerous additional signals between 3 and 4 ppm,
including the upfield -p-glucose H-2 multiplet. Figure 4
shows a spectrum with a significant and unambiguous
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interference from fS-p-glucose (in addition to lidocaine, see
below). The ratio of f-p-glucose to Cho-metabolites was
significant for our analysis in 5 of the 18 cases studied. We
made no attempt to correct for this interference. A dramatic
difference in f-p-glucose content was observed between
two samples from a single patient. One sample with signifi-
cant blood contamination had substantially more f-p-glucose
interference than the other, uncontaminated sample. While
tissue heterogeneity cannot be ruled out as a source of
the f-p-glucose concentration variation in this case, the
potential for introducing interferences such as f5-p-glucose
and non-tumor-derived Cho-metabolites via blood during
biopsy suggests that minimization of blood contamination
during FNA sampling is desirable.

Exogenous interferences

To our knowledge, exogenous NMR interferences have not
been reported for breast biopsies. Van Asten et al. [29]
have reported detection of the echo gel used for ultrasound
(US) guidance of prostate needle biopsies, while Santos
et al. [30] reported detection of local anesthetic (a benzo-
caine-containing product) in transrectal-US-guided biop-
sies of prostate. Lidocaine, used as an anesthetic prior to
endoscopy, has been detected in NMR spectra of healthy
gastric mucosa [31].

In this work we occasionally detected resonances from
the US gel typically used prior to biopsy. Figure 1 shows
an NMR spectrum of an FNA containing residual US gel.
Resonances from the US gel do not interfere with the Cho-
metabolite analysis, although they would complicate a
more comprehensive analysis of the spectrum. In practice,
careful cleansing of the skin surface subsequent to the US
exam and prior to biopsy should minimize this
contaminant.

Figure 2 shows the spectrum of an FNA containing a
typical residual amount of the anesthetic lidocaine. The
major resonances of the anesthetic preparation used here
(lidocaine-HCl, with the preservative methylparaben) do
not interfere with the Cho-metabolite analysis. Unfortu-
nately, minor resonances, which may arise from the free-
base form of lidocaine, can interfere at high lidocaine
concentrations. Figure 3 is the spectrum of lidocaine in
d-PBS buffer with a vertical expansion showing a quartet
centered at about 3.22 ppm arising from the minor com-
ponent at a level of about 1.7 % of the major component.
Depending on the relative ratio of residual anesthetic to
Cho-metabolites in the FNA sample, the lidocaine inter-
ference could be severe, as it was for 4 of the 18 samples
studied here. Figure 4 shows the spectrum of an FNA
sample with a very high lidocaine concentration. Signifi-
cant lidocaine interference is suggested by the presence of
a resonance at about 3.195 ppm due to the component of
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the minor quartet that is farthest upfield, although an
unidentified, endogenous metabolite also appears at this
chemical shift. In Fig. 4, the three peaks of interest are
contaminated by the two largest peaks of the quartet. We
have found that the potential for lidocaine interference
varies greatly, with some FNA spectra showing no lido-
caine, while others are dominated by the anesthetic. One
solution may be to switch to an alternative anesthetic.
Polocaine, for which the closest resonance is at about
3.12 ppm, should not interfere. However, chloroprocaine,
another alternative anesthetic, will interfere with the anal-
ysis in the same manner as lidocaine.

Application to cancer diagnosis

The Cho-metabolite ratios in Table 1 are largely consistent
with the diagnosis of breast cancer based on previous
cellular and biopsy studies [4, 5]. Interestingly, the PC
resonance truly dominates for only two of the samples (#s 5
and 7) in Table 1. For the other nine samples, the sum of
GPC and Cho constitutes either a majority or a substantial
fraction of the total intensity that is normally attributed to
the tCho resonance in vivo. Interestingly, Moestue et al.
[32] found that the profile of Cho-metabolites varies with
molecular subtype. In basal-like tumors, GPC concentra-
tions were higher than those for PC, whereas the reverse
was true for luminal-like tumors [32].

We are currently using the technique to study FNA
biopsy samples from patients with a variety of breast
lesions. One goal of our work is to link changes in the tCho
resonance seen in vivo with changes in the ratios of the
various Cho-metabolites determined by ex vivo 'H NMR
analysis of FNA biopsies on the same subjects [33].

Conclusions

We have implemented some simple modifications of a
previously developed "H NMR analysis of FNAs that yield
sufficient spectral resolution of Cho, PC, and GPC to
permit usable relative quantitation at 400 MHz and 21 °C
with minimal analysis time and without sample extraction
or MAS. Potential interferences from exogenous com-
pounds such as the anesthetic lidocaine have been char-
acterized. Endogenous interferences, which may also
contribute to the tCho resonance observed using in vivo 'H
MRS, have also been characterized. Results for 11 con-
firmed cases of infiltrating ductal carcinoma were suc-
cessfully obtained. In most cases, the sum of GPC and Cho
constitutes either a majority or a substantial fraction of the
total intensity that is normally attributed to PC.
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