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Detection and quantification of total choline-containing metabolites (CCMs) in tissues by magnetic res-
onance spectroscopy (MRS) has received considerable attention as a biomarker of cancer. Tissue CCMs are
mainly choline (Cho), phosphocholine (PCho), and glycerophosphocholine (GPCho). Because the methyl
1H resonances of tissue CCMs exhibit small chemical shift differences and overlap significantly in 1D
1H MRS, quantification of individual components is precluded. Development of a MRS method capably
of resolving individual components of tissue CCMs would be a significant advance. Herein, a modification
of the 2D 1H–14N HSQC technique is targeted on the two methylene 1H in the CH2O group
(3J1H14N = 2.7 Hz) and applied to ex vivo mouse and human liver samples at physiological temperature
(37 �C). Specifically, the 1H–14N HSQC technique is modified into a 2D 1H–14N three-bond correlation
(HN3BC) experiment, which selectively detects the 1H of CH2O coupled to 14N in CCMs. Separate signals
from Cho, PCho, and GPCho components are resolved with high detection sensitivity. A 2D HN3BC spec-
trum can be recorded from mouse liver in only 1.5 min and from human carcinoma liver tissue in less
than 3 min with effective sample volume of 0.2 ml at 14.1 T.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Human health is threatened by many diseases especially cancer.
Recent reports estimated about 570,000 deaths from cancer in the
United States in 2010 [1]. When cancer is diagnosed, in many cases
it is already in its late stages. Therefore, early cancer detection has
become the aim of many projects over the decades. Magnetic res-
onance spectroscopy (MRS) detection of choline-containing metab-
olites (CCMs) is one of the most important noninvasive techniques
that could provide early detection of cancer and early response to
therapy. Investigation of the relationship between CCM levels and
cancer using MRS can be traced back to the 1980s [2]. Since then,
numerous MRS studies have reported on the possibility that eleva-
tion of total choline (tCho) levels could be used for cancer diagnosis
[3,4]. However, current tCho detection methods have more or less
limitations which sometimes result in low diagnostic sensitivity
and specificity [5]. Moreover, conflicting results have been demon-
strated between MRS and other imaging methods such as PET [6].
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Therefore, some MRS experts [7–10] are only conservatively opti-
mistic about using CCMs as biomarkers for cancer diagnosis. A reli-
able clinical CCM detection technique should provide spectra or
images of high selectivity (not obscured by other signals), high sen-
sitivity (having reasonable signal-to-noise ratio or SNR within pa-
tient-acceptable measurement time), high spectral resolution (able
to identify individual CCM molecules) and high spatial resolution
(with voxel being reasonably small). Unfortunately so far none of
the currently available techniques for CCM detection meets all of
the criteria.

Recently, we [11,12] introduced the spin-1/2-spin-1 HSQC tech-
nique [13–15] to detect CCMs in liquids and tissues. We also
pointed out the feasibility of the HSQC technique in clinical appli-
cations [12]. The purpose of this work is to improve the HSQC tech-
nique and to explore the feasibility of the new technique on ex vivo
samples at physiological temperature (37 �C). In this study, we
modified the 1H–14N HSQC pulse sequence to a 1H–14N three-bond
correlation (HN3BC) pulse sequence to enhance the detection
sensitivity. This method selectively detects CH2O protons in CCMs
that are coupled to 14N through three chemical bonds, which
means that all other protons including the water proton can be
cleanly or largely filtered out from the spectrum. As such, this
method allows the major compounds in CCMs, i.e. choline (Cho),
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phosphocholine (PCho) and glycerophosphocholine (GPCho), to be
distinctly measured, and hence can provide information about
changes in GPCho/PCho ratio, which is more relevant to cancer
diagnosis than tCho [6,16,17]. We believe this method has the po-
tential to become a reliable in vivo MRS technique for CCM
detection.
2. Materials and methods

Cancerous and normal liver parenchyma tissue samples were
obtained from human livers during the surgery for two patients,
a 64-year-old male and a 57-year-old female, who were diagnosed
by CT with hepatocellular carcinoma. Mouse livers were taken
from five healthy C57 Black 6 mice (Jackson Lab., Bar Harbor,
Maine). All human and mouse tissue experiments described herein
were approved by local Ethical Committees and were strictly fol-
lowing the WMA Declaration of Helsinki. Information consent
forms were signed by patients prior to surgery.

All tissue samples were snap-frozen in liquid nitrogen and
stored in �80 �C refrigerators. All NMR samples were prepared
by transferring the tissues into 5 mm NMR tubes after the samples
were thawed. Each NMR tube contained approximately 0.8–1 g of
tissue without the addition of any solvent or lock substance. The
preparation of an NMR sample took less than 10 min.

For human tissues, each tumor tissue was divided into two NMR
samples and we wanted to make sure there was no significant dif-
ference in spectra between them. So were the uninvolved normal
tissues. Altogether we had five mouse liver samples, four human
haptic carcinoma samples and four normal human liver samples.

The HN3BC pulse sequence used in this study is shown in Fig. 1,
which is a modification of the conventional 1H–14N HSQC pulse se-
quence [11,12] by inserting two selective refocusing pulses in each
INEPT period. Echo–antiecho mode was applied to gradient pulses.
A sine bell (a half period of a sine function) was used to shape the
gradient pulses with a fixed duration of 1 ms and with the ampli-
tudes of 28 and 2.023 Gauss/cm, whose ratio corresponded to the
gamma ratio between 1H and 14N (13.84:1). The shaped pulse ‘‘SE-
DUCE’’ [18] was used for selective refocusing with 5 ms duration
and an offset frequency of 3.58 ppm.

Theoretically the INEPT s is 1/8JHN (with JHN = 2.7 Hz) for 100%
polarization transfer from 1H to 14N [11,12,19]. However, in exper-
iments s was optimized for each sample and each experiment. Typ-
ically, s = 25–30 ms for mouse liver and human liver cancer tissues
at 37 �C, s = 15–20 ms for normal human liver tissues at 37 �C, and
s = 16 ms for mouse liver tissue at 4 �C.

All NMR experiments were performed on Bruker Avance 600
spectrometers (magnetic field = 14.1 T) with 14N resonating at
43.4 MHz. Human samples were measured with a broad band
probe at 37 �C. Murine samples were measured with a modified
TXI probe at 37 �C or 4 �C with 15N coil replaced by 14N coil (J.S. Re-
search, Boston, MA).
Fig. 1. HN3BC pulse sequence. The filled narrow bars and the open wide bars denote the
selectively invert the NCH2 magnetizations. The ovals denote the gradient pulses that
coupling pair. Phase cycling is given for two pulses and for data sampling. Other pulses
(2.7 Hz), heteronuclear decoupling is not applied.
The spectral window for 1H acquisition was either 10 or 6 ppm,
while that for 14N was 6 ppm. In the 1H dimension, the frequency
carrier was positioned at the water resonance (4.7 ppm) and the
chemical shift of the spectrum was calibrated with the CH2O peak
of choline set at 4.07 ppm. In the 14N dimension, the frequency car-
rier was positioned at the CCM resonances (4.0 ppm), which was
calibrated to 48 ppm (indirectly referenced to liquid ammonia). Be-
fore the first tissue sample was prepared, the magnetic field was
preshimmed carefully with D2O and the probe was tuned and
matched for 14N channel. After the tissue sample was inserted into
the magnet, the sample was left alone for 5–10 min to reach a tem-
perature equilibrium, during which the probe was tuned for 1H and
the 1H p/2 pulse was calibrated. No further shimming was per-
formed. Typical experiments for each sample included: 1D 1H
NMR with water presaturation (16 scans with TR = 2 s, �1.5 min),
1D HN3BC NMR with varied INEPT s for parameter optimization
(64 or 128 scans with TR = 1 s, total acquisition time 15–30 min),
and 2D HN3BC NMR with optimal s (TR = 1 s; number of t1 incre-
ment was 16 or 32; 2 scans for mouse liver, 4 or 8 scans for human
tumor, 32 or 64 scans for normal human tissue). All experiments
for each tissue sample were finished in less than 1 h. The spectra
were processed with p/2-shifted sine square filter in both dimen-
sions. Zero filling was conducted for the indirect dimension to dou-
ble the number of t1 increments.
3. Results

The HN3BC pulse sequence showed very high sensitivity in
ex vivo experiments for the five mouse liver samples at 37 �C. In
1.5 min we were able to obtain a 2D HN3BC spectrum with a
SNR around 200 with all three CCMs distinctly separated. All irrel-
evant signals seen in conventional 1H NMR have been completely
removed, along with the water and lipid signals. A typical 2D
HN3BC spectrum of mouse liver is shown in Fig. 2B. Compared to
1D 1H NMR (Fig. 2A) which was measured using the same mea-
surement time (1.5 min), the information contained in the 2D
HN3BC spectrum is more useful to clinical applications.

To show how much sensitivity was gained in the presence of the
selective refocusing pulses, we measured a spectrum (i.e. a 1H–14N
HSQC spectrum) on the same murine sample as in Fig. 2 with the
same experimental parameters but without the presence of the
selective refocusing pulses. The projection of the 1H–14N HSQC
spectrum onto the 1H dimension is shown in Fig. 3B and compared
with the projection of the HN3BC spectrum shown in Fig. 3A. It is
seen that the selective inversion of the NCH2 magnetizations can
enhance the detection by 3.5-fold. To show how much sensitivity
was gained by elevating the temperature, we measured two spec-
tra on another murine sample using the HN3BC pulse sequence at
different temperatures (37 �C and 4 �C), with their projections dis-
played in Fig. 4A (37 �C) and 4B (4 �C). It is seen that the sensitivity
at higher temperature has been enhanced by a factor of 2.8.
p/2 and p pulses, respectively. The arcs labeled ‘‘s’’ denote the shaped p pulses that
are used for selection of the single quantum coherence of the three-bond 1H-14N
are kept at the same phase as x. Since the 1H-14N coupling constant is very small



Fig. 2. MR spectra of a mouse liver at 37 �C. (A) Conventional water presaturated 1H MRS. (B) 2D HN3BC MRS (sopt = 25 ms). Both were measured with the same measurement
time (1.5 min). The tCho peak is marked in the 1D spectrum, but it is missing from the 2D HN3BC spectrum because it cannot survive the coherence selection in the HN3BC
experiment. In the 2D spectrum there are only three peaks that are unambiguously assigned to the three compounds of CCMs.

Fig. 3. Projections of two 2D spectra of a mouse liver measured at 37 �C but using different pulse sequences onto the proton dimension. (A) Projection of the HN3BC spectrum
(s = 25 ms) in Fig. 2B. (B) Projection of a 1H-14N HSQC spectrum (s = 10 ms) measured using the same experimental parameters as in the HN3BC experiment except for the
INEPT evolution s. The intensity ratio between (A) and (B) is about 3.5. Note in particular that the tCho peak at 3.2 ppm in (B) is missing from (A).
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The carcinoma spectra of the two patients are presented in
Fig. 5A. These spectra are common in that the PCho signal at
4.22 ppm is the dominant peak. As a comparison, the normal tissue
spectra of the same patients are presented in Fig. 5B, where the
GPCho signal at 4.35 ppm is much higher than the other two
CCM signals. The GPCho/PCho ratios measured from the carcinoma
spectra in Fig. 5A are respectively, 0.19, 0.26, 0.43 and 0.33, with an
average of 0.30. In contrast, the ratios from the normal tissues
(Fig. 5B) are respectively 3.5, 4.8, 13.0 and 3.9, with an average
of 6.3. These ratios are sufficiently apart to tell whether a test is po-
sitive or negative, without involving the complicated problem of
choosing water, lipid, creatine or even phantom signals as a quan-
titative reference. [7].

The conventional 1D 1H MR spectra for the eight human liver
samples are presented in Fig. 6, with the carcinoma tissue spectra
shown in Fig. 6A and the normal tissue spectra shown in Fig. 6B.



Fig. 4. Projections of two 2D spectra measured using the same pulse sequence (HN3BC) but at different temperatures (37 �C and 4 �C) onto the proton dimension. (A)
Spectrum at 37 �C (s = 25 ms). (B) Spectrum at 4 �C (s = 16 ms). The integration ratio between (A) and (B) is about 2.8.

Fig. 5. 2D HN3BC spectra of human liver tissues. (A) From cancer tissues of a 64-year-old male patient (labeled 1c) and a 57-year-old female patient (labeled 2c). (B) From
uninvolved tissues adjacent to lesion from the same patients (1n and 2n). Peak assignments are given in the first spectrum of each group. The measurement time and SNR are
given in each spectrum, which indicate that the sensitivity of the cancer spectra were much higher than that in normal tissue spectra. In all spectra in (A), the PCho peak is
much stronger than the GPCho peak, while in all spectra in (B), the GPCho peak is stronger.
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Although the tCho signal in these conventional 1H NMR could also
provide information about carcinoma, this information is less
straightforward and could be easily obscured by interference from
water and lipid resonances.



Fig. 6. Water suppressed 1D 1H MR spectra of human liver tissues. (A) From cancer tissues of the same samples as in Fig. 5A. (B) From uninvolved tissues of the same samples
as in Fig. 5B. The tCho peak is indicated by an arrow.
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4. Discussion

The very high sensitivity of the HN3BC technique results from
the combination of a number of factors. In addition to the factors
that mentioned in previous studies [11,12], i.e., the rather long (a
few seconds) relaxation time of 14N in choline [20], the nearly
100% natural abundance of 14N, and the pulsed field gradients,
the selective refocusing pulses employed in the HN3BC pulse
sequence play an important role in enhancing the detection sensi-
tivity. With the selective refocusing pulses, the dephasing magne-
tization due to homonuclear coupling rephrases, thus saving the J-
losses [21,22]. Furthermore, T2 losses have been minimized by run-
ning experiments at the physiological temperature. In general, T2 is
much longer at higher temperatures than at lower temperatures
and longer T2 is helpful to enhance magnetization transfer. It is
the combination of the selective refocusing effect and the temper-



Fig. 7. Simulated intensity curves as a function of the INEPT evolution time (s)
based on Eq. (1). Parameters used for simulation include JHN = 2.7 Hz, JAA0 = 9.1 Hz,
JAB0 = 6.8 Hz, JAB0 = 3.3 Hz. For the triangle and circle curves, T2,anti = 70 ms, and for
the square curve, T2,anti = 36 ms.
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ature-related T2 effect that can explain why the HN3BC spectrum
of mouse liver at 37 �C required only 1.5 min acquisition time.

Semi-quantitatively, the enhancement achieved by improving
the pulse sequence and by elevating temperature can be estimated
by the simulation demonstrated in Fig. 7 and based on the theory
presented below. The 1H–14N HSQC signal intensity as a function of
coupling constants and the relaxation times can be given by:

I ¼ I0 sinð4pjHNsÞ½PH0cosð2pjHH0sÞ�expð�2s=T2;HÞexpð�2s=T1;NÞ
� �2

ð1Þ

where I0 is the intensity when s = 1/8JHN, JHH0 = 0, and
T2,H = T1,N =1. The cosine factors in the equation accounts for the
homonuclear coupling effect. Since there are two INEPT periods, a
square appears in the equation. This equation is similar to the equa-
tion proposed for 1H–31P HSQC signal intensity [23], but here the
contribution from the longitudinal relaxation of 14N is included,
since T1,N should be involved in the relaxation of the antiphase
coherence 2HyNz. T1,N in the equation well explains why HN3BC
or HSQC technique is not feasible for 14N detection of other nitrogen
containing molecules: they have very short T1,N.

For simplicity, let 1/T2,H + 1/T1,N = 1/T2,anti, and T2,anti can be
measured for the CH2O protons in CCMs with a new method differ-
ent from the spin-echo method proposed in Ref. [12]. This new
method is through the search for optimal INEPT s. As homonuclear
couplings have been removed by the selective refocusing pulses,
the cosine factors in Eq. (1) can be dropped out. Through simple
mathematical calculation on Eq. (1), we have

T2;anti ¼ ð1=2pJÞtanð4pJsoptÞ ð2Þ

Once sopt is found in experiment, T2,anti can be immediately
determined. Eq. (2) can be validated by the data reported in Ref.
[12], where sopt was found to be 12.5 ms, and T2,anti can be evalu-
ated as 26.6 ms using Eq. (2), which was in good agreement with
the measured T2,anti (28.5 ms). The optimal s used for recording
the mouse liver HN3BC spectrum at 37 �C (Fig. 2B and Fig. 4A)
was 25 ms, which corresponds to T2,anti � 70 ms. The optimal s
used for recording the mouse liver HN3BC spectrum at 4 �C
(Fig. 4B) was 16 ms, which corresponds to T2,anti � 36 ms.
Simulation with all couplings (coupling constants are taking
from Ref. [24]) and with longer relaxation time (70 ms) yields
the triangle curve in Fig. 7 (HSQC 37C). The maximum signal inten-
sity is 0.0351, when I0 is normalized to one. This curve simulates
the spectrum presented in Fig. 3B. When homonuclear decoupling
is considered and shorter relaxation (36 ms) is assumed, we ob-
tained the square curve (the HN3BC 4C curve), the maximum of
which is 0.0451, which simulates the spectrum presented in
Fig. 4B. With T2,anti = 70 ms and homonuclear decoupling, we ob-
tained the circle curve (HN3BC 37C) which has a maximum of
0.135, mimicking the high sensitivity in measuring the HN3BC
spectrum for mouse liver in Figs. 3B and 4B. Comparison between
the maxima of these curves can predict enhancements obtained in
experiments. When experiments are performed at 37 �C, homonu-
clear decoupling can bring about a 3.85-fold enhancement (0.135/
0.0351 = 3.85), which has been verified by the spectra in Fig. 3A
and B. With homonuclear decoupling (HN3BC), an increase of tem-
perature from 4 �C to 37 �C can lead to a 2.99 (0.135/0.0451 = 2.99)
fold enhancement, which has been verified by the 2.8-fold
enhancement found in Fig. 4.

It should be pointed out that relaxation times and concentra-
tions of CCMs vary for different mice. T2,anti of a mouse liver at
4 �C measured in Ref. [12] was 28 ms, while T2,anti of a different
mouse measured in this work is 36 ms. Comparing the spectrum
in Fig. 4B with the spectrum in the previous work [12] suggests
that it is very likely that mouse livers used in this study have high-
er CCM concentrations than the mouse liver measured in Ref. [12].

In the experiments on human liver samples the carcinoma sam-
ples showed much higher sensitivity than normal tissue samples,
which is understandable, since in cancer tissues the CCM level
could be higher [16,17], and T2 could be longer [25]. Since HN3BC
spectra can be obtained from carcinoma samples in less than 3 min
while from normal tissue samples in more than 20 min, it is safe to
say that we were able to distinguish carcinoma tissues from nor-
mal tissues in less than 3 min.

It should be pointed out that the Cho peak in the human liver
spectra is very weak compared to the other two peaks, while the
Cho peak in the mouse liver spectra is always stronger than the
other two. It is very likely that the choline concentration in human
liver is relatively low, and perhaps this is the intrinsic nature of hu-
man liver. However, it is too early to draw a conclusion. More evi-
dence needs to be collected.

The advantage of the 2D HN3BC technique over the conven-
tional 1D 1H NMR is obvious. First of all, the tCho peak in 1D
NMR can be easily obscured by water and lipid signals, as has been
demonstrated in many studies, while the water and lipid signals
have been largely suppressed in the HN3BC experiments. Secondly,
the tCho peak in 1H NMR is contributed not only by the methyl sig-
nals of the three compounds in CCMs, but also possibly by phos-
phosethanolamine and glycerophosphoethanolamine, taurine,
trimethylamine-N-oxide, b-glucose and other metabolites, while
the three peaks in the HN3NC spectrum are not overlapped by
any other signals. Thirdly, it is difficult to choose a reference peak
in the 1H MR spectrum for quantification. As can be seen from
Fig. 6, it is difficult to find a signal showing constant intensity in
all of the eight 1D spectra. Hence tCho is hardly reliable as a diag-
nostic biomarker. However, in the 2D HN3BC spectrum the three
CCM peaks are very well separated and the ratio of GPC/PC can
be directly obtained; there is no need to choose a reference peak
for quantification.

HN3BC spectroscopy is also comparable to other molecular
techniques for CCM detection, such as TOCSY [26], 31P-edited 1H
NMR [21], DNP [27–29], and PET [30,31]. TOCSY [26] has pro-
nounced separation ability, as CCMs can also be identified from
the well separated CH2O resonances. However, so far tissue TOCSY
experiments have relied on high-resolution magic-angle-spinning
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(HR-MAS) [32] for better resolution while HR-MAS is unlikely to
become an in vivo technique. Furthermore, TOCSY requires high
resolution in the indirectly detected dimension with minimally
64 t1 increments and at least 4 steps of phase cycling, which makes
TOCSY a relatively time-consuming experiment. These drawbacks
do not exist in HN3BC experiment, as it can be directly applied
in vivo, requires much fewer t1 increments (we used only 16 or
32) and requires fewer phase cycling steps (minimally only 2). In
addition, the HN3BC spectrum is much cleaner than TOCSY, as
far as the CCM detection is concerned.

31P–edited 1H NMR [21] much resembles 1D 1H–31P HSQC and
looks to be a promising technique for PC and GPC detection. How-
ever, the pulse sequence contains an unnecessary spin-lock pulse
that could have seriously attenuated signal intensity. Hence, 31P–
edited 1H NMR has not yet developed into a useful clinical
technique.

Dynamic nuclear polarization (DNP) technique [27,28] has been
proposed for choline detection and is the most sensitive NMR tech-
nique. Very recently, DNP was applied to monitoring the enzymatic
reactions involved in cancer metabolism and in neuronal transmis-
sion [29]. In a typical in vivo DNP experiment [28], polarization has
to be built up for 15N-labeled choline through the transfer from
free radicals at extremely low temperature (1–2 K) for a few hours.
Then the polarized 15N-choline has to be injected intravenously.
Next, 15N NMR experiment is performed. Although choline-DNP
is still under testing, it can be predicted that quantification of the
DNP-enhanced choline signal is very difficult, because the signal
intensity strongly depends on the efficiency of the polarization
transfer from electron spin to nuclear spin, which can vary tremen-
dously between experiments. On the other hand, in DNP experi-
ments described so far, 15N labeled choline has to be used,
despite the high sensitivity of hyperpolarization. Positron emission
tomography (PET) [30,31] specifically detects choline also without
the interference of water and fat, but radio-active choline (11C- or
18F-labeled choline) has to be introduced. Because the lifetimes of
these isotopes are short (109 min for 18F and 20 min for 11C), syn-
thesis, purification, injection and patient uptake of the labeled
compounds can complicate PET quantification. Compared to DNP
and PET, the sensitivity of HN3BC may be lower or even much low-
er, but the HN3BC method is much simpler and easier to imple-
ment. Furthermore, the HN3BC method detects the natural
abundant species (i.e., naturally occurred Cho, PCho and GPCho in
tissues) which are of physiological significance; it does not need
any externally introduced isotope-labeled chemicals.

Just as 1H MRS that has been transferred from in vitro to ex vivo
and to in vivo, 2D HN3BC can also be transferred to in vivo, at least
in principle. Technically, in vivo MRS experiments are much more
difficult than ex vivo high resolution NMR, since the inhomogeneity
of both of the B0 and B1 fields, plus the movement artifacts, can
complicate the measurements. However, the 2D HN3BC technique
demonstrated in this paper shows potential in clinical practice,
since the sensitivity is very high. In this study, B0 = 14.1 T, voxel
size <0.2 cm3 (the diameter of the NMR tube was 0.5 cm and the
RF coil height was 1 cm; so the effective volume was
3.14 � 0.252 � 1 = 0.196 cm3. If the thickness of the tube wall is as-
sumed to be 0.02 cm, the effective volume was only 0.166 cm3),
and SNR was between 7 and 20. It can be estimated that, on a 3T
MRI scanner, a 2D HN3BC spectrum from a voxel of 8 cm3 can be
obtained in less than 10 min, once 14N surface coils are available.
5. Conclusion

1H–14N three-bond correlation (HN3BC) spectroscopy has been
proposed and preliminary tested on animal and human liver tis-
sues. A HN3BC spectrum has been obtained from human carci-
noma tissues in less than 3 min at 14.1 T with voxel of 0.2 ml
and with SNR > 5. In the HN3BC spectrum the three peaks of Cho,
PCho and GPCho are well separated, which are suitable for clinical
application. This technique has already manifested itself as a useful
ex vivo clinical tool. However, it can be readily combined with HR-
MAS to enhance the sensitivity and resolution of ex vivo detection,
and with MRI to become a new and useful in vivo clinical tool.
When in vivo HN3BC is successful, HN3BC-MRSI will be the next
step, potentially showing sharper contrast between tumor and
adjacent uninvolved tissues than conventional MRI, because the
sharpness is brought about not only by CCM level difference but
also by T2 difference. As longer T2 can result in stronger HN3BC sig-
nals, commonly used contrast agents for MRI may not be needed.
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